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Of all the fields of medical research, Neuroscience is perhaps the most interdisciplinary.
The intrinsic complexity of the nervous system demands it. Traditionally, the nervous sys-
tem was explored in a unidisciplinary fashion, typically with neurophysiological, neuro-
chemical and neuroanatomical approaches. In recent decades - and thanks to the develop-
ment of a number of new and powerful technologies -it has been easier, and therefore
compelling, to combine disciplines and methodologies in order to answer a single ques-
tion. The revolution provoked by the progress in molecular biology has compounded and
greatly enriched these possibilities, as demonstrated by the high quality and originality of
present day publications.

The present book on " Cellular and Molecular Methods in Neuroscience Research"
edited by Adalberto Merighi and Giorgio Carmignoto is an excellent representation of
this integrated, multidisciplinary approach. The Editors have selected very relevant and
current topics for each chapter and they have been able to attract very credible specialists
to write them. I anticipate that the book will be an important reference publication for
many years to come, as the choice of subjects makes it very attractive. The protocols cover
a broad range of fields from downstream cellular signaling, transfections of neurons and
glia, single cell mRNA analysis to integrated systems.  This preface is not the place to ana-
lyze the individual merits of each chapter.  However, it would be appropriate to highlight
the fact that, contrary to analogous books, this particular publication has the merit of
dwelling in some detail on the drawbacks and advantages of the procedures and on their
best perceived applications. The book is written largely on the experimental evidence gath-
ered by the authors, who provide a frank and clear explanation of the known limitations
of the procedures and, in many cases, interesting accounts of the difficulties they person-
ally encountered until optimal procedures were established. 

The readers will find in "Cellular and Molecular Methods in Neuroscience Research" a
most useful companion to their experimental work. Its bibliography is extensive and will
prove valuable when searching for key methodological papers. Many of the chapters con-
tain procedure flow charts showing experimental alternatives and tables with the key appli-
cations of the protocols described. These aspects, along with the description of the specif-
ic reagents, their applications and limitations and the name of suppliers, will greatly
facilitate the transition from reading the chapter to the actual application of the protocols.

In closing, Drs. Merighi and Carmignoto should be congratulated for their vision in
putting together such a valuable collection of chapters and for their ability in persuading
very busy colleagues to set aside time and effort to describe in such detail experimental pro-
cedures. Springer-Verlag should also be congratulated for supporting the Editors in this
enterprise. But it is the Neuroscience community as a whole that owes the authors the great-
est debt of thanks for providing in such a clear fashion the best up-to-date "recipes" in their
experimental "cookbook". I believe that a large cohort of contemporary neuroscientists will
enjoy the reading and practice of this book. I wish them all new and exciting results!

A. Claudio Cuello
Research Chair in Pharmacology

McGill University
June 2002

FOREWORD
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PREFACE

ix

Analysis of the nervous tissue presents unique and peculiar technical problems that are encoun-
tered in everyday bench work. While numerous books dealing with cellular and molecular pro-
tocols for general use in cell biology are available, very few are specifically devoted to neurobiol-
ogy. Moreover, the “cross-talk” between researchers with different backgrounds, i.e., histologists,
cell and molecular biologists, and physiologists, is still quite difficult, and very often one remains
somehow confined to his own specific field of expertise, never daring to explore “mysterious”
lands without the support of a big laboratory. The motivation behind this project was to put
together the contributions from a number of well-known neuroscientists to produce a book that
offers a survey of the most updated techniques for the study of nerve cells. We have chosen to
cover a number of different topics, and therefore, each chapter should not be considered exhaus-
tive of the matter but rather a guide to those who are willing to exploit a series of techniques that
are not regularly used in their laboratories.  This book is written by researchers who routinely
perform their studies in different areas of neuroscience and have contributed to the develop-
ment of new methodologies. It is designed as a method book to be routinely used by laboratory
personnel, and each chapter also encompasses a background section, in which authors have
delineated the rationale at the basis of the different approaches described, and a clear and accu-
rate discussion of the advantages and disadvantages that are inherent to each technique. We
asked the authors to put particular emphasis on the advantages of a multidisciplinary approach,
which combines different techniques to obtain an in-depth structural and functional analysis of
neural cells. Thus, it has been rather difficult to define a table of contents according to the clas-
sical way in which these books are organized. Nonetheless, we have tried to group together the
chapters dealing with similar matters. 

As a general indication to the readers, Chapters 1 and 2 describe a series of techniques that are
suitable for analysis of signal transduction mechanisms in cell systems. Chapters 3 through 6 are
devoted to the description of transfection methods and their applications in cultured cells and
organotypic slices. Chapter 7 describes a sophisticated novel approach to the analysis of gene
expression in single cells. It also contains a wide and punctual survey on the rationale for the
choice of  different approaches to the dissection of the complexity of CNS organization. The
remaining chapters describe a series of techniques in situ to be used in analysis of gene expression
(Chapters 8 and 9), neurochemical characterization of nerve cells and analysis of connectivity
(Chapters 10 and 15), combined electrophysiological and morphological analysis (Chapter 11),
tracing of neural connections (Chapters 12 and 13), apoptosis detection (Chapter 14) and cal-
cium imaging (Chapter 16).

At the end of the book, we put particular care in the preparation of the Index, trying to make
numerous cross-references to different indexing words, thus rendering easier the search for spe-
cific subjects. 

We are grateful to Paula Challaghan, Life Science Editor at Springer-Verlag, New York for
her confidence in our project. We also wish to mention the careful and patient work of Allan
Abrams in assembling the book. Finally our deepest and sincere thanks go to all the scientists
whose contributions made this manual possible.

If this book encourages even a few people to use one of the protocols described as a part of
their regular techniques rather than leaving them to the aficionados, we will have more than sat-
isfied our aim.

Adalberto Merighi
Giorgio Carmignoto

June 2002
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OVERVIEW

Growth factors such as epidermal
growth factor (EGF), fibroblast growth fac-
tor (FGF), platelet derived growth factor
(PDGF), and the neurotrophins and
cytokines, such as interleukines and inter-
ferons, have a profound influence on the
proliferation, survival, and differentiation
of central nervous system (CNS) cells.
They exert their roles by binding to their
respective membrane-bound receptors and
stimulating phosphorylation cascades (4).
These receptors have been classified into
two major groups: (i) receptors that have
an intrinsic tyrosine kinase domain. These
are also known as receptor protein tyrosine
kinases (RPTK) and are exemplified by the
epidermal growth factor receptor (EGFR)
and neurotrophin receptors; and (ii) recep-
tors such as those for the interleukins,
which lack a kinase domain and use cyto-
plasmic tyrosine kinases. 

In both cases, common strategies are
employed for intracellular propagation of
the external stimulus. These include recep-
tor dimerization, transphosphorylation of

the receptor chains, as well as recruitment
and phosphorylation of cytoplasmic signal-
ing components. Phosphotyrosine residues
function as binding sites for intracellular
signaling proteins containing SH2 (src
homology 2) or phosphotyrosyl binding
(PTB) domains (10), thus allowing specific
protein–protein interactions. The kinase
domain of activated RPTKs, for example,
undergoes transphosphorylation of the
dimerized receptors and then phosphory-
lates adaptor proteins like Shc and Grb2,
which then activate Ras. Subsequent events
involve three kinases steps: a MAPKKK-
like Raf1, which phosphorylates a
MAPKK-like MEK, which, finally, phos-
phorylates the MAPKs. MAPKs ultimately
translocate to the nucleus where they phos-
phorylate transcription factors to generate
both immediate (c-fos gene expression) and
delayed gene transcription responses (11).

In recent years, there has been much
progress in the identification and charac-
terization of the intracellular signaling
pathways that mediate responses by CNS
cells to growth factors. The first evidence of
protein kinase presence and activity in the

Cellular and Molecular Methods in Neuroscience Research
Edited by A. Merighi and G. Carmignoto

Analyses of Intracellular Signal
Transduction Pathways in CNS
Progenitor Cells

Elena Cattaneo and Luciano Conti
Institute of Pharmacological Sciences, University of Milano, 
Milano, Italy, EU
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CNS dates back to the early 1980s, when a
coincidental increase in the activity of
pp60src with active neurogenesis in the
striatum and hippocampus indicated that
changes in protein tyrosine phosphoryla-
tion occurred during maturation. More
recently, it has been demonstrated that reg-
ulation of phosphorylation events on spe-
cific signaling proteins may affect the
behavior of CNS cells. We have found that
marked changes occur in the availability of
the Shc(s) molecules during neuronal mat-
uration. In particular, levels of ShcA adap-
tor decrease sharply in coincidence with
neurogenesis in the brain (7). We have sug-
gested that changes in Shc levels at differ-
ent stages of development may affect the
activity of downstream components of sig-
naling pathways (for example Ras-MAPK)
and thereby cause either proliferation or
differentiation (4).

Other pathways have been identified
which affect the survival of neural cells. For
example, once the high affinity nerve
growth factor (NGF) receptor TrkA is acti-
vated in PC12 cells, it stimulates cell sur-
vival through a Ras independent mecha-
nism that utilizes the phosphatidyl inositol
3-kinase (PI3-K) pathway. PI3-K is an
SH2-containing enzyme associated with a
variety of receptor and nonreceptor protein
tyrosine kinases. The enzyme is a het-
erodimer that phosphorylates the 3′ posi-
tion on a variety of inositol lipids and ser-
ines on protein substrates. It has been
shown that exposure of various cell types
(including cerebellar neurons) to survival
factors induces activation of the PI3-K and
of its crucial mediator, a serine–threonine
protein kinase named protein kinase B
(PKB) or Akt. PKB promotes cell survival
via three mechanisms: (i) phosphorylation
and inactivation of the pro-apoptotic BAD
(Bcl2-associated death promoter); (ii)
phosphorylation of FKHRL1, a member
of the Forkhead family of transcription fac-
tors, thus inhibiting its nuclear transloca-

tion and transcriptional activation of death
genes; and (iii) inhibition of caspase-9 acti-
vation, that normally leads to cell death.

Other signaling pathways are also
known to exert important roles in CNS
cells. Among them, the JAK/STAT path-
way is critical for the transduction of sig-
nals from activated cytokine receptors (3).
The JAKs (for janus kinases) are cytoplas-
mic tyrosine kinases that, once activated by
the stimulated receptors, can phosphory-
late the STAT (for signal transducers and
activators of transcription) transcription
factors. These translocate into the nucleus
where they bind to specific DNA elements
(DNA response elements) situated up-
stream of genes induced by cytokines (6,8).
For example, STAT3 phosphorylation and
activation has been demonstrated to be
crucial for astrocytes differentiation from
CNS progenitor cells (1).

This chapter will describe methods
employed to study signaling pathways in
CNS cells.

BACKGROUND

Phosphospecific Antibodies

Old techniques for the study of tyrosine
phosphorylated molecules require biosyn-
thetic labeling with 32P-labeled inorganic
phosphate. This is intrinsically quite sim-
ple, but requires the use of radiolabeled
compounds that involve the risks of radio-
active manipulation. Thus, an important
advance in the analysis of protein tyrosine
phosphorylation, and the regulation of sig-
naling by such phosphorylation, was the
development of antibody technology to
generate phosphospecific antibodies. These
recognize a phosphorylated epitope in a
given protein, thereby avoiding cross-reac-
tion with other phosphoproteins or with
the unphosphorylated form of the protein.
In fact, once the primary sequence around

2
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a phosphorylation site is known, it
becomes possible to generate antibodies
against any synthetic polypeptides modeled
on these phosphorylation sites. Thus,
unlike conventional and general antiphos-
phoamino acid (i.e., antiphosphotyrosine,
antiphosphoserine, antiphosphothreonine)
antibodies, which have broad reactivity,
antiphosphospecific antibodies have
unique specificity toward the cognate pro-
teins. These reagents have provided new
insights into the phosphorylation processes
that control protein function. Thus, for
example, using antiphosphopeptide anti-
bodies and immunoblotting analyses, it is
possible to identify and isolate distinct
phosphorylated species of a phosphopro-
tein that contains multiple phosphoryla-
tion sites. Such reagents not only facilitate
conventional in vitro analyses of phospho-
proteins, but also permit the in situ analy-
sis of the abundance and phosphorylation
(and activation) state of individual proteins
in preparations of cells and tissue. These
antibodies can therefore be used with
immunofluorescence on fixed cultured
cells, with immunohistochemistry on for-
malin-fixed paraffin-embedded tissue sec-
tions, as well as for immunoprecipitation
and immunoblotting analyses.

Antiphosphoamino Antibodies and
Immunoprecipitation Assays

The list of antibodies that recognize
phosphoproteins is growing rapidly, but is
still limited, while the methods for produc-
tion of phosphospecific antibodies is time-
consuming and very expensive. As a result,
other more classical techniques must be
used to study protein phosphorylation.
Historically, the advance in analyses of pro-
tein tyrosine phosphorylation, and the reg-
ulation of signal transduction pathways by
such phosphorylation, occurred with the
production of polyclonal and monoclonal
antiphosphotyrosine antibodies. These

antibodies proved capable of recognizing
phosphorylated tyrosine residues in the
context of virtually any flanking peptide
sequence. Antiphosphotyrosine antibodies
have been most useful in the analyses of
tyrosine phosphorylation of proteins with
a technique that combines immunoprecip-
itation and immunoblotting. Typically in
this procedure, a protein is immunoprecip-
itated either with conventional antiprotein
antibody or with antiphosphotyrosine anti-
body, then immunoblotted with whichever
of these two antibodies was not used for
the immunoprecipitation. Immunopre-
cipitation is a procedure by which peptides
or proteins that react specifically with an
antibody are removed from solution. As
usually practiced, the name of the proce-
dure derives from the removal of antibody–
antigen complexes by the addition of an
insoluble form of an antibody binding pro-
tein such as protein A or protein G (Figure
1). The choice of immobilized antibody
binding protein depends upon the species
that the antibody was raised in. Protein A
binds well to rabbit, cat, human, pig, and
guinea pig IgG as well as mouse IgG2a and
IgG2b. Protein G binds strongly to IgG
from cow, goat, sheep, horse, rabbit, and
guinea pig, as well as to mouse IgG1 and
IgG3. Protein G can also bind bovine
serum albumin (BSA). Thus, BSA should
be added to buffers used with protein G.
Alternatively, recombinant protein G with-
out BSA binding sites can be used. Second,
antibody coupled to Sepharose or Protein
G-Sepharose (both from Amersham Phar-
macia Biotech, Little Chalfont, Bucks,
England, UK) can also be used instead. It
is not crucial that Sepharose be used as a
matrix, because other polymerized agaroses
or even fixed strains of Staphylococcus cells
expressing high amounts of surface protein
A can also be used. Analysis of the immu-
noprecipitate is usually done by electro-
phoresis and western blot, although other
techniques can be employed.

3
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Kinase Assays

Another assay commonly used in stud-
ies on the regulation by reversible phos-
phorylation of specific biochemical events
is the analysis of the kinase activity. To
assay the phosphotransfer reactions cat-
alyzed by protein kinases, it is necessary
first to identify a target substrate for the
transfer reactions. Essentially, this means a
substrate that is quite specific. The basic
strategy for protein kinase assays is based,
therefore, on the use of a labeled donor
substrate so that when phosphotransferase
activity is present in the enzyme sample,
accumulation of the label in the protein or
peptide acceptor substrate can be easily
detected. The most frequently used proto-
col requires [γ-32P]ATP as the donor sub-
strate and a specific protein or peptide as
the acceptor substrate. Phosphotransfer is
detected as the accumulation of 32P-
labeled protein or substrate. Clearly, the
source of enzyme activity is critical to
obtain acceptable results. In fact, the pri-
mary requirement is that the kinase activi-
ty be stable both under the conditions used
to prepare the enzyme and under those
used in the assay.

Immunocytochemical Assays

Another method to investigate the state
of phosphorylation and activation of a pro-
tein is to analyze its subcellular localization
by immunocytochemistry. For several kin-
ases and transcription factors, the phos-
phorylation event is associated with their
activation and nuclear translocation, be-
cause this is the zone where they will exert
their roles. This is the case of a family of
transcription factors, the STATs. In latent
cells, STAT proteins are found in the cyto-
plasm in a monomeric form, while in stim-
ulated cells, STAT proteins are subjected to
tyrosine phosphorylation by the activated
JAK(s) or other tyrosine kinases. Tyrosine

phosphorylation of STAT proteins is
known to be associated with nuclear trans-
location and activation of latent DNA
binding activity, leading to transcriptional
activation of target genes. Nuclear translo-
cation is therefore indicative of STATs acti-
vation. Thus, description of subcellular
STAT localization will also reveal their
phosphorylation state.

PROTOCOLS

Protocol for Immunoprecipitation

Materials and Reagents

All chemicals are from Sigma (St. Louis,
MO, USA) unless otherwise stated.

Lysis buffer

• 25 mM Tris-HCl, pH 7.5
• 150 mM NaCl
• 1 mM Sodium orthovanadate
• 20 mM NaF
• 5 mM EDTA
• 1 mM EGTA 
• 2% Triton X-100
• 10% Glycerol
• 1 mM ZnCl2
Stored and stable at 4°C. Before use,

add:

• 1 mM Phenylmethylsulfonyl fluoride
(PMSF)

PMSF is very labile in water. A more
expensive but more stable alternative is
4-(2-aminoethyl)-benzenesulfonyl fluoride
hydrochloride (AEBSF) (Pefabloc; Roche
Molecular Biochemicals, Mannheim, Ger-
many).

• 10 µg/mL Pepstatin 
• 10 µg/mL Leupeptin
• 10 µg/mL Aprotinin
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Washing Buffer

• 50 mM Tris-HCl, pH 7.5
• 0.3 M NaCl
• 0.5% Triton X-100
• 0.02% NaN3
The washing buffer can be stored at

25°C for a number of months.
• 0.1 M Sodium orthovanadate (phos-

phatase inhibitor). Dissolve powder in
water at pH 10.0. Boil. Keep at room
temperature for up to 1 week in the
dark. 

• 10 mg/mL of aprotinin and leupeptin
in water. Keep frozen at -20°C in
aliquots. 

• 10 mg/mL of pepstatin A in ethanol.
Keep frozen at -20°C in aliquots.

• Phosphate-buffered saline (PBS)

50% Protein A-Sepharose Solution

Resuspend protein A-sepharose slurry in
PBS (100 mg of protein A-sepharose pow-
der once hydrated corresponds to 400 µL
of volume). Wait until all crystals are dis-
solved. Pellet by centrifugation (14 000× g)
for 10 minutes at full speed in a centrifuge
at 4°C. Discard supernatant and resuspend
in PBS containing 1% Triton X-100.
Repeat centrifugation. Discard the super-
natant and add to the pellet an equal vol-
ume of immunoprecipitation buffer con-
taining 100 µg/mL BSA and 0.1% sodium
azide. Store at 4°C for up to 6 months.

2× Electrophoresis Buffer

• 250 mM Tris, pH 6.8
• 100 mM Glycine
• 4% Sodium dodecyl sulfate (SDS)
• 10% Glycerol

Procedure

The procedure here assumes that a con-

centration step is required to obtain
enough protein material for the immuno-
precipitation analysis. It is possible to lyse 2
to 4 100-mm diameter dishes using 1 mL
of lysis buffer in order to concentrate the
protein content.
1. Decant the medium and follow with a

rapid rinse in PBS. After the cells are
washed, drain and aspirate the excess
PBS.

2. Add 250 to 350 µL of lysis buffer to
the plate. Scrape the cells from the dish
and transfer them to a microcentrifuge
tube. The viscosity of the sample can
be reduced by a brief sonication or by
several passages through a 26 gauge
needle.

3. Leave the sample on ice for 30 min-
utes.

4. Centrifuge (14 000× g) at 4°C for 10
minutes at 14 k rpm in a microcen-
trifuge.

5. Collect the supernatant and measure
the protein concentration using a BCA
kit and protein standards (Pierce
Chemical, Rockford, IL, USA). The
cell lysates can be stored at -80°C. In
many protocols, a preclearing step is
performed to remove molecules that
bind nonspecifically to the insoluble
protein A or protein G (steps 7–8).

6. Use 1 to 2 mg (in a 1000 µL volume)
of total proteins for immunoprecipita-
tion.

7. Add 25 µL of protein-A-sepharose
solution (shake to suspend slurry
before pipetting) and incubate on a
tube turner for 1 hour at room temper-
ature.

8. Centrifuge (14 000× g) for 1 minute at
14 k rpm in a microfuge and transfer
the supernatant to another tube.

9. Add 1 to 5 µg of antibody to each tube
and incubate for 4 hours at room tem-
perature or overnight at 4°C.
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10. Add 100 µL of protein A-sepharose
solution (shake to suspend slurry
before pipetting) and incubate on a
tube turner for 3 hours at room tem-
perature.

11. Centrifuge (14 000× g) for 1 minute at
14 k rpm in a microcentrifuge and
retain the pellet.

12. Add 500 µL of cold washing buffer,
vortex mix, spin for 1 minute at 14 k
rpm in a microcentrifuge, and discard
the supernatant.

13. Add 1 mL washing buffer, vortex mix,
spin for 1 minute, discard the super-
natant, and repeat 2 times.

14. Add 1 mL 10 mM Tris-acetate, pH
7.5, vortex mix, spin for 1 minute, and
discard the supernatant.

15. Solubilize all samples in 30 to 50 µL of
the SDS sample buffer, vortex mix,
boil for 5 minutes, and centrifuge.

16. Save the supernatant. Immunoprecipi-
tates in sample buffer can be stored
almost indefinitely at -80°C. Storage
for more than 7 to 10 days at -20°C
can lead to deterioration.

17. Electrophorese the sample on a SDS-
polyacrylamide gel and transfer the
proteins to a polyvinylidene fluoride
(PVDF) membrane (Cat. No.
1722026; Roche Molecular Biochemi-
cals). To prevent tyrosine dephospho-
rylation during the transfer procedure,
we recommend adding 100 µM sodi-
um orthovanadate to the transfer
buffer.

18. Incubate the membrane in 50 mL of
blocking buffer for 1 hour at room
temperature. We recommend not using
a blocking buffer that contains dry
milk because antiphosphotyrosine anti-
bodies bind to a number of the milk
proteins. The following blocking buffer
can be used: 5% (wt/vol) BSA, 10 mM
Tris-HCl, pH 7.4, 0.15 M NaCl.

19. Incubate the membrane in antiphos-
photyrosine antibodies in blocking
buffer for 2 hours at room temperature
or overnight at 4°C. Several antiphos-
photyrosine antibodies are commer-
cially available. We recommend mono-
clonal antibodies (PY20; Transduction
Laboratories, Lexington, KY, USA; or
4G10; Upstate Biotechnology, Lake
Placid, NY, USA). It is possible to
make a mixture of the two antibodies
(PY20 1:1000 dilution, 4G10 1:2500
dilution).

20. Wash the membrane for 1 hour with
TBST (Tris-buffered saline with
Tween) at room temperature with
agitation. Replace the washing solution
every 10 to 15 minutes.

21. Incubate the membrane with horserad-
ish peroxidase-conjugated secondary
antibody for 1 hour at room tempera-
ture.

22. Wash the membrane as described in
step 20.

23. Detect by using ECLplus reagent
(Amersham Pharmacia Biotech) fol-
lowing the manufacturer’s instructions. 

Protocol for In Vitro Kinase Assay 

Materials and Reagents

Immunoprecipitation Buffer

• 10 mM Tris, pH 7.4
• 1.0% Triton X-100
• 0.5% Nonidet P-40
• 150 mM NaCl
• 20 mM Sodium fluoride
• 0.5 mM Sodium orthovanadate
• 1 mM EDTA
• 1 mM EGTA
• 10 mM Sodium pyrophosphate 
• 0.2 mM PMSF
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• 10 µg/mL Aprotinin 
• 10 µg/mL Leupeptin 
• 10 µg/mL Pepstatin A

Kinase Buffer

• 10 mM Tris, pH 7.4
• 150 mM NaCl
• 10 mM MgCl2
• 0.5 mM Dithiothreitol (DTT)

Staining Solution

• 0.25% Coomassie blue
• 45% Methanol
• 10% Acetic acid

Destaining Solution

• 40% Methanol
• 10% Acetic acid

5× Electrophoresis Buffer

• 625 mM Tris, pH 6.8
• 20% SDS
• 50% Glycerol
• 0.05% Bromophenol blue
• 10% β-Mercaptoethanol
• 0.1 M Sodium orthovanadate (phos-

phatase inhibitor). Dissolve powder in
water, pH 10.0. Boil. Keep at room
temperature for up to 1 week in the
dark. 

• 10 mg/mL of aprotinin and leupeptin
in water. Keep frozen at -20°C in
aliquots. 

• 10 mg/mL of pepstatin A in ethanol.
Keep at -20°C.

• [γ-32P]ATP
• Cold ATP
• X-ray film (Amersham Pharmacia

Biotech)

Procedure

Preparation of Cell Lysate

1. Wash cells on a confluent 100-mm cul-
ture dish with 10 mL of PBS.

2. Lyse the cells by addition of 1 mL cold
immunoprecipitation buffer.

3. Scrape the cells off the dish and pass 5
to 10 times through a 26 gauge needle
to disperse large aggregates, then incu-
bate for 20 minutes on ice.

4. Centrifuge (14 000× g) for 30 minutes
in a microcentrifuge at 14 k rpm at
4°C. Retain the supernatant.

5. Repeat centrifugation in a new tube.
6. The supernatant is the total cell lysate.

Measure the protein concentration
using the BCA kit and protein stan-
dards.

Immunoprecipitation of the Protein Kinase

7. Incubate the cell lysate (0.5–1.0 mg
protein) with 2 to 5 µg soluble anti-
body.

8. Immunoprecipitate for 1 hour at 4°C
on a tube turner.

9. Add 30 µL of 50% protein A-seph-
arose suspension and incubate for 2
hours at 4°C on a tube turner.

10. Wash the complexes by resuspension in
immunoprecipitation buffer, followed
by a 3-minute centrifugation in a
microcentrifuge 14 k rpm at 4°C.
Repeat the wash twice.

11. Collect the complexes by centrifuga-
tion for 3 minutes in a microcentrifuge
at 14 k rpm at 4°C. 

Kinase Assay

12. Wash the immunocomplexes three
times at 4°C with kinase buffer.

13. Remove the supernatant by aspiration
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and, with the pellet on ice, add 40 µL
of kinase buffer containing the appro-
priate protein substrate at 1.0 mg/mL
(e.g., 5 µg of acid denatured enolase),
25 µM cold ATP, 2.5 µCi [γ-32P]ATP.

14. Mix carefully by pipetting up and down.
15. Transfer the tubes to 30°C in a circu-

lating water bath and incubate for 15
minutes.

16. Add 15 µL of boiling 5× concentrated
electrophoresis sample buffer to stop
the reaction. Boil for 5 minutes.

17. Centrifuge the samples and electro-
phorese the soluble fractions.

18. Fix and stain the gel in staining solu-
tion for 45 minutes at room tempera-
ture.

19. Destain the gel in destaining solution
for 2 hours. Change the destaining
solution 4 to 5 times.

20. Dry the gel and expose it to X-ray film
at -80°C. Kinase activity will be indi-
cated by a band of phosphorylated pro-
tein substrate.

RESULTS

The use of antiphosphospecific antibod-
ies allows rapid detection of phosphorylat-
ed proteins by using the western blot assay
or immunocytochemistry. There is an
extensive list of phosphospecific antibodies
that are commercially available. This in-
cludes tyrosine kinase receptors (such as
EGFR, Trks), cytoplasmic tyrosine kinases
(Src, JAKs), Ser-Thr kinases (Raf, PKB,
PKC [protein kinase C]), MAPKs (Erks,
p38, JNKs [c-Jun N-terminal kinase]), and
transcription factors (c-Jun, STATs, CREB
[cAMP response-element binding pro-
tein]). In our laboratory, these antibodies
are primarily used to analyze the phospho-
rylation and activation state of various sig-
naling proteins that are involved in the
responsiveness of CNS progenitor cells to
growth factors (4,6). Figure 2A carries an
example of western blot assay performed
using a phospho-STAT3 antibody on pri-
mary CNS progenitor cells stimulated with
ciliary neurotrophic factor (CNTF). This
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Figure 1. Schematic representation of the principle of immunoprecipitation. An antibody added to a mixture of proteins binds
specifically to its antigen (��). The antibody–antigen complex is absorbed from solution by addition of an immobilized antibody
binding protein such as protein A-sepharose. Upon centrifugation, the antibody–antigen complex is collected in the pellet. Sub-
sequent liberation of the antigen is achieved by boiling the sample in the presence of SDS.
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antibody specifically recognizes the tyro-
sine 705 of phosphorylated STAT3 pro-
tein. This residue is normally phosphory-
lated by the JAKs and is important for
STAT homo- or heterodimerization. In
such assays, it is essential to evaluate the
total content of the protein analyzed, in
order to quantify the degree of activation.
For this purpose, the same membrane is
stripped and reacted with a STAT3 anti-
body recognizing the phosphorylated and

nonphosphorylated STAT3 species (Figure
2A, lower panel).

Tyrosine phosphorylation of STAT pro-
teins is known to be associated with
nuclear translocation and activation of
latent DNA binding activity, leading to
transcriptional activation of target genes.
Nuclear translocation is therefore indica-
tive of STATs activation. In Figure 2B, we
analyzed the occurrence of nuclear translo-
cation of STAT3 after cytokine stimulation

9
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Figure 2. STAT3 activation in
CNS progenitor cells following
CNTF treatment. (A) Cell lysates
obtained from untreated and
CNTF-treated primary neuronal
cultures generated from the E14 rat
striatum primordia were immu-
noblotted with antiphospho-
STAT3 antibody (upper panel). A
tyrosine phosphorylated STAT3
band is visible in response to
CNTF. The same membrane was
stripped and reacted with anti-
STAT3 antibody (lower panel). (B)
STAT3 translocates into the nucle-
us of ST14A cells upon cytokine
stimulation. The cells were incu-
bated in the absence or presence of
ligand for 15 minutes. The cellular
distribution of STAT3 was exam-
ined by immunofluorescence.
Untreated ST14A cells show a dif-
fuse STAT3 distribution. On the
other hand, STAT3 is detected
exclusively in the nuclei of the
treated cells, where a strong immu-
nofluorescence signal is clearly visi-
ble (arrows). (See color plate A1.)
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of ST14A CNS progenitor cells (5).
STAT3 was found to vary its cellular distri-
bution upon cytokine stimulation. In
untreated ST14A cells (Figure 2B, upper
panel), STAT3 antigene is visualized as a
diffuse immunofluorescence both in the
cytoplasm and, to a lesser extent, in the
nucleus. Within 15 minutes following
cytokine treatment (Figure 2B, lower
panel), the nuclei of ST14A cells become
brightly stained, indicative of nuclear
translocation of STAT3.

The immunoprecipitation assay can be
very informative for a number of situa-
tions. For example, it permits evaluation of
direct and physical interaction between
proteins by co-immunoprecipitation of
one protein with another. We have applied
this technique to identify signaling path-
ways activated by growth factors in embry-
onic CNS progenitor cells in vivo. We have
exploited the fact that CNS progenitor
cells in the embryonic brain are localized
within the germinal zone which faces the
ventricles. With this approach, we evaluat-
ed the extent of induced phosphorylation
after injection of growth factors into the
cerebral ventricular system of rat embryos
(Figure 3, upper panel). In particular, we
investigated whether ShcA adaptors, which
are specifically expressed in CNS progeni-
tor cells, were subjected to phosphorylation
(7). For this purpose, lysates from EGF-
treated and untreated (control) animals
were subjected to immunoprecipitation
with anti-ShcA antibodies, followed by
western blot with antiphosphotyrosine
antibodies. Figure 3 (lower panel) shows a
basal level of p52shcA phosphorylation in
lysates from control animals. On the other
hand, when an equal amount of lysed
telencephalic material obtained from EGF-
injected embryos was subjected to the same
immunoprecipitation procedure, p52shcA

phosphorylation was markedly induced
(Figure 3, lower panel A). In Figure 3,
(lower panel B) the same membrane filter

as in panel A was stripped and reacted with
anti-ShcA monoclonal antibodies. As
shown (Figure 3, lower panel, arrows),
ShcA proteins were immunoprecipitated to
the same extent in control and treated
groups. The finding of in vivo EGF-
induced p52shcA phosphorylation in CNS
progenitor cells is further substantiated by
the presence of a 170 kDa phosphorylated
band in the EGF-treated lane (Figure 3,
lower panel, arrow in A), which specifically
reacts with a monoclonal antibody against
the EGFR that is known to coprecipitate
with phosphorylated ShcA proteins (not
shown). Furthermore, since the activated
ShcA proteins normally interact with the
Grb2 adaptor protein, we evaluated the
presence of Grb2 in the ShcA immunopre-
cipitates from control and EGF-stimulated
groups. As shown in Figure 3 (lower panel
C), the 23 kDa Grb2 protein coprecipi-
tates with anti-ShcA antibodies in lysates
from treated embryos, indicative of a func-
tional activation of the Ras-MAPK path-
way. We conclude that the use of immuno-
precipitation assays not only allows
evaluation of the phosphorylation state of a
protein, but can also be used to dissect out
the protein–protein interactions that occur
in vitro and in vivo.

TROUBLESHOOTING

Lyses of the Cells

A critical step during cell lysis is the
preservation of the phosphorylation state.
This is accomplished by inhibition of pro-
tein phosphatases and other kinases by the
addition to the lysis or homogenization
buffer of inhibitors for serine–threonine
kinases (such as sodium fluoride and
okadaic acid) or for tyrosine kinases (such
as sodium orthovanadate). The inclusion
of chelating agents and protease inhibitors
in the lysis buffer is also important. In fact,
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Figure 3. p52ShcA phosphorylation and interaction with Grb2 in embryonic telencephalic vesicles following intraventricular
injection of EGF. (Upper panel) Injection of growth factors into the telencephalic vesicles of E15 (embryonic day 15) embryos.
Injection was performed by a procedure we have developed for embryonic transplantation of CNS progenitor cells (2,9). Ten
microliters of EGF (10 ng/µL) were placed intraventricularly into E15 embryos. The figure shows a schematic drawing of the rat
embryonic neural tube and of the ventricular system where the growth factors were delivered. At E15, the cells lining the neural
tube are still immature and proliferating actively. Intraventricular injection of growth factors at this early stage of brain matura-
tion can therefore target this particular population of CNS progenitor cells. (A, anterior; P, posterior; D, dorsal; V, ventral).
(Lower panel) (A) Phosphotyrosine immunoblot of ShcA immunoprecipitates after in vivo EGF treatment. Ten minutes after
injection, the embryos were removed, and the telencephalic vesicles were isolated and subjected to immunoprecipitation with
anti-ShcA antiserum followed by immunodecoration with 4G10 antiphosphotyrosine antibodies. Phosphorylated p52ShcA is indi-
cated. Control embryos were injected with vehicle. A 170-kDa phosphorylated band (arrow) corresponding to the coprecipitat-
ed EGFR is also visible in the treated group. (B) Anti-ShcA immunoblot of the filter in panel A. The membrane was stripped and
reacted with ShcA monoclonal antibody. As shown, ShcA proteins were immunoprecipitated to the same extent in control and
EGF-treated groups. (C) Anti-Grb2 immunoblot of the same immunoprecipitates as in panel A. The arrow indicates the 23 kDa
Grb2 protein, which coprecipitates with ShcA more abundantly in the treated group. (See color plate A2.)
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many proteins such as kinases can be sensi-
tive to limited proteolysis during the lysis.
Compounds such as EDTA or EGTA
chelate calcium and reduce the activity of
calcium-activated proteases. The most
commonly used protease inhibitors include
PMSF, leupeptin, pepstatin A, antipain,
and benzamidine. It is always a good idea
to add these inhibitors to the lysis buffer
just before it is used to lyse the cells.

Immunoprecipitation Assays

Like all immunochemical procedures,
attention must be given to antibody cross-
reactivity with other antigens. Nonspecific
binding can be a particular problem if pro-
teins that are immunologically distinct from
the antigen are trapped in the pellets
formed during immunoprecipitation. To
reduce nonspecific binding, immunoprecip-
itation buffers usually contain a detergent
that reduces hydrophobic interactions, a
protein to block nonspecific binding sites,
and high salt to reduce ionic interactions.
Despite these precautions, nonspecific
binding can occur. It is crucial, therefore,
always to perform a control reaction where
the antibody is replaced by a nonrelevant
immunoglobulin (i.e., normal serum for
polyclonal antibodies, control mouse
ascytes fluid for ascytes, and isotype controls
for purified mouse monoclonal antibodies).

Only use high quality siliconized tubes
for immunoprecipitation. Many brands of
Eppendorf tube adsorb proteins which
are released during the final boiling in SDS
and contribute to the background. Some
people transfer the sepharose pellet to the
new tube immediately before addition of
2× electrophoresis buffer. 

Only use ultra pure BSA in the buffer to
resuspend protein A-sepharose. 

Sensitivity can be a problem, especially
when the antigen is a minor component of
the protein pool. Effort should be made to
use as much protein in the immunoprecip-

itation reaction as possible. Start with 1 or
2 mg of total protein extract. 

Kinase Assays

The oxidation state of cysteines and the
state of disulfide linkages may influence
kinase activity. Inclusion of a reducing
agent (2-β-mercaptoethanol or DTT) can
therefore be essential to preserve enzyme
activity.

It is important to choose the correct
substrate for the kinase you are assaying;
specific substrate information should be
collected from previously published works.
Synthetic peptide substrates are also com-
mercially available.

For many kinases, it is important to
identify the more appropriate Mg2+ and
Mn2+ concentrations.
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OVERVIEW

This chapter describes confocal and elec-
tron microscopic methods for tracking
peptide ligands and/or their receptors fol-
lowing their internalization in cell cultures
or brain slices. The confocal microscopic
techniques are based upon the use of high
affinity fluorescent ligands that were origi-
nally developed in our laboratory to study
the fate of internalized neurotensin (NT),
somatostatin (SRIF), and opioid peptides
(9,13,17). The electron microscopic tech-
niques are adapted from the pre-embed-
ding immunogold method developed by
Virginia Pickel and her team (5) as applied
by us to study the effect of ligand exposure
on the subcellular distribution of various
subtypes of neuropeptide receptors. 

As with any recipe, the success of these
different methods lies with the quality of the
underlying ingredients. In other words, se-
lective high affinity ligands and specific, sen-
sitive antibodies are sine qua non. We have
recently reviewed the factors to be consid-
ered when selecting a fluorescent ligand for

confocal imaging studies (2). A vast selection
of fluorescent peptides is currently available
from Advanced Bioconcept (Montreal, QC,
Canada), a subsidiary of NEN Life Science
Products (Boston, MA, USA). However, not
all of these peptides are applicable to the
type of study described below, and it is
strongly recommended that the ligand of
choice be first tested in a heterologous trans-
fection system. Neuropeptide receptor anti-
bodies have also become widely available
through a variety of commercial sources.
Here again, however, these antibodies may
not all be ideal for the type of double label-
ing or electron microscopic work detailed
below. Furthermore, some of these antibod-
ies may not recognize an important subset of
receptors, because the sequence against
which they are directed is either glycosylated
or otherwise conformationally modified.
Care should be taken, therefore, to first test
the selected antibodies thoroughly in a mod-
el system and, preferably, to identify recog-
nized molecules by Western blot.
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BACKGROUND

The interaction between neuropeptides
and some of their complimentary G pro-
tein-coupled receptors (GPCR) has been
shown to result in the endocytosis of the re-
ceptor–ligand complex. This mechanism,
referred to as ligand-induced internaliza-
tion, has long been known to play a key
role in receptor sequestration and resensiti-
zation (12) and was recently proposed to be
involved in cell signaling (6,20). 

Most of our knowledge concerning the
fate of internalized ligands and/or recep-
tors is derived from studies of single trans-
membrane domain receptors. For instance,
the transferrin receptor has long been
known to be constitutively internalized via
clathrin-coated pits into early endosomes
(19). In the acidic environment of endo-
somes, iron dissociates from transferrin,
and both transferrin and its receptor return
to the cell surface in recycling endosomes
(7). Much less is known, however, con-
cerning the fate of internalized GPCRs or
their ligands. With regard to receptors,
most of the available evidence is derived
from studies of the prototypical GPCR,
the β2-adrenergic receptor, which was doc-
umented to recycle back to the plasma
membrane following ligand dissociation in
the acidic environment of endosomes (23).
Other GPCRs, however, such as the lu-
teinizing hormone receptor, are degraded
in lysosomes (14). As for GPCR ligands,
virtually nothing is known of their postin-
ternalization trafficking, with the excep-
tion of some neuropeptides that were
shown to be targeted to lysosomes for
degradation (14,15).

The techniques described below were de-
veloped by us to monitor the fate of in-
ternalized neuropeptide receptor–ligand
complexes by confocal and electron micro-
scopy. Visualization of bound and internal-
ized ligand molecules proved the most chal-
lenging, since peptide ligands are prone to

dissociate from their receptors or to leak out
from intracellular compartments during his-
tological processing. We tackled this prob-
lem by resorting to fluorescent ligands and
minimizing histological steps prior to their
visualization by confocal microscopy. How-
ever, internalized ligand molecules may also
be detected by other techniques, such as au-
toradiography, as described elsewhere (4).
Receptors are easier than their ligands to
track at cellular and subcellular levels, since
they are membrane-bound and are therefore
preserved in situ during histological process-
ing. Furthermore, they are strongly anti-
genic and are therefore amenable to im-
munocytochemical detection. For studies in
heterologous transfection systems, this de-
tection may be facilitated by tagging the re-
ceptors with immunogenic or fluorescent
sequences (1,15). The techniques that we
describe below were developed for studying
GPCR trafficking in cell cultures and brain
slices. However, similar approaches have
been used equally effectively by others to
study the effect of agonist exposure on re-
ceptor trafficking in vivo (8,16).

PROTOCOLS

Protocol for Tracking Internalized
Ligands by Confocal Microscopy

Principle of Technique

The fate of internalized ligands is moni-
tored by confocal microscopy following the
labeling of cells in culture or of brain slices
ex vivo with nanomolar concentrations of
fluorescent derivatives of either native or
metabolically stable analogs of peptide lig-
ands. The distribution of the label may be
analyzed either immediately after ligand ex-
posure, as described below for studies in
cell cultures, or after varying periods of
chasing with physiological buffer, as de-
scribed below for studies in brain slices.
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Studies in Cell Culture

The protocol described here was used to
monitor the fate of internalized NT (18),
somatostatin (17,21), and opioid peptides
(13) in transfected COS-7 cells or in pri-
mary neuronal cultures.

Materials and Reagents

• COS-7 cells transfected with cDNA
encoding the appropriate receptors (for
details on transfection procedure see
Reference 17) or:

• Neuronal cultures from embryonic or
neonatal rat brain prepared as previ-
ously described (18,22).

• α-Bodipy-neurotensin 2-13 (fluo-NT),
α-Bodipy-[D-Trp8]somatostatin (fluo-
SRIF), α-Bodipy-dermorphin, α-Bod-
ipy-deltorphin. These fluorescent com-
pounds were originally synthesized and
purified for us by Dr. J.-P. Vincent
(University of Nice-Sophia Antipolis,
France). They are currently available
from NEN Life Science Products.

• 12-mm polylysine-treated glass cover-
slips (25 µg/mL polylysine, 15 min at
room temperature) (Sigma, St. Louis,
MO, USA).

• Earle’s buffer: 50 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer, pH 7.4, containing
140 mM NaCl, 5 mM KCl, 1.8 mM
CaCl2, 3.6 mM MgCl2 (all salts are
from Sigma).

• Supplemented Earle’s buffer: Earle’s
buffer containing 0.1% bovine serum
albumin (BSA), 0.01% glucose, and
0.8 mM 1,10-phenanthroline (pepti-
dase inhibitor), pH 7.4.

• Hypertonic acid buffer: 0.2 M acetic
acid and 0.5 M NaCl in Earle’s buffer,
pH 4.0.

• Aquamount (Polysciences, Warring-
ton, PA, USA).

Procedure

1. For experiments on transfected epithe-
lial cells, plate the cells as a monolayer
on 12-mm polylysine-coated glass cov-
erslips and let them adhere for 1 to 2
hours at 37°C. For experiments in pri-
mary cultures, plate the cells onto
polylysine-coated glass coverslips and
allow them to grow in a humidified at-
mosphere at 37°C and 5% CO2 until
fully differentiated (6–10 days).

2. Preincubate the cells for 10 minutes at
37°C in supplemented Earle’s buffer.

3. Incubate the cells for various periods of
time (5, 10, 15, 30, 45, and 60 min)
with 10 to 20 nM of the appropriate
fluorescent ligand in supplemented
Earle’s buffer. For determination of
nonspecific labeling, add a hundredfold
concentration of nonfluorescent pep-
tide or antagonist to the incubation
medium.

4. At the end of the incubation, rinse the
cells 3 times with ice-cold Earle’s buffer
or with hypertonic acid buffer to disso-
ciate surface-bound ligand. At this
point, cells may be fixed with 4%
paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4. The latter procedure of-
fers the advantage of allowing for co-
immunolocalization of cellular antigens
(see below).

5. Air-dry the cells rapidly and mount
them up on glass slides with Aqua-
mount. It is imperative that the cells
themselves not be exposed to an aque-
ous medium (unless they were fixed) as
this would promote dissociation of re-
ceptor–ligand complexes. 

6. Examine by confocal microscopy. Im-
ages may be acquired as single midcel-
lular optical sections or through multi-
ple serial Z levels at 32 scans per frame.

17

2. Tracking of Internalized Neuropeptides

Merighi2-aucorr.qxd  5/23/02  5:16 PM  Page 17



Studies in Brain Slices

The protocol described below was used
to monitor the fate of internalized NT in
slices from rat ventral midbrain tegmentum
(11) and basal forebrain (10).

Materials and Reagents

• Adult male Sprague-Dawley rats.
• Fluorescent ligand (same as above).
• Ringer buffer: 130 mM NaCl, 20 mM

NaHCO3, 1.25 mM KH2PO4, 1.3
mM MgSO4, 5 mM KCl, 10 mM glu-
cose, and 2.4 mM CaCl2.

• 4% Paraformaldehyde (PFA) (Electron
Microscopy Science, Fort Washington,
PA, USA): 4% PFA in 0.1 M phos-
phate buffer, pH 7.4.

• Cryoprotectant solution: 30% sucrose
in 0.1 M phosphate buffer, pH 7.4.

• Cryoprotectant solution: 30% sucrose
in 0.1 M phosphate buffer, pH 7.4.

• Aquamount (Polyscience)

Procedure

1. Following decapitation of the rat,
rapidly remove and immerse the brain
in a cold oxygenated (95% O2, 5%
CO2) Ringer buffer.

2. Cut 300 to 400-µm-thick slices
through the regions of interest with a
Vibratome.

3. Equilibrate the slices for 45 minutes in
oxygenated Ringer buffer at room tem-
perature.

4. Superfuse the slices for 3 minutes at
37°C with 20 to 40 nM fluorescent lig-
and in Ringer buffer.

5. Rinse with oxygenated Ringer buffer
for 5, 10, 15, 30, 45, or 60 minutes at
37°C. To control for nonspecific label-
ing, incubate additional slices in the
presence of 100- to 1000-fold excess of

nonfluorescent probe or antagonist.
6. After rinsing, fix the slices for 30 min-

utes at room temperature with 4% PFA.
7. Immerse the slices overnight in the cry-

oprotectant solution, flatten on tissue
chuck, snap freeze in isopentane at
-60°C, and resection at 45 µm thick-
ness in the plane of the slice on a freez-
ing microtome.

8. Mount frozen sections on gelatin-coat-
ed glass slides with Aquamount and ex-
amine by confocal microscopy.

Protocol for Simultaneous Detection of
Internalized Ligand and of either Recep-
tors or Cell Compartment Markers

Principles of Technique

Combination of fluorescent ligand bind-
ing and immunohistochemistry makes it
possible to simultaneously track down ligand
and receptor following neuropeptide binding
and internalization. Intracellular trafficking
of ligand can also be monitored through
combined visualization of the fluorescent lig-
and and of specific markers of intracellular
compartments. Because significant amounts
of ligand are lost in the course of immuno-
histochemical processing, this type of study is
best performed in transfected cells as these
express high concentrations of receptors and
thus bind and internalize commensurately
large amounts of fluorescent ligand. Presum-
ably, the same type of approach should be ap-
plicable to cells or tissue slices expressing en-
dogenous receptors, provided that the ligand
is cross-linked to the receptor prior to im-
munohistochemical processing.

Materials and Reagents

• COS-7 cells transfected with cDNA
encoding either native or epitope-
tagged receptors. 

18

A. Beaudet et al.

Merighi2-aucorr.qxd  5/23/02  5:16 PM  Page 18



• Appropriate α-Bodipy-labeled fluores-
cent ligand.

• Antibodies directed against either the re-
ceptor itself or against the immunogenic
epitope in the case of epitope-tagged re-
ceptors; or antibodies directed against
compartment-specific cellular antigens
(e.g., rab proteins, lamp proteins, etc.).

• Fluorescein isothiocyanate (FITC)-
tagged secondary antibodies. 

• Normal serum from the same species
as the secondary antiserum.

• Phosphate-buffered saline (PBS): 0.9%
NaCl in 0.1 M phosphate buffer, pH
7.4.

• Earle’s buffer.
• Polylysine (Sigma).
• Aquamount (Polyscience).

Procedure

1. Plate the transfected cells on 12-mm
polylysine-coated glass for 1 to 2 hours
at 37°C.

2. Incubate the transfected cells with the
fluorescent ligand (20 nM) for various
periods of time at 37°C as described
above and rinse 3 times in ice-cold Ear-
le’s buffer.

3. Fix the cells with 4% PFA for 20 min-
utes at room temperature.

4. Rinse twice with PBS.
5. Preincubate the cells for 20 minutes in

PBS containing 3% normal serum.
6. Incubate for 60 minutes at room temper-

ature with appropriate dilution of prima-
ry antibody in PBS containing 1% nor-
mal serum and 0.02% Triton X-100. 

7. Rinse 3 × 5 minutes with PBS.
8. Incubate with the FITC-tagged sec-

ondary antibody diluted 1:100 to
1:500 in PBS for 30 minutes at room
temperature.

9. Rinse 3 × 5 minutes in PBS.

10. Mount the coverslips, cell-side down
on glass slides with Aquamount and ex-
amine by confocal microscopy. FITC
signal is imaged by exciting samples
with 488 nm and Bodipy red signal by
exciting samples with 568 nm.

Protocol for Monitoring the Effect of
Ligand Exposure on the Subcellular
Distribution of Neuropeptide Receptors

Principles of Technique

The present technique applies standard
pre-embedding immunogold procedures,
as originally developed in V. Pickel’s labora-
tory (5), to the electron microscopic detec-
tion of neuropeptide receptors in transfect-
ed epithelial cells, primary neuronal
cultures, or brain slices, following stimula-
tion by an unlabeled agonist. As for confo-
cal microscopic studies, labeling may be
carried out either by pulse chase as de-
scribed below for studies in cell culture, or
immediately after stimulation with the ag-
onist, as described below for studies in
brain slices.

Studies in Cell Cultures

Materials and Reagents

• COS-7 cells transfected with cDNA
encoding the appropriate receptors (for
details on transfection procedure see
Reference 17) or:

• Neuronal cultures from embryonic or
neonatal rat brain prepared as previ-
ously described (18,22).

To Be Prepared Fresh on Day 1

• 0.2 M Sörensen’s phosphate buffer
(SPB), pH 7.4: 154 mM Na2HPO4,
23 mM NaH2PO4H2O. Do not ad-
just pH.
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• 0.1 M Tris-buffered saline (TBS), pH
7.4: 1.2% (wt/vol) Trizma base, 0.9%
NaCl. Adjust to pH 7.4 with HCl.

• 2% PFA in 0.1 M SPB, pH 7.4.
• 2% Acrolein (Electron Microscopy

Science) and 2% PFA in 0.1 M SPB. 
• Blocking buffer: 1.5% normal serum

(Sigma) from the same species as sec-
ondary antibody diluted in 0.1 M
TBS.

• Antibody dilution buffer: 0.05% Tri-
ton X-100 and 0.5% normal serum in
0.1 M TBS.

• Primary antibodies directed against ei-
ther the receptor itself or an epitope
tag and diluted in antibody dilution
buffer (dilution must be worked out
for each antibody).

• Earle’s buffer: 140 mM NaCl, 5 mM
KCl, 1.8 mM CaCl2, 0.9 mM
MgCl2•6 H20, 25 mM HEPES.

• Appropriate receptor agonist diluted
in concentrations ranging from 10 nM
to 10 µM in binding buffer consisting
of 0.8 mM 1,10-phenanthroline,
0.1% D-glucose, 1% BSA in Earles’
buffer.

To be Prepared Fresh on Day 2

• 0.01 M PBS: 0.01M SPB in double-
distilled water and 0.9% NaCl. Adjust
to pH 7.4.

• Washing incubation buffer: 0.5%
gelatin stock and 8.0% (wt/vol) BSA
in 0.01 M PBS.

• 2% glutaraldehyde (Electron Micros-
copy Science) in 0.01 M PBS.

• 1 nm gold particle-tagged secondary
antibodies directed against species in
which primary antibody was raised
(IgG-gold conjugate; Amersham Phar-
macia Biotech, Little Chalfont, Bucks,
England, UK), diluted 1:20 in washing
incubation buffer.

• 0.2 M citrate buffer: 5.95% (wt/vol)
sodium citrate (trisodium citrate, de-
hydrated) in double-distilled water; ad-
just to pH 7.4 with 0.2 M citric acid
(2.1 g in 50 mL distilled water).

• 2% osmium tetroxide (OsO4) in 0.2
M SPB (prepare immediately before
use and keep in the dark at all times).

• Silver intensification kit (Amersham
Pharmacia Biotech).

Procedure

These experiments are carried out on
cells that have been cultured directly into
the bottom of plastic culture dishes (21).

Day 1

Incubate cells with desired concentra-
tion of agonist. For pulse-chase labeling
over multiple time points: (i) preincubate
in binding buffer for 5 minutes at 4°C; (ii)
pulse with agonist dissolved in binding
buffer for 30 minutes at 4°C; and (iii)
chase with binding buffer for various time
points at 37°C.
1. Fix with 2% acrolein in 2% PFA for 20

minutes at room temperature.
2. Post-fix with 2% PFA for 20 minutes at

room temperature.
3. Rinse 2 × 10 minutes in 0.1 M TBS.
4. Incubate in blocking buffer for 30 min-

utes.
5. Incubate overnight at 4°C with appro-

priate dilution of primary antibody di-
rected against the receptor in antibody
dilution buffer.

Day 2

1. Rinse 3 × 10 minutes in 0.01 M PBS.
2. Rinse for 10 minutes in washing incu-

bation buffer. 
3. Incubate for 2 hours at room tempera-
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ture with the IgG-gold conjugate.
4. Rinse for 5 minutes in washing incuba-

tion buffer. 
5. Rinse 3 × 5 minutes in 0.01 M PBS. 
6. Fix 10 minutes with 2% glutaralde-

hyde. 
7. Rinse for 5 minutes in 0.01 M PBS.
8. Rinse twice in 0.2 M citrate buffer.
9. Silver intensification: mix solutions A

and B in each well and develop for 7
minutes.

10. Rinse twice in 0.2 M citrate buffer.
11. Rinse for 10 minutes in 0.1 M SPB.
12. Postfix for 10 minutes in 2% osmium

tetroxide (in the dark).
13. Dehydrate in graded ethanols:

50% EtOH for 2 × 5 minutes. 
70% EtOH for 2 × 5 minutes.
80% EtOH for 5 minutes.
90% EtOH for 5 minutes.
95% EtOH for 10 minutes.
100% EtOH for 2 × 15 minutes.

14. Embed in Epon as follows:
a. Apply 1:1 Epon: propylene oxide so-

lution for 1 minute and aspirate.
b. Apply 1:3 Epon: propylene oxide so-

lution for 3 minutes and aspirate.
c. Apply one drop of 100% Epon to

the surface of the cells.
15. Place the flush surface of the cylindrical

plastic mold onto the bottom of the
well. Ensure a good seal between the
mold and the bottom of the well, and
that the mold is perpendicular to the
bottom.

16. Carefully fill in the area between the in-
side surface of the culture plate and the
plastic mold with plasticine modeling
clay.

17. Fill the plastic mold with 100% epon.
18. Replace the 4-well plate cover, add lead

weights to the lid, and cure in a 60°C
oven for 13 to 16 hours.

19. Remove the plasticine modeling clay and

crack off the polymerized Epon blocks
from the surface of the culture plate.

20. Examine the bottom surface of the
polymerized Epon block under the dis-
secting microscope for labeled cells.

21. Trim the block around the labeled cells.
22. Incubate in a 60°C oven for at least an-

other 24 to 48 hours before cutting
with the ultramicrotome.

Studies in Brain Slices

Materials and Reagents

• Adult male Sprague-Dawley rats
(200–250 g).

• Ringer buffer: 124 mM NaCl, 5 mM
KCl, 1.2 mM NaH2PO4, 2.4 mM
CaCl2, 1.5 mM MgSO4, 26 mM
NaHCO3, 10 mM glucose, pH 7.4.

• Fixative: 4% PFA and 0.3% glu-
taraldehyde in 0.1 M SPB, pH 7.4.

• Cryoprotectant: 0.1 M SPB, 25% su-
crose, 3% glycerol.

• Isopentane at -70°C.
• Liquid nitrogen.
• Same complement of immunohisto-

chemical reagents and buffers as listed
for studies in cell cultures.

Procedure

Day 1

1. Decapitate the rats and rapidly remove
the brains.

2. Block and section the region(s) of inter-
est on a vibratome and collect slices
(100 µm) in ice-cold Ringer buffer,
continuously oxygenated by a mixture
of 95% O2 and 5% CO2.

3. Equilibrate slices in Ringer buffer for
40 minutes at room temperature.

4. Preincubate slices in Ringer buffer for
15 minutes at 37°C.
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5. Incubate slices in Ringer buffer con-
taining various concentrations of ago-
nist for 10 to 60 minutes at 37°C.

6. Fix slices with fixative.
7. Rinse twice in 0.1 M SPB.
8. To permeabilize the tissue, incubate

sections in cryoprotectant solution for
30 minutes, freeze in isopentane at
-70°C, dip in liquid nitrogen, thaw in
0.1 M SPB at room temperature.

9. Immerse in blocking buffer for 30 min-
utes.

10. Incubate overnight at 4°C with appro-
priate dilution of receptor antibody in
antibody dilution buffer.

Day 2

1. Carry out immunolabeling with sec-
ondary antibody, postfixation in 2%
OsO4 for 40 minutes, and dehydration
of slices as described for cell cultures
above (day 2, steps 1 through 13).

2. Then, embed slices as follows:
a. Immerse in 1:1 Epon: propylene ox-

ide solution for 30 minutes and aspi-
rate.

b. Immerse in 1:3 Epon: propylene ox-
ide solution for 30 minutes and aspi-
rate.

c. Immerse in 100% Epon overnight at
4°C.

3. Flat-embed the sections in between two
sheets of acetate film; lay on a flat,
smooth surface, and add lead weights
to the top.

4. Cure in a 60°C oven for 24 to 48
hours.

5. Gently remove one of the acetate sheets
from the surface of the embedded tis-
sue.

6. Add a thin film of cyanoacrilate glue to
the surface of the embedded tissue and
quickly affix to the flush bottom sur-
face of a polymerized Epon block.

7. Trim the block around the labeled cells.
8. Cure at 60°C for at least another 24 to

48 hours before cutting with the dia-
mond knife.

RESULTS AND DISCUSSION

Confocal Microscopic Studies

Studies in Cell Cultures

The result of an experiment in which the
fate of fluo-NT, specifically bound to high
affinity NT1 receptors, was monitored over
time in COS-7 cells transfected with
cDNA encoding the NT1 receptor is illus-
trated in Figure 1. Cells were exposed to 20
nM fluo-NT for periods ranging between 5
and 60 minutes, and the intracellular distri-
bution of the ligand was visualized by con-
focal microscopy following hypertonic acid
stripping of surface-bound ligand. At short
time intervals (0–30 min), the label formed
small “hot spots” distributed throughout
the cytoplasm of the cells, but sparing the
nucleus (Figure 1A). At later time points
(>30 min), these endosome-like particles
decreased in number and progressively clus-
tered towards the center of the cells next to
the nucleus (Figure 1B). This fluorescent
labeling was specific in that it was not ob-
served in nontransfected parent cells or in
transfected cells incubated in the presence
of a hundredfold concentration of nonfluo-
rescent NT (Figure 1C).

Figure 2 illustrates the results of an ex-
periment in which we monitored in parallel
the fate of a fluorescent analog of somato-
statin, fluo-SRIF, with that of one of its re-
ceptors, sst2A, in COS-7 cells transfected
with cDNA encoding the sst2A receptor
subtype. sst2A receptors were labeled by im-
munocytochemistry using an antibody di-
rected against its C terminal sequence
(kindly provided by Dr. Agnes Schon-
brunn, University of Texas). To obtain a
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good compromise between immunocyto-
chemical detection of the receptor and
preservation of internalized ligand, all im-
munolabeling steps were shortened as much
as they could, and double-labeled cells were
examined immediately after mounting. Af-
ter short incubations (0–20 min), receptor
and ligand molecules were extensively colo-
calized at the outskirts of the cells (Figure 2,
A and A′). By contrast, after longer incuba-
tion periods, receptor and ligand were al-
most entirely dissociated (Figure 2, B and
B′). Indeed, while the ligand was confined
to the core of the cells, the receptors had
largely recycled back to the cell surface.

To characterize the intracellular routing of
fluo-SRIF, detection of the fluorescent label
was combined with the immunocytochemi-
cal detection of marker proteins for different
endocytic compartments. Thus, following
short (0–20 min) incubations of the trans-
fected cells with fluo-SRIF, most of the intra-
cellular ligand was detected in compart-
ments that immunostained positively for rab
5A, a small GTP-binding protein known to
be associated with early endosomes (not
shown). By contrast, at longer time intervals
(45 min) it was extensively colocalized with
syntaxin 6, a marker of the Trans-Golgi Net-
work (TGN) and of the pericentriolar recy-
cling endosome (Figure 2, C and C′).

Studies in Brain Slices

Examination of rat brain slices pulse-la-
beled with fluo-NT and chased for short
periods of time (5–10 min) revealed a fairly
diffuse distribution of the fluorescent label
over nerve cell bodies and neuronal process-
es within regions documented to express
high concentrations of NT1 receptors, such
as the basal forebrain (10) and the ventral
midbrain (11) (Figure 3A). This distribu-
tion was specific in that it was totally pre-
vented by the addition of a hundredfold
concentration of nonfluorescent ligand. It
resulted from clathrin-mediated internaliza-

tion, as it was entirely blocked by the endo-
cytosis inhibitor, phenylarsine oxide. At
high magnification, the label was found to
be accumulated within small endosome-like
structures distributed throughout perikarya
and dendrites. After longer periods of chase
(20–60 min), the label had totally disap-
peared from neuronal processes and was
densely concentrated within perikarya (Fig-
ure 3B), suggesting that it had been trans-
ported retrogradely from the dendrites to
the cell bodies. Furthermore, at the level of
neuronal perikarya themselves, a decrease in
number but an increase in size of labeled
endosomes was observed, suggesting that
the original endocytic vesicles had coalesced
over time. In addition, there was a decrease
in their mean distance from the nuclear en-
velope, suggesting a progressive migration
of the late endosomes towards a juxtanu-
clear recycling compartment.

Electron Microscopic Studies 

Studies in Cell Cultures

As can be seen in Figure 4, SRIF sst5 re-
ceptors, immunolabeled in COS-7 cells
transfected with cDNA encoding the sst5
receptor subtype, were detected in the form
of small rounded silver-intensified gold par-
ticles. In the absence of stimulation by the
agonist, approximately 25% of the gold
particles were associated with plasma mem-
branes versus 75% with intracellular vesicu-
lar organelles (21) (Figure 4A). By contrast,
after 10 minutes of exposure to 20 nM D-
Trp8-SRIF, the proportion of gold particles
associated with the membrane increased
significantly (to 47%), while the mean dis-
tance of intracellular particles from the plas-
ma membrane decreased significantly (from
2–3 to 0.25–1 µm), indicating a SRIF-in-
duced mobilization of receptors from the
cell center to the periphery (Figure 4B).
Furthermore, in cells exposed to SRIF, gold
particles were detected more frequently in
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Figure 2. Dual localization of internalized
fluo-SRIF (A, B, and C) and of sst2A im-
munoreactivity (A′′ and B′′) or of the TGN
marker syntaxin 6 (C′′) in COS-7 cells
transfected with cDNA encoding the
sst2A receptor. Cells were incubated with
20 nM fluo-SRIF at 37°C for 5 to 45 min-
utes, fixed, and immunocytochemically re-
acted with either sst2A or syntaxin 6 anti-
bodies. (A and A′) After 5 minutes of
incubation, there is complete overlap be-
tween the ligand (A) and sst2A immunore-
activity (A′) at the periphery of the cell. (B
and B′) After 30 minutes of incubation,
fluo-SRIF (B) and sst2A immunoreactivity
(B′) are both distributed more centrally
within the cells and are partially dissociat-
ed. (C and C′) At 45 minutes, fluo-NT (C)
is concentrated next to the nucleus, where
it colocalizes extensively (arrows) with the
TGN marker syntaxin 6 (C′). Abbrevia-
tion: N, nucleus. Scale bar: 10 µm. (See
color plate A3.)

Figure 1. Confocal microscopic imaging of internalized fluo-NT in COS-7 cells transfected with cDNA encoding the NT1 re-
ceptor. Images were acquired as single midcellular optical sections at 32 scans per frame. (A) After a 20-minute incubation at
37°C, acid-wash resistant fluo-NT labeling is segregated within small endosome-like particles distributed throughout the cyto-
plasm of the cell. (B) At 45 minutes, intracellular fluorescent particles are less numerous and clustered next to the nucleus. (C)
This internalization is receptor-mediated, as it is no longer detectable when the incubation is carried out in the presence of an ex-
cess of nonfluorescent NT. Abbreviation: N, nucleus. Scale bar: 10 µm.
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clathrin-coated pits at the cell membrane
(Figure 4C) as well as in coated vesicles in
the subplasmalemmal zone (Figure 4D)
than in nonexposed cells, indicating that
sst5 receptor internalization proceeded
through clathrin-mediated mechanisms.

Studies in Brain Slices

By contrast, in brain slices immunola-
beled with antibodies directed against sst2A
receptors, exposure to the agonist (40 min)
resulted in a significant decrease in mem-
brane to intracellular receptor ratios (3)
(Figure 5). The same decrease was apparent
in the two brain regions sampled (based on
their high sst2A receptor content), namely
the basolateral amygdala and the claustrum
(Figure 5). It was entirely prevented by the
endocytosis inhibitor phenylarsine oxide,
indicating that it resulted from clathrin-me-
diated receptor internalization (Figure 5).

Taken together, these two sets of data in-
dicate that depending on the receptor sub-
type involved, receptor-mediated internal-
ization may either increase or decrease cell

surface receptor density and, hence, play
differential roles in cellular desensitization.

Technical Notes

There are a variety of fixative agents suit-
able for the investigation of receptor local-
ization at the ultrastructural level. We have
been equally successful with mixtures of glu-
taraldehyde (0.3%) and paraformaldehyde
(4%) or of acrolein (3.75%) and parafor-
maldehyde (2%). The use of acrolein con-
fers a greater degree of ultrastructural preser-
vation but, at high concentrations, can
adversely affect tissue antigenicity. In either
case, primary fixation should be followed by
two postfixation steps, one with a higher
concentration of glutaraldehyde (2%) for
cross-linking the secondary antibody to the
primary antibody, and another with osmi-
um tetroxide to aid ultrastructural preserva-
tion and the staining of lipid bilayers.

The silver-intensification step is perhaps
the most delicate of the entire immunogold
staining protocol. Care must be taken not
only to find the optimal incubation time

25

2. Tracking of Internalized Neuropeptides

Figure 3. Confocal microscopic images of fluo-NT labeling in slices of rat ventral tegmental area. Slices were pulse-labeled for 3
minutes with 10 nM fluo-NT, and sections were scanned 10 minutes (A) and 30 minutes (B) after washout with Ringer buffer. At
10 minutes (A), labeling is evident over both perikarya (arrows) and neuropil. At 30 minutes (B), nerve cell bodies are still in-
tensely labeled, but the neuropil labeling is markedly reduced. Note that at 30 minutes, the labeling is detected in the form of
small puntate fluorescent granules that pervade the perikaryal cytoplasm (arrows). Images were reconstructed from a stack of 25 se-
rial optical sections separated by 0.12 µm steps and scanned at 32 scans per frame. Scale bars: 10 µm. (See color plate A4).
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for one’s specific preparation, but also to re-
duce any variability in time between condi-
tions (e.g., between agonist-free and ago-
nist-exposed cells or tissue). Overshooting
the incubation time will result in a super-
saturation of specific signal and the genera-
tion of extensive background. Within a cer-
tain range, however, varying the incubation
time will merely modulate the diameter of
the silver grains: longer incubations will re-
sult in larger particles making it easier to
scan the specimen at lower magnification
and making the analysis more rapid.
Nonetheless, silver-intensified gold parti-
cles should not be so large as to obscure
some of the fine detail of the preparation

and thereby make it impossible, for exam-
ple, to appraise the association of the label
with small intracellular compartments. 

A major advantage of immunogold cyto-
chemistry is its amenability to quantitative
analysis. As demonstrated above, this tech-
nique may be put to advantage to monitor
receptor trafficking events following lig-
and-induced endocytosis with a spatial res-
olution impossible with any other method.
The distribution of immunolabeled recep-
tors may be assessed in a number of ways.
Gold particles may be classified according
to their association with specific subcellular
structures and the number of labeled struc-
tures expressed as a proportion of total
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Figure 4. Electron microscopic detection of sst5 immunoreactive receptors before (A) and after (B–D) exposure to the meta-
bolically stable SRIF analog D-Trp8-SRIF. Transfected COS-7 cells were immunolabeled before or after 30 minutes of pulse-la-
beling with 20 nM D-Trp8-SRIF and 10 minutes of chase at 37°C. (A) In cells unexposed to SRIF, the bulk of labeled receptors is
associated with the plasma membrane. (B–D) In cells exposed to D-Trp8-SRIF, immunoreactive sst5 receptors are much more
abundant than in controls in the subplasmalemmal zone of the cytoplasm (B). Furthermore, several immunogold particles are ob-
served in association with invaginating coated pits (C, arrows) and within clathrin-coated vesicles (D, arrow). Scale bars: A and B,
400 nm; C, 200 nm; D, 185 nm.
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(e.g., labeled coated pits expressed as a per-
centage of coated pits evident at the cell
surface). Alternatively, the number of la-
beled receptors associated with a particular
structure may be expressed as a proportion
of the total number of labeled receptors in
the cell profile (e.g., proportion of labeled
receptors associated with plasma mem-
branes), or as densities of receptors associ-
ated with that profile (e.g., number of
labeled receptors per unit length of mem-
brane or per unit area of profile). In the
context of receptor-mediated endocytosis,
labeled receptors may also be classified ac-

cording to their distance from the plas-
malemma and then sorted into bins of in-
creasing distance from the cell surface (21).

Readers are referred to Chapter 10 for
further discussion on the immunogold la-
beling procedures.
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Figure 5. Effect of SRIF stimulation on the subcellular distribution of immunoreactive sst2A receptors in dendrites of the claus-
trum and basolateral amygdala. Slices were incubated for 45 minutes at 37°C with or without D-Trp8-SRIF (100 nm–10 µm).
Dendrite-associated immunogold particles were counted and classified as either membrane-associated or intracellular, and the re-
sults expressed as membrane-associated per total. In the absence of agonist, approximately 60% of gold particles were associated
with dendritic plasma membranes in both cerebral regions. Addition of agonist induced a decrease in the percentage of receptors
associated with plasma membranes. The agonist-induced decrease in surface receptors was prevented by adding 10 µM phenylar-
sine oxyde to the incubation medium. Values are the mean ± standard error of the mean (SEM) from three animals. **, P < 0.01.
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OVERVIEW

We describe two simple, quick, and
reproducible methods to transfect primary
hippocampal neurons. The first method
consists of a modified calcium phosphate
(CP) transfection. We have developed this
method to analyze localization of proteins in
fully mature hippocampal neurons, however
it can also be used for others purposes, such
as the analysis of gene regulation or function
of proteins in neurons. This method offers
the advantage of transfecting small numbers
of neurons at different developmental
stages. The second method is an efficient
electroporation (EP) protocol to perform
large-scale biochemistry experiments. Exam-
ples demonstrate the suitability of both
techniques. These protocols could be a use-
ful framework to transfect primary neurons
cultured from other brain regions.

BACKGROUND

Many neuroscientists have successfully
developed viral methods to transfect pri-
mary neurons (reviewed in Craig, 1998;

see Reference 1). However, production of
recombinant virus remains complex and
time-consuming. Moreover, potential toxi-
city to the neurons and probable safety
hazard to laboratory personnel cannot be
excluded. In the last few years, several labo-
ratories have made an effort to transfect
postmitotic primary neurons in dissociated
culture adapting classical transfection
methods (e.g., CP precipitation and cat-
ionic lipid transfection) used for dividing
cells. Transfection by CP has been success-
fully applied for introducing cloned eu-
karyotic DNAs in cultured mammalian
cells. Although the mechanisms remain ob-
scure, it is believed that the transfected
DNA enters the cytoplasm by endocytosis
and is transferred to the nucleus (4). 

In the last few years, a series of papers
have been published where this DNA/CP
transfection method was adapted to trans-
fect a primary culture of rat cortical, hippo-
campal, spinal cord, and dorsal root
ganglion neurons (6,9,10). However, the
precise conditions for successful CP-medi-
ated DNA transfection have not been fully
investigated, and the efficiency reported is
relatively low, at most 1% to 2% (for review
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see Reference 1). Furthermore, in previous
reports neurons are mostly transfected be-
fore plating or at an immature stage.

In our laboratory, we are interested in
the mechanisms that guard intracellular
transport of membrane proteins and their
sorting to the axon or the dendrites in neu-
rons. We use as a cellular system primary
neurons from rat embryo hippocampi
developed by Goslin and Banker (3). Hip-
pocampal neurons are grown at low densi-
ty on glass coverslips, which are then
inverted in order to face a monolayer of
glia grown on a plastic dish. The use of the
hippocampal–glia coculture system allow
us to reproduce in vitro neuronal polariza-
tion, which leads to differentiated neurons
with one axon and several dendrites. Cells
can be maintained in culture more than
three weeks after plating.

For our work it would be convenient to
have a simple protocol that allows: (i) to
transfect embryonic hippocampal neurons
at different developmental stages including
fully mature neurons; (ii) to transfect sev-
eral cDNAs at the same time in parallel
experiments instead of producing a recom-
binant virus for each construct; and (iii) to
cotransfect two plasmids into the same
neurons. Thus, we adapted a CP protocol
for efficient transfection of hippocampal
neurons (5). This method has been success-
fully applied to transfect adult hippocam-
pal neurons, but the cells were grown in a
different manner. We describe a protocol
and emphasize the crucial factors for
obtaining efficient transfection by CP in
“our” hippocampal neurons.

We also describe a second protocol that
is based on EP (8). There are very few
examples of applications of this method to
primary neurons, and transfection efficien-
cies are below 2% (7). We present a proto-
col to transfect hippocampal neurons at a
rate of up to 20% efficiency. Other trans-
fection protocols are described in Chapters
4 to 6 of this book.

PROTOCOLS

Protocol for Calcium Phosphate
Precipitation

We use CP for transfecting exogenous
proteins into cultured hippocampal neurons
and subsequent localization studies using
immunofluorescence or video microscopy.
CP can also be used for small-scale bio-
chemical studies like western blot to charac-
terize an antibody or to verify the full-
length expression of a transfected protein.

The preparation and culturing of hip-
pocampal neurons is described in detail in
Reference 2 and 3.

Materials and Reagents

• Neurons 3 to 14 days in vitro (DIV)
• Waterbath at 37°C
• 3.5-cm Plastic dishes
• Sterile forceps
• 2-mL Eppendorf tubes
• Vortex mixer
• 2.5% CO2 incubator
• 250 mM CaCl2 solution, sterile and

warmed to room temperature
• 2× BBS, (280 mM NaCl, 1.5 mM

Na2HPO4, 50 mM BES [N,N-bis(2-
hydroxyethyl)-2-aminoethanesulfonic
acid]; Sigma, St. Louis, MO, USA),
pH 7.1

• HBS (135 mM NaCl, 20 mM HEPES
[4-(2-hydroxyethyl)-1-piperazineeth-
anesufonic acid], pH 7.1, 4 mM KCl,
1 mM Na2HPO4, 2 mM CaCl2, 2
mM MgCl2, 10 mM glucose)

• Dishes with conditioned N2 medium
• DNA (2–5 mg/mL)

Preparation of DNA

For optimal results, prepare endotox-
in-free DNA with a plasmid purification
kit (EndoFree Plasmid Maxi Kit; Qia-
gen, Hilden, Germany). After the final pre-
cipitation, dissolve DNA in endotoxin-free
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water or Tris-EDTA (TE) at a concentra-
tion of 1 to 3 mg/mL. Prepare 50 to
100-µL aliquots and store at -20°C. Store
thawed DNA at 4°C and avoid frequent
freezing and thawing.

Preparation of Conditioned N2

Older, polarized neurons survive better
in medium enriched in factors secreted by
astrocytes. To keep neurons in conditioned
medium throughout the transfection, it is
necessary to have preconditioned medium
at hand. Therefore, we grow astrocytes on
6-cm plastic dishes as described in Refer-
ence 2. The N2 medium in which astro-
cytes are grown can be used for transfec-
tion. Check that the pH is not too acidic,
as this will prevent the precipitate to form.

Procedure

1. Warm 2× BBS and CaCl2 to room
temperature. Place HBS in a 37°C
waterbath.

2. Add 2 mL of conditioned N2 into a
3.5-cm dish and transfer coverslips into
the dishes such that the neurons are
facing up. Immediately place them in
the 5% incubator for 30 minutes.

3. In a 2-mL tube mix 2 to 5 µg of DNA
with the CaCl2 solution to a final vol-
ume of 60 µL. Mix briefly by vortex
mixing.

4. Slowly add 60 µL of 2× BBS while stir-
ring with the tip.
Vortex mix briefly. If several dishes are
transfected with the same DNA, pre-
pare a master mixture. This ensures
equal transfection for all dishes.

5. After 1 minute, take the cells out of the
incubator and check the pH of the
medium. If necessary, add drops of
diluted hydrochloric acid to reach the
desired pH. Color must be red, not yel-
lowish and not purple.

6. Add DNA–phosphate precipitate and
stir gently. The medium should now
become yellowish. Transfer dishes to a
2.5% CO2 incubator.

7. Let precipitate form and settle onto
cells for 30 to 120 minutes. Check the
medium after 30 to 60 min. If the
medium is very purple and turbid, the
precipitate is probably already very big.
Check on a microscope for size of the
precipitate. Precipitate should have the
size and appearance of bacterial conta-
mination. Big precipitates are toxic,
and the cells will die.

8. After precipitate has formed, gently
wash the cells 2 times with prewarmed
HBS, then add the original medium in
which they were grown.

9. Flip coverslips so that the neurons are
facing the bottom of the dish and incu-
bate until analysis. Depending on the
construct, we analyze cells 8 hours to 3
days after transfection.

Pitfalls

Several parameters are critical for an effi-
cient transfection.
1. We found that the use of endotoxin-

free DNA significantly increases the
number of transfected cells. 

2. The use of a 2.5% CO2 incubator dur-
ing the transfection procedure is essen
tial in our hands.

3. Successful transfection is dependent
on the pH of the medium to which
the precipitate is added. A too acidic
medium will prevent the precipitate
to form, and a too alkaline medium
will lead to huge precipitates that are
neurotoxic.

Drawbacks

Even by carefully following the protocol
transfection, efficiencies vary from trans-
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fection to transfection. Moreover different
constructs generally give different efficien-
cies, even if the same expression vector is
used (C.K. and F.R., unpublished observa-
tion). Also, transfected cells on a dish or
coverslip are not evenly distributed, but
tend to cluster.

Protocol for Transfection of Neurons for
Biochemical Experiments

For analysis of exogenous proteins by
western blot or radioactive labeling, neurons
can be grown on 3.5-cm plastic dishes and
transfected in principle as described above.

Preparation of Polylysine-Coated Plastic
Dishes: Prepare 2 Days Before Plating

1. Cover bottom of dish with 1 mg/mL
polylysine and leave overnight at room
temperature.

2. Remove polylysine solution and wash 2
times for 1 hour in distilled water.

3. Add 1 mL medium (minimum essential
medium [MEM] + 10% horse serum)
and keep overnight in the incubator.

4. Replace medium with N2 supplement-
ed with insulin (5 µg/mL).

5. Seed cells and allow to grow for desired
time. For better survival neurons can
be covered with a big coverslip with
paraffin dots.

Procedure

1. Collect the original medium of the
cells and store in the incubator.

2. Perform the transfection as described
above. Afterwards, add the original
medium back and incubate the cells
until needed.

For analysis, prepare a cell lysate (see
below) and pool three dishes per lane on a
sodium dodecyl sulfate (SDS) gel.

Protocol for Electroporation

For large-scale biochemistry, we electro-
porate neurons before plating and grow
them in 75-cm2 flasks.

Materials and Reagents

• Gene Pulser (Bio-Rad Laboratories,
Hercules, CA, USA)

• 0.4-cm Gene Pulser cuvettes (Bio-
Rad)

• Horse-MEM

• Hank’s balanced salt solution (HBSS)

• 75-cm2 flasks coated with polylysine

• DNA, endotoxin-free, concentration
of 1 to 4 mg/mL

Procedures

Coating of Flasks: Prepare at Least 1 Day
Before Preparing the Neurons

1. Add 10 mL of a 10 µg/mL polylysine
solution to the flask and incubate for 1
hour at room temperature.

2. Wash 3 times with water and add 10
mL horse-MEM. Incubate overnight in

a 37°C, 5% CO2 incubator.
3. Replace the medium with N2 medium

and equilibrate in the incubator for at
least 3 hours.

4. Dissect hippocampi, triturate, and
count.

5. Add 2.5 to 3 × 106 cells to an electro-
poration cuvette.

6. Add 50 µg DNA and HBSS if neces-
sary, to a final volume of 0.8 mL and
mix with a pasteur pipet. Leave at
room temperature for 3 to 5 minutes
with occasional mixing.

7. Electroporate at 850 V, 25 µF, and 200
Ohm. Time constant should be 0.8.

8. Carefully resuspend cells by pipetting
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twice with the pasteur and transfer cells
into flask. To check efficiency, a small
aliquot can be plated in a 3.5-cm coat-
ed dish. Neurons can be fixed and
processed for immunofluorescence
directly in the dish. For microscopy, a
coverslip can be mounted with Mowiol
(Merck, West Point, PA, USA), and the
neurons can be analyzed for transfec-
tion efficiency. We analyze neurons
typically 6 to 7 days after EP, but prob-
ably later time points are also possible.

Expression of Cytomegalovirus (CMV)-
Promoter Driven Genes Can be Enhanced
by Induction with Sodium Butyrate

Add sodium butyrate to a final concen-
tration of 2 mM and incubate for 17 to 24
hours. A stock solution of butyrate is pre-
pared by dissolving butyrate in water to a
final concentration of 0.5 M. Stock solu-
tion is stored at 4°C.

Protocol for Preparation of Cell Lysates
for Western Blotting

Materials and Reagents

• Lysis buffer 1 (L1): 0.1% SDS in
water

• Lysis buffer 2 (L2): 150 mM NaCl,
50 mM Tris, 2 mM EDTA, 1% Non-
idet P-40 (NP40), 1% Triton

X-100
• Methanol
• Chloroform

Procedure

1. Lyse cells grown in flasks by incubating
in L1 or L2 for 30 minutes on ice. Lyse
and pool cells grown on 3.5-cm dishes
by adding 0.3 mL of L1 or L2, scrap-
ing cells using a cell scraper, and trans-
ferring the lysate to a second dish and

subsequently to a third dish. Leave for
30 minutes on ice.

2. Transfer lysates into 15-mL plastic
tubes (when flasks were used) or 2-mL
centrifuge tubes (when 3.5-cm dishes
were used).

3. Add 3.2 volumes of MeOH and vortex
mix.

4. Add 0.8 volumes of ClCH3 and vortex
mix.

5. Add 2.4 volumes water, vortex mix vig-
orously for 1 minute, and spin for 2
minutes.

6. Remove and discard upper phase.
7. Add 2.4 volumes MeOH, vortex mix,

and spin for 5 minutes.
8. Remove supernatant and air-dry pellet.
9. Resuspend in 1× SDS running buffer

and boil for 2 minutes.
SDS gel electrophoresis and western

blotting can then be performed.

Immunocytochemistry

Materials and Reagents

The following primary antibodies were
used: mouse anti-HA (12CA5 from Roche
Moleculer Biochemicals, Mannheim, Ger-
many), polyclonal antibody 514 anti-
MAP2 (a gift from C. Sanchez, Centro de
Biologia Molecular, Madrid), and poly-
clonal anti-human APP (kindly provided
by C. Haass, München).

Procedure

1. Fix cells grown on glass coverslips with
4% paraformaldehyde in phosphate-
buffered saline (PBS) for 15 minutes. 

2. Quench paraformaldehyde with 50
mM ammonium chloride in PBS for
10 minutes.

3. Permeabilize with 0.2% Triton X-100
in PBS for 5 minutes.
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4. Then incubate with blocking solution
(2% bovine serum albumin [BSA], 2%
fetal calf serum [FCS], 0.2% fish skin
gelatin) in PBS for 30 minutes.

5. For double labeling, incubate the cells
with the primary antibodies diluted in
10% blocking solution in PBS for 1
hour at room temperature or overnight
at 4°C.

6. Wash with PBS 3 times. 
7. Incubate with appropriate fluoro-

chrome-conjugated secondary antibod-
ies diluted in 10% blocking solution in
PBS for 20 to 30 minutes at room tem-
perature. 

8. Mount coverslips with mowiol con-
taining 100 mg/mL DABCO (Sigma)
as an antifading agent.

RESULTS AND DISCUSSION

Calcium Phosphate Transfection

The CP protocol was applied to study
the sorting of exogenous neuronal trans-
membrane proteins. Figure 1 shows the
result of an experiment in which we have
transfected 9 days in vitro (DIV) hip-
pocampal neurons with the cDNA for the
metabotropic glutamate receptor (mGluR2,
kindly provided by S. Nakanishi) in which
an HA epitope tag has been inserted at the
N terminus of the protein. Twenty-four
hours after transfection, cells were analyzed
by immunofluorescence using antibodies
against the dendritic cytoskeletal protein
MAP2 and antibodies against the HA epi-
tope tag to detect the recombinant mGlu-
R2. As shown in Figure 1, the recombinant
HA-mGluR2 is distributed to the somato-
dendritc domain like the protein MAP2.

The CP method also allows the analysis
of the distribution of two different exoge-
nous proteins in the same cell. Almost
100% cotransfection can be obtained by

mixing plasmids prior to precipitate forma-
tion. Figure 2 shows the results of a
cotransfection of the cDNA for glutamate
receptor 1 (GluR1) and amyloid precursor
protein (APP). These two proteins are den-
dritic and axonal–dendritic, respectively. 

This CP transfection method can also
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Figure 1. Immunofluorescence showing the dendritic distri-
bution of N-HA-mGluR2 in 10 DIV hippocampal neurons.
Nine DIV neurons were transfected with the cDNA for HA-
mGluR2 and fixed 24 hours later and processed for immuno-
fluorescence using antibodies against HA and MAP-2. Panels
A and B show the distribution of the HA-mGluR2 protein
and the endogenous dendritic marker MAP2, respectively.
Panel C shows a phase contrast micrograph. HAmGluR2
labeling is restricted to cell body and dendrites (identified by
MAP2 labeling). The axon is indicated by the arrow.
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be used for localization studies by time-
lapse video microscopy using green fluores-
cent protein (GFP) fusion protein. Trans-
port of GFP-tagged transmembrane pro-
teins such as synapthophysin and APP (C.
Kaether and C.G. Dotti, unpublished
data) and the RNA binding protein Stau-
fen (6a) have been successfully analyzed in

living hippocampal neurons. The rate of
transfection using this protocol allowed us
to analyze by western blotting that the
GFP fusion proteins are accurately
processed (see protocol section). 

Calcium Phosphate Transfection
Efficiency

In order to determine transfection effi-
ciency, we have transfected cDNAs coding
for different neuronal transmembrane pro-
teins under the control of the CMV pro-
moter. We can detect protein expression by
immunofluorescence 8 hours after trans-
fection. However, in most cases, we have
analyzed protein distribution 24 hours
after CP. We can transfect cells after 1 to 11
DIV, but we found that transfection effi-
ciency decreases when cells after 8 DIV
were used. In optimal conditions, we were
able to obtain a transfection efficiency of
10% to 20% for three different constructs.
Yet we want to stress, as mentioned already
in the protocol section, that the efficiency
can vary a lot between transfections and
between constructs.

Several other applications of this CP
method can be envisaged, for example func-
tional studies of wild-type and mutated pro-
teins in single cells, using electrophysiology
or time-lapse microscopy. Although we
established optimal CP transfection condi-
tions for embryonic hippocampal neurons,
it will be also possible to adapt this protocol
to other types of primary neuronal cultures.

Electroporation

To demonstrate the efficient transfec-
tion of hippocampal neurons by EP, we
dissected the hippocampi of 13 to 15 em-
bryos. Dissociated cells were electroporat-
ed without or with pEGFP-N1 (CLON-
TECH Laboratories, Palo Alto, CA, USA),
which is an expression vector coding for
enhanced GFP, and cultured in 75-cm2
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Figure 2. Cotransfection of 9 DIV hippocampal neurons with
HA-GluR1 and human APP-cDNAs. Twenty-four hours after
cotransfection, the cells were analyzed by immunofluorescence
using antibodies against HA and human APP. Human APP
(panel A) extends to the axonal domain (arrow) as well as to
the dendritic compartment. HA-GluR1 distribution is restrict-
ed to the dendrites (panel B). Panel C shows a phase contrast
micrograph. Scale bar is10 µm.
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flasks. After 7 days, EP neurons were lysed
in lysis buffer and processed for immu-
noblotting. Blotting was performed using
an antiserum against GFP (CLONTECH)
(Figure 3). A single band at 30 kDa corre-
sponding to GFP is detected in cell lysates
of transfected cells (Figure 3, lane 1) but
not in control cells (Figure 3, lane 2). A
15th of the total cell lysate of a 75-cm2

flask could be readily detected on a western
blot (data not shown). This corresponds to
approximately 70 000 neurons, out of
which 10% to 20% are transfected.

In summary, the described protocols
provide tools for a variety of approaches
where the expression of exogenous proteins
in primary neurons is required. In the
future, new approaches using this tech-
nique might include screening of an
expression library to pick up relevant genes
for specific neuronal function.
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Figure 3. Western blot of electroporated neurons cultured
for 7 days. Neurons were electroporated with (lane 1) or
without (lane 2) pEGFP-N1 cDNA, cultured for 7 days, and
subjected to Western blotting. Western blotting using GFP-
antiserum detected a 30 kDa band in the cell lysates of trans-
fected neurons (lane 1). The positions of molecular weight
markers are indicated (in kDa).
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OVERVIEW

We have developed and optimized a
method for delivering plasmid-based genes
into the vertebrate brain. The method
involves condensation of DNA into stable,
small (<100 nm ø), and diffusible com-
plexes using a cationic polymer, poly-
ethylenimine (PEI). The approach is
extremely versatile as it relies on use of
plasmid, not viral-based constructions.
This means that construction preparation
and amplification is easy to carry out, risk
free, and rapidly verified. The method is
extremely efficient, giving very high yields
for small (nanogram) quantities of plas-
mid. An overriding advantage is that it pro-
vides a convenient technique for studying
physiological regulation of neuronal gene
function within defined brain areas at
defined developmental stages or in specific
physiological states. One can thus obtain
data on integrated transcriptional responses
that, obviously, could not be obtained by
an in vitro approach without resorting to
germinal transgenesis. We have applied it
to the analysis of protein function and pro-
moter regulation in the central nervous sys-
tems (CNS) of mouse, rat, and Xenopus.

BACKGROUND

Gene transfer into cells of the CNS,
whether in vivo or ex vivo, is a delicate and
difficult endeavor. Its uses are, however, so
promising that it is not surprising to note
that the field has drawn much attention
over the last decade. Two broad classes of
uses can be distinguished. On the one
hand, there is gene therapy where the ulti-
mate target will be the modification of an
endogenous gene by homologous recombi-
nation or the remedial addition of a gene
coding for a deficient protein. On the
other hand, we have analytical approaches
where the aim may be either to determine
the physiological relevance of a given pro-
tein by blocking or by bolstering its expres-
sion or to dissect the regulatory mecha-
nisms impinging on promoter function in
an integrated setting. Furthermore, analy-
sis of promoter regulation will be a prereq-
uisite for creating constructs with opti-
mized regulatory sequences for expressing
therapeutic proteins in physiologically
appropriate conditions. 

In the field of basic research, stereotaxic
microinjection of different permutations of
a specific promoter into defined brain
regions is a rapid and inexpensive method
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for assessing function and for mapping
transcriptional regulatory elements. Indeed,
using somatic gene transfer can provide
results on spatial and temporal regulation
that otherwise could only be obtained by
labor-intensive germinal transgenesis, an
approach that also requires a great deal of
organizational prowess and expense for
maintenance of the numerous lines created.
Gene transfer into the CNS can be based
on cell grafting or direct delivery. For direct
delivery, a variety of methods, viral or non-
viral, are available. As to the viral methods,
in mammalian systems, reports have
appeared describing the use of adenovirus-
es, lentiviruses, herpes virus, and adenoas-
sociated virus-derived vectors. In amphib-
ians, vaccinia virus has also been applied.
However, besides their inherent safety
problems in therapeutic settings, viral con-
structs are laborious to construct and verify.
Moreover, their production in large quan-
tities is often problematic. For these reasons
many groups have turned to synthetic, or
nonviral, vectors to achieve gene transfer in
the CNS. Two main classes of synthetic
vectors have been tested in the intact CNS:
cationic lipids and cationic polymers. Here,
we describe the use of a cationic polymer
PEI. Indeed, of all the synthetic vectors so
far tested in the mammalian CNS, low
molecular weight PEIs (1) provide the most
efficient gene delivery.

One of the most important features of
PEI is its lack of toxicity in vivo. In the
CNS, the lesions inevitably created by
microinjection into the brain tissue are no
different following injection of carrier or
injection of PEI/DNA complexes in carri-
er. This lack of toxicity with PEI is no
doubt related to its high efficiency, which
allows the use of very low amounts of
DNA (in the nanogram range). The high
efficiency of PEI is in turn related to its
capacity for protonation (2). The fact that,
in PEI, one in every third atom is an amino
nitrogen that can be protonated, makes

PEI the cationic polymer having the high-
est charge density potential available.
Moreover, the overall protonation level of
PEI increases from 20% to 45% between
pH 7.0 and 5.0 (12).

PEI can be used for delivering plasmid
DNA or oligonucleotides to brains of adult
and newborn mice (1,3) and rats (9).
Moreover, it can be used in the CNS for
intrathecal (1,9) or intraventricular deliv-
ery (6), the latter route being one that
could be particularly useful for delivery of
therapeutic proteins such as nerve growth
factors. Work from our group and others is
showing that the method can be used for
up and down modulation of protein pro-
duction in defined brain regions and for
analysis of neuron-specific promoter regu-
lation (5,7).

When starting up a gene transfer proto-
col in vivo, it is always preferable, whether
one’s aim is promoter analysis or produc-
tion of protein, to optimize delivery by
examining the quantitative aspects of trans-
gene expression in the region targeted with
a luciferase and then spatial aspects with a
β-galactosidase (β-gal) construct. Indeed,
we have found that the optimal ratio of
PEI amine to DNA phosphate can vary
according to species and brain region tar-
geted. Such preliminary work will also
enable one to test which promoter will per-
form best in a given cell population or
developmental stage. For these reasons, we
detail our methods for extracting and
assaying firefly luciferase (from Photinus
pyralis) in the brain, this luciferase being
the best reporter gene available for setting
up gene transfer protocols. It is three orders
of magnitude more sensitive than β-gal,
and the fact that it can be quantified with
precision is an overriding factor for choos-
ing it for optimization of PEI/DNA ratios,
amounts of DNA to be used, time course
evaluation, and for promoter analysis.
Other reporter genes, such as chloram-
phenicol acetyltransferase (CAT) and β-gal
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can of course be quantified, but each has its
drawbacks compared to luciferase. The
main problem with colorimetric quantifi-
cation of β-gal expression in the CNS is
excessive interference from endogenous
enzymatic activity. Suppliers of kits (such
as Promega, Lyon, France) for such
methodology recommend heat inactivation
of endogenous enzymes. However, in our
hands, such precautions have proven inef-
fective, and the extremely high background
found throughout the mouse brain pre-
cludes precise quantification of expression
of transgenes encoding β-gal. Similarly,
when using histochemical procedures it is
vital to use appropriate fixation conditions
to avoid interference from endogenous
activity that can be high, particularly in the
hippocampus. CAT is a good alternative
for quantification, but whichever method
is chosen [usually enzyme-linked immuno-
sorbent assay (ELISA) or the method of
Seed and Sheen (11)], assay time is longer
and the methodology laborious. Thus, we
recommend starting off with luciferase,
thereby determining first, optimal
PEI/DNA ratios, and then kinetics and
dose-response curves can be established
(Figure 1). Such experiments will also
reveal the inherent variability of transfer
efficiency in the target examined and deter-
mine the need or not for normalization in
experiments involving promoter regulation
with luciferase.

However, it remains that β-gal is one of
the best markers for following spatial
aspects of expression. Green fluorescent
protein (GFP) is equally sensitive, but the
fluorescent imaging, although esthetically
pleasing, is not as satisfactory as standard
light microscopy for anatomical detail. For
this reason, we provide the methodology
for β-gal revelation in whole brains. Indeed,
histochemical analysis of β-gal expression
on whole brains allows for rapid assessment
of transfer efficiency and transgene distrib-
ution in small sized samples (newborn

mouse brains or regions of adult brains).
We also provide a methodology for reveal-
ing β-gal expression on histological sec-
tions, a step that obviously permits more
precise anatomical analysis, which is of
course essential for determining brain
regions and morphology of transfected neu-
rons and glial cells. Further, it is on such
sections (prepared by vibratome or cryostat
sectioning) that double labeling by
immunocytochemistry can be performed to
identify the cells expressing the transgenes.
For instance, to identify neurons, one can
use a neurofilament (NF) antibody or a
NeuN antibody, and to identify astrocytes,
an antibody against glial acid fibrillary pro-
tein (GFAP) can be employed. Above all,
one must remember that if one obtains just
a few cells labeled with β-gal (a very insen-
sitive method when dealing with transient
expression in vivo), this level of efficiency
will be more than sufficient to allow one to
proceed with either promoter analysis using
luciferase or to study the biological effects
of a given gene of interest. Finally, we also
suggest a very sensitive immunoautoradi-
ographic method for measuring variation in
expression of genes of interest at low levels.
Readers should refer to Chapters 3, 5, and
6 of this book for descriptions of other
transfection procedures.

PROTOCOLS

Protocol for PEI Preparation

Materials and Reagents

• Branched 25 kDa PEI (Sigma, St.
Quentin Fallavier, France) in anhy-
drous form. 

• Linear (0.1 M ) 22 kDa PEI (Euro-
medex, Souffleweyersheim, France).

Both preparations should be stored at
4°C having adjusted the pH to ≤4.0. 
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Procedure

The stock solution (0.1 M) of PEI pro-
vided by Euromedex (22 kDa) is used as
supplied. The 25 kDa obtained is prepared
as follows: weigh 4.5 mg of the solution,
mix with 800 µL of sterile water thus ob-
taining a 0.1 M solution. Adjust the pH to
≤4.0 with 0.1 N HCl and the volume to 1
mL. Solutions are kept as aliquots at 4°C or
at -20°C for long term storage (>1 month).

Protocol for Plasmid Preparation

Materials and Reagents

• For setting up in vivo gene transfer
with PEI, one can use commercially
available plasmids [e.g., p cytomegalo-
virus (CMV)-luciferase from Promega;
pCMV(nls)-Lac-Z from CLON-
TECH (Montigny-le-Bretonneux,
France)]. For CAT, the most efficient
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Figure 1. Flow chart for optimizing PEI-
based gene delivery into the intact CNS.
We recommend setting up this method
with a luciferase reporter gene under a
CMV promoter.
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construct we have tested is pcis-CMV-
CAT provided by R. Debs and co-
workers (13).

• Endotoxin-free plasmid DNA.
• Appropriate restriction enzymes for

verifying plasmids. 
• Agarose gels [0.8% in 1× Tris-acetate

EDTA (TAE) or Tris-borate EDTA
(TBE), see Reference 10].

• Spectrophotometer for measurements
of DNA concentrations (OD260) and
purity of DNA (OD260/OD280 >1.8).

Procedure

1. For plasmid DNA preparation and
purification we recommend use of Jet-
star columns (GENOMED, Raleigh,
NC, USA). The system is based on
anion exchange columns. According to
the manufacturer’s instructions and
solutions supplied, bacteria resulting
from maxiculture are lysed by alcali.
Large membrane debris are eliminated
using potassium acetate and centrifuga-
tion. The resulting supernatant is
loaded on columns, and DNA is eluted
with a solution containing approxi-
mately 2 M NaCl, then centrifuged
after isopropanol precipitation. The pel-
let is washed with ethanol 70% (-20°C)
and resuspended in water or Tris-EDTA
(TE) at high DNA concentration (≥0.5
µg/µL in TE). This is to ensure that
when diluting DNA to its working con-
centration (≤0.5 µg/µL in 5% glucose),
the final TE concentration is not greater
than 1 mM Tris/0.1 mM EDTA (stan-
dard TE/10). These plasmid prepara-
tions are endotoxin free.

2. One microliter of each DNA prepara-
tion is diluted in 1 mL of sterile water
and analyzed at 260 and 280 nm.
According to Sambrook et al. (10), 1 U
OD260 correspond to 50 µg/mL of
double-stranded DNA. 

3. Agarose gel electrophoresis is used to
verify that the plasmid DNA is not
denatured, is free of RNA, and is main-
ly supercoiled. Restriction map analysis
can be used to check constructions at
this point. To this end, native and
digested plasmids are analyzed using
0.8% agarose gel electrophoresis in
TAE, with bromophenol-blue and a
DNA molecular weight marker (10).
The gel is observed on a UV transillu-
minator (312 nm) and photographed
with a Sony video equipment from
OSI (Maurepas, France).

Protocol for Condensation of DNA with
PEI and Analysis

Materials and Reagents

• Filtered (0.22 µm) 5% glucose solu-
tion.

• Autoclaved 0.9% NaCl solution.
• DNA resuspended in water at a final

concentration of <0.5 µg/µL.
• PEI solutions diluted extremporane-

ously to 10 mM.
• Sterile polypropylene tubes (1.5 mL).
• Vortex mixer.
• Electrophoresis equipment for check-

ing complexation (not required each
time, only for the first round of exper-
iments).

Procedure

1. Plasmid DNA is diluted in sterile (0.22
µm filtered) 5% glucose to the chosen
concentration (usually 0.5–2 µg/µL).
After vortex mixing, the appropriate
amount of a 0.1 M PEI solution is
added, and the solution is vortex mixed
again. The required amount of PEI,
according to DNA concentration and
number of equivalents needed, is calcu-
lated by taking into account that 1 µg
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DNA is 3 nmol of phosphate, and that
1 µL of 0.1 M PEI is 100 nmol of
amine nitrogen. So to complex 10 µg
of DNA (30 nmol phosphate) with
N/P (PEI amine/DNA phosphate)
ratio of 5 eq PEI, one needs 150 nmol
of PEI (1.5 µL of a 0.1 M solution). To
minimize pipetting errors, it is best to
dilute PEI down to 50 or 10 mM, but
this should be done extemporaneously. 
Dilute DNA to 10 µg (final concentra-
tion 0.5 µg/µL) in 20 µL of final 5%
glucose. Add the necessary volume of
PEI to form the desired N/P ratio and,
water to a final volume of 20 µL.

2. When using a plasmid preparation for
the first time, we recommend analysis
of complexes by agarose gel elec-
trophoresis (Figure 2) and comparing
their migration to that of naked DNA
(plasmid alone, N/P ratio = 0) after
adding 1 to 2 µL of bromophenol blue.
This gives a gel retardation profile in
which DNA/PEI complexes formed at
N/P <1 migrate similarly to naked

DNA. At N/P >6, complexes are so
positively charged that they migrate to
the negative pole.

Protocol for Microinjections and 
Animal Care

Materials and Reagents 

• Animals: adult and newborn OF-1
mice or Sprague-Dawley rats, both sup-
plied by Iffa Credo (L’Arbresle, France).

• Stereotaxic apparatus from David
Kopf, Phymed, Paris, France. Stereo-
taxic coordinates for mice are deter-
mined according to Lehmann (8).

• Micromanipulator (Narishige; OSI)
and microcapillaries (ext ø 1 mm;
OSI). Capillaries are pulled to ext ø of
10 to 15 µm.

• Capillary puller (Narishige).
• Hamilton syringe (10 µL) with a 21

gauge needle (ext ø of 460 µm; OSI).
• Ice to anesthetize newborn mice (10

min on ice).
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Figure 2. Verification of DNA compaction by linear 22 kDa and branched 25 kDa PEI. A pCMV-luc construct (1 µg) was
mixed with PEI at various charge ratios, and DNA/PEI complexes were electrophoresed in 0.8% agarose gel stained with ethidi-
um bromide. The position of the wells and the direction of the electrophoretic migration are indicated on the right.
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• Sodium pentobarbital (Sanofi, Paris,
France) diluted to 10% to anesthetize
adult animals (70 mg/kg weight, i.p.).

• Recovery chamber. Animals should be
kept under an infrared lamp or a spe-
cially constructed heated cage until
fully recovered from anesthesia and
surgery.

Procedure

1. Obviously, all the procedures described
herein that involve animals and their
care must be conducted in conformity
with appropriate institutional guide-
lines that are in accordance with
national and international laws and
polices.

2. Adult (1–2 month old) mice are anes-
thetized using sodium pentobarbital
diluted to 10% in 0.9% NaCl. Ani-
mals are anesthetized by an i.p. injec-
tion (70 mg/kg). Adult mice or rats are
placed in the stereotaxic apparatus. An
incision is made to expose the cranial
skull and a hole made with a 21 gauge
needle at chosen stereotaxic coordi-
nates. Between 0.5 and up to 5 µL of
complexes in 5% glucose are injected
slowly (<5 min) with a Hamilton
syringe adapted on a stereotaxic appa-
ratus, small volumes are used for
intrathecal injection and larger vol-
umes for intraventricular injection.
The needle is left in place for 5 minutes
postinjection, to limit backflow from
the injection site.

3. Newborn mice are anesthetized by
hypothermia on ice, and 1 µL of com-
plexes are injected with a microcapillary
adapted on a micromanipulator. The
head of the anesthetized pup is held
manually for direct microinjection.
Again, injections should be as slow as
possible, and the capillary left in place
for at least a minute to limit backflow.

4. Animals are left in a recovery chamber
until active. When optimizing PEI
delivery, newborns are returned to the
dam for 24 hours before sacrifice, and
adults are kept for 72 hours before sac-
rifice, as expression is usually maximal
at these time points.

Protocol for Following Luciferase
Activity in Brain Homogenates

Materials and Reagents

• Microdissection tools for dissecting
out brain areas.

• Ultra-Turrax (OSI) equipped with a
small plunger to homogenize tissue
samples directly in a polyethylene tube.

• Refrigerated bench-top centrifuge for
Eppendorf  tubes to pellet cell debris
after homogenization so as to recuper-
ate supernatant for luciferase assay.

• Luciferase assay kit from Promega.
This system is based on the oxidation
of luciferin by luciferase, in the pres-
ence of ATP and O2, with photon
production.

• Luminometer (model ILA-911;
Tropix, Bedford, MA, USA) to quanti-
fy light emitted.

Procedure

To quantify luciferase expression, ani-
mals are sacrificed by decapitation after
anesthesia. The dissected brains are separat-
ed in hemispheres and homogenized using
an Ultra-Turrax, in 2-mL Eppendorf tubes
containing 200 µL (for the newborn) or
500 µL (for the adults) of luciferase lysis
buffer. Homogenates are centrifuged, and
20 µL of each supernatant with 100 µL of
luciferase assay substrate are vortex mixed.
The light emitted is quantified in relative
light units (RLUs) using a luminometer.
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Protocols for ββ-Galactosidase Revelation

Materials and Reagents

• 5-Bromo-4-chloro-3-indolyl-β-D-
galactopyranoside (X-gal) (Eurogen-
tec, Seraing, Belgium) sold in powder
form. Both the powder and stock solu-
tion (40 mg/mL) prepared in dimethyl
sulfoxide (DMSO; Sigma) must be
kept at -20°C.

• Phosphate-buffered saline (PBS) 0.1
M.

• EGTA.
• Paraformaldehyde (PFA; Sigma). Pre-

pare a stock solution of 20% in PBS
and store at -20°C.

• MgCl2 (1 M).
• Tween20 (Sigma).
• Heparin (10 U/L in 0.9% NaCl) for

perfusion.
• Peristaltic pump (Polylabo, Stras-

bourg, France) for perfusion of ani-
mals and fixation of tissues by perfu-
sion.

• Vibratome (Leica, Rueil-Malmaison,
France) to section the tissues (20–40
µm thickness).

• DMSO to make stock solutions of X-
gal.

• Small paint brush to transfer tissue
sections from one solution to another.
Obtain from any art equipment sup-
plier.

• 25-mL sterile plastic vials to collect
sections.

• Potassium ferricyanide and potassium
ferrocyanide (Sigma): prepare 0.2 M
stock solutions of each.

• Alcohol series for dehydration (baths:
70%, 95%, and 100% of ethanol).

• Xylene, benzyl benzoate, and benzyl
alcohol (all from Sigma) for delipida-
tion of whole newborn brains and for
small blocks of tissue from adult brains.

• Appropriate sized coverslips and glyc-
erol (glycerol/PBS, 1/3 vol/vol) for
mounting slides.

• Plastic gloves. Benzyl benzoate and
benzyl alcohol are irritants.

• Glassware for delipidation solutions.
• Microscope equipped with activation

and emission filters for fluorescein.

Procedure

β-gal can be revealed by several means:
1. Histochemical X-gal revelation, whe-

ther on sections or carried out in toto,
requires intracardial perfusion of the
anesthetized animals using a peristaltic
pump. First, tissues are fixed by perfus-
ing 2% PFA (in PBS), then fixation is
continued by leaving tissues blocks
overnight in the same solution. Tissues
are then vibratome sectioned, and sec-
tions are incubated in a 0.4 mg/mL X-
gal solution for 2 to 4 hours (30°C). It
is important to precede the fixation by
perfusion with saline containing 10 U
of heparin to help remove blood and
blood cells from the vessels. The fixa-
tive (2% PFA) can contain EGTA 1.25
mM and MgCl2 2 mM, which
improves the X-gal reaction. To make
the reaction mixture, the stock solution
of X-gal (40 mg/mL in DMSO) is
diluted to 0.8 to 1 mg/mL PBS con-
taining: 0.1% Tween 20, 4 mM potas-
sium ferricyanide, 4 mM potassium
ferrocyanide, and 2 mM MgCl2. 

2. Immunocytochemical revelation also
requires fixed vibratome sections
mounted on cromallun–gelatin-coated
slides. Polyclonal anti-β-gal monoclonal
anti-GFAP and monoclonal anti-NeuN
antibodies are used in our experiments.
Monoclonal as well as polyclonal anti-
bodies can be labeled using appropriate
labeling kits from Amersham Pharmacia
Biotech (Piscataway, NJ, USA). We used
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Cy3.5 (Fluorolinf-ab) according to
the manufacturer’s instructions to label
monoclonal antibodies. Primary anti-
bodies are diluted to the concentrations
recommended by each manufacturer in
PBS 0.1 M (containing gelatin 0.2%,
TritonX-100 0.3%, 3% normal goat
serum). Anti-β-gal is revealed using flu-
orescein coupled antirabbit antibody.
Sections are protected from light to
avoid fading of the fluorescence and
mounted with glycerol/PBS (1/3
vol/vol) or Vectashield and examined
under a fluorescence microscope.

Luciferase antibodies can also be used
to follow transgene expression in a
double labeling protocol. However,
there are currently some problems with
obtaining good luciferase antibodies
for in vivo work (see Discussion).

3. Fluorescein digalactoside (FDG) is
another substrate for β-gal. Hydrolysis
of FDG by β-gal results in the libera-
tion of both a monogalactoside and
fluorescein. This second product is eas-
ily detectable and theoretically makes
this method very sensitive. Its main
limitation for us is that it is not suitable
for fixed tissues, so it is difficult to
obtain good morphology in brain
preparations. Moreover, on unfixed tis-
sue, as cells die, the fluorescein product
diffuses out. Thus, the revelation pro-
cedure must be very fast. Also, it is not
possible to perform double staining to
identify cell types. So this method,
which has the theoretical advantage of
higher sensitivity than X-gal, is in fact
rather limited for in vivo studies.

4. In toto X-gal revelation require intracar-
dial perfusion of the anesthetized ani-
mals using a peristaltic pump. Fixation
and postfixation are performed as for
vibratome sections, but organs are treat-
ed as whole mounts. Incubate tissues in
a 0.4 mg/mL X-gal solution for 2 to 4

hours (30°C), rinse in 0.1 M PBS (2 × 5
min) and transfer in series of ethyl alco-
hol under mild agitation: 70% (2 × 2
h), 95% (overnight and another bath of
1 h), 100% (2 × 2 h). Dehydration
times can be adapted depending on the
tissue size. To ensure thorough dehydra-
tion, one can leave the tissue in the sec-
ond 100% alcohol bath overnight. Put
dehydrated tissues into xylene (2 × 2 h
in glass), then transfer them into benzyl
benzoate–benzyl alcohol (2/1 vol/vol) in
a glass container until clarification.

Note: Use gloves and glass containers at
all steps involving benzyl benzoate and
benzyl alcohol. These agents are irritants
and also dissolve plastic.

Protocol for CAT Assay

Materials and Reagents 

• [14C]chloramphenicol (57 mCi/mmol;
Amersham Pharmacia Biotech).
Aliquots stored at -20°C.

• Butyryl-CoA 10 mM (100 mg; Cat.
No. B1508; Sigma). Aliquots stored at
-80°C.

• Tris-HCl buffer 250 mM, pH 7.5.
• 2,6,10,14-tetramethylpentade-

cane/xylene (2:1, TMPD; Sigma).
• Miniature polybrene vials for scintilla-

tion counter (Packard, Meriden, CT,
USA).

Procedure

We use CAT activity to normalize for
luciferase expression when the site of injec-
tion produces mean values with intra- and
interassay variability of more than 15%. In
such conditions, it is difficult to obtain sta-
tistically valid results without normalizing
for transfection efficiency with a constitu-
itively active construct (e.g., CMV-CAT). 

1. Before using a co-injected ubiquitously
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expressed gene (CMV-CAT ) to normal-
ize for expression from a physiologically
regulated transgene, it is appropriate to
validate this approach by quantifying
the correlation between the expression
of two constituitively expressed genes
co-injected into the same brain area. For
this, two plasmids (0.35 µg pCMV-luc
and 0.15 µg pCMV-CAT in 2 µL 5%
glucose) are complexed with PEI 22
kDa (4 eq) and co-injected into brain
area targeted. After 18 hours, mice are
anesthetized, decapitated, and brains
removed for luciferase and CAT assays.

2. For CAT assay, transfer a 50-µL super-
natant aliquot to a 1.5-mL polypropy-
lene tube, keep the tube on ice before
adding 40 µL of 0.25 M Tris-HCl
buffer (pH 7.5). Start reaction by add-
ing 10 µL of mix solution of butyryl-
CoA (0.53 mM; Sigma) and [14C]
chloramphenicol (0.01 mM, 1.85 kBq
per tube; Amersham Pharmacia Bio-
tech). After 3 to 5 seconds of vortex
mixing, incubate for 1 hour at 37°C.
Then, stop the reaction by adding 200
µL of TMPD/xylene solution (2:1).
Vortex mix for 20 seconds and place
tube on ice. To separate products, cen-
trifuge for 5 minutes at 4°C (11 000×
g), remove 150 µL of supernatant, and
quantify products in a scintillation
counter (Amersham Pharmacia
Biotech, Piscataway, NJ, USA).

3. Assay luciferase on other sample of
supernatant (see above).

4. Plot luciferase against CAT values from
the same sample. Correlation should be
significant. 

Protocol for Immunoradiography

Materials and Reagents

• Appropriate primary polyclonal anti-
body raised in rabbit against gene of
interest.

• Cryostat (Leica).
• Cryostat sections (15–20 µm thick)

cut at -20°C.
• Cromallun–gelatin-coated slides (see

above).
• Dessicator.
• PFA (see above).
• PBS.
• BSA.
• Normal goat serum (Sigma).
• Donkey antirabbit [35S]IgG (200–

2000 Ci/mmol, 100 µCi/mL; Amer-
sham Pharmacia Biotech). 

• β max films (Amersham Pharmacia
Biotech).

• Computerized image analysis system
(Biocom, Les Ulis, France).

Procedure

This protocol is adapted from Refer-
ence 4. 
1. The cryostat sections are dessicated at

4°C and frozen at -80°C until used.
After a 3-minute fixation (4% para-
formaldehyde in PBS) at 4°C sections
are preincubated for 1 hour in PBS sup-
plemented with 3% BSA and 1% goat
serum, then incubated overnight in an
appropriate concentration of polyclonal
primary antibody raised in rabbit. 

2. After extensive washes in PBS, sections
are incubated for 2 hours at room tem-
perature in donkey antirabbit [35S]IgG.

3. After abundant washing, sections are
air-dried and apposed to β max film for
1 to 2 days.

4. Optical density is measured by com-
puterized image analysis.

RESULTS AND DISCUSSION

Choice of PEI

A number of PEIs with different mean
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molecular weights are available commercial-
ly. For example, preparations of branched
PEI synthetized to different degrees of poly-
merization are available (800, 50, or 25
kDa). Preparations of very low molecular
weight (0.7 and 2 kDa) are also available
from Sigma, but do not complex DNA effi-
ciently. We have found that the branched
25 kDa and linear 22 kDa (Euromedex)
polymers work best in the CNS (1,6).

It is most important to note that when
using either the 22 or 25 kDa preparations
to deliver oligonucleotides, one should only
use phosphodiesters and not phosphoroth-
ioates. We have found (as has E. Saison
Behmoaras, CNRS/MNHN, Paris) that
complexes of PEI and phosphorothioates
are of lower efficiency than PEI/phospho-
diesters complexes in vitro and in vivo.

Choice of Plasmid DNA Preparation Kit

Even though our own (unpublished)
results show that the presence of small
amounts (≤1 endotoxin units [EU] endo-
toxin/µg DNA) of endotoxins (also referred
to as lipopolysaccarides [LPS]) have no
deleterious effects on short term (<4 days)
expression in the CNS, we have no data on
the possible effects of their presence in the
longer term. For this reason, we always use
endotoxin-free plasmid preparations. We
recommend Jetstar columns. The resulting
DNA has ≤0.1 EU endotoxins/µg DNA.
This value is not statistically different from
the values we find in plasmids prepared
with Endotoxin-free columns (Qiagen,
Valencia, CA, USA). 

If other methods of plasmid preparation
are used, we recommend measurement of
endotoxin content by Limulus Amebocyte
Lysate Assay (LAL; or Coatest Endotox-
in) manufactured by Charles River Endo-
safe (Charleston, SC, USA) and distributed
in Europe by Chromogenix (Mölndal,
Sweden). If values are ≥4 EU/µg DNA,
then endotoxins should be removed by

chromatography through Affi-prep
Polymysin Matrix (Bio-Rad Laboratories,
Hercules, CA, USA) according to the man-
ufacturer’s instructions and endotoxin con-
tent reverified. After chromatography, val-
ues should be ≤0.05 EU/µg DNA.

Optimal PEI/DNA Ratios

We have found that the optimal ratio of
PEI amine/DNA phosphate (N/P ratio)
providing the best level of gene expression
can vary according to species (and perhaps
can also vary according to site of injection).
In the mouse and Xenopus tadpole brains,
we have consistently found the N/P ratio
of 6 provides the best transfection condi-
tions. In contrast, when injecting PEI/
DNA complexes into the adult rat substan-
tia nigra, we found that the optimal ratio
was 3 (9). In this light, it is important to
note that increasing the N/P ratio from 2
to 6 not only increases the overall charge of
complexes but also decreases complex size,
complexes excluding ethidium bromide
(BET), and becoming less visible in the gel.
This greater condensation has been con-
firmed by zeta-sizing (6). Condensation of
DNA can be followed by use of BET and
electrophoresis (Figure 2), but the optimal
N/P ratio can only be ascertained by
transfection.

Optimization of Amounts of DNA 
to be Used

We have found in a number of in vivo
systems that lower amounts of DNA give
better yields and more faithful physiologi-
cal regulation than larger amounts. For
instance, in a number of promoter studies
in the mouse CNS, we use no more than
100 ng of expression vectors coding for the
different transcription factors to be tested.
Optimization of yield can be carried out by
varying the amounts of DNA used either
in a constant volume (and varying concen-
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tration) or by using a constant DNA con-
centration (and varying the volume). We
have found in the newborn mouse brain
that whichever method is used the optimal
yield is around 100 ng per injection site
(Figure 3). It is interesting to note also that
very low amounts of DNA (20 ng) give
measurable amounts of luciferase, an
observation that is difficult to obtain in
culture conditions. 

Choice of Reporter Gene and Detection
Method

When assessing efficiency of gene trans-
fer, one must take into account the sensi-
tivity of the method used. Histochemical
β-gal assay with X-gal is rather insensitive
but can give quite satisfactory results in

some situations. We find that it gives
roughly the same image of transgene distri-
bution and number of cells labeled to an
equivalent amount of GFP plasmid. It has
been estimated that revealing a good GFP
signal requires 105 to 106 molecules per
cell to show up over background (14). For
this reason, we have also tried immunocy-
tochemistry with a polyclonal antibody
against β-gal (Cappel [ICN, Orsay,
France]) or against GFP (CLONTECH)
(Figure 4), but this method is generally no
more sensitive than histochemistry. How-
ever, it is important to note that one can
obtain very good, and statistically signifi-
cant, modulation of endogenous proteins
with PEI-based gene transfer in systems
where transferring an equivalent amount of
β-gal reveals no apparent production of
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Figure 3. Reducing the amounts of DNA introduced improves reporter gene yield. Optimization of yield (RLU luciferase/µg
DNA used) was carried our by varying amounts of DNA used either in a constant volume (2 µL) and varying concentration
(striped bars) or by using a constant DNA concentration (500 ng/µL) and varying the final injection volume (black bars).
Whichever method is used, the optimal yield is around 100 ng per injection site in this model (newborn mouse brain).
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protein. This was the case for a recent series
of experiments where we transfected plas-
mids expressing either sense or antisense
sequences of the dopamine transporter
(DAT) into the rat substantia nigra (9). In
transfection conditions where no β-gal
activity could be revealed (0.5 µg CMV-β-
gal in 1 µL 5% glucose), use of plasmid
encoding DAT significantly increased
DAT content. This was shown by immu-
noautoradiography and by biological mea-
surements of dopamine uptake (9). For this
reason, we particularly recommend immu-
noautoradiography for following low levels
of expression of genes of interest against

which good antibodies have been raised.
Although luciferase is an excellent

reporter gene for kinetic and quantitative
studies, the lack of good antibodies against
it, limits its use for precise examination of
spatial aspects of gene expression. To our
knowledge, the only reasonable luciferase
antibody currently available is that from
Cortex Biochem (San Leandro, CA, USA)
distributed in Europe by Europa Research
Products, Ely, UK. We have obtained vari-
able results with this polyclonal antibody
according to batch number. Promega com-
mercialized a polyclonal antifirefly
luciferase up until the end of 1997, but it
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Figure 4. Use of immunocytochemistry to reveal expression of GFP reporter gene in newborn mouse brains. Vibratome sec-
tions were prepared and exposed to a rabbit polyclonal (CLONTECH) antibody against GFP. The second antibody was an
antirabbit antibody linked to alkaline phosphatase (CLONTECH).
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has been withdrawn from circulation due
to problems of titer. However, we have
been able to obtain reasonable results with
some batch numbers. Santa Cruz Biotech-
nology (Santa Cruz, CA, USA) also pro-
duces a luciferase antibody, but we have
not yet tested this antibody on section
from brains transfected in vivo.

Using PEI-Based Gene Transfer to
Follow Promoter Regulation in Defined
Areas of the CNS 

A major topic of discussion in the field at
the moment is whether faithful physiologi-
cal regulation can be obtained by transient
transfection (whether in vitro or in vivo)
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Figure 5. PEI-based gene transfer is a
powerful method for carrying out analy-
sis of promoter regulation in vivo.
Example of thyroid hormone-dependent
down regulation of TRH promoter activ-
ity in the hypothalamus of newborn
mice. (A) TRH-luc is regulated in a phys-
iologically faithful manner being signifi-
cantly repressed in the presence of T3
(controls, ct; left hand columns). Tran-
scriptional regulation is isoform specific:
overexpression of TRβ allows for T3-
dependent transcription (middle col-
umns), whereas overexpression of TRα
abrogates T3-dependent transcription
and increases basal expression 5-fold
(right hand columns). (B) TR isoform
effects on TRH-luc expression are played
out down the hypothalamo–hypo-
physeal–thyroid axis. Overexpression of
an empty (ct) plasmid or a plasmid
expressing TRβ does not affect basal lev-
els of circulating thyroid hormone (T4),
whereas expression of TRα increases T4
secretion 5-fold. Note that effects of TR
isoforms on TRH-luc transcription and
T4 secretion are equivalent. T4 levels
were measured by radioimmunoassay.
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using plasmid-based delivery. This is be-
cause with plasmid vectors, as with adenovi-
ral vectors, transcription results from episo-
mally-located sequences. This contrasts with
the situation where one follows transcrip-
tion from integrated sequences, as is the case
with retroviruses or adenoassociated viruses,
or with stably transfected cell lines whatever
the method initially chosen for gene deliv-
ery. However, we have found that, despite
the lack of integration into the genome, we
obtain remarkably tight physiologically ap-
propriate regulation of cell-specific promot-
ers in vivo. A particularly illustrative exam-
ple is that of thyrotropin releasing hormone
(TRH) promoter regulation in the hypo-
thalamus. We have microinjected complexes
containing 1 µg of construct containing 900
bp of the rat TRH promoter upstream of
the luciferase coding sequence, complexed
with 22 kDa PEI into the hypothalamus of
newborn mice in different thyroid states. In
hypothyroid animals, transcription is twice
that in normal euthyroid animals, and in
hyperthyroid animals, transcription is
reduced to half that of the normal group
(7). This transcriptional regulation faithfully
reflects the negative feedback effect of circu-
lating thyroid hormone on hypothalamic
TRH production (Figure 5A). What is
more, the effects of different thyroid hor-
mone receptor isoforms (TRα and TRβ)
can be assessed both on TRH-luc transcrip-
tion and on endogenous TRH (Figure 5B).
In effect, when animals are transfected with
an expression vector for TRα, not only is
TRH-luc transcription increased 4/5-fold,
but the effect is played out down the hypo-
thalamo–hypophyseal–thyroid axis, and T4
secretion is increased 4/5-fold. We deduce
from this that the effects of the different
TRs on TRH-luc transcription are echoed
on endogenous TRH transcription. Another
example of physiological regulation of trans-
genes introduced by somatic gene transfer
includes the Krox-24 gene in the newborn
mouse brain (5).
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OVERVIEW

We describe an approach that may allow
to study changes in the γ-aminobutyric
acid (GABAA)receptor distribution with
development and pharmacological treat-
ments in living neurons. We produced
expression vectors containing chimeras of
the green fluorescent protein (GFP) linked
to the C terminus of GABAA receptors
α1, γ2, or the δ subunits. Human embry-
onic kidney (HEK) 293 cells were success-
fully transfected with α1-GFP cDNAs
together with β3 subunit as indicated by
the formation of green fluorescent clusters
of receptor subunits that colocalized with
immunospecific staining for the α1 sub-
units and by whole-cell recordings of
GABA-activated Cl- currents. Although
the current density was lower in these cells,
GABA, bicuculline, and ZnCl2 actions
were unaltered. Similarly, transfection with
cDNAs encoding for the γ2-GFP chimera
together with α1β3 subunit cDNAs pro-
duced clusters of subunits and GABA-acti-
vated chloride currents that were insensi-
tive to blockade by ZnCl2 and that were
potentiated by zolpidem. Lastly, δ-GFP

chimeras transfection in HEK cells pro-
duced receptor insensitive to the potentia-
tion by the neurosteroid THDOC. We
then successfully transfected primary cul-
tures of neocortical and cerebellar neurons
with these GABAA receptor subunits—
GFP chimeras. We obtained evidence of
elongated cluster formation in both cell
types that matched well, although not
completely, endogenous receptor clusters
as indicated by β2/3 staining, and also par-
tially corresponded to synaptophysin
positive punctae indicating synaptic local-
ization of transfected subunits.
Electrophysiological recordings from
transfected neurons indicated that func-
tional GABAergic synapses were still main-
tained. This approach will allow to follow
targeting and distribution of GABAA
receptor clusters in living neurons during
development in culture and in different
experimental conditions.

BACKGROUND

Receptor protein dynamics and interac-
tions in living cells can been studied with
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fluorescent microscopy, photobleaching,
and resonance energy transfer. It is there-
fore essential to be able to identify strong
ligands or selective antibodies to link to
fluorescent probes to allow similar studies.
An alternative approach takes advantage of
the possibility to tag receptor proteins with
a fluorescent protein. To this aim, the GFP
from the jellyfish Aequorea victoria is
beginning to be extensively used for this
purpose. Indeed, GFP-tagged proteins,
both in the cytosol and in the plasma
membrane, have been studied recently (See
References 6 and 7 for review). A particu-
larly useful application of GFP tagging of
protein is to study the localization, distri-
bution, and dynamics of neurotransmitter
receptors. An essential condition for this
study however is that tagging does not alter
binding or functional properties of the
receptor. A GFP-tagged version of the N-
methyl-D-aspartate (NMDA) receptor
subunit NR1 (12) has been transfected in
mammalian HEK 293 cells and has been
demonstrated to produce functional
NMDA receptors when cotransfected with
NR2A subunit. Functional integrity of
GFP-conjugated glycine receptor channels
has been recently reported (8). Similar
findings have been shown for both α and
β adrenergic receptors (2,3,10) and volt-
age-gated calcium channels (9).

Ligand gated receptor channels are het-
erooligomeric proteins made by multiple
subunit. In particular, GABAA receptors
are pentameric structures that comprise an
ion channel for chloride ion. These recep-
tors, localized in postsynaptic membranes
throughout the central nervous system are
responsible for inhibitory synaptic trans-
mission (See Reference 11 for review).
Tagging of one of the subunit may allow to
observe the formation of functional recep-
tor complexes as demonstrated for NMDA
receptors in HEK cells (12). Indeed,
Connor et al. (5) have recently demon-
strated the formation of functional GABA

channels tagged with GFP on the surface
of Xenopus oocytes. These receptors have
maintained both binding and electrophys-
iological properties of nontagged recep-
tors. Additionally, the level of receptor
expression was unaltered, and both Ec50
for GABA and benzodiazepine potentia-
tion were also unaffected. Lastly, the inter-
action between distinct subunit that gives
rise to specific pharmacological properties
was preserved when GFP-tagged α1 sub-
unit is expressed. Calcium
phosphate-based transient transfection
technique (4) has been classically applied
to transfect eukaryotic expression vectors
in mammalian tumoral cell lines. Recently
however, successful transfection of primary
neuronal culture has been reported,
although with a limited efficiency (1,16).
Here, we report the successful construction
of cDNAs expressing GABAA receptor
subunits tethered to the GFP protein and
its expression and colocalization in pri-
mary cultures of cortical and cerebellar
neurons.

PROTOCOLS

Materials and Reagents

• Basal Eagle’s medium (Life
Technologies, Gaithersburg, MD,
USA). 

• Coverslips were mounted on slides
using Vectashield (Vector
Laboratories, Burlingame, CA, USA)
as mounting medium.

• Fluorescein isothiocyanate (FITC)-
conjugated goat antimouse (Jackson
ImmunoResearch Laboratories, West
Grove, PA, USA).

• Gentamycin (Life Technologies).
• Glass capillaries (Wiretrol II; DRUM-

MOND Scientific, Broomall, PA,
USA).

• Glass coverslips (Fisher Scientific,
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Pittsburgh, PA, USA).
• HEK 293 cells (No. CRL1573;

ATCC, Rockville, MD, USA). 
• Indocarbocyanine (Cy3) (Jackson

ImmunoResearch Laboratories).
• Minimal essential medium (MEM)

(Life Technologies).
• MEM with Hanks’ salts (Life

Technologies).
• Monoclonal mouse antisynaptophysin

(Roche Molecular Biochemicals,
Mannheim, Germany).

• Penicillin (Life Technologies).
• Plasmid pGREENLANTERN (Life

Technologies).
• Polyclonal rabbit anti-α1 and β2/3

antibodies (CHEMICON
International, Temecula, CA, USA).

• Poly-L-lysine (Sigma, St. Louis, MO,
USA).

• Rabbit IgG antibodies (Jackson Im-
munoResearch Laboratories).

• Streptomycin (Life Technologies).
• Trypsin (Sigma).
• Vector pCDM8 (Invitrogen,

Carlsbad, CA, USA).
• Vector pEGFP-N1 (CLONTECH

Laboratories, Palo Alto, CA, USA). 
• Patch amplifier (Axopatch 1D; Axon

Instruments, Foster City, CA, USA).
•  8-pole low-pass Bessel filter

(Frequency Devices, Haverhill, MA,
USA).

• Digitization software (Clampex 8;
Axon Instruments).

• Analysis software (Origin; MicroCal
Software, Northampton, MA, USA
and Clampfit 8; Axon Instruments).

Procedures

HEK 293 Cell Line

HEK 293 cells were grown in MEM,

supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 U/
mL streptomycin, in a 6% CO2 incubator.
Exponentially growing cells were dispersed
with trypsin, seeded at 2 × 105 cells/35-
mm dish in 1.5 mL of culture medium and
plated on 12-mm glass coverslips.

Primary Cultures

Primary cultures of rat cerebellar gran-
ule neurons were prepared from 7 days old
Sprague Dawley rat cerebella. Cortical
neurons from newborn rat pups were pre-
pared with similar procedure. Cells were
dispersed with trypsin (0.25 µg/mL) and
plated at a density of 0.8 to 1 × 106 on 35-
mm Nunc dishes coated with poly-L-
lysine (10 µg/mL). Cells were cultured in
basal Eagle’s medium supplemented with
10% bovine calf serum, 2 mM glutamine,
100 µg/mL gentamycin, and maintained at
37°C in 6% CO2. Cytosine arabinoside
(10 µM) was added to all cultures 18 to 24
hours after plating to inhibit glial prolifer-
ation. The final concentration of KCl in
the culture medium was adjusted to 25
mM.

Construction of Plasmid DNA for GABA
Subunit with GFP Tags

Rat α1, γ2, and δGABAA receptor sub-
unit cDNAs were individually subcloned
into the expression vector pCDM8. To
fuse those cDNAs with GFP, we used
pEGFP-N1 vector that contains multiple
cloning sites before the EGFP coding
sequence. The GABAA receptor subunit
cDNAs was modified via polymerase chain
reaction (PCR), and the stop codons were
replaced by suitable cloning site. Then the
target gene was cloned into pEGFP-N1 so
that it is in frame with the EGFP coding
sequences. The α1 subunit was cloned into
pEGFP-N1 using HindIII and KpnI sites.
The PCR product of γ2 subunit was cut by
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BamHI and SpeI, and ligated to the
pEGFP-N1 cut by NheI and BamHI. The
δ subunit was inserted into EcoRI and
BamHI sites of pEGFP-N1.

cDNA Transient Transfection

HEK 293 cells were transfected using
the calcium phosphate precipitation
method (4) with various combinations of
subunit cDNAs. The following plasmid
combinations were mixed: α1:β3:γ2-GFP,
α1-GFP:β3:γ2, and α1:β3:δGFP, (1 µg
each construct) and the coprecipitates were
added to culture dishes containing 1.5 mL
MEM for 12 to 16 hours at 37°C under
3% CO2. The media was removed, the
cells were rinsed twice with culture media,
and finally incubated in the same media
for 24 hours at 37°C under 6% CO2.

Cortical neurons and cerebellar granule
cells at 4 days in vitro (DIV) were trans-
fected with pEGFP-N1 expression vector,
γ2-GFP, and α1-GFP chimera expression
vector using a modified calcium phosphate
precipitation method. Briefly, the culture
medium was replaced and saved. After one
time washing with transfection medium
(MEM with Hanks’ salts), 3 µg plasmids
were added to cells of each dish containing
1.5 mL transfection medium and then
incubated for 1 hour at room temperature
in cell culture hood. After rinsing 2 times
with transfection medium, the cells were
put back to saved medium and then were
maintained at 37°C under 6% CO2. For
α1-GFP chimera transfected cortical neu-
rons, insulin was added to the medium at
the concentration of 2 µm/mL in neurons
at DIV 13 for 2 hours.

Electrophysiological Studies

Cultured granule cells or isolated HEK
293 transfected cells were voltage-clamped
at -50 mV in the whole-cell configuration
using the patch clamp technique on the

stage of an inverted microscope at room
temperature. The recording pipet con-
tained (mM) 145 CsCl, 5 MgCl2, 11 eth-
ylene glycol bis (β-aminoethlether)-N, N,
N′,N′-tetraacetic acid (EGTA), 5 Na-
adenosine-5′-triphosphate (ATP), 0.2
guanosine-5′-triphosphate (GTP), and 10
mM 4-(2-hydroxyethyl)-1-piperazineeth-
anesulfonic acid (HEPES) at pH 7.2 with
CsOH. Cells were bathed in (mM) 145
NaCl, 5 KCl, 2 CaCl2, and 5 HEPES at
pH 7.2 with NaOH. Osmolarity was
adjusted to 325 mosm with sucrose. The
culture dish in the recording chamber (<
500 µL total volume) was continuously
perfused (5 mL/min) to prevent accumula-
tion of drugs. All drugs dissolved in bath
solution contained, dimethyl sulfoxide
(DMSO) at a maximal final concentration
of 0.01%, which failed per se to modify
GABA responses. GABA was applied
directly by a gravity-fed Y tubing delivery
system placed within 100 µm of the
recorded cell. Bath perfusion for the 2 min-
utes preceding coapplication with GABA
was required to observe full potentiation of
GABA responses by flunitrazepam. GABA
(0.5 M in water adjusted to pH 4.0 with
HCl) was also applied by iontophoresis
with 30-millisecond pulses of positive cur-
rent. With GABA iontophoretic currents
in the 25 to 50 nA range, outward currents
were generated in transfected cells in such
a way as to obtain a peak amplitude of 150
to 200 pA. Benzodiazepines (BZs) were a
gift from Hoffman La Roche
(Switzerland), DMCM and β-CCM were
from Ferrosan (Denmark) and Zolpidem
was from Syntelabo (France). All drugs
were dissolved in bath solution containing
DMSO at a maximal final concentration of
0.01%.

Currents were monitored with a patch
amplifier (Axopatch 1D), filtered at 1.5
kHz (8-pole low-pass Bessel), digitized in
an IBM-PC computer with the Clampex 8
software for off-line analysis. After normal-
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ization, fitting of the dose-response rela-
tionship was performed using the logistic
equation:

% Imax = 100/Imax * {1+(EC50/[GABA]nh)}

where Imax is the maximal Cl- current,
elicited by GABA, EC50 is the GABA
concentration eliciting the half-maximal
response, and nh is the Hill coefficient.
Results are expressed as mean ± SEM.
Origin and Clampfit 8 software were used
for figure preparation and statistical analy-
sis using ANOVA with a P < 0.05 and a
paired t-test with P < 0.01. The Bonferroni
correction was applied for multiple group
comparison.

Antibodies

The monoclonal mouse anti-GAD65
antibody was a kind gift from Dr. Samuel
Rabkin (Georgetown University,
Washington, DC).

Immunocytochemistry

Cultured HEK 293 cells and were fixed
with 4% paraformaldehyde, 4% sucrose in
phosphate-buffered saline (PBS) for 15
minutes at room temperature and perme-
abilized with 0.25% Triton X-100 for 3
to 5 minutes. Cells were preincubated in
10% goat serum for 30 minutes at room
temperature and then incubated in primary
antibody in PBS containing 5% goat serum
overnight at 4°C. The concentrations of
primary antibodies were: rabbit anti-β2/3
subunit (10 µg/mL), rabbit anti-α1 subunit
(1:100), and mouse anti-GAD65 (1
µg/mL). After washing 3 times in PBS, cells
were incubated with goat antirabbit and/or
antimouse (Cy3-conjugated 1:200, FITC-
conjugated 1:50) secondary antibodies for 1
hour at room temperature. Coverslips were
visualized using a microscope equipped for
the visualization of fluorescence (Vanox,
Olympus, Japan). Spectral characteristics of

the excitation–emission filters used were
490/530 nm (green fluorescence for FITC
and GFP) and 545/610 nm (red fluores-
cence for Cy3), respectively. Bleed-through
was minimal as seen looking at immunos-
taining with only single color labeling and
by the lack of colocalization of some clusters
in double staining experiments. Cells were
visualized through 10×, 40×, and 100×
objectives, and images were captured using
a digital camera and transferred to a com-
puter workstation. Controls were per-
formed by omitting primary antibodies.
Only a weak and nonspecific staining was
observed under these experimental condi-
tions.

Receptor cluster colocalization was
quantified over a length of 100 µm in 3
dendrites evaluated in each of 5 selected
neurons. Clusters were counted after back-
ground subtraction and manual fluores-
cent thresholding correspondent to twice
the intensity of the diffuse fluorescence of
the dendritic shaft (modified from
Reference 13).

RESULTS AND DISCUSSION

Transfection of GABAA Receptor
Subunit EGFP Constructs in HEK Cells

Using a commercially available plasmid
kit, we made several constructs of GABAA
receptor subunits with the EGFP protein
tethered to the C terminus of the receptor
subunit. When cotransfected in mam-
malian HEK 293 cells diffuse punctae
staining could be observed throughout the
entire cells including the plasma mem-
brane in living cells. The nucleus was not
stained. In Figure 1 are shown examples of
cells transfected with α1-GFP and β3
cDNAs transfection and γ2-GFP with
α1β3 cDNAs transfections. Similar distri-
bution was observed with δ-GFP subunit
transfection (not shown).
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Immunocytochemical staining with anti-
bodies against the α1 subunit of GABA
receptor confirmed that GFP punctae cor-
responded to the α1 subunit protein (not
shown). Similarly, staining with β2/3 sub-
unit selective antibodies (not shown)
demonstrated that α1-GFP clusters
matched β3 subunit clusters, indicating
that the majority of receptors comprising
α1-GFP tandems also contained the β3
subunit.

We then performed electrophysiological
studies on HEK 293 cells transfected with
constructs of GABAA receptor subunits
tethered to the EGFP protein.
Applications of increasing GABA concen-
trations to voltage-clamped cells elicited
currents of increasing peak characterized
by faster desensitization (Figure 2, A and
B). Dose-response indicated that the pres-
ence of the GFP tether did not alter the

half maximal concentration nor the maxi-
mal response recorded from cells transfect-
ed with the α1 and β3 cDNAs.

The presence of specific subunit in the
GABAA receptor complex determines
selective pharmacological regulation by
distinct pharmacological agents (11). Zinc
has been widely used as a selective agent to
determine the presence of the γ2 subunit in
the receptor channel complex (11). Figure
2B illustrates that currents elicited by
ionophoretical application of GABA were
blocked by ZnCl2. Among the distinct
pharmacological agents that regulate
GABAA receptor, the benzodiazepines and
neurosteroids have a better characterized
structural requirement in term of subunit
composition (11). In Figure 2C, we illus-
trate GABA-activated currents in a HEK
cell transfected with α1β3 and γ2-GFP
cDNAs. The allosteric modulator
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Figure 1. Two examples of living HEK cells transfected with αα1-GFP and ββ3 subunit cDNAs (left panel) and with αα1ββ3 and
γγ2-GFP subunit cDNA (right panel). Diffuse punctate staining could be observed throughout the cells including the plasma
membrane. The nucleus was not stained.
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Figure 2. GABAR-GFP receptors with GFP tethers at the C terminus preserve pharmacological properties. (A) Half maximal concentration and maximum peak of GABA-activated cur-
rents from HEK 293 cells expressing GABA receptors with α1-GFP subunit together with β3 and γ2 subunit (a) does not change as compared to cells expressing with α1β3 and γ2 subunits
(b). A summary of the results obtained is shown in (c).(B) γ2-GFP tandem preserve sensitivity to ZnCl2 inhibition of GABA currents produced by ionophoretic applications in a HEK cell
transfected with α1-GFP/β3 subunit cDNAs. γ2-GFP tandem cotransfected with α1β3 subunit cDNA inhibits ZnCl2 sensitivity. (C) γ2-GFP tandem preserve zolpidem potentiation.
Ionophoretic application of GABA produced currents in a HEK cell transfected with α1-GFP/β3/γ2 subunit cDNAs that were potentiated by the imidazopyridine Zolpidem. (D) GABA cur-
rent potentiation by neurosteroid THDOC in cells transfected with α1β3 (a) was abolished when δ-GFP cDNA was cotransfected (b). A summary of the results obtained is shown in (c).



Zolpidem potentiated considerably the
response to ionophoretically applied
GABA, demonstrating that the benzodi-
azepine recognition site was not affected by
the GFP tether on the γ2 subunit.
Coexpression of δ-GFP tandem strongly
reduced the potentiation by the neuros-
teroid THDOC (Figure 2D), as observed
with wild-type δ subunit (18). These
results taken together indicate that the
expression of GABAA receptor subunit,
modified to include a fluorescent marker at
their C terminus, does not affect the for-
mation of functional chloride channels,
agonist sensitivity, or allosteric regulation
of channel activity.

Transfection of Neurons in Primary
Culture

Using a modification of the CaPO4 pre-
cipitation technique (4), we transfected

primary culture of rat cortical and cerebel-
lar neurons. GFP transfected neurons were
observed as early as 6 hours after transfec-
tion. In Figure 3 are shown examples of
cortical neurons expressing GFP protein
and one example of GFP positive cerebel-
lar granule neuron where dendrite and
axon are clearly distinguishable. The per-
cent success of transfection was highly
variable in distinct experiments but never
exceeded 0.5% of the neurons. Cells
remained transfected for the reminder of
the culture lives (up to 4 weeks), but the
number of fluorescent cells decrease with
time along with the total cell number.
Fluorescent intensity of transfected neu-
rons was extremely bright and allowed us
to distinguish many details of anatomical
features such as axonal branches and
growth cones and dendritic spines (not
shown). Functional properties such as
action potential generation, occurrence of
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Figure 3. Transfection of cortical and cerebellar neurons in primary culture with GFP
cDNA. Cortical neurons (cx) at 2 distinct DIV are shown with overlapping fluorescence
and differential interference contrast (DIC) optics. Transfection was performed at DIV 4.
In the lower panel, a cerebellar granule neuron (cb) is illustrated. The short dendrite and
the long convoluted axon are clearly distinguishable.



spontaneous synaptic currents, and the
capability to produce functional synapses
were not affected as observed in parallel
electrophysiological recordings (not
shown). For comparison, GFP expression
was attempted with viral transfection using
a defective herpes simplex virus vector
(courtesy of Dr. S. Rabkin). Virus infec-
tion produced GFP expression and label-
ing of neuronal cells, but the intensity of
staining was 100-fold lower than with
CaPO4 transfection, and the degree of
toxicity was greatly enhanced.

Transfection of GABAA Receptor
Subunit EGFP Constructs in Neurons

After demonstrating successful transfec-
tion of the pEGFP construct in neurons,
we attempted to transfect α1-GFP and γ2-
GFP constructs. Cells were successfully
transfected with both cDNAs, and the per-
cent cell transfected was not considerably
different for the distinct plasmids.
However, the intensity of fluorescence and
the pattern of protein distribution differed
considerably. First, with α1-GFP cDNA,
the formation of clear punctae of GFP flu-
orescence was observed on dendrites and
occasionally on axons of transfected neu-
rons (Figure 4). Second, a diffuse and weak
fluorescence staining was observed
throughout the cells allowing the identifi-
cation of dendritic branches of the trans-
fected cell. With γ2-GFP cDNA, we
observed only the diffuse fluorescence, and
we failed to observe clusters similar to
those seen with α1-GFP transfection. It is
possible that for both γ2 and α1 subunit
tagging with GFP, the C terminus may
alter the subunit assembly allowing release
of cytoplasmic-free subunit-GFP tandems.
It is also possible that cleavage of the GFP
portion of the construct produced a con-
siderable amount of free GFP. Lastly, dif-
fuse staining may correspond to the cyto-
plasmic assembly of the receptor that pre-

cedes membrane insertion. Whatever
mechanism underlie the diffuse staining, it
is clear that with α1-GFP cDNA we also
observed clear formation of subunit clus-
ters that may indicate the correct assembly
and targeting of labeled GABAA receptors
in living neurons. The reason for the fail-
ure of γ2-GFP construct to perform equal-
ly well remain to be investigated further.
This raises the concerns that different
cDNA constructs may or may not have the
capability for proper processing. Thus, to
achieve successful expression, more than
one construct per protein should be made.

Electrophysiological recordings demon-
strate the occurrence of spontaneous
inhibitory postsynaptic currents (s.i.p.s.cs)
in α1-GFP transfected cells (Figure 4B).
This indicates that the formation of
inhibitory synapses and the function of
postsynaptic receptors was unaffected by
the tagging of the α1 subunit.

Once we observed the successful forma-
tion of subunit clusters in neurons, we
wanted to study the colocalization of α1-
subunit constructs and the presence of the
β subunit with selective antibodies. As
illustrated in Figure 5 (top panel), there
was clear matching between α1-GFP clus-
ters and the presence of clusters of β2/3
subunit, indicating, although not totally
proving, that coassembly of native and
transfected subunits may occur together
with appropriate targeting to the dendrites
of receptor subunits.  The most suggestive
evidence that α1-GFP clusters reveal func-
tional GABAA receptor comes from stain-
ing of α1-GFP transfected neurons with
antibodies against glutamic acid decar-
boxylase 65, a marker of GABAergic presy-
naptic terminals. As it can be observed in
Figure 5B, many α1-GFP clusters were
facing presynaptic GABAergic terminals,
suggesting that they are part of postsynap-
tic densities at those sites. At the same
time, a few extrasynaptic clusters were also
identified consistently with the demon-
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Figure 4. Transfection of GABAR-
GFP in a cortical neuron (cx) and a
cerebellar granule neuron (cb) of αα1-
GFP subunit. (A) Photomicrographs
were taken at DIV 8, and transfection
was performed at DIV 5. GFP fluores-
cence clusters were clearly observed on
dendrites of both cells. A fainter diffuse
staining was also seen throughout the
cell, possibly cytoplasmic in origin, that
allowed the observation of anatomic
details of the dendritic tree. A few clus-
ters were observed in thin neuritic
branches, possibly being axons. (B)
Whole-cell recording of spontaneous
inhibitory synaptic currents from an
α1-GFP-transfected neuron. Perfusion
with bicuculline methiodide (10 µM)
abolished the outward currents (not
shown).



strated evidence for extrasynaptic receptor
clusters.

Insulin Treatment

A report demonstrated the relatively
rapid regulation of GABAA receptor sub-
unit by insulin (17). To verify that the
transfected constructs expressing α1-GFP
subunit in cortical neurons were capable to

undergo the same regulation as demon-
strated by insulin treatments, we incubated
cortical neurons for 1 or 2 hours with
insulin and measured the number of α1-
GFP clusters per 100 µm of dendritic
length. As seen in Figure 6, insulin treat-
ment produced a time-dependent increase
of fluorescence subunit clusters, indicating
that the tagging of the subunit protein
with the fluorescent tether did not affect
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Figure 5. Colocalization of GABAR-GFP in cortical neurons with ββ2/3 subunit and GAD 65. In the two top panels α1-GFP
clusters in fixed cortical neuron (DIV 10) is compared to Cy3-β2/3 subunit immunostaining. In the lower panels, α1-GFP clusters
are compared in another cortical neuron to immunostaining for the selective presynaptic marker of GABAergic terminals GAD 65,
shown at higher magnification. In both panels, arrows indicate matching clusters while arrowheads indicate nonmatching clusters.
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Figure 6. Insulin increases the clusters of αα1-GFP subunit. (A) α1-GFP clusters are compared between a control cortical neurons at DIV 12 and a distinct neuron in the same culture after
2 hours of addition to the culture medium of 1 µM insulin. (B) Summary of the results on the number of α1-GFP clusters per 100 µm dendritic length obtained with 2 insulin incubation
times. * indicates significant difference (independent student t-test, P < 0.05).



regulation of expression.

CONCLUSIONS

As previously demonstrated, tagging
GABAA receptor subunit with GFP does
not alter functional expression and phar-
macological properties. In addition, our
data present evidence that transfection of
GFP-tagged subunits is possible in neocor-
tical and cerebellar neurons in primary cul-
ture. Clusters of fluorescent proteins that
matched well with endogenous GABAA
receptor clusters are formed. Functional
GABAergic synapses are still maintained in
transfected neurons that possibly utilize
α1-GFP subunit as seen by correspon-
dence with glutamic acid decarboxylase
(GAD) positive punctae. Insulin treatment
increased the expression of α1 clusters
indicating that the receptor can undergo a
similar regulation as the native receptor.
Our data also highlight possible problems
of transfecting exogenous subunit into
neurons, γ2-GPF transfection did not give
rise to clusters and axonal localization may
be an artifact of the transfection proce-
dure. However, the results  presented here
indicate that if the transfected construct
can form clusters in neurons in culture,
assembly targeting and regulation can pro-
ceed as for native receptors. This raised the
hope that this approach will allow us to
follow the targeting and distribution of
GABAA receptor clusters in living neurons
during development in culture and in var-
ious experimental conditions.
Furthermore, the possibility to simultane-
ously visualize two GFP variants in living
neurons may allow, in the future, to tag
two distinct proteins (14) with the goal of
studying the  coassembly and independent
regulation of subunit expression. This will
be essential to the understanding of the
significance of the large heterogeneity of
subunits for ligand-gated channels, which

constitute postsynaptic receptors in the
central nervous system (CNS). Indeed,
studies on AMPA receptors GFP-tagged
have demonstrated rapid spine delivery
and redistribution after synaptic activation
(15).
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OVERVIEW

The ability to transfect differentiated
neurons with DNA constructs of various
sizes has been limited by the relative refrac-
toriness of these cells, to classical calcium
phosphate-DNA coprecipitation, and lipo-
some–carrier-mediated transfection meth-
ods. Particle-mediated gene transfer (also
called biolistics) represents a relatively sim-
ple solution to this problem, requiring lit-
tle by the way of special technical expertise.
Plasmid DNAs of unlimited sizes are used
to coat approximately one micron tungsten
or gold particles, and these particles are
then accelerated into living cells and tissues
by a blast of helium gas. A commercial
device, referred to as the “Gene Gun”
obtained from Bio-Rad, is available for this
purpose. Biolistics has many uses, e.g., the
production of antibodies after in vivo
transfection of foreign DNAs into skin, ex
vivo transfection of genes into tissues to be
used for transplantation, and for the study
of specific gene expression in distinct dif-
ferentiated neurons in vitro. Cotransfec-
tion of multiple and distinct DNA con-
structs into single cells is easily performed,
and this makes this technology of special

value for physiological studies of differen-
tiated neurons.

BACKGROUND

The technique of particle-mediated gene
transfer (also known as biological ballistics,
or in its shortened form, biolistics) was first
developed in order to deliver nucleic acids
into plant cells by the use of particles coat-
ed with foreign DNAs which are accelerat-
ed at high velocity (12,30,31,38). In the
case of plant cells, the presence of cell walls
made conventional techniques, such as
electroporation, direct DNA uptake, lipo-
some–carriers, calcium phosphate, and
microinjection techniques ineffective and
inefficient. The development of the biolis-
tics technique (30,31) permitted the accel-
erated 1 to 4 µm tungsten microprojectiles
to penetrate the cell walls and plasma mem-
branes and to carry the surface-adsorbed
foreign DNA into the plant cells’ nuclear
genome, ultimately resulting in the genera-
tion of stable plant transformants (37).

Over the years, a number of devices
have been developed to accelerate the
microprojectiles. In the first devices, gun-
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powder was used in a so-called particle gun
to generate the pressure to accelerate 4 µm
tungsten microprojectiles into the plant
cells at 10 to 15 cm distances from the end
of the device. Today, the gunpowder has
been replaced by a blast of helium gas, and
the tungsten particles by 0.6 to 1.6 µm
gold particles, which are now routinely
used for animal cells. Two devices sold by
Bio-Rad Laboratories (Hercules, CA,
USA), the PDS 1000/He Biolistic particle
delivery system, an in-chamber model that
requires a vacuum for transfection, and the
newer Helios Gene Gun System, which
is hand-held and requires no vacuum, are
most commonly used. In the PDS 1000
system, the target cells (covered only by a
thin layer of medium) are placed in a
chamber that is flushed with helium gas
and then evacuated to 25 inches of mer-
cury before the gold particles are accelerat-
ed into the tissue by a He pressure of about
1000 to 1200 psi. The point of these
maneuvers is to reduce the resistance of the
ambient air and surface fluid over the tis-
sue to the momentum of the gold particle,
and thereby enhance penetration of the
coated gold particle into the tissue. The
above manipulations are obviously undesir-
able for the health of the tissue, and in fact,
the PDS 1000 system is very inefficient
and restricted in its use. In contrast, the
Helios Gene Gun System is hand-held in
open space (usually in a tissue culture hood
for sterility) and in addition to being more
flexible [e.g., it can be easily used in in
vitro and in vivo experiments (46)], it is
faster, less variable, and more efficient in
the transfection of neurons (unpublished
observations and Reference 45).

Biolistic techniques have been highly
effective in transfecting a wide variety of
organisms and cell types (6,15,22,27,46).
Among these are cells in invertebrates and
lower vertebrates (10,11,13,47), bacteria
and yeast (26,39), and even subcellular
organelles (e.g., for mitochondria genomic

transformation, see References 7, 8, and
12). Biolistics has also been prominent in
the development of DNA vaccines, genetic
immunization strategies (3,27,29,35,43),
and in experimental approaches to ex vivo
gene therapy of pancreatic islets (19,20,
36). The use of biolistics with pancreatic
islets is a particularly interesting case, since
cells in this organ do not replicate, thereby
precluding the use of retroviruses for ex
vivo gene therapy. Application of aden-
oviruses successfully transduces 50% of
islet cells, whereas biolistics only transfects
3% of the cells (19). While relatively ineffi-
cient when compared to adenovirus trans-
duction, biolistics was 35 times more effec-
tive than liposomal delivery techniques
and, most important, did not develop the
immune response rejection evoked by the
introduction of adenoviral proteins to the
system. In fact, despite the relatively low
transfection efficiency of the biolistics
approach, transplantation of the transfect-
ed islets was able to reverse the diabetic
state of alloxan-induced diabetes in Balb/c
recipient mice (19).

Differentiated neurons are not often
able to be transfected with DNA con-
structs by using conventional methods (see
also Chapters 3 through 5 of this book).
Viral vectors can be very effective in this
regard (see Results and Discussion), how-
ever, as in the case of the islets, lower effi-
ciencies may also be adequate in studies on
neurons. One of the first uses of biolistics
in the nervous system was done as a test of
feasibility of using particle-mediated gene
transfer for ex vivo gene transfer into brain
tissues (25). In this study the authors trans-
fected fetal brain with various promoter–
luciferase constructs in vitro and found
that the biolistic method produced 100-
fold more gene expression than either calci-
um phosphate coprecipitation, electropora-
tion, or lipofection methods (25). The
biolistically transfected tissues were imme-
diately transplanted into caudate or intra-
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cortical regions of adult host rats, and
luciferase activity could be detected in the
site of the transplant up to 2 months after
gene transfer. One year after this study was
published, two other reports, using the
PDS 1000 system, described the use of the
biolistic technology on central nervous sys-
tem tissue in novel experimental para-
digms. Arnold et. al (1) described the use
of particle-bombardment transfection in
combination with organotypic cultures of
mice cerebellum to study purkinje cell-spe-
cific expression of the calbindin D28k gene
as well as glial and granule cell-specific
expression of the brain lipid-binding pro-
tein gene. Using this strategy, they could
identify 5′ flanking regions in these genes
that were responsible for this cell type-spe-
cific expression in postnatal cerebellum. Lo
et. al. (32) exploited the low efficiency of
biolistic transfection using the β-galactosi-
dase (Lac-Z) gene in slices of postnatal rat
and ferret visual cortex and hippocampus
to visualize the Golgi-like 5-bromo-
4-chloro-3-indolyl-β-D-galactopyranoside
(X-gal) staining of neuronal dendrites,
axons, and glial processes. The authors sug-
gested that the use of green fluorescent
protein (GFP) reporters in biolistics in the
future would be very valuable for develop-
mental studies of living neurons (23).

Following these pioneering papers
which illustrated the uses of biolistics to
transfect neurons, a wide variety of neuro-
biological studies using particle-mediated
gene transfer were reported. These have
included identification of a calcium
responsive element regulating expression of
calcium binding proteins in Purkinje cells
(2), studies of neurotrophin regulation in
cortical dendrites and spines (23,33,34),
development in embryonic retina (48), and
various physiological studies (14,49).
Given the versatility of the gene gun, its
accessibility, and the wide variety of exper-
imental purposes to which it can be put, it
is likely that biolistic transfection will soon

become a frequently used tool in many
neurobiological studies.

Several technical papers, describing
detailed protocols for successful biolistics
have been published. Particularly valuable
to the reader are the early papers from the
Sanford Laboratory (31,37) discussing the
various factors that must be considered to
get optimal transfection by biolistics.
Biewenga et al. (6) discuss the critical para-
meters for use of the PDS 1000 Instru-
ment, and Wellmann et al. (45) present an
optimized protocol for transfection of
brain slices and dissociated neurons using
the hand-held Helios gene gun system. The
two papers provide valuable practical tips
and clues for the successful employment of
biolistics in neuronal systems. In the sec-
tions below, we present detailed protocols
for the tissue culture and biolistic transfec-
tion of rat hypothalamic neurons in organ-
otypic slice cultures which we have used
with success (16,24,40). It should be noted
however, that optimization of the biolistic
parameters (particularly the helium air
pressure and the distance of the gun from
the target) must be determined empirically
for each new tissue and cell type.

PROTOCOLS

Protocol for Stationary Organotypic Slice
Explant Cultures

Materials and Reagents

• McIlwain Tissue Chopper (Brink-
mann Instruments, Westbury, NY,
USA).

• Tissue culture dishes (150, 100, 60,
and 35-mm Falcon; Becton Dicken-
son, Bedford, MA, USA).

• Gey’s Balanced Salt Solution (Life
Technologies, Gaithersburg, MD,
USA and  Sigma, St. Louis, MO,
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USA). 
• 50% glucose (Sigma).
• 70% ethanol.
• Breakable blades (Fine Science Tools,

Vancouver, BC, Canada and feath-
erblades; Ted Pella, Redding, CA,
USA).

• Blade holder (Fine Science Tools and
ROBOZ Surgical, Rockville, MD,
USA).

• Double edge blades. 
• Surgical supplies (No. 5 forceps, fine

spatulas, large and small scissors;
ROBOZ and Fine Science Tools).

• Millipore Millicell-CM filter inserts
(Millipore, Bedford, MA, USA).

Culture Medium

To prepare 200 mL, mix together these
reagents from Life Technologies, except
BME which is from Sigma:

• 100 mL Eagle Basal Medium (BME).
• 50 mL horse serum. 
• 50 mL Hanks Balanced Salt Solution.
• 2 mL 50% glucose (vol/vol).
• 1 mL L-glutamine (200 mM, 100×). 
Cover with aluminum foil, medium is

light sensitive.

Procedure to Dissect and Culture Rodent
Hypothalamus

1. Postnatal 5 to 7-day-old rats or 5 to
10-day-old mice are washed with 70%
ethanol and decapitated. Their brains
are quickly and aseptically removed
under a hood.
Lateral cuts are made in the skull start-
ing at the foramen magnum and end-
ing at the olfactory lobes. The skull is
gently lifted up from the rear exposing
the brain. Cuts are then made between
olfactory lobes and the frontal cortex

and rostral to the cerebellum. The ros-
tral part of the brain is gently lifted to
expose the optic nerves, which are then
cut prior to removing the brain from
the skull. Finally the brain is removed
and placed into cold Gey's solution in
a 60-mm petri dish containing 0.5%
glucose. 

2. Carefully remove blood vessels and
meninges around hypothalamus and
gently straighten out residual optic
nerves. These serve as helpful land-
marks since the suprachiasmatic nucle-
us (SCN) is found at the base of optic
chiasm.

3. Block out the hypothalamus using a
razor blade in a blade holder. Cut away
all cortex on both sides lateral to the
hypothalamus (from a ventral view)
and make a clean horizontal cut 2 to 3
mm above the third ventricle (coronal
view). 

4. Place the blocked hypothalamus on the
tissue chopper so that the hypothala-
mus is ventral side down on the chop-
per disk and the optic nerves are abut-
ting the chopper blade. Set the
thickness of the slices at 350 to 400 µm
for rats and 300 µm for mice.
Note: Try to avoid excess fluid on
chopper disk as this will cause the tis-
sue to be picked up by the blade.

5. Cut the sections as a group, trying to
keep them in order, and lift the group
of sections onto a spatula and place
them into a cold drop of Gey’s solution
plus glucose in a 100-mm petri dish.
Carefully separate the slices using a
small spatula and forceps. 
Note: It is critical for the survival of the
tissue to be extremely gentle in the
transferring and manipulating of the
slices at this stage and afterwards.

6. Select the sections of interest and trim
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them free of extraneous tissue using a
razor blade scalpel, place them in fresh
drops of the Gey's/glucose solution,
and allow them to sit at 4°C in a refrig-
erator (1–2 h).

7. Put 1.1 mL of culture media into each
35-mm petri dish. The 35-mm petri
dishes are placed inside of a 150-mm
petri dish acting as a container to min-
imalize their handling.

8. Place tissue slices to be cultured onto
Millicell-CM filters by using two small
spatulas touching each other and by
using the capillary forces between them
to transfer the slices. Make sure the tis-
sue rests flat on the filters. 

Note: Too much fluid on the filter will
prevent tissue from adhering to the filter.
If this happens, remove the excess fluid or
replate (even if it is the next day).
9. Place the Millicell-CM filters contain-

ing the slices onto the 1.1 mL of cul-
ture media in the 35-mm petri dishes,
and incubate at 36°C in 5% CO2 for
14 to 20 days. 

Note: The slices thin to optimal thick-
nesses for immunohistochemistry (IHC)
and in situ hybridization histochemistry
after incubation for 10 to 20 days. The
slices can survive for 1 to 2 months, but
may thin too much over such long peri-
ods for subsequent experimental manipu-
lations.

10. Media contains penicillin–strepto-
mycin either for the first 3 days in vitro
(DIV) or throughout.

11. Media is changed 3 times a week, with
fresh media always in a new 35-mm
petri dish in order to maximize the
vitality and sterility of the culture. 

12. In biolistics protocols, we usually shoot
the cultured slices after 4 to 5 DIV,
replace the medium, and assay by IHC
after a total of 10 DIV.

Protocols for Immunohistochemistry of
Organotypic Cultures

Materials and Reagents

• Netwells (Corning Costar, Cambridge,
MA, USA).

• Netwell Carriers (Corning Costar).
• Phosphate-buffered saline (PBS) (1×).
• Normal goat serum (NGS) (Sigma).
• ABC Elite kit (Vector Laboratories,

Burlingame, CA, USA).
• Rabbit IgG (biotinylated) (Vector Lab-

oratories).
• Mouse IgG (biotinylated) (Vector Lab-

oratories).
• 3,3′ Diaminobenzidine tetrahy-

drochloride (DAB; Sigma).
• Nickel sulfate (Sigma).
• Imidazole (Sigma).
• Glucose (Sigma).
• NH4Cl.
• Glucose oxidase (GOD; Calbiochem-

Novabiochem, San Diego, CA, USA).
• Permount (Fisher Scientific, Pitts-

burgh, PA, USA).
• Formaldehyde.
• Tris-buffered saline (TBS) 1×, pH 7.4.
• Triton X-100.
• Nos. 0 or 1 fine sable paint brush.
• Gelatin-coated slides or
• Superfrost-plus slides (Fisher Scientific).
• Xylene.
• 100 % EtOH.
• Americlear Histology clearing solvent

(Baxter Healthcare, McGraw Park, IL,
USA).

• Coverslips.
• Filter paper.

Cryoprotectant Medium 

From Watson et. al. (44a).

71

6. Neuronal Transfection Using Particle-Mediated Gene Transfer

Merighi6-aucorr.qxd  5/23/02  6:01 PM  Page 71



1.59 g NaH2PO4
.H2O (mono)

5.47 g Na2HPO4 (dibasic)
9.0 g NaCl
300 g Sucrose
10 g Polyvinyl pyrrolidone (PVP-40)
(Bio-Rad)
300 mL Ethylene glycol

Bring to 1 L with distilled water and
store in refrigerator.

Procedure

1. To fix the sections on the filters, 4%
formaldehyde/PBS is placed beneath
and on top of the slice on the Millicell
filter for 1.5 to 2 hours.

2. The slice cultures are thoroughly but
gently rinsed with PBS. If rinsed too
hard, it might dislodge and damage the
tissue.

3. Use a scalpel blade or scissors to cut out
the filters carrying the slices.

4. Place the filters holding the slices in
Netwells into the 6-well plate carriers
containing PBS (or into cryoprotectant
if you are not going to stain tissue right
away).

Note: It is very important that the slices
on the filters are always fully immersed
throughout this and all following proce-
dures.
5. Rinse the slices extremely well in PBS

before going into blocking solution.
6. Place the slices into blocking solution

(10% NGS, 0.3% Triton X-100,
0.01% Na azide) for 1 to 2 hours.

7. Place into primary antibody (diluted in
1% egg albumin, 0.01% Na azide) and
incubate overnight at 4°C.

8. Rinse well in PBS (3 × 10 min) using
Netwells and carriers.

9. Apply secondary antibody—rabbit or
mouse IgG biotinylated (at 1:500 dilu-
tion) in PBS at room temperature for
1.5 to 2 hours. Do not add sodium

azide to this mixture, as it will interfere
with the peroxidase reaction.

10. Rinse well in PBS (3 × 10 min).
11. Place slices (in Netwells) in ABC solu-

tion in the ABC kit (1:600 dilution) in
the 6-well plates for 1 to 1.5 hours at
room temperature.

12. Rinse tissues well with 2× PBS and
rinse with 2× TBS (if you are using
NiSO4 in DAB reaction mixture). 

13. Place sections (in Netwells) into the
DAB reaction mixture.

To make DAB reaction mixture:
Imidazole 136 mg
NH4Cl  40 mg
Glucose 400 mg
PBS 85 mL or
TBS 85 mL (when using with NiSO4)
To the above, add 10 mL of filtered DAB
(100 mg DAB/20 mL in 1× TBS, pH
7.4).
Then add 500 µL of glucose oxidase
(100 U/mL) to above and mix well.

Important: Allow mixture (with or with-
out 70–80 mg NiSO4/100 mL) to sit at
least 10 to 15 minutes before use.
14. Gently rock sections (in Netwells) in

DAB reaction mixture (time of reac-
tion should be determined empirical-
ly).

15. Stop reaction by rinsing thoroughly in
PBS (2 × 10 min) or TBS and finally
in fresh PBS.

16. Samples can be stored in PBS no
longer than 2 days.

17. If you are doing double label IHC, do
the NiSO4 step first (this results in a
black reaction product). Then rinse
well in PBS (3 x 10 min) and block
again for 30 minutes in NGS.

18. Place sections into the second primary
antibody and incubate overnight at
4°C. 
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19. Repeat the above steps 8 through 15.
The final staining reaction for the sec-
ond antibody is in the same DAB reac-
tion mixture, but without NiSO4
(reaction product is brown in color).

Procedure for Removing Sections from
Filters in order to Mount on Slides

1. Set Netwell in water before removing
tissue from filter.

2. Place a drop of water on the coated
slide.

3. Place the filter on top of a petri dish in
a drop of water. 

4. Gently ease the tissue off with the
camel hair brush.

5. Let the tissue stick to the brush and
place it in the drop of water on the
slide.

6. Check the slide under the scope after
you have removed all of the tissue and
gently unfold and straighten out the
tissue.

7. Remove excess fluid with filter paper.
8. Allow to air-dry undisturbed over-

night.
9. Place slides in water for 15 to 20 min-

utes to remove salt.
10. Wash in 100% EtOH (2 × for 10–15

min).
11. For slides only, clear in xylene (3 × for

10–15 min).
12. Add permount and place coverslip on

slides.
Note: In some cases, the tissue may be

too fragile and might have to stay on the fil-
ter in order to be processed. In these cases,
place sections still on filters and in Netwells
into Americlear Clearing Solvent to clear
tissue (xylene will cause filters to curl up).
Remove section still on filter and place fil-
ter on slide, add permount, and place cov-
erslip over filter containing the section.

Visualization of the immunostained cells
will be useful but less than optimal as com-
pared to the mounted section that can be
completely removed from the filter.

Protocol for Biolistics Using the Helios
Gene Gun

The Helios Gene Gun is the apparatus
used in our laboratory for biolistics. It uses
pressurized helium gas to accelerate micron
sized gold particles which are coated with
plasmid DNA. Several factors are impor-
tant to consider for effective biolistics.
These are:
1. The amount of gold used per cartridge
(individual bullet) ranges from 0.125 to
1.0 mg. The standard amount used in our
laboratory is 0.5 mg/cartridge. The size of
gold particles available from Bio-Rad are
0.6, 1.0, and 1.6 µm in diameter. We
have found no difference in transfection
efficiency between any of these sizes either
in cell cultures or in organotypic slice
explants. Our laboratory routinely uses
1.0 µm gold for all transfections.
2. The quantity of nucleic acid used for
each transfection can vary over a range of
1.0 ng to 5.0 µg/cartridge. In any new
experimental situation, we begin with 1.0
µg/cartridge. This 1.0 µg can be made up
of single or multiple nucleic acid con-
structs. DNA transfection efficiencies in
our laboratory are similar when using
from 1.0µg and 0.1 µg/cartridge. Further
dilution to 0.01 µg results in a noticeable
decrease in efficiency.
3. The amount of DNA per milligram
gold can range from 0.002 to 10.0 µg. A
value of 2 is standard in our laboratory.
Optimum transfection efficiencies as well
as target specificities are greatly influenced
by this value and must be determined
empirically for each construct–target used.
A table in the Helios Gene Gun Manual
gives details for varying this parameter.
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4. The pressure and distance to shoot at
are key parameters, and these values will
have to be determined experimentally for
each target. For organotypic slice
explants, we use between 120 to 180 psi
and between 10 to 20 mm distance
between the gun barrel and target. For
cell lines and primary dissociated cell cul-
tures, we use 120 psi and 17 to 29 mm.

Materials and Reagents

• Helios Gene Gun. 
• Helium hose (Bio-Rad).
• Helium regulator (Bio-Rad).
• Helium tank (grade 4.5, 99.995%).
• Gold Microcarriers (Bio-Rad).
• PVP. 
• Fresh 100% EtOH.
• 15-mL Disposable polypropylene cen-

trifuge tubes.
• 1.5-mL Microcentrifuge tubes.
• 0.05 M Spermidine.
• 1 M CaCl2.
• 200-µL and 1-mL pipetman and tips.
• 5-mL, 10-mL pipets and pipet-aid.
• Purified plasmid DNA in distilled

water or TE (10 mM Tris,1 mM
EDTA, pH 8.0). 

• Ultrasonic cleaner (e.g., Fisher F83,
Branson 1210).

• Analytical balance.
• Microfuge.
• Tubing Prep Station (Bio-Rad).
• Nitrogen tank (grade 4.8, 99.998%).
• Gold-Coat tubing (Bio-Rad).
• Nitrogen regulator (Bio-Rad).
• Ultrasonic cleaner.
• Tubing cutter (Bio-Rad). 
• Vortex shaker (Fisher Scientific). 
• Peristaltic pump (Amersham Pharma-

cia Biotech, Piscataway, NJ, USA).

• 20-mL Scintillation vial.
• Dessicant.
• Parafilm.
• Timer.

Procedure 

Note: An unopened bottle of 100%
EtOH must be used each day this proce-
dure is used in order to prevent the absorp-
tion of water in EtOH from inhibiting the
process.
1. Connect the N2 supply line to the Tub-

ing Prep Station. Cut a 30-inch length
of tubing. Connect a 10-mL syringe
with adapter tubing to one end of the
Gold-Coat tubing and flush the tubing
with EtOH. Insert the tubing into the
tubing support cylinder. Be sure that
the tubing extends past the O-ring seal.
Turn on the nitrogen and set the flow
to 0.3 LPM. Purge the tubing for at
least 15 minutes to dry the inside
before loading the gold.

2. Place 25 mg of 1.0 µm gold into a 1.5-
mL microfuge tube.

3. Add 100 µL of 0.05 M spermidine to
the gold and vortex mix for 5 seconds.

4. Sonicate for 5 to 10 seconds.
5. Add 50 µg plasmid DNA in 100 µL or

less total volume and vortex mix imme-
diately.

6. While vortexing, add 100 µL 1 M
CaCl2 dropwise.

7. After all CaCl2 is added, turn vortex
mixer off and let tube stand for 10
minutes at room temperature.

8. Spin tube for 10 seconds in a
microfuge to pellet the gold.

9. Aspirate off most of the liquid but
leave approximately 20 µL.

10. Resuspend the pellet in the remaining
supernatant by flicking the tube with
your finger. Wash the pellet 3 times

74

H. Gainer et al.

Merighi6-aucorr.qxd  5/23/02  6:01 PM  Page 74



with 1 mL of fresh 100% ethanol each
time, spin approximately 10 seconds
between each wash and discard the
supernatants, leaving 20 µL of the
EtOH supernatant.

11. Add 8.75 µL of 20 mg/mL PVP (in
EtOH) to a 15-mL screw cap tube.

12. Add 3.491 mL of 100% EtOH to the
15-mL screw cap tube and mix.

13. Transfer the pellet from step 11 in 200
µL of the PVP/EtOH solution to the
15-mL tube.

14. Wash the microfuge tube with 200 µL
PVP/EtOH to suspend any remaining
gold and transfer to the 15-mL tube.

15. Vortex mix the gold suspension to
break up any clumps and then sonicate
briefly to break up any remaining
clumps.

16. Invert the tube continuously to keep
the gold from settling in the 15-mL
tube. 

17. Remove the cap of the 15-mL tube.
Using a 10-mL syringe with adapter
tubing on the end, draw the gold sus-
pension all the way into the Gold-Coat
tubing. Remove the tubing from the
suspension and continue drawing the
suspension into the tubing in order to
leave an inch of airspace at the end.

18. Bring the tubing to a horizontal posi-
tion and slide it into the tubing sup-
port cylinder of the Tubing Prep Sta-
tion. Make sure it goes through
O-ring.

19. Let stand for 3 minutes to settle the
gold particles. Detach the adapter tub-
ing from the syringe and attach it to
the tubing on the peristaltic pump.
Remove ethanol at the rate of 0.7 inch-
es/seconds.

20. Detach the adapter tubing and rotate
the Gold-Coat tubing in the support
cylinder 180° and let sit for 5 seconds.

21. Turn Tubing Prep Station on to start

rotating the tubing.
22. Rotate the tubing for 20 seconds; then

purge with N2 at 0.3 LPM.
23. Continue drying the tubing while

rotating for 5 minutes.
24. Turn off the motor on the Tubing Prep

Station. Close the valve on the flowme-
ter. Remove the tubing from the tub-
ing support cylinder.

25. Inspect the tubing for blank spots and
cut them out with a razor blade.

26. Place a desiccant pellet into a 20-mL
scintillation vial and place the vial into
the bottom of the tubing cutter.

27. Insert one end of the tubing into the
tubing cutter and cut tubing into car-
tridges.

28. If not using the cartridges immediately,
seal the lid of the scintillation vial with
parafilm and store at 4°C in a closed
chamber with desiccant.

Biolistic Transfection of Organotypic Slice
Explant Cultures

1. Sterilize the barrel liner and cartridge
holder with 70% EtOH.

2. Attach the barrel liner to the Gene
Gun.

3. Load cartridges into the cartridge hold-
er (leaving at least one chamber empty)
and place in the Gene Gun.

4. Connect the helium hose line to the
regulator and Gene Gun.

5. Set the pressure on the regulator. For
organotypic cultures we use 120 to 180
psi (exact value is determined empiri-
cally).

6. To adjust the pressure in the regulator,
keep one cartridge holder position
empty. Using this empty position, test
the shooting pressure. Adjust if neces-
sary.

7. Cock the cartridge holder to load a car-
tridge.
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8. Position the barrel liner over the target
at 10 to 20 mm and shoot the target.

9. After the biolistic run is completed,
turn helium supply off and bleed the
line. Disconnect the hose line and
remove the cartridge holder from the
Gene Gun.

10. Place slice cultures into fresh medium.
11. Culture as described above for 4 to 5

days (optimal duration for immunohis-
tochemical assays).

RESULTS AND DISCUSSION

The following example from our labora-
tory illustrates the use of biolistics in com-
bination with organotypic neuronal tissue
culture, in order to elucidate the mecha-
nisms that are responsible for the cell-spe-
cific gene expression of oxytocin (OT) and
vasopressin (VP) genes in the magnocellu-
lar neurons of the hypothalamo-neurohy-
pophysial system (HNS). The absence of
homologous cell lines that express these
genes required that investigators conduct
such experiments using transgenic mice
(17,18,44). The number of DNA con-
structs that would be needed to be evaluat-
ed in order to determine the cis elements in
these genes that control their cell-specific
expression were too large to routinely use
the relative expensive and protracted trans-
genic approach. Hence, an alternative in
vitro strategy was sought.

Organotypic Hypothalamic Tissue
Cultures

One of the essential criteria for a tissue
culture model to study cell-specific gene
expression is that the distinct neuronal
phenotypes found in vivo can be identified
in vitro. In the case of the HNS, this means
that the neuronal phenotypes expressing
the OT and VP peptides should be found

in identifiable nuclei in the in vitro model.
This is found in organotypic cultures of
hypothalamus derived from neonatal mice
and rats (24), and this is illustrated in Fig-
ure 1. Using specific antibodies which are
markers of the OT and VP phenotypes
(i.e., PS-38, against OT-associated neuro-
physin, OT-Np; and THR, against VP-
associated neurophysin, VP-Np) in
immunohistochemical assays, it is possible
to identify the various nuclei. The paraven-
tricular (PVN), accessory (ACC), and
supraoptic nuclei (SON) in Figure 1, A
through D, and the suprachiasmatic nucle-
us in Figure 1E are clearly identifiable in
slices cultured for 15 DIV. Higher magnifi-
cation views of these immunoreactive neu-
rons in Figure 1, C, D, and F show that
they resemble differentiated OT and VP
neurons with their large cell bodies and
robust nonspiny dendritic processes.

Efficacy of Biolistics in Organotypic
Cultures

As noted earlier, conventional methods
such as calcium–phosphate coprecipitation,
electroporation, and lipid-mediated cell
transfection are not very effective when
used with organotypic cultures. This could
be due, in part, to the presence of a reactive
astrocyte layer which grows over the cul-
tured slice, and thereby prevents access of
the DNA-containing vehicles to the neu-
rons below. One alternative is to use viral
vectors, and indeed, we have successfully
used adenoassociated viral vectors to trans-
fect large numbers of OT and other neu-
rons in such organotypic cultures (28).
However, the production of multiple viral
vectors accommodating the large numbers
of DNA constructs necessary for promot-
er–enhancer analysis would be nearly as
labor-intensive and time-consuming as the
use of transgenic mice for this purpose. In
biolistics, however, any DNA construct of
any size and in any configuration can be
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used virtually immediately for transfection.
Therefore, biolistics provides a very rapid
assay, comparable to the use of cell lines for
deletion construct analysis, but with the

advantage of being able to be used in the
more biologically relevant primary neurons.

In preliminary experiments (42), we
used biolistics to transfect cells in station-
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Figure 1. Organotypic cultures. Slice explants of mouse and rat hypothalamus after 15 DIV. Panels A through D are mouse neu-
rons immunostained with PS 36 monoclonal antibody for OT-Np. Panels E and F are immunostained for VP-Np with THR poly-
clonal antibody (obtained from Dr. Alan Robinson, University of Pittsburgh). (A) A lower power micrograph showing an entire slice
explant stained for OT-Np (PS 38) and containing three magnocellular nuclei (see arrows labeled B–D). These nuclei are shown at
high power in B to D for PVN (B), SON (C), and ACC (D) nuclei, respectively. (E and F) High magnification views of VP cells in
rat hypothalamic slice explants (15 DIV) immunostained using THR antibody. VP cells in rat suprachiasmatic nuclei are shown in
panel E, and VP cells in SON are shown in panel F. Scale line in panel F represents 800 µm in panel E and 200 µm in panel F. Scale
line in panel C represents 1 mm in panel A, 300 µm in panel B, and 150 µm in panels C and D. Adapted from Reference 24.
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ary organotypic cultures with a variety of
promoters [e.g., cytomegalovirus (CMV),
rous sarcoma virus (RSV), glial fibrillary
acidic protein (GFAP), α-tubulin, and var-
ious α-1B calcium (N) channel promoter
constructs] and reporters (e.g., Lac-Z,
luciferase, and GFP). We found that hip-
pocampal and hypothalamic slice explants
were easily and effectively transfected by
this method. This is illustrated in Figure 2,
where a CMV-GFP construct was “shot”
using a PDS Bio-Rad System into hip-
pocampal (Figure 2A) and hypothalamic
(Figure 2B) slices. Note that the transfec-
tion incidence is low and random. Both
glia (Figures 2, C and D) and neurons (Fig-
ure 2F) are transfected by the CMV-GFP,
since the CMV promoter does not distin-
guish between these cell types. The layer of
reactive astrocytes covering the surfaces of
the cultured slices are preferentially hit by
the gold particles and therefore are the pre-
dominant cell types visualized (Figure 2, C
and D) when using the CMV promoter.

In contrast, when a nerve-specific enolase
(NSE) promoter was fused to a GFP
reporter to produce a NSE-GFP construct,
which was shot using a Helios Gene Gun
apparatus into hypothalamic slices, predom-
inantly neuronal phenotypes were visualized
expressing the GFP. Figure 3 shows the mul-
tipolar neurons with long processes in both
organotypic (Figure 3, A and B) as well as in
dissociated (Figure 3, C and D) hypothala-
mic cultures that were transfected with the
NSE-GFP construct and which robustly
expressed the GFP reporter.

Use of Biolistics to Assay
Vasopressin–Gene Constructs in
Hypothalamic Organotypic Cultures

Figure 4 illustrates the results of prelim-
inary experiments using the biolistic tech-
nique to transfect hypothalamic neurons in
organotypic cultures with VP gene con-
structs containing either choramphenicol

transferase (CAT) (Figures 4, A through C)
or GFP (Figures 4D though F) reporters.
Previous studies in transgenic mice have
suggested that key cis elements in the VP
gene for cell-specific expression are located
in the downstream 3′ flanking (noncoding)
region of the gene (17,18). Consistent with
this view is the observation that when VP
gene constructs containing the entire gene
(including the 3 exons and 2 introns) plus
the 2 to 3 kb upstream and 2 to 3 kb
downstream flanking regions and with a
CAT reporter inserted in exon III are intro-
duced into transgenic mice, the expression
of the CAT reporter is highly cell-specific
in magnocellular VP neurons (17,44). We
used one of these constructs, termed VP
III-CAT-2.1 (the CAT was inserted at the
end of exon III followed by a 2.1 kb 3′
flanking sequence), as a positive control in
biolistic experiments. The results of these
experiments are shown in Figure 4, A
through C, where CAT expressing cells,
visualized by immunocytochemistry
(ICC), occur only in areas of the slice
where the endogenous VP cells are found
(see Figure 1). The specificity of the expres-
sion was indicated by the following obser-
vations: (i) comparable experiments using
hippocampal slices, which have no VP-
expressing cells, showed no cells that
expressed the CAT reporter after transfec-
tion with the VP-III-CAT-2.1 construct;
(ii) the CMV-GFP experiments shown in
Figure 2 indicates that mostly glial cells
were being penetrated by the gold particles,
but yet no glial expression of CAT was
found using the VP III-CAT-2.1 construct;
(iii) the morphology of the neuronal cell
types expressing the CAT in the hypothala-
mic (in Figure 4, A through C slices)
resembles the endogenously VP-expressing
cells in these organotypic cultures (see Fig-
ure 1) and not the predominately multipo-
lar neurons that were visualized when NSE
was used as a promoter (Figure 3); and (iv),
double label ICC using CAT antibodies
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and VP marker antibodies (e.g., against
VP-Np) showed colocalization between
endogenous VP and CAT immuno-
reactivity (unpublished observations).

Given this success using the positive con-
trol construct, VP III-CAT-2.1, we then
tested a new deletion construct.

The VP gene deletion construct used
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Figure 2. CMV-GFP transfected cells in organotypic cultures. Visualization of CMV-GFP transfected cells in organotypic hip-
pocampal (A,C, and E) and hypothalamic (B,D, and F) cultures. Panel A shows visualization by ICC of CMV-GFP biolistically
transfected cells in a hippocampal slice explant culture (scale line in panel E = 2.5 mm). Panel B shows visualization of CMV-GFP
transfected cells in a hypothalamic slice explant culture (scale line = 2.0 mm). Panel C shows a higher power photomicrograph of
a hippocampal slice explant culture. Notice the variety of cell types transfected (scale line = 400 µm). Panel D shows a higher
power photomicrograph of a hypothalamic slice explant culture. Notice the variety of cell types transfected (scale line = 200 µm).
Panel E shows a high power view of CMV-GFP transfected cells in a hippocampal slice explant culture (scale line = 40 µm).
Notice that the 2 transfected cells have a gold particle in the nucleus. The other gold particles seen in the photomicrograph have
not successfully transfected any cells. Panel F shows a CMV-GFP transfected neuron with a long axonal process in a hypothalam-
ic slice explant culture (scale line = 400 µm). Adapted from Reference 42.
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contained the same upstream and down-
stream sequences and exon I in the VP III
CAT-2.1 gene, but had exons II and III and
introns I and II removed, and the CAT
reporter was replaced by GFP, which was
fused to exon I. This gene construct was
named VP I-GFP-2.1, and the results of its
biolistic transfection into hypothalamic
slices are shown in Figure 4, D through F. A
similar expression pattern in hypothalamic
neurons was observed using this deletion
construct, with GFP expression occurring
exclusively in the relevant nuclear areas
(e.g., PVN, Figure 4D and SCN, Figure
4F) that express the endogenous gene in the
cultured slice (see Figure 1). Immunocyto-

chemical studies showed colocalization of
the VP-Np marker and the expressed GFP
(unpublished observations), further indicat-
ing correct cell-specific expression by the
deletion construct. Thus, it appears that the
combined biolistic-organotypic culture
approach can be a very practical and effec-
tive strategy to study cell-specific gene
expression mechanisms in a variety of cell
types in the central nervous system.

CONCLUSIONS

Particle-mediated gene transfer has a sig-
nificant advantage over the conventional
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Figure 3. NSE-GFP transfection of neuronal cultures. GFP expression in neurons in organotypic (A and B) and dissociated (C
and D) cultures prepared from PN 2 rodent hypothalami 4 days after biolistic transfection with pNSE-GFP constructs (NSE pro-
moter obtained from Dr. Freda Miller, McGill University). Scale line in panel D represents 400 µm in panel A, and 200 µm in
panels B through D.
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procedures that are used for transfection, in
that it is applicable to all cell types and can
be used in most experimental circum-
stances. Only viral vectors have a compara-
ble applicability (but not all viral vectors
are equally effective in all animal species),

however, the viral vector technology is
much more labor-intensive, more time-
consuming, requires special biosafety facili-
ties, may exhibit biotoxicity, and often elic-
its a deleterious immune response from the
host when used in vivo. A second major
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Figure 4. VP-CAT/EGFP gene expression in organotypic cultures. Results of biolistic transfection of VP III-CAT-2.1 (A–C)
and VP-I-EGFP-2.1 (D–F) constructs into organotypic hypothalamic cultures. Analysis of CAT or GFP expression was made by
IHC in PVN or SON (panels A, B, D, and E) and SCN (panels C and F) regions of the cultures.
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advantage of biolistics is that only super-
coiled plasmid DNA is needed to coat the
gold particles, and hence, nonmolecular
biologists can easily and rapidly incorporate
this technology into their experimental
repertoires. The only disadvantage of the
biolistic methodology, is its relatively low
efficiency (the usual being about 1%–3%
of cells transfected), however, a recent
report claimed transfection efficiencies of
10% with dissociated cerebellar granule
cells and hippocampal neurons cultured on
coverslips (45). It is clear that in two cir-
cumstances, viral vectors would be the pre-
ferred method for transfection, i.e., where
large (>50%) transfection efficiencies are
needed, and in vivo in deep regions (e.g.,
subcortical nuclei) of the central nervous
system where the gold particles can neither
penetrate nor be selectively targeted.

There is, however, a unique feature of
biolistics that provides an important
opportunity for experimental biologists.
This derives from the fact that multiple
plasmid DNA copies are adsorbed to the
gold particle's surface. It has been estimat-
ed that approximately 200 plasmid DNA
copies can coat a single one micron gold
particle (4,5,27,41). Hence, penetration of
a cell nucleus would deliver multiple copies
to a single cell and would be likely to pro-
duce hyperexpression of the transfected
gene relative to the endogenous gene. This
could possibly explain why the same con-
struct (e.g., VP-III-CAT-2.1) when used in
transgenic mice did not produce detectable
CAT expression in the SCN in vivo
(17,44), but could produce robust expres-
sion in neurons of the SCN (in Figure 4C)
when transfected by biolistics. Presumably,
the integrated DNA constructs in the
transgenic mice (even when present as
multiple concatenated copies) had lower
transcriptional efficiencies than the same
DNA constructs when used in biolistics.
Even more important, is the fact that a
variety of plasmid DNAs can be placed on

the same gold particle, thereby providing
an easy technique for colocalization of
more than one type of DNA construct in
any transfected cell. Arnold et. al. (1) trans-
fected coated gold particles with a mixture
of two distinct constructs with different
reporters and found, following biolistic
transfection, that 97% of the 130 cells
studied expressed both reporters. In con-
trast, when each construct coated a differ-
ent population of gold particles, and the
gold particles were subsequently mixed and
shot into cells, there was no colocalization
of reporters. This property of coating gold
particles with two distinct genes allowed us
to do quantitative biolistic assays of gene
expression by using one of the colocalized
constructs as an internal control (42).
Although similar experiments have not
been done in animal cells, the cotransfec-
tion of plant cells with as many as 12 (21)
or 13 (9) different plasmid DNAs has been
reported. Eighty five percent of the trans-
genic plants contained more than 2 and
17% more than 9 of the transgenes. If such
cotransfection is also possible in animal
cells (e.g., neurons), then it should be feasi-
ble to perturb a neuron by transfecting sev-
eral specific wild-type or mutant genes,
and to simultaneously mark the transfected
neuron with a GFP reporter in order to
identify it in living cultures for imaging
and/or physiological analysis.
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OVERVIEW

A combination of transgenic technology
and single-cell reverse transcription poly-
merase chain reaction (RT-PCR) has been
used to study gene expression in dopamin-
ergic amacrine (DA) cells of the mouse
retina. Because there are only 900 DA cells,
and they cannot be distinguished from
neighboring neurons on the basis of their
morphology, we labeled them with human
placental alkaline phosphatase (PLAP) by
introducing into the mouse genome PLAP
cDNA under the control of the promoter
of the gene for tyrosine hydroxylase (TH),
the rate-limiting enzyme for dopamine
biosynthesis. Because PLAP is an enzyme
that resides on the outer surface of the cell
membrane, we can identify DA cells after
dissociation of the retina by immunocyto-
chemistry in the living state. Cells are then
patch clamped and harvested for single-cell
RT-PCR analysis of gene expression. Here,
we describe the preparation of the fluores-
cent antibody E6-Cy3 to specifically detect
PLAP-expressing cells, methods to obtain
short-term cultures of solitary neurons

from mouse retinas, and techniques to
detect gene expression in individual neu-
rons. Properties and pitfalls of single-cell
RT-PCR are described and discussed. 

BACKGROUND

Analysis of Neural Networks in the Adult
Brain

To date, an impressive body of knowl-
edge exists on the physiological events that
underlie visual perception. This is due, in
part, to the fact that the visual input can be
controlled with great precision and, in
part, to our adequate understanding of the
first stages of visual processing. In this con-
text, the retina has been a particularly
attractive object of study because of its
physical location, the distinctive morphol-
ogy of its neurons, and the regularity of its
architecture. Interesting and intellectually
stimulating hypotheses on the physiologi-
cal organization of the retina have been
deduced from output measurements,
which are the responses of ganglion cells,
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after manipulation of the neural networks
and subsequent modeling. This top-down
paradigm is today the favored approach to
the understanding of neural networks in
general. In the case of the retina, it relies on
the assumption that this neural center con-
tains a limited number of neuronal cell
types: photoreceptor, bipolar, horizontal,
amacrine, and ganglion cells. 

The reality, however, is far more complex.
Nine different types of cone bipolars were
identified in the rat retina (11). A combina-
tion of photochemical and Golgi staining
methods described at least 28 different types
of amacrine cells in the rabbit (24). Finally,
DeVries and Baylor were able to assign rab-
bit ganglion cells to 11 distinct physiological
classes (8). This extraordinary complexity is
not restricted to the retina. Electrophysio-
logical characterization of inhibitory
interneurons identified at least 16 different
functional types in the hippocampus (31).
On the other hand, the Golgi method
revealed 50 anatomical types of local circuit
neurons in the striate cortex of the monkey,
which led to the suggestion that there could
be as many as 100 different cell types in
each layer of the neocortex (34).

At the heart of this fundamental issue is
the definition of cell type, intended here as
a class of neurons that receives a unique
synaptic or sensory input, carries out a spe-
cific set of computations, and transmits the
products of its activity to a unique set of
postsynaptic neurons or peripheral effector
cells. It is possible, therefore, that each neu-
ronal type expresses a unique constellation
of neuroactive molecules, ion channels,
and receptors. Often, but not necessarily
everywhere, each neuronal type has a
unique morphology dictated by the need
for ordered sampling of the visual world,
efficient utilization of space, and uniformi-
ty in the neuronal geometry. In this case,
shape of a neuron generally reflects the
specificity of its synaptic connections. 

As a result, the various neuronal types

express unique combinations of genes,
which can be explored with the techniques
of molecular biology. In a bottom-up
approach, neurons are identified on the
basis of cell type-specific markers, and their
complement of molecular constituents is
subsequently analyzed. This knowledge is
then used to design appropriate physiolog-
ical experiments to clarify their function in
the computations carried out by the net-
works of which they are components (25). 

Gene Expression in the Nervous System 

Our underestimation of the complexity
of neural networks derives mainly from the
lack of markers specific for the various cell
types and of methods to assign gene expres-
sion either at the mRNA or protein level to
identified neuronal populations.

When a new gene is identified and its
cDNA cloned, a first step in its characteri-
zation is the analysis of its pattern of
expression in various tissues. In the litera-
ture, vast numbers of northern blots were
performed on brain RNA. However, the
detection of the mRNA of interest in the
whole brain is not very informative; this
gene can be moderately expressed in most
if not all the neurons, or it can be highly
expressed in a single large cell population
while absent in all others. Even less infor-
mative is the failure to detect any given
species of mRNA. This occurs for many
genes expressed in the central nervous sys-
tem. A gene can in fact be transcribed at a
very high level in a rare cell type only.
Northern analysis of RNAs purified from
specific regions of the brain reduces, but
does not eliminate, this averaging effect.
With in situ hybridization experiments on
brain sections, it is often impossible to rec-
ognize the types of neurons that contain a
species of mRNA; most of the neurons are
too small, too closely packed, and their
shape is not visible in its entirety. Further-
more, this technique is not very sensitive,
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and the analysis is limited to a very small
number of genes per experiment. 

Double immunostaining with a cell-spe-
cific marker is nowadays the standard tech-
nique to identify the neurons that express
an antigen of interest. Markers are usually
neurotransmitters and their synthetic
enzymes, peptides, cytoskeletal, and calci-
um-binding proteins. The number of such
markers, however, is limited, and they are
rarely distributed throughout the cytosol,
thus allowing recognition of the cell shape.
Furthermore, they can be expressed in
more than one cell type in the same area of
the brain, thus adding new difficulties to
the interpretation of the pattern of expres-
sion. In the retina, for instance, antibodies
directed against glutamic acid decarboxy-
lase (GAD), the GABA synthesizing
enzyme, recognize most of the amacrine
cells without discriminating among the 28
different types. 

Single-Cell Analysis of Gene Expression

Besides immunocytochemistry, other
routine methods to study the presence of
receptors and channels in neurons are
intracellular recordings followed by injec-
tion of dyes or enzymes and patch clamp-
ing of identified cells in slices, after dissoci-
ation or in primary cultures (25). 

In recent years, however, the patch pipet
has also been exploited to collect cytoplasm
from morphologically identified neurons.
This material is then the substrate of a
series of biochemical reactions that lead to
the description of the pattern of expression
of selected genes at a single-cell level. Sub-
sequently, biophysical and pharmacological
properties of ligand and voltage-gated ion
channels in single identified neurons can
be correlated with the expression of specif-
ic mRNAs (28,30,35).

During a patch clamp experiment in the
whole-cell configuration, the rupture of the
membrane patch establishes a low resis-

tance pathway between the interior of the
cell and the lumen of the recording pipet,
thus allowing the dialysis of the cell interi-
or with the electrode solution. At the end
of the recording, negative pressure is
applied, and this causes the entry of the cell
or its contents into the pipet tip. The tip is
finally broken into a microfuge tube to
harvest the cell. In the original version of
the single-cell RT-PCR technique, the
solution filling the microelectrode contains
all the reagents necessary for first-strand
cDNA synthesis (22,37).

Two methods have been used to detect
the presence of specific mRNAs in the har-
vested cell. After random primed first-
strand cDNA synthesis, PCR amplification
with specific primers is carried out in the
same tube. The amplified DNA is then
analyzed by agarose gel electrophoresis. A
second round of PCR amplification may
be required to detect low abundance genes
or to synthesize larger amounts of material
for further analysis. The choice of the PCR
primers determines which gene is analyzed.
This method was successfully applied to
study the expression of single genes or fam-
ilies of genes. A very powerful extension of
this method is called multiplex PCR; after
harvesting the cell content, a first round of
PCR is performed with multiple primer
pairs. Then, several secondary PCRs are
carried out, each containing only one of
the previously used pairs of primers (22).

This technique has demonstrated all its
potential in a series of elegant papers on the
molecular constituents of native glutamate
receptors (1). In a first-round PCR, degen-
erated primers specific for regions highly
conserved in all AMPA subunits subtypes
were used to amplify mRNAs expressed in
the neuron of interest. Several, second-
round PCRs were then assembled using
subunit-specific primers to detect the sub-
units expressed and their spliced forms. The
amplification products were then directly
sequenced to detail the state of editing of
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the messages or cloned to quantify the rela-
tive abundance of the various subunits.
These works, on cerebellar Purkinje and
granule cells in culture (22), in type I and II
hippocampal cells in culture (4), and in a
variety of identified cells in brain slices
(14,19), have clearly demonstrated that dif-
ferential regulation of gene expression leads
to functional diversity in the receptors of
native neurons. For instance, the presence
of the GluR2 subunit is related to the calci-
um permeability of the receptor–ionophore
complex (14,19). 

A second method is based on the activi-
ty of the T7 RNA polymerase (6,37). First-
strand cDNA is synthesized with a primer
that contains the promoter sequence for
this phage enzyme. After the harvest of the
cell contents and the incubation with
reverse transcriptase, a second-strand syn-
thesis reaction is performed. The double-
stranded cDNA is in turn the template for
an in vitro transcription reaction in the
presence of a radiolabeled ribonucleotide.
The amplified RNA can then be used as a
probe to hybridize cDNA clones immobi-
lized on a nylon membrane. This method
has two advantages: (i) the T7 amplifica-
tion step is linear, thus maintaining the
correct proportion between different
mRNAs; and (ii) a theoretically unlimited
number of cDNAs can be detected simul-
taneously. This technique was successfully
applied on a number of different cell types.
It requires, however, more manipulations
than single-cell RT-PCR, and it does not
provide information on common cell-spe-
cific processing, such as splicing and edit-
ing. Furthermore, reverse northern blots
can be subject to a high frequency of false
positives derived from cross-hybridization
of noncomplementary genes that contain
common sequences.

Appendix I shows a list of genes whose
expressions were assessed with single-cell
RT-PCR and the neuronal cell types that
were harvested. In addition to the descrip-

tion of multisubunit ligand-gated channels,
single-cell analysis was applied to the study
of the pattern of splicing of voltage-gated
channels to identify the subtypes in a fami-
ly of metabotropic receptors and to detect
cell-specific markers in order to confirm the
identity of the investigated neuron. 

Single-cell RT-PCR is significantly more
sensitive than in situ hybridization and
permits, therefore, the detection of tran-
scripts present in low abundance. Its
absolute sensitivity, however, is still uncer-
tain (see Results and Discussion).

Identification of Specific Cell Types for
Single-Cell RT-PCR

In many instances, single-cell RT-PCR
has followed conventional patch clamp
recordings. Neuronal cytoplasm was har-
vested from cells in slices, primary cultures,
and after acute dissociation. Unfortunate-
ly, the same limitations that restrict the
electrophysiological analysis to a relatively
small number of identified cell types also
hold true for the analysis of gene expres-
sion. Only well recognizable neurons can
be studied, and the diversity among types
is clearly underestimated. For instance,
typical classifications were “spiking and
non-spiking” or “agonist-sensitive and ago-
nist-insensitive” neurons. Furthermore,
electrophysiological recordings are often
obtained from neurons whose identity in
the intact tissue is not known. 

Rare populations are probably never
encountered by chance during recording in
slices, or they cannot be identified
unequivocally without the injection of a
fluorescent dye such as Lucifer yellow at
the end of the experiment. Primary cul-
tures are prepared from many areas of the
brain, but most of the cells lose their dis-
tinctive morphology after a few days in
vitro. Furthermore, it is unclear whether
neurons after several days in culture are still
representative of their phenotypes in vivo.
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Enzymatic digestion and mechanical tritu-
ration of regions of the nervous system is a
powerful method to obtain short-term cul-
tures of solitary neurons from both young
and adult animals. The majority of the cells
is damaged during dissociation, but some
of them retain highly characteristic mor-
phological traits that facilitate their identi-
fication, such as cerebellar Purkinje cells,
hippocampal pyramidal cells, retinal rods,
and rod bipolars (25).

Nonspecific fluorescent markers, like
4′6-diamidine-2-phenylindole (DAPI) and
acridine orange, are sometimes applied to
the tissue maintained in vitro to label the
soma of specific neuronal populations.
Other dyes can be injected in vivo and
accumulated by retrograde transport.

Transgenic technology is a powerful tool
for stable ectopic expression of a gene in a
tissue or cell type of interest. Therefore, a
neuronal type can be labeled by linking the
promoter of a cell type-specific gene to a
reporter gene whose product can be detect-
ed with common microscopic techniques.
This approach is dependent upon the iden-
tification of the correct genomic sequences
that drive gene expression in specific cell
types and the use of an appropriate reporter.

There is a large amount of literature on
the structure of the regulatory elements of
genes expressed in the nervous system and
the effects of the introduction into the
mouse genome of cloned genomic frag-
ments acting as promoters for a visible
reporter (29). In some cases, such as with
the promoter for the tyrosine hydroxylase
gene, the expression of the reporter is spa-
tially and temporally regulated as the wild-
type gene (2,16). In these cases, entire pop-
ulations of specific neuronal types are
labeled in the genetically modified mouse
line. More frequently, no expression, low
level expression, and expression limited to
a fraction of the relevant cell population
are the outcomes. These results are inter-
preted as a consequence of the absence of

important regulatory sequences in the con-
struct or as position effects caused by
endogenous sequences near the insertion
site of the transgene. Interestingly, in some
transgenic lines the reporter is expressed in
cell populations that do not contain the
endogenous product of the gene whose
promoter was used in the construct. When
these ectopias are stable throughout subse-
quent generations, cell types can be labeled
for which no specific markers are currently
available (15).

Because the fundamental goal of this
approach is to carry out electrophysiologi-
cal recordings in neurons that belong to
specific populations or to study gene
expression at the single-cell level, neurons
must be identified in the living state.
Therefore, an ideal reporter must be either
spontaneously fluorescent, detected by a
fluorescent probe, or capable of generating
a fluorescent reaction product. Specific
neuronal types become thus visible in the
intact tissue, in slices, or after enzymatic
digestion and mechanical trituration of the
neural center in which they reside. Further-
more, because the data obtained from gene
expression will be used to deduce the func-
tion of a neuronal type as a component of a
network, an ideal marker should be visible
with both light and electron microscopes
and stain neurons in their entirety. Infor-
mation about the morphology of the cells
(shape and size), their location (position of
cell bodies and processes), and distribution
(coverage) can thus be obtained with the
light microscope and integrated with data
on their synaptic connections after a study
with the electron microscope.

Unfortunately, at the state of the art,
there is no single reporter that fulfills all
the above requirements. A reporter gene
frequently used is LacZ, that codes for the
enzyme β-galactosidase (β-gal) (23). Cells
expressing β-gal become fluorescent in the
living state after incubation with fluores-
cein-di-β-D-galactopyranoside, but the
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reaction product, fluorescein, leaks out of
the cell very rapidly. In fixed tissue, the
enzyme generates a blue precipitate from a
halogenated indolyl derivative of galactose;
perikarya are visible as well as the initial
portion of large processes, but neither den-
dritic arborizations nor the axon terminals
are stained in their entirety. Furthermore,
the product of the histochemical reaction is
not sufficiently electron dense to permit
identification of fine processes with the
electron microscope. 

A new fluororogenic substrate for β-lac-
tamase has been recently synthesized (40).
However, no transgenic mouse line has
been produced to date that expresses this
reporter. Furthermore, no substrate is cur-
rently available for stable light and electron
microscope preparations.

A green fluorescent protein (GFP) from
the jellyfish Aequorea victoria is another
commonly used reporter (5,36). Its prima-
ry sequence was extensively modified for
use in mammals (41). The mutation S65T
gives enhanced brightness and an excita-
tion–emission spectrum similar to that of
fluorescein. Furthermore, translation effi-
ciency increased dramatically when the
sequence of the cDNA coding region was
adapted to the codon usage of mammals,
and a canonical Kozak sequence was
included for initiation of translation. Visu-
alization of GFP-expressing cells with the
electron microscope must rely on postem-
bedding immunocytochemistry, which is a
less than ideal way to study the synaptic
connections of the stained cells. There are
reports that GFP-induced fluorescence can
be efficiently photo-converted, but large
amounts of protein are required. The main
shortcoming of this reporter is that a rela-
tively large cytoplasmic concentration is
required for its detection (105–106 mole-
cules/cell), a quantity that is often difficult
to obtain when a cell type-specific mam-
malian promoter is used. Recently, howev-
er, GFP was successfully expressed in trans-

genic mice under the control of a mam-
malian promoter in gonadotropin-releasing
hormone neurons (33) and in retinal
dopaminergic cells (Gustincich and Ravio-
la, unpublished results). 

PLAP was originally introduced as a
marker to follow the fate of progenitors
cells in the mouse retina and in other
regions of the central nervous system (13).
PLAP is normally present in high concen-
tration in the microvilli of the syncytiotro-
phoblast, and it is reexpressed ectopically
in a variety of tumors in the adult. Because
it is linked to the outer cell surface, it was
exploited for immunodetection of cancer
cells in patients. Therefore, numerous
monoclonal antibodies exist which recog-
nize various antigenic regions of the pro-
tein (7). The monoclonal antibody E6,
that belongs to the IgG2b, k subtype, was
produced against butanol-extracted ace-
tone-precipitated human placentas and is
highly specific for both native and cDNA-
synthesized PLAP protein (3,9,20). As the
enzyme is located on the outer surface of
the cell membrane, PLAP-expressing neu-
rons can be identified by immunocyto-
chemistry in the living state. Thus, cells
can be harvested for molecular biology and
their voltage-gated and ligand-gated chan-
nels studied with the patch clamp tech-
nique. To prevent a secondary antibody to
induce patching and subsequent endocyto-
sis of the primary antibody–antigen com-
plex, purified E6 was directly coupled to
the monofunctional reactive dye Cy3.
The Cy3-conjugated antibody (E6-Cy3)
did not significantly cross-link its antigen,
because the fluorescent marker neither
formed patches at the cell surface nor was
internalized by endocytosis in cultured ψ-
2-DAP cells, which synthesize human
PLAP as a result of retroviral infection. In
contrast, dramatic endocytosis was
observed when the cultures were stained
with polyclonal anti-PLAP antibodies, or
when incubation with the monoclonal
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antibody was followed by treatment with
polyclonal antimouse IgGs. Furthermore,
GABA-gated currents were studied in
PLAP-carrying rod bipolars and found to
be indistinguishable from those recorded
from morphologically identified wild-type
mouse rod bipolars (16).

Because of its high pH optimum (pH
10.0–10.5), PLAP biological activity is
probably minimal in the normal environ-
ment of the developing and adult nervous
systems (27,32). We and others have
shown that PLAP ectopic expression inter-
feres neither with the development nor
with the electrophysiological properties of
various neuronal populations (13,16).
PLAP is a sturdy enzyme; it is not inacti-
vated by fixation with both formaldehyde
and low concentrations of glutaraldehyde.
Furthermore, in contrast with other
endogenous phosphatases, its activity sur-
vives exposure to a temperature of 65°C for
30 minutes. Thus, after heat inactivation,
only ectopically expressed PLAP is stained
both at the light and electron microscopes
by common histochemical techniques for
phosphatase activity. Because of its connec-
tion to the bilayer by a glican–inositol
phosphate tail, PLAP diffuses throughout
the neuronal surface. As a result, the prod-
uct of the histological reaction outlines the
entire neuronal surface; dendritic arbors
are stained in their entirety, and axons can
be followed to their termination in distant
regions of the brain or body. For the light
microscope, a purple product is generated
upon hydrolysis of 5-bromo-4-chloro-3-
indolyl phosphate in presence of nitro blue
tetrazolium chloride as an electron accep-
tor. The histochemical method for electron
microscopy derives from the old Gomori
technique, based on the hydrolysis of
organic phosphates in the presence of calci-
um ions. With a lead citrate modification,
PLAP enzymatic activity generates a dense
reaction product on the outer aspect of the
cell membrane without obscuring the

underlying cytoplasm. Thus, synaptic con-
nections can be studied (16,26).

Because of the unique possibility of
using both immunolabeling and enzymatic
reactions, PLAP-carrying neurons can
therefore be identified in the living state for
molecular and electrophysiological analysis
and, after chemical fixation, for light and
electron microscopic studies.

A Case Study: Dopaminergic Amacrine
Cells of the Retina

Dopamine (DA) subserves fundamental
functions in the nervous system; it facili-
tates and controls initiation of movement,
regulates reward behaviors and affective
states, and is involved in the response to
stress. Dysfunction of the DA system has
been implicated in the neurobiology of
addictions and in a vast array of clinical
conditions, such as Parkinson’s disease, tar-
dive dyskinesia, and schizophrenia. Thus,
an understanding of the mechanisms that
control the release of this modulator may
have important consequences for interven-
tions in motor and affective disorders. 

In the retina, DA is synthesized by either
amacrine or interplexiform cells. When the
vertebrate retina is illuminated, DA extra-
cellular levels increase and modulate many
of the events that lead to neural adaptation
to light (39). It has been shown that there is
a significant decrease of DA cells in aged
human and rat retinas compared to
younger individuals. Furthermore, retinal
DA cells degenerate in patients affected by
Parkinson disease, suggesting a common
mechanism of degeneration in mesen-
cephalic and retinal DA neurons (10). 

DA is the first neuroactive molecule in
the synthetic pathway for catecholamines,
and tyrosine hydroxylase (TH) is the rate-
limiting enzyme for its synthesis. Immuno-
cytochemical detection of TH is the most
sensitive tool to identify DA cells. However,
progress in the study of these neurons has
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been slow because these cells are very rare
(approximately 450 neurons in the mouse
retina) and for the lack of reliable methods
to label them in the living state (16,38). 

We have exploited the properties of
PLAP to study the dopaminergic neurons
of the mouse retina. To this purpose, we
linked its cDNA to a promoter sequence of
the gene for TH (2). This construct was
introduced into the mouse genome, and a
line of transgenic animals was obtained in
which PLAP was expressed on the outer
surface of the cell membrane of DA cells
(16). PLAP-labeled DA cells were studied
with the light and electron microscopes
and, after enzymatic digestion and
mechanical trituration of the retina, patch
clamped for single-cell RT-PCR studies of
gene expression or for electrophysiological
experiments (12,16,17). Thus, their reper-
tory of mRNAs could be correlated with
their physiological properties and with
their synaptic connections. In this way, a
large amount of information was obtained
on a very rare type of neuron.

In the following sections, we illustrate
the techniques to study gene expression at
a single-cell level in PLAP-containing neu-
rons of transgenic mice. First, we describe
the culture conditions of E6-Hy hybrido-
ma cells, the purification of E6 antibody,
and the coupling reaction to the fluo-
rochrome Cy3. Then, we illustrate the
preparation of short-term cultures of soli-
tary neurons from adult mouse retinas and
the harvesting of PLAP-expressing cells for
single-cell RT-PCR. Because we know
from immunocytochemistry that the pro-
moter of the TH gene directs the expres-
sion of PLAP to all neurons of the intact
retina which contain TH (16), we analyzed
the presence of TH mRNA by single-cell
RT-PCR in solitary dopaminergic neurons
harvested after dissociation and labeling
with E6-Cy3. In the protocol section, we
report the conditions for detecting this
transcript in single cells. In the next sec-

tion, the experimental results are presented
and discussed. They represent a reliable
measure of the sensitivity and reproducibil-
ity of our method for single-cell RT-PCR.
We also comment upon results obtained
with other mRNAs, such as those for the
GABAA receptor subunits (17). Further-
more, we discuss properties and limits of
the single-cell RT-PCR technique when it
is applied to solitary neurons and to exper-
iments of simultaneous detection of several
transcripts in the same cell. 

The characterization of the transgenic
mouse used in this study was presented
elsewhere as well as the details on the pro-
tocols used for light and electron micro-
scopy (16). 

PROTOCOLS

Protocol for the Preparation of the
Antibody E6-Cy3

We describe here all the steps that lead
to the production of E6-Cy3 as they are
routinely carried out in our laboratory,
from growing E6-Hy hybridoma cells to
the coupling reaction. Because most of
them are common knowledge, they can be
modified according to the needs and habits
of each laboratory (18). We recommend
the production of at least 1 L of super-
natant to obtain approximately 3 to 5 mg
of protein. The step in Ultra Low-IgG
medium is required to avoid copurification
of the antibodies present in the serum.
They can in fact cause an inefficient label-
ing of the E6 antibody and undesirable
nonspecific staining during in vivo experi-
ments. The most delicate step is the cou-
pling reaction between the amino groups
of the lysines present in the antibody and
the activated groups of the dye. Many fac-
tors can affect its efficiency: temperature,
buffer, pH, length of time, and the ratio
between the concentrations of antibody
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and dye. After the purification, a dialysis
step is needed to change the buffer solution
from Tris-HCl to phosphate to avoid the
reaction of the dye with the amino groups
contained in the Tris molecule. The alka-
line pH is used to keep all the amino
groups of the protein in the reactive form.
We find convenient to lyophilize the anti-
body after the dialysis so that its concentra-
tion can be optimally adjusted for the cou-
pling reaction. The uncoupled E6 can be
stored for months at 4°C. It must not be
frozen. When 1 mg of E6 is coupled to half
tube of Cy3, we obtain approximately 1.5
mL of E6-Cy3 antibody that can be stored
at 4°C for several months. This sample is
tested for specificity and brightness on reti-
nal sections at 1:1000/1:5000 dilutions,
and it is used 1:100 in in vivo experiments. 

Materials and Reagents

• HGM (hybridoma growth medium):
10% fetal bovine serum, MEM (mini-
mum essential medium) sodium pyru-
vate 1 mM, L-glutamine 2 mM, peni-
cillin 100 U/mL, streptomycin
sulphate 100 µg/mL in RPMI 1640
(all from Life Technologies, Gaithers-
burg, MD, USA).

• AHM (antibody harvesting medium):
10% Ultra Low IgG fetal bovine
serum, MEM sodium pyruvate 1 mM,
L-glutamine 2 mM, penicillin 100
U/mL, streptomycin sulphate 100
µg/mL in RPMI 1640 (all from Life
Technologies).

• Protein A Sepharose® 4 Fast Flow
(Amersham Pharmacia Biotech, Pis-
cataway, NJ, USA).

• 1 M Tris-HCl, pH 8.0 (autoclaved).
• 10 Kd cutoff Slide-A-Lyzer dialysis

cassettes (Pierce Chemical, Rockford,
IL, USA). 

• Glycine 0.1 M, pH 2.5 (filtered).

• Carbonate buffer 1 M, pH 9.3 (fil-
tered).

• Monofunctional Cy3 dye (Amersham
Pharmacia Biotech).

• G25 Sepharose (Amersham Pharmacia
Biotech). 

Procedure

Culturing Hybridoma Cells and
Harvesting the Antibody

1. Resuspend cells from the cryotube in
10 mL HGM. Spin for 5 minutes at
400× g. Discard supernatant. Resus-
pend pellet in 10 mL HGM. Spin
again for 5 minutes at 400× g. Discard
supernatant. Resuspend pellet in 5 mL
HGM. Take 100 µL and measure cell
concentration with the Trypan blue
exclusion method: refringent cells alive,
blue cells dead. Add HGM to an opti-
mal concentration of 2 x 105 cells/mL.
Incubate the flasks at 37°C in 5%
CO2, 95% O2 atmosphere.

2. Count the number of cells regularly.
The culture must be kept at a concen-
tration between 105 and 106 cells/mL
(3–4 days) and should never exceed
106 cells/mL. E6 hybridoma cells tend
to stick to the bottom of the flask;
shake it vigorously when cells are col-
lected for counting or splitting.

3. Expand the culture to a volume of 100
mL with a concentration of 106

cells/mL. Cells are then collected and
spun for 5 minutes at 400× g. Discard
the supernatant. Resuspend 108 cells in
1 L of AHM (105 cells/mL). Count
cell concentration every day. When the
culture reaches 106 cells/mL, incubate
the culture for 2 more days.

4. Collect the medium. Spin for 15 min-
utes at 1000× g. Pool the supernatant
(1 L), add 0.1% sodium azide, and
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store at 4°C.

Purification of the Antibody

1. Wash 1 mL of Protein A Sepharose 4
Fast Flow with 10 mL 0.1 M Tris-HCl,
pH 8.0 (1 mL drained resin binds 35
mg human IgG). Repeat twice.

2. Insert a piece of packing foam at the
bottom of a 20-mL sterile syringe
(check the flow with water) and mount
the syringe as a chromatography col-
umn. Wash with water. Resuspend the
resin in 10 mL 0.1 M Tris-HCl, pH
8.0 and gently add it to the syringe.
Wash the column with 40 mL of 0.1
M Tris-HCl, pH 8.0. 

3. Add 110 mL 1 M Tris-HCl, pH 8.0 to
the 1 L of supernatant (note the change
in color). Before the resin dries, add 10
mL of the supernantant/Tris solution
to the column.

4. Close the mouth of the syringe with a
rubber stopper. This must have a hole
through which a plastic tube is insert-
ed. The other end of the tube is sub-
merged in a bottle containing the
supernatant/Tris solution. Raise the
bottle to fill the syringe and keep
adjusting the height so that the fluid in
the syringe does not overflow.

5. Pass all the supernatant/Tris solution
through the column twice (24–36 h).
Note: Never let the column dry up.

6. When all the supernatant/Tris solution
has passed through the column, add 2
x 20 mL of 0.1 M Tris-HCl, pH 8.0.
Then, add 2 x 20 mL of 10 mM Tris-
HCl, pH 8.0.

7. Let the fluid sink to the top level of the
resin and add 0.1 M glycine, pH 2.5,
in small aliquots. Recover approxi-
mately 900-µL aliquots of eluted solu-
tion in microfuge tubes containing 100
µL of 1 M Tris-HCl, pH 8.0. Collect
10 aliquots and store them at 4°C.

8. Regenerate the column with 2 addi-
tional washes of 20 mL each of 0.1 M
glycine, pH 2.5, and resuspend the
resin in 10 mL water. Wash it twice in
a Falcon® tube (Becton Dickinson,
Bedford, MA, USA) and store it at
4°C.

Electrophoresis, Spectrophotometric
Reading, and Dialysis

We usually carry out polyacrylamide gel
electrophoresis on 2 µL of each aliquot
(18). After the gel is stained with
Coomassie® blue, the aliquots that contain
the antibody are pooled. The antibody
solution is then dialyzed for at least 48
hours against phosphate-buffered saline
(PBS) in a 10 Kd cutoff Slide-A-Lyzer dial-
ysis cassette. The buffer is changed at least
twice a day. The solution is then collected,
and the protein concentration is measured
with a spectrophotometer, reading the
absorbance at 280 nm. The antibody is
then lyophilized to a concentration of at
least 1.5 mg/mL.

Coupling

1. Prepare 1 mg of dialyzed antibody in
700 µL PBS.

2. Add 100 µL of 1 M carbonate buffer,
pH 9.3.

3. Dissolve the content of a single tube of
Cy3 dye in 400 µL of PBS. Take 200
µL and add them to the antibody solu-
tion. Wrap the tube in aluminum foil
and stir by rotation for 30 minutes at
30°C.

4. Put the tube on ice.
5. During the reaction, prepare the seph-

arose column. Suspend the G25 resin
in an equal volume of PBS to a final
volume of 50 mL. Pour the resuspend-
ed resin into a 50-mL Falcon tube and
wash it with PBS. Spin down for 1
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minute at 400× g. Repeat twice. Pre-
pare a 10-mL sterile syringe with foam
at the nipple (check the flow by adding
water), and mount it as a chromatogra-
phy column. Wash with water. Resus-
pend the resin in 25 mL of PBS and
gently add aliquots to the syringe.
When an approximate 8-mL resin col-
umn has formed, continue to add PBS
until the coupling reaction is complete.

6. Before the resin dries, add the antibody
solution. After the entire sample has
entered the column, add 100-µL ali-
quots of PBS. When a dye-free upper
portion of the column becomes visible,
fill the syringe with PBS. During chro-
matography, two thick red bands will
become visible. Collect, in an Eppen-
dorf® tube, the volume containing the
bottom band.

7. Store the E6-Cy3 antibody at 4°C in a
tube wrapped in aluminum foil.

Protocol for Dissociation of the Retina
and Harvesting of Neurons

This protocol has been optimized to
detect a very small population of neurons
that are located in the middle of the retina;
DA cell bodies occupy the most vitreal tier
of the inner nuclear layer (INL) and the
dendrites spread in the stratum S1 of the
inner plexiform layer (16). The procedure
must be drastic enough to free these cells
from the surrounding tissue, but it should
not compromise their viability, and it
should preserve some of the dendrites for
the study of postsynaptic receptors. It is
especially important that PLAP at the cell
surface is not completely digested;
although the dissociated cells are never as
intensely stained as in the intact retina,
enough enzyme must survive papain diges-
tion to permit easy identification of the
labeled neurons.

Papain probably acts only at the inner

and outer limiting membranes of the reti-
na; therefore, the enzymatic digestion must
be followed by trituration (21). 

Because DA cells are very rare, the entire
cell suspension must be plated. We usually
distribute our preparation among 6 small
petri dishes. We can detect an average of 5
DA cells per petri dish in a carpet of thou-
sands of unlabeled neurons. Thirty min-
utes are the minimum amount of time to
allow the solitary neurons to sediment on
the glass coverslip at the bottom of the
dish. The dishes must be pretreated for at
least 1 hour with a solution of concavalin
A to promote cell adhesion to the glass. 

For single-cell RT-PCR experiments on
other retinal cell types, the dissociation
procedure has to be modified. Rods, rod
bipolars, and ganglion cells are more
numerous than DA cells and probably eas-
ier to obtain by dissociation of the retina.
Best results are obtained by decreasing the
digestion step to 20 min and limiting the
number of trituration events. For neurons
of the central nervous system, the dissocia-
tion is carried out on vibratome sections.
After trituration, we centrifuge only the
supernatant, discarding the fragments that
fall at the bottom of the tube. The solitary
neurons are then plated at the lowest con-
centration possible taking into account the
frequency of the cell type of interest. We
were not successful with protocols that
include an incubation step in a very low
amount of calcium ions. Furthermore,
such treatment may have undesirable
effects on gene expression. 

When harvesting neurons for single-cell
RT-PCR experiments, our main concern is
the preservation of the integrity of the
mRNA and the elimination of RNA origi-
nating from other cells or cDNA contami-
nants present in the laboratory. Recording
chambers are washed with hydrogen perox-
ide prior to concavalin A treatment; aere-
osol-resistant pipet tips, tubes, and glass for
electrodes are autoclaved; reagents are
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stored at -20°C in single-use aliquots. Cells
are harvested, and solutions are prepared in
rooms that are different from the laborato-
ry in which the PCRs and agarose gel elec-
trophoresis are carried out. We pretreat the
electrodes with dimethyl-chloro-sylane to
decrease the affinity of the glass for the
RNA present in the medium. Further-
more, we apply positive pressure to the
solution within the electrode from the
moment this is immersed into the bath and
until it touches the cell membrane. After
the seal is formed, we monitor its resistance
throughout the harvesting procedure to
control its integrity. The cell is then lifted
and positioned in front of a flux of fresh
extracellular solution for 1 min. All these
operations occur under constant visual
control (17).

In the literature, neurons floating in the
medium have been collected for single-cell
RT-PCR using a large-bore suction pipet.
This technique can only be applied when
the tissue of interest contains a nearly
homogeneous cell population or the cell
type under study can be easily recognized
on account of its shape. Furthermore, the
collection must be fast, because of the high
mortality of the cells when they do not
adhere to a solid substrate. More impor-
tantly, the probability that undesirable cells
or cellular debris are sucked into the pipet
is very high.

We find it convenient to carry out
cDNA synthesis and PCR amplification in
a day different from that of harvesting.
Therefore, we store single cells at -80°C in
the presence of RNase inhibitor. This pro-
cedure also decreases the chances of conta-
mination. Lysis of the neurons takes place
when they are thawed. 

Alternatively, the harvested cells can be
momentarily kept on ice in a solution con-
taining RNase inhibitor and the detergent
Nonidet® P-40 (NP40), which lyses only
the plasma membrane without affecting the
nuclear envelope. Furthermore, 0.5%

NP40 does not inhibit reverse transcriptase. 

Materials and Reagents

• Coating solution: concavalin A
(Sigma, St. Louis, MO, USA) 1
mg/mL in PBS, prepared fresh.

• EBSS medium: (Earle’s Balanced Salt
Solution; Sigma) enriched with glu-
cose (10 mg/mL).

• 10× Papain-activating stock solution:
1 mM L-cysteine, 0.5 mM EDTA in
EBSS medium, stored in 500-µL
aliquots at -20°C.

• 20× DNase I stock solution: 200
U/mL DNase I (Worthington Bio-
chemical, Lakewood, NJ, USA) in
EBSS medium, stored in 500-µL
aliquots at -80°C.

• Digestion buffer: 20 U/mL papain
(Worthington Biochemical) in 5 mL
of EBSS medium containing 1×
papain-activating solution and 1×
DNase I solution.

• 10× OVOBSA stock solution: 1
mg/mL ovomucoid inhibitor (Wor-
thington Biochemical) and 1 mg/mL
bovine serum albumin (Sigma) in
EBSS medium, stored in 500-µL
aliquots at 4°C.

• Trituration buffer: 5 mL of EBSS
medium containing 1× DNase I solu-
tion and 1× OVOBSA solution. 

• MEM (Sigma).
• Extracellular solution: NaCl 137 mM,

KCl 5.4 mM, CaCl2 1.8 mM, MgCl2
1 mM. 4-(2-hydroxethyl)-1-pipera-
zineethanesulfonic acid (HEPES) 5
mM, glucose 20 mM. Autoclaved and
stored at 4°C.

• Intracellular (electrode) solution: KCl
130 mM, EGTA 0.5 mM in HEPES
10 mM, pH 7.4. Autoclaved and
stored at 4°C.
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• Electrodes: borosilicate glass electrodes
(1.65 mm OD, 1.2 mm ID; A-M Sys-
tems, Carlsborg, WA, USA) are
immersed in a 5% solution of
dimethyl-chloro-sylane (Sigma) in
chloroform for at least 1 hour. They
are then carefully washed, baked at
80°C overnight, and autoclaved. Patch
pipets are constructed using a horizon-
tal 2-stage electrode puller (BB-CH,
Mecanex, Geneva, Switzerland); the
electrode resistance ranges from 5 to 7
MΩ. Electrodes are connected to the
amplifier via an Ag/AgCl wire. The
electrode holder and the headstage are
mounted on a piezoelectric remote-
controlled device attached to a tridi-
mensional micromanipulator (Bur-
leigh Instruments, Fishers, NY, USA).
The intracellular solution is filtered
and loaded into the electrode.

• Harvesting solution: 2 µL contains 0.4
µL of 5× first-strand buffer (KCl 375
mM, MgCl2 15 mM, Tris-HCl 250
mM, pH 8.3), 10 mM dithiothreitol
(DTT) and 4 U RNAGUARD
(Amersham Pharmacia Biotech).

Procedure

Dissociation of the Retina

1. Eyes are enucleated from anesthetized,
1 to 6-month-old mice and opened at
the equator. After removal of cornea,
lens, and vitreous body, the eyecups are
transferred to a petri dish containing
EBSS and cut in half. The 4 specimen
are then moved into a 10-mL Falcon
tube containing 5 mL of digestion
buffer and incubated for 40 minutes at
37°C with gentle agitation. Prior to
use, the enzyme is activated for 30
minutes at 37°C by adding 20 U/mL
papain to 1× papain-activating solu-
tion. At the moment of immersing the
specimens, the digestion buffer is com-

pleted by adding an equal amount of
1× DNase I stock solution.

2. At the end of the digestion, eyecups are
transferred into a petri dish containing
2 mL of trituration buffer. The retinas
are carefully detached from the pig-
ment epithelium and moved to a Fal-
con tube containing 1 mL of fresh trit-
uration buffer. For trituration, they are
slowly sucked into and immediately
expelled from a fire-polished Pasteur
pipet and this process is repeated about
10 times. The supernatant containing a
suspension of dissociated cells is trans-
ferred into a new Falcon tube. The
remaining retinal pieces are resuspend-
ed in 1 mL of trituration buffer and
triturated 5 more times using a Pasteur
pipet whose bore had been reduced by
fire polishing. 

3. Cell suspensions are pooled and cen-
trifuged at 1000 rpm for 5 minutes.
The pellet is then resuspended in 2 mL
MEM. The antibody E6-Cy3 is diluted
1:200 in 2 mL MEM, and this solution
is added to the cell suspension. 

4. Aliquots of the cell suspension are
deposited in the recording chambers.
These are prepared by machining a
hole 20 mm in diameter in the bottom
of a 35-mm petri dish and gluing a cir-
cular glass coverslip 25 mm in diameter
to the margin of the hole with Sylgard
184 (Dow Corning, Midland, MI,
USA). Finally, the surface of the cover-
slip is treated with concanavalin A
solution for at least 1 hour prior to
transfer of the cell suspension. The reti-
nal neurons are allowed to sediment on
the glass for 30 minutes at 37°C in 5%
CO2, 95% O2 atmosphere. 

Harvesting of Neurons

1. Thirty minutes after plating, cells are
washed 5 times and kept in the extra-
cellular solution for the rest of the
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experiment. After positioning the
recording chamber on the stage of an
inverted microscope, E6-Cy3-stained
neurons are identified by scanning the
coverslip in epifluorescence (535 nm
excitation filter; 610 nm barrier filter).
Immediately after cell identification,
the UV beam is turned off, and the rest
of the procedure is carried out in visi-
ble light with Nomarski optics. 

2. When the patch pipet is immersed into
the bath, positive pressure is continu-
ously applied to the fluid within to
avoid entry of cellular debris. After
gigaseal formation on the surface of the
neuron and disruption of the patch
membrane, the cellular contents are
aspirated into the pipet by gently
applying negative pressure until the
residual cell ghost became stuck to the
pipet tip. The electrode is then posi-
tioned in front of a perfusion tube with
an internal diameter of 0.5 mm. The
cell is washed for 1 min with fresh
extracellular solution applied by pres-
sure ejection. The electrode is then lift-
ed from the bath and removed from
the holder.

3. The tip of the pipet is finally broken
into an Eppendorf tube containing 2
µL of harvesting solution. After brief
centrifugation, the tube is frozen on
dry ice and stored at -80°C. Harvesting
lasts from 30 to 90 minutes from the
time of plating.

Protocol for Single-Cell RT-PCR

Our protocol consists of a random-
primed cDNA synthesis step followed by 2
successive rounds of PCR (Figure 1) (17).
The first amplification reaction occurs in
presence of forward (F) and reverse (R)
primers, whereas in the second round, two
primers internal to the first amplification
product (FN and RN, N for nested) are
used to increase specificity. Primer sequen-

ces are located in different exons to avoid
amplification of genomic DNA and are all
designed to anneal at 55°C (first round) or
60°C (second round), so that different
cDNAs can be amplified together in a sin-
gle multiplex experiment. Primers are usu-
ally 22 to 24 nucleotides long with a
guanosine and cytosine content of 50% to
60%. 5′ and 3′ end of the primers are not
complementary to prevent the formation
of hairpins or primer dimers. The ampli-
fied fragment must be kept short, prefer-
ably in the range of 150 to 400 bp. Each
couple of primers is first tested in a RT-
PCR experiment from 100 ng of retina
total RNA. These amplifications are car-
ried out for 40 cycles at the appropriate
annealing temperature. The RT-PCR prod-
ucts are digested with suitable restriction
enzymes to confirm specificity. RNA-
dependency of the amplification is estab-
lished by omitting RT during first-strand
cDNA synthesis.

Neurons of interest, bystander cells and
controls (supernatant and first-strand mix-
ture in absence of a cell) are examined
simultaneously in each experiment. Fur-
thermore, six is the highest number of cells
that are analyzed at any given time to min-
imize contamination. 

The repertory of PCR products should
be the same when the number of cycles is
increased from 28 + 30 cycles to 40 + 35
cycles. However, the number of cycles
must be kept as low as possible to avoid
contamination and increase in number of
nonspecific signals.

The number of cycles required, howev-
er, depends on a variety of factors, but
especially the abundance of the amplified
transcript. In most cases, a single round of
40 cycles is sufficient. 

Many different RT-PCR strategies are
reported in the literature. The first-strand
synthesis can be directed by oligo(dT)
primers, random examers or antisense
primers that recognize specific target
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sequences. The cDNA thus obtained can
then be amplified with specific primers for
a single-round PCR or with two-round
PCR, where the first amplification occurs
in presence of degenerated oligonucleotides
and the second with primers specific for
the various transcripts.

Several methods of detection have been
employed, including ethidium bromide
staining, Southern blotting, and direct
autoradiography of the amplified bands
through incorporation of a radioactive
nucleotide or primer in the PCR.

Materials and Reagents

• First-strand mixture: 18 µL contain
3.6 µL of 5× first-strand buffer (KCl
375 mM, MgCl2 15 mM, Tris-HCl
250 mM, pH 8.3); 36 U RNA-
GUARD; 4 ng Pd(N)6, 1 mM each
dNTPs (from Amersham Pharmacia
Biotech), 4 mM DTT, 200 U Reverse
Transcriptase SUPERSCRIPT II H-
(both from Life Technologies). 

• Primers: for the amplification of TH
mRNA, first-round F primer was 5′-
CTGGCCTTCCGTGTGTTTCAG-
TG-3′, which hybridizes with TH
cDNA at nt 915 (GenBank® Accession
No. M69200), and the corresponding
R primer was 5′-CCGGCTGGTA-
GGTTTGATCTTGG-3′, which hy-
bridizes with TH cDNA at nt 1296.
The first-round RT-PCR product was
382 bp long. The second-round FN
primer was 5′-AGTGCACACAGTA-
CATCCGTCAT-3′, which hybridizes
with TH cDNA at nt 934, and the cor-
responding RN primer was 5′-GC-
TGGTAGGTTTGATCTTGGTA-3′,
which hybridizes with TH cDNA at nt
1293. The final nested RT-PCR prod-
uct was 360 bp long and contained a
unique SacI site. 

• First-round PCR mixture: 80 µL con-
tains 10 µL of 10× RT-PCR buffer (KCl

350 mM, MgCl2 9 mM, Tris-HCl 100
mM, pH 8.3), 40 pM each F and R
primers, 1 U Taq DNA polymerase
(Roche Molecular Biochemicals). 

• Second-round PCR mixture: 49 µL
contains 5 µL of 10× PCR buffer (KCl
500 mM, MgCl2 15 mM, Tris-HCl
100 mM, pH 8.3), 200 µM each
dNTPs, 20 pM each FN and RN
primers, 1 U Taq DNA polymerase. 

• QIAquick gel extraction kit (Qia-
gen, Valencia, CA, USA).

• Original TA Cloning® Kit (Invitro-
gen, Carlsbad, CA, USA).

Procedure

First-Strand cDNA Synthesis

1. Tubes containing single cells are incu-
bated for 1 minute 30 seconds at 65°C. 

2. After cooling in ice for 2 minutes, 18
µL of First Strand Reaction Mixture is
added to each tube, and first-strand
cDNA is synthesized at 42°C for 1
hour. At the end of the reaction, tubes
are cooled on ice.

Two Rounds PCR

Here, we describe the procedure that we
used for amplification of TH mRNA. 
1. Eighty microliters of the first-round

PCR mixture are added to the tubes.
First-round amplification comprises: 2
minutes 30 seconds at 94°C; 10 cycles
each consisting of 30 seconds at 94°C,
30 seconds at 55°C, and 1 minute at
72°C; 18 cycles each consisting of 30
seconds at 94°C, 30 seconds at 55°C,
and 1 minute at 72°C, with a 5 second
extension time added to the final step
of each cycle beginning from the sec-
ond cycle; 10 minutes at 72°C. 

2. One microliter of the first-round PCR
products is used as a template for

99

7. Gene Expression in Genetically Labeled Single Cells

Merighi7-aucorr.qxd  5/23/02  6:07 PM  Page 99



second-round PCRs and mixed with
49 µL of the second-round PCR mix-
ture solution. Amplification is carried
out as following: 2 minutes 30 seconds
at 94°C; 10 cycles each consisting of 30
seconds at 94°C, 30 seconds at 60°C,
and 1 minute at 72°C; 20 cycles each
consisting of 30 seconds at 94°C, 30
seconds at 60°C, and 1 minute at
72°C, with a 5 second extension time
added to the final step of each cycle
beginning from the second cycle. 

Analysis of the Results

1. Ten microliters of the second-round
PCR products are analyzed by elec-
trophoresis in 1% Seakem® GTG®

and 1% NuSieve® GTG agarose
(FMC BioProducts, Rockland, ME,
USA), containing 0.5 µg/mL ethidium
bromide. 

2. The remaining PCR products are puri-
fied and desalted using the Qiagen kit.
DNA is then digested with SacI to
check for specificity. 

3. When the experiments at the single-cell
level are completed, a single-cell RT-
PCR product is cloned into the pCR-II
vector by using the Original TA
Cloning Kit. Both strands are sequenced
using the dideoxy-chain termination
method. DNA similarities are examined
by matching the query sequence to
database entries using the basic local
alignment search tool (BLAST) algo-
rithm. We rigorously avoided cloning
the PCR fragments before the end of
the single-cell RT-PCR experiments,
because the presence of a recombinant
sequence in the laboratory increases the
possibility of contamination. 

RESULTS AND DISCUSSION

E6-Hy hybridoma cells were grown

until they reached a concentration of 106

cells/mL in 1 L of AHM. The supernatant
was collected, and the E6 antibody was
purified with a protein A-sepharose col-
umn. After a 2-day dialysis, the antibody
was concentrated to 2 mg/mL. One mil-
ligram of E6 was coupled to half the tube
of monofunctional Cy3, and the E6-Cy3
antibody was collected from a G25 chro-
matography column.

Staining (1:1000) of cryostat sections of
the retina of the transgenic animals showed
that all cells positive to the histochemical
method for PLAP activity were also stained
by E6-Cy3 and immunoreactive for TH
(Figures 2 and 3). 

After enzymatic digestion and mechani-
cal trituration of the transgenic retina, DA
neurons were identified in the living state
after staining with E6-Cy3 (Figure 3,
inset). After establishing giga-seal with a
patch electrode, the cell was harvested into
the pipet by applying negative pressure and
washed with fresh extracellular solution.
The tip of the pipet was then broken into a
PCR tube containing RNase inhibitor and
stored. Large unlabeled neurons, possibly
ganglion cells, were also collected for fur-
ther analysis. During cell harvest, a sample
of the supernatant in the recording cham-
ber was collected and used as a control to
rule out amplification of mRNA from
floating or dead cells. 

Single neurons were then denatured,
and first-strand cDNA was synthesized
from each of them in the presence of ran-
dom primers. Another control reaction was
carried out in the absence of a cell. The
cDNAs were in turn the template for two
rounds of PCR, and the PCR products
were finally analyzed by restriction enzyme
digestion and agarose gel electrophoresis. 

A 360-bp product specific for the TH
transcript was amplified in 23 out of 28
labeled cells (82%), whereas unlabeled neu-
rons were consistently negative (Figure 4).
An aliquot of the reaction products from
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labeled cells was purified and cut with SacI
to prove the specificity of the amplification.
As expected, the digestion with this restric-
tion enzyme produced fragments of 271 and
89 bp (Figure 4). When the experiments at

the single-cell level were completed, a single-
cell RT-PCR product was cloned and
sequenced to confirm its identity.

The combination of transgenic technol-
ogy with single-cell RT-PCR proved to be a
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powerful tool to detect gene expression in a
very small cell population; DA cells repre-
sent in fact less than 0.005% of the neu-
rons of the mouse retina. 

We know from immunocytochemistry
that in the retina of this transgenic mouse
line, all PLAP-expressing neurons contain
TH (16). Therefore, the proportion of sin-
gle cells that yielded a specific amplifica-
tion product represents an estimate of the
efficiency of our single-cell RT-PCR tech-
nique (82%). Either loss of the cell, deteri-
oration of the message, or inefficient
amplification easily explains failures. These
data must be taken into account when no
amplification product is obtained with a
pair of primers specific for other messages. 

Negative results should be considered
with caution, because the sensitivity of the
technique remains to be determined. Har-
vesting efficiency and integrity of the
mRNA cannot be measured for every cell,
and the PCR itself is susceptible to a cer-
tain amount of internal variability. 

With a technique based on processing
individual cells and in absence of false pos-
itive results, we have adopted a rate of suc-
cess higher than 70% as an indication that
a given gene was expressed throughout an
entire neuronal population.

Theoretically, the simultaneous amplifi-
cation of the gene of interest and another,
high-abundance gene would confirm the
specificity of the reaction. However, we
consistently failed in our effort to demon-
strate in the very same cell the presence of
messages for both TH and less abundant
transcripts such as those for the GABAA
receptor subunits. Amplification of the
subunit mRNAs was, in fact, competitively
suppressed by the reaction for TH. 

Because we have previously shown that
DA cells express GABAA receptors, the sin-
gle-cell RT-PCR technique was applied to
a study of the subunit composition of this
ligand-gated channel (16,17). At least 10
DA cells were individually examined for

each of the 13 GABAA subunit transcripts
for a total of 161 cells. DA cells express
mRNA for the α1, α3, α4, β1, β3, γ1,
γ2S, and γ2L subunits. All these subunit
mRNAs were successfully detected in at
least 70% of the cells tested. Messages for
the α2, α5, β2, γ3, δ, and ε subunits were
not detected in DA cells. To confirm that
the absence of these subunit transcripts was
not due to low sensitivity of our technique,
we showed that they were present in unla-
beled bystander neurons. 

Then, we examined whether all DA cells
contained the 7 GABAA receptor subunit
transcripts, or they could be assigned to sub-
populations each expressing a different
repertory of GABAA receptor mRNAs. To
this purpose, we resorted to multiplex semi-
nested RT-PCR; in this method, first-strand
cDNA was synthesized from single cells and
amplified in the presence of primers for all
subunit transcripts detected previously.
Then, the product of the first-round ampli-
fication was distributed among 7 different
second-round reactions, each specific for a
single subunit cDNA. Seven DA cells were
examined, and 4 of them contained the
transcripts of all 7 subunits. In 3 cells, the
reaction failed, and we did not obtain any
PCR product. Large unlabeled neurons,
possibly ganglion cells, expressed different
repertories of subunit mRNAs.

Because little is known of the turnover
of mRNAs in intact organs or after dissoci-
ation, we were concerned that our findings
in the isolated cells did not reflect the true
situation in the intact retina. Especially
worrisome, in this respect, was the suppres-
sion of synaptic inputs that could alter the
expression of postsynaptic receptor genes.
Our approach to this problem was twofold.
First, we investigated whether the repertory
of transcripts varied over time; we began to
observe loss of some of the messengers at 4
hours 30 minutes. As a result, cell harvest-
ing was limited to the first 90 minutes after
dissociation. To test whether the experi-
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mental conditions induced a new pattern
of gene expression, we shut off de novo
transcription immediately after trituration
by blocking the activity of RNA poly-
merase II with α-amanitin. Multiplex sem-
inested RT-PCR analysis proved that the
pattern of gene expression remained the
same after inhibition of mRNA synthesis.
Immunocytochemistry with subunit-spe-
cific antibodies showed that all subunits
detected by RT-PCR after dissociation
were expressed in the intact retina (17). 

These findings prove that single-cell RT-
PCR on solitary neurons is a reliable
method to study gene expression in a spe-
cific cell population of the adult brain.
When carried out in combination with a
physiological analysis by patch clamping, it
will speed up and focus the biophysical and
pharmacological research and elucidate the
molecular species responsible for the cells’
behavior. On the other hand, genetic label-
ing permits the study of types of neurons
that cannot be recognized on the basis of
their shape or size. These new data will
address the role of these cell types in the
computations carried out by the neural
networks of which they are components.

TROUBLESHOOTING

Staining with the E6-Cy3 Antibody

After the coupling reaction, a new E6-
Cy3 preparation must be tested at a
dilution of 1:1000 on brain sections of
transgenic mice containing the PLAP-
expressing cells of interest. Two problems
may arise: (i) nonspecific staining of cells
that do not express PLAP; and (ii) PLAP-
expressing cells are not labeled, or they are
weakly stained. E6 is very sensitive to over-
coupling, and, for this reason, we use half
of the quantity of the dye which is recom-
mended by the manufacturer. When the
antibody is over-coupled, it usually loses

specificity, and in mouse retinal sections it
reacts intensely with nuclei in the INL. For
this reason, we recommended the purifica-
tion of adequate amounts of antibody. The
coupling reaction can then be repeated
with decreasing quantity of dye until spe-
cific staining is obtained. On the other
hand, when the antibody is insufficiently
coupled, it does not stain adequately
PLAP-expressing cells in vivo. This may be
caused by copurification of large quantities
of protein from the hybridoma supernatant
(a remedy would be to use the Ultra Low
IgG fetal bovine serum), presence of Tris-
HCl in the buffer (a remedy would be dial-
ysis for 2 additional days), denaturation of
the antibody during the coupling (test the
E6 batch at a dilution of 1:1000 on brain
sections followed by an antimouse sec-
ondary). 

When the batch of E6-Cy3 is satisfacto-
ry, many other factors may influence the
staining of cells after dissociation. If the
staining is weak or absent, the antibody
may be old, and it should be tested on sec-
tions. Papain must be washed very careful-
ly after the digestion step during the disso-
ciation because contaminant traces of the
enzyme may degrade the antibody. If non-
specific staining is observed, the quality of
the dissociation may be poor, for dead cells
bind the antibody. Alternatively, papain
has completely digested the PLAP present
at the neuronal surface; then, the concen-
tration of the enzyme must be decreased or
the incubation time shortened.

Neuronal Viability in Short-Term
Cultures

The presence of a high number of cells
with well-preserved processes is an indicator
of the good quality of the dissociation. The
number of trituration events and the length
of the incubation in papain are crucial steps
to obtain optimal results. Furthermore,
results can vary with the different batches of
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the enzyme provided by the manufacturer.
When the quality of the dissociation deteri-
orates, papain is the prime suspect. If the
change of papain has no effects, we make
new petri dishes; repeated use of the same
dishes or lack of appropriate care in han-
dling them can cause the accumulation of
undesired contaminants. When this occurs,
differences in cells’ viability between dishes
are observed. If the problem persists, we
prepare new media carefully, avoiding heavy
metal contamination. 

Absence of Single-Cell RT-PCR Products

The failure of obtaining single-cell RT-
PCR products is a common outcome when
a new cell type or a new transcript is stud-
ied. Furthermore, it may occasionally hap-
pen even when the protocol is normally suc-
cessful. Most common causes are: (i) the

experiment was not carried out in an
RNase-free environment; (ii) reverse tran-
scriptase did not work properly; (iii) primers
were degraded; and (iv) cells were dying.
The standard requirements when working
with RNA are familiar to molecular biolo-
gists. Recording chambers must be washed
with hydrogen peroxide, tubes and glass for
electrodes must be baked or autoclaved, and
gloves must always be worn. The reverse
transcriptase is stored in a StrataCooler®

(Stratagene, La Jolla, CA, USA) and is han-
dled very gently. Primers are stored at -20°C
in single-use aliquots to avoid degradation
by repeated freezing and thawing. When a
new experiment is designed, primers and
PCR conditions must be tested first on 100
ng of total RNA from the tissue of interest.
Finally, cells must be harvested during the
first hour after plating only from optimal
preparations. 
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Figure 2. Retinal dopaminergic neurons express PLAP. In the retina of a mouse line that carries PLAP cDNA linked to the promoter
for TH, type I catecholaminergic cells express PLAP. In a vertical section of the retina, a neuron is positive to the histochemical reac-
tion for PLAP activity (top panel) that exhibits TH-like immunoreactivity (bottom panel) (adapted from Reference 16). 

Merighi7-aucorr.qxd  5/23/02  6:07 PM  Page 104



105

7. Gene Expression in Genetically Labeled Single Cells

Figure 3. E6-Cy3 specifically stains PLAP-expressing neurons. A monoclonal antibody for PLAP (E6), conjugated to Cy3 (E6-Cy3),
is specific for DA cells, because the very cells that are stained by the histochemical method for PLAP (top panel) also bind E6-Cy3 (bot-
tom panel). Inset: solitary DA cells are identified in the living state by staining with the E6-Cy3 antibody (adapted from Reference 16). 
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Nonspecific RT-PCR Products

Nonspecific bands commonly appear
when no target template is present in the
reaction mixture. Nonspecific bands may
also be associated with the specific amplifi-
cation product. In this case, the number of
cycles should be reduced, or the sequence
of the primers should be changed.

RT-PCR Products in the Control
Reaction

There are three major sources of conta-
mination: (i) mRNA from dead cells pre-
sent in the medium of the short-term cul-
ture is accidentally collected during cell
harvesting; (ii) template DNA is present in
the tube as a result of cross-contamination
during handling of the RT-PCR reactions;
and (iii) PCR products of previous reac-
tions are reamplified. 

To avoid collection of contaminating
mRNA from the medium, cells must be
washed several times with extracellular
solution before harvesting. Electrodes must

be pretreated with sylane. Positive pressure
is applied to the solution within the elec-
trode from the moment this is immersed
into the bath and until it touches the cell
membrane. After the seal is formed, the
resistance must be continuously moni-
tored, and all operations must occur under
constant visual control. Cells must be
washed for 1 min with fresh extracellular
solution. If the seal is poor, cells are dis-
carded. Cells are harvested only when the
dissociation is satisfactory. When the disso-
ciation is poor, the percentage of dead cells
is very high, and it is difficult to achieve a
good seal, thus increasing the possibility of
contamination. An aliquot of the medium
is always collected and processed in paral-
lel.

During the single-cell RT-PCR, gloves
are the most common source of contami-
nation. This occurs when tubes are opened. 

Because single-cell RT-PCR is a very
sensitive technique, amplification of PCR
products from previous experiments can be
a problem. With no exception, cells are
harvested and solutions prepared in rooms
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Figure 4. Single-cell RT-PCR.
Ethidium-stained agarose gel elec-
trophoresis of single-cell RT-PCRs
for TH transcript. Lane 1, a single
DA cell; lane 2, an unlabeled cell;
lane 3, a control reaction where the
cell was omitted; lane 4, SacI diges-
tion of the products of lane 1.
Markers are molecular weights VI
(from Roche Molecular Biochemi-
cals). A single 360-bp product is vis-
ible in lane 1. A restriction enzyme
digestion produces fragments of 271
and 89 bp, confirming the identity
of the amplified band.
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that are different from the laboratory in
which PCRs are carried out. The analysis
of the results is carried out in a third area.
We strongly suggest the cloning of the
PCR products only at the end of the series
of single-cell RT-PCR experiments.
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RECEPTORS

Glutamate
Lambolez et al. (1992) R GluR1-4 C cerebellum Purkinje n.
Bochet et al. (1994) R GluR1-4 C hippocampus n. type II
Jonas et al.(1994) R GluRA-D S neocortex pyramidal and non-p. n.
Geiger et al. (1995) R GluRA-D S CA3 pyramidal n.

Hilar mossy cells
dentate gyrus granule cells
layer V pyramidal cells
dentate gyrus basket cells
Hilar interneurons
neocortex layer V non-pyramidal
cells

medial nucleus of the trapezoid body
Bergmann glial cells

Ruano et al. (1995) R GluR5-7, KA1-2 C hippocampus n.
Zhang et al. (1995) R GluR1-4 D retina ganglion cell
Audinat et al. (1996) R GluR1-4 S neocortex pyramidal and non-p. n.
Garaschuk et al. (1996) R GluRA-D S CA1 pyramidal n.

NR2A-C
Lambolez et al. (1996) R GluR1-4 S neocortex pyramidal and non-p. n.
Tempia et al. (1996) R GluR1-4 S cerebellum Purkinje n.
Wang & Grabowski R NMDAR1 S cerebellum granule n.
(1996) cerebellum Purkinje n.
Angulo et al. (1997) R GluR1-4 S cortex nonpyramidal n.
Flint et al. (1997) R NR2A-D S somatosensoy cortex n.
Plant et al. (1997) R NR2A-D S forebrain medial septal inhibitory n.
Ying et al. (1997) R GluR1-4 C hippocampus n.

Appendix I 

Analysis of gene expression at a single-cell level on cells from the mammalian ner-
vous system. Single-cell RT-PCR experiments are classified according to the function
of the gene product whose mRNA expression was analyzed. For each experiment the
following information is given: first author of the paper and year of publication (the
complete reference is listed alphabetically below); species (R = Rat; M = Mouse);
mRNAs identified (see below for abbreviations); method of preparation (C = primary
Culture; S = Slice; D = Dissociation); neuronal types that were analyzed (n. = neuron).
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Chen et al. (1998) R GluR1-4 D striatum n.
Das et al. (1998) M NR1, NR3A D cerebrocortical n.
Porter et al. (1998) R GluR1-4 S neocortex interneurons

GluR5-7, KA1-2
NR2A-D

Stefani et al. (1998) R GluR1-4 D striatum medium spiny n.
GluR5-7, KA1-2

Zawar et al. (1999) R NR2A-C S CA1 pyramidal n.
stratum radiatum
interneurons
glial cells
dentate gyrus granule cells

Tehrani et al. (2000) R mGluR1-8 S retina ganglion cell

GABA
Grigorenko & Yeh R β1-3 D retina rods
(1994) retina ganglion cells

retina Muller glia
Wang & Grabowski R γ2 S cerebellum granule n.
(1996)
Yeh et al. (1996) R α1-6, β1-3, D retina bipolar cells

γ1-3, δ, ρ1-2 retina ganglion cells
Ruano et al. (1997) R α1-6, β1-3, S cerebellum Purkinje n.

γ1-3, δ cortex pyramidal n
Yan et al. (1997)b R α1-4, β1-3, D neostriatum cholinergic interneurons

γ1-3, δ
Berger et al. (1998) R α1-5, β1-3, γ1-3 S hippocampus basket n.
Gustincich et al. (1999) M α1-5, β1-3, D retina dopaminergic n.

γ1-3, δ, ε
Guyon et al. (1999) R α1-6, β1-3, D substantia nigra dopaminergic n.

γ1-3, δ

ACh
Yan et al. (1996) R mAChR: m1-5 D neostriatum cholinergic 

interneurons
Poth et al. (1997) R nAChR: α2-5,7, C intracardiac parasympathetic n.

β2-4
Vysokanov et al. (1998) R mAChR: m1 D medialprefrontal cortex 

pyramidal n.
medialprefrontal cortex 
interneurons

Porter et al. (1999) R nAChR: α2-7, S cortex pyramidal n.
β2-4 cortex interneurons

Stewart et al. (1999) R mAChR: m1-5 D/C sensorimotor cortex pyramidal n.

Other Receptors
Surmeier et al. (1996) R dopamine D neostriatum medium spiny n.
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(D1a-b, D2-4)
Neumann et al. (1997)a R IFNγ-R; TNFαR C hippocampus
Neumann et al. (1997)b R IFNγ-R C dorsal root ganglion
Yan et al. (1997)a R dopamine D neostriatum cholinergic interneurons

(D1a-b, D2-4)
Yan et al. (1997)b R dopamine D neostriatum cholinergic interneurons

(D1-5)
Futami et al. (1998) R SP S substantia nigra dopaminergic n.

cerebellum Purkinje n.
Hurbin et al. (1998) R VP (V1a-b-2) D supraoptic nucleus magnocellular n.
Schmidt-Ott et al. (1998)M ET (ETA-B) S cerebellum Purkinje n.

Bergmann glial cells
Vysokanov et al. (1998) R dopamine (D4) D medialprefrontal cortex pyramidal n.

serotonin medialprefrontal cortex interneurons
(5-HT2a, 5-HT2c,
5-HT7)

Cardenas et al. (1999) R serotonin D dorsal root ganglion n.
(5-HT1D, 5-HT2C, 
5-HT7)

Skynner et al. (1999) M ERα-β S gonadotropin-releasing hormone n.
Tsuchiya et al. (1999) R serotonin (5HT3) S spinal cord dorsal horn n.
Zhu et al. (1999) R AT1A C hypothalamus

CHANNELS

Sodium
Vega-Saenz de Miera RBI, Scn8a D cerebellum Purkinje n.
et al. (1997)

Calcium
Song et al. (1996) R α1C-D D neostriatum medium spiny n.
Yan et al. (1996) R α1A-E D neostriatum cholinergic interneurons
Mermelstein et al. (1997) R α1A-D D neostriatum medium spiny n.
Plant et al. (1998) R α1A-S S facial nucleus motorneurons
Glasgow et al. (1999) R α1A-E; α2; β1-4 D hypothalamus magnocellular n.
Mermelstein et al. (1999) R α1, β1-4 D neostriatum medium spiny n.

cortex pyramidal n. 

Potassium
Massengill et al. (1997) M Kv3.1 C cortex n.
Martina et al. (1998) R Kv1.1, Kv1.2, S dentate gyrus basket cell

Kv1.4, Kv1.6, CA1 pyramidal n.
Kv2.1, Kv2.2
Kv3.1; Kv3.2,
Kv 4.1, Kv 4.2,
Kv 4.3

Mermelstein et al. (1998) R IRK1-3 D nucleus accumbens projection n.
Song et al. (1998) R Kv1.1, Kv1.2, D neostriatum cholinergic interneurons
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Kv1.4, Kv1.5,
Kv3.4, Kv 4.1,
Kv 4.2, Kv 4.3,
Kv β1, Kv β2,
Kv β3

Baranauskas et al. (1999) R Kv2.1, Kv2.2, D globus pallidus n.
Kv 3.1, Kv 3.2

Zawar et al. (1999) R Kir6.1, Kir6.2, S CA1 pyramidal n.
SUR1, SUR2 stratum radiatum interneurons

glial cells
dentate gyrus granule cells

Tkatch et al. (2000) R Kv 4.1; Kv 4.2; D neostriatum medium spiny n.
Kv 4.3 neostriatum cholinergic 

interneurons
globus pallidus n.
basal forebrain cholinergic n.

CELL-TYPE MARKERS
Enzymes
Bochet et al. (1994) R GAD65 C hippocampus n. type II
Jonas et al.(1994) R GAD65 S neocortex pyramidal and non-p. n.
Yan et al. (1996) R ChAT D neostriatum cholinergic interneurons
Cauli et al. (1997) R GAD65; S sensorymotor cortex 

GAD67;ChAT nonpyramidal n.
cerebellum Purkinje n.

Ceranik et al. (1997) R GAD67 S dentate gyrus interneurons
Plant et al. (1997) R GAD65 S forebrain medial septal inhibitory n.
Yan et al.  (1997)a R ChAT D neostriatum cholinergic interneurons
Yan et al. (1997)b R ChAT D neostriatum cholinergic interneurons
Comer et al. (1998) R TH; PNMT D rostral ventrolateral medulla
Lipski et al. (1998) R TH; PNMT D rostral ventrolateral medulla 
Porter et al. (1998) R GAD65; GAD67 S neocortex interneurons

ChAT
Song et al. (1998) R ChAT D neostriatum cholinergic interneurons
Tkatch et al. (1998) R GAD67; ChAT D globus pallidus n.

basal forebrain n.
Vysokanov et al. (1998) R GAD67 D medialprefrontal cortex pyramidal n.

medialprefrontal cortex interneurons
Baranauskas et al. (1999) R GAD67; ChAT D globus pallidus n.
Fusco et al. (1999) R ChAT D striatum interneurons

striatum projection n.
corticostriatal projection n.
globus pallidus projection n.
nucleus basalis n.

Gustincich et al. (1999) M TH D retina dopaminergic n.
Guyon et al. (1999) R TH; GAD65; D substantia nigra dopaminergic n.

GAD67
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Kawai et al. (1999) R TH; PNMT D rostral ventrolateral medulla
Porter et al. (1999) R GAD65; GAD67 S cortex pyramidal n.

cortex interneurons

Neuropeptides
Song et al. (1996) R ENK; SP D neostriatum medium spiny n.
Surmeier et al. (1996) R ENK; SP D neostriatum medium spiny n.
Cauli et al. (1997) R VIP; CCK; SS; S sensorymotor cortex nonpyramidal n.

NPY cerebellum Purkinje n.
Chen et al. (1998) R ENK; SP D striatum n.
Hurbin et al. (1998) R VP; OT D supraoptic nucleus magnocellular n.
Mermelstein et al. (1998) R ENK; SP D nucleus accumbens projection n.
Porter et al. (1998) R VIP S neocortex interneurons
Song et al. (1998) R ENK; SP D neostriatum cholinergic interneurons 
Stefani et al. (1998) R ENK; SP D striatum medium spiny n.
Fusco et al. (1999) R ENK; SP D striatum interneuron

striatum projection n.
corticostriatal projection n.
globus pallidus projection n.
nucleus basalis n.

Glasgow et al. (1999) R OT; VP; Dyn; D hypothalamus magnocellular n.
Gal; CCK; CRH

Kelz et al. (1999) M ENK; SP D striatum n.
Mermelstein et al. (1999) R ENK; SP D neostriatum medium spiny n.

cortex pyramidal n.
Porter et al. (1999) R VIP; CCK; SS; S cortex pyramidal n.

NPY cortex interneurons
Tsuchiya et al. (1999) R ENK S spinal cord dorsal horn n.

Calcium-Binding Proteins
Wang & Grabowski R CB S cerebellum granule n.
(1996) cerebellum Purkinje n.
Cauli et al. (1997) R CR; CB; PV S sensorymotor cortex nonpyramidal n.

cerebellum Purkinje n.
Porter et al. (1998) R CR S neocortex interneurons
Vysokanov et al. (1998) R CR; CB; PV D medialprefrontal cortex pyramidal n.

medialprefrontal cortex interneurons
Baranauskas et al. (1999) R PV D globus pallidus n.
Glasgow et al. (1999) R CB D hypothalamus magnocellular n.
Porter et al. (1999) R CR; CB; PV S cortex pyramidal n.

cortex interneurons

Other Markers
Lambolez et al. (1992) R GFAP C cerebellum Purkinje n.
Gahring et al. (1996) M NSE C cortex n.
Neumann et al. (1997)a R MAP2; GFAP C hippocampus
Neumann et al. (1997)b R GFAP C dorsal root ganglion
Comer et al. (1998) R NSE D rostral ventrolateral medulla
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Kawai et al. (1999) R NSE D rostral ventrolateral medulla
Lipski et al. (1998) R NSE D rostral ventrolateral medulla
Skynner et al. (1999) M GFAP S gonadotropin-releasing hormone n.
Tsuchiya et al. (1999) R NSE S spinal cord dorsal horn n.

MISCELLANEA

Chiang et al. (1994) R NOS C hippocampus n.
Crepel et al. (1994) R NOS S cerebellum granule n.

cerebellum Purkinje n.
Baba-Aissa et al. (1996) R SERCA2-3 S cerebellum Purkinje n.
Gahring et al. (1996) M TNFα C cortex n.
Wang & Grabowski R clathrin; S cerebellum granule n.
(1996) NCAM; cerebellum Purkinje n.

hnRNP A1-2
Wang & Wu (1996) R Gαq; Gα11 D substantia nigra dopaminergic n.
Wu & Wang (1996) R Gαq; Gα11 D substantia nigra dopaminergic n.
Neumann et al. (1997)a R GAPDH; MHC I; C hippocampus

β2-microglobulin; 
TAP1; TAP2
calnexin

Neumann et al. (1997)b R GAPDH; CD4 C dorsal root ganglion
IFNγ

Comer et al. (1998) R GAPDH; NAT D rostral ventrolateral medulla
Schmidt-Ott et al. M ET (ET1-3) S cerebellum Purkinje n.
(1998) ET-converting Bergmann glial cells

enzyme (ECE1-2)
Shen et al. (1998) M Rps4; Snrpn; S hippocampus pyramidal n.

Ncam; F3cam
Tkatch et al. (1998) R ACh Vtr.; D globus pallidus n.

GABA Vtr. basal forebrain n. 
Vysokanov et al. (1998) R CaMKII D medialprefrontal cortex pyramidal n.

medialprefrontal cortex interneurons 
Zhu et al. (1998) R PLA2; AT2 C hypothalamus and brainstem 
Brocke et al. (1999) R CaMKII (α, S CA1 pyramidal n.

αB, β, β′, βe, β′e, 
γ variants, δA-C)

Fusco et al. (1999) R huntingtin D striatum interneurons
striatum projection n. 
corticostriatal projection n.
globus pallidus projection n.
nucleus basalis n.

Glasgow et al. (1999) R GAPDH D hypothalamic magnocellular n.
Skynner et al. (1999) M GnRH S gonadotropin-releasing hormone n.
Zhu et al. (1999) R CaMKII; PKCα C hypothalamus
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ABBREVIATIONS

ACh = Acetylcholine; ACh Vtr. = Acetylcholine Vesicular transporter; AT = Angiotensin Type
receptor; CaMKII = Ca2+/calmodulin-dependent kinase II; CB = Calbindin; CCK =
Cholecystokinin; ChAT = Choline Acetyltransferase; CR = Calretinin; Dyn = Dynorphin;
ENK = Enkephalin; ER = Estrogen Receptor; ET = Endothelin; GABA = γ-aminobutyric
acid; GABA Vtr. = GABA Vesicular transporter; GAD = Glutamic Acid Decarboxylase; Gal =
Galanin; GAPDH = Glyceraldehyde-3-Phosphate Dehydrogenase; GFAP = Glial Fibrillary
Acidic Protein; GluR(1-4) = α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate-type
ionotropic Glutamate Receptor; GnRH = Gonadotropin-Releasing Hormone; hnRNP =
heterogeneous nuclear Ribonucleoprotein; IFNγ = Interferon γ; IFNγ-R = Interferon γ
Receptor; IRK = Inwardly Rectifying Potassium; KA = Kainate-type ionotropic Glutamate
Receptor; Kir = K+ channel Inward Rectifier; mAChR = muscarinic Acetylcholine Receptor;
MAP = Microtubule Associated Protein; mGluR = metabotropic Glutamate Receptor; MHC
= Major Histocompatibility Complex; nAChR = nicotinic Acetylcholine Receptor; NAT =
Noradrenaline Transporter; NCAM = Neural Cell Adhesion Molecule; NOS = Nitric Oxide
Synthase; NPY = Neuropeptide Y; NR2 = N-methyl-D-aspartate-type ionotropic Glutamate
Receptor 2; NSE = Neurone-Specific Enolase; OT = Oxytocin; PKC = Protein Kinase C;
PLA2 = Phospholipase A2; PNMT = Phenylethanolamine-N-methyltransferase; PV =
Parvalbumin; RBI = Rat Brain I; Scn8a = Sodium Channel α subunit; SERCA =
Sarco(endo)plasmic reticulum Ca2+ ATPase; SP = Substance P; SS = Somatostatin; SUR =
Sulphonylurea Receptor; TH = Tyrosine Hydroxylase; TNFα-R = Tumor Necrosis Factor α
Receptor; VIP = Vasoactive Intestinal Peptide; VP = Vasopressin.
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OVERVIEW

The birth of new concepts in chemical
neurotransmission, like cotransmission,
volume transmission, or neuronal versatili-
ty, frequently occurred thanks to the
advances in neurocytochemichal technolo-
gies. First, the identification and in situ
localization of neurotransmitters, related
enzymes, and receptors greatly benefited
from the development of more and more
specific and sensitive cytochemical tech-
niques. For instance, after histochemistry
of acetylcholinesterase, the chemical neu-
roanatomy of monoamine neurons origi-
nated from histofluorescence methods. It is
the development, however, of immunocy-
tochemistry (ICC) at optic and electron
microscope levels which has given an uni-
versal and versatile tool for such cartogra-
phies, first of neuropeptides, then of
enzymes of neurotransmitter metabolism,

and finally of the neurotransmitters them-
selves after the pionneering work of Stein-
busch and colleagues (36) for serotonin.
However these mappings, completed by
that of receptors through ligand binding or
ICC, does not allow, for example, the
assumption that identified protein mole-
cules are truly synthetized within sites
where they are detected.

The in situ hybridization (ISH) of
mRNAs, to which our purpose will be
restricted (excluding ISH on chromo-
somes), leads to the detection and cellular
localization of another step of the protein
and peptide synthesis. 

Thus, the comparison of results obtained
by both techniques, ICC and ISH, is able
to bring invaluable data about the cellular
expression of a given peptide or protein,
inter- or intracellular relationship between
different molecules, and also functional
activity of chemically identified neurons.
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This is exemplarily the case for the combi-
nation of both kinds of labelings on the
same material. Moreover, the results of
combining these different techniques allow
their mutual validation, since their respec-
tive artifacts are different.

The aim of the present review is to
describe and comment on some protocols
combining different ISH procedures, or
ISH and ICC, and to develop for each of
them their abilities and limitations as well
as their possible contributions to cellular
neurobiology.

BACKGROUND

Considered individually, each labeling
technique, ICC or ISH, constitutes a long
chain of histochemical steps whose quality
of the final result strongly depends on the
weakest link. This is even more true for their
combination, which raises not only additive
difficulties but also specific problems due to
the coupling itself; the readibility of results
and the compatibility of histochemical treat-
ments and namely their possible interfer-
ences in giving rise to excess or deficiency
errors. The use of different consecutive sec-
tions (12), to perform ICC and ISH reac-
tions separately, removes their possible inter-
ferences and only leaves open the
compatibility of histochemical treatments
prior to ISH and ICC themselves, like fixa-
tion and embedding. In order to compare
labelings at the cellular level, mirror sections
have been used (41), and the signals
observed are generally of the same kind.

However, although being more difficult,
the combination of labelings on the same
section appears to be both more elegant and
rich in information. Compatibility and pos-
sible interactions between reagents involved
in the labeling techniques will be exposed
and discussed further. Here, we wish only to
give a rapid overview of the different mark-
ers currently used for ICC and ISH detec-

tions. A dark precipitate arises from the
development of the activity of an enzyme
coupled to an antibody. The most com-
monly used enzymes are alkaline phos-
phatase and peroxidase, but others can be
also considered. Fluorescent dyes give sharp
signals and are useful for confocal micro-
scope analysis. Alternatively, antigens as well
as reporter molecules may be detected by
silver-enhanced ultra small gold particle-
conjugated antibodies. Autoradiographic
procedures are mostly restricted to ISH
studies, although radioactive ICC detec-
tions have also been reported. Conversely,
postembedding immunogold protocols are
mainly carried out for antigen detection by
ICC at the electron microscope level (Chap-
ter 10), and only a few ISH studies have
been reported, most of them related to viral
messengers (see Reference 10).

Here, we shall focus on some protocols
that are either widely used or specifically
designed for more restricted purposes
thanks to the emergence of new and poten-
tially powerful detection systems. Taken
together, these protocols cover a wide range
of possible applications and allow the con-
sideration of various difficulties of the mul-
tiple labeling methods.

PROTOCOLS

General Comments

Some standard protocols for multiple
labelings are proposed below. We did not
describe protocols for labeling probes used
in ISH, since our purpose was restricted to
the combination of techniques. Moreover,
the need for multiple labeling influences
the choice of the reporter molecule but
does not modify the way to label probes.
The composition of the solutions is not
modified by the coupling, and common
hybridization solutions or incubation
buffers can be used. Of course, the various
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treatments must avoid degradation of
mRNAs from tissues or antigens prior to
their detection (also discussed in section
entitled Radioactive and Enzymatic Dou-
ble ISH).

Materials and Reagents

The following materials and reagents are
used for any of the ISH protocols present-
ed in this review: 

• Tissue sections or cell cultures.

Labeling 

• Probes:
Oligoprobes: 25 to 30 pmol are labeled
with radioactive dNTP; 100 pmol are
labeled with nonradioactive (digoxi-
genin, biotin, fluorescein) dNTP.
Riboprobes: 1 µg template is tran-
scribed.

• Terminal transferase or RNA polyme-
rase (Roche Molecular Biochemicals,
Mannheim, Germany)

• Labeling buffer (Roche Molecular Bio-
chemicals).

• Probe purification: ethanol, LiCl,
EDTA, or DNase I (Sigma, St. Louis,
MO, USA).

Hybridization

• Bovine serum albumin (BSA; Sigma).
• Ficoll (Sigma).
• Polyvinylpyrrolidone (PVP; Sigma).
• N-lauroylsarcosine (Sigma).
• Dextran sulfate (Sigma).
• Denatured salmon testis DNA (Sig-

ma).
• Dithiothreitol (DTT; Sigma).
• Deionized formamide (Sigma).
• Yeast RNA (Sigma).
• Sodium dodecyl sulfate (SDS; Sigma).
• Formamide (Sigma).

Hybridization Buffers

Oligoprobes: 50% deionized forma-
mide, 4× standard saline citrate (SSC) (1×
SSC = 0.15 M NaCl, 0.015 M NaCitrate),
1× Denhardt’s solution (0.02% BSA,
0.02% Ficoll, 0.02% PVP), 0.02 M
NaPO4 (pH 7.0), 1% N-lauroylsarcosine,
10% dextran sulphate, 500 mg/L dena-
tured salmon testis DNA, 20 mM DTT if
using radioactively labeled probes.

Riboprobes: 50% deionized formamide,
5× SSC, yeast RNA (50 µg/mL), 1% SDS,
20 mM DTT if using radioactively labeled
probes.

Probes

Oligoprobes: radioactively labeled oligo-
probes are incubated at 0.5 nM; biotin- or
digoxigenin-labeled oligoprobes are used at
0.5 (lowly expressed mRNAs) to 10 (high-
ly expressed mRNAs) nM. 

Riboprobes: 10% of the labeled probe is
diluted in 500 µL of hybridization solu-
tion.

Posthybridization Washings

Oligoprobes: 4 times for 15 minutes at
55°C (SSC 1×), then 30 minutes at room
temperature. 

Riboprobes: 2 times for 30 minutes at
70°C (50% formamide; 5× SSC, 1%
SDS), 2 times for 30 minutes at 65°C
(50% formamide, 2× SSC).

Other reagents, specific of a given tech-
nique, are listed below, together with the
corresponding protocol.

Protocol for Radioactive and Enzymatic
Double ISH (Protocol #1)

General Comments

This protocol is well suited for cryostat
sections (Figure 1a) or cell cultures (Figure
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1b) and can be performed with oligo- or
riboprobes on unfixed (5,8,24,45) or fixed
(23,25,37,46) tissue. No pretreatments are
required on cryostat sections, but cells may
need to be permeabilized. Preparations
must be finally mounted without dehydra-
tion to avoid fading of the nitro blue tetra-
zolium/5-bromo-4-chloro-3-indolyl phos-
phate (NBT/BCIP) precipitate.

Materials and Reagents

• 35S- and digoxigenin-labeled nucleo-
tides.

• Tris buffers: buffer A: 0.1 M Tris, pH
7.5, 1 M NaCl, 2 mM MgCl2; buffer
B: 0.1 M Tris, pH 9.5, 0.1 M NaCl, 5
mM MgCl2.

• Alkaline phosphatase-conjugated anti-
digoxigenin antibody (Roche Molecu-
lar Biochemicals).

• BSA.
• Alkaline phosphatase substrate (NBT

and BCIP) (Roche Molecular Bio-
chemicals).

• Photographic emulsion (Amersham
Pharmacia Biotech, Piscataway, NJ,
USA).

• Developer and fixer.

Procedure

See flow chart in Protocol 1.
1. Unfixed or fixed (generally with 4%

paraformaldehyde) samples are frozen
on dry ice or isopentane cooled at
-30°C.

2. Sections are cut with a cryostat and
thaw-mounted on slides.

3. Hybridization is carried out with all
dioxigenin-labeled and radioactive
probes together.

4. Perform posthybridization washings
according to the type of probes used
(see above).

5. Preincubate slides with buffer A con-
taining 0.5% to 1% BSA (buffer A-
BSA) for 30 minutes at room tempera-
ture.

6. Incubate with alkaline phosphatase-
conjugated antidigoxigenin antibody
diluted 1:5000 in buffer A-BSA
overnight at 4°C.

7. Rinse in buffers A and B.
8. Incubate with the NBT/BCIP alkaline

phosphatase substrate diluted in buffer
B at room temperature in the dark.

9. Process sections for autoradiography.
10. Mount and observe.

Protocol for Double Fluorescent ISH
(Protocol #2)

General Comments

Although scarcely used, the double fluores-
cent ISH provides quick and easily readable
results that can be analyzed with a confocal
microscope (Figure 2, b,d, and f). The proto-
col described below takes advantadge of the
high specificity and sensitivity of the 2-
hydroxy-3-naphtoic acid-2′-phenylanilide
phosphate (HNPP) detection set (Figure 2, a
and c, and Figure 3a) (16,18). The precipita-
tion of the dephosphorylated form of HNPP
is ensured by Fast Red TR (Roche Molecular
Biochemicals), and the combined HNPP/Fast
Red TR is a highly fluorescent product. The
accumulation of the precipitate, and hence
the signal, can be triggered by repeated addi-
tion of fresh substrate solution.

Materials and Reagents

• Biotin- and digoxigenin-labeled nucleo-
tides.

• Tris buffers: buffer A: 0.1 M Tris, pH
7.5, 1 M NaCl, 2 mM MgCl2; buffer
C: 100 mM Tris-HCl, 150 mM NaCl,
10 mM MgCl2, pH 8.0.
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Protocol 1 and 2. Flow chart diagram showing the main steps of the protocols for radioactive and enzymatic double ISH (Pro-
tocol #1) and double fluorescent ISH (Protocol #2). 
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Figure 1. Double labelings on sections of peripheral (a) and central (c–f) rat nervous system and on primary cell cultures (b).
(a) Dorsal root ganglia sections have been hybridized with digoxigenin- and radioactively labeled probes complementary to calci-
tonin gene related peptide (CGRP) (purple precipitate) and galanin receptor 1 (silver grains) mRNA, respectively (Protocol #1).
Double labeled (arrows) and neurons containing CGRP only are visualized in normal rats. (b) Primary culture of adult dorsal root
ganglia double stained for neuropeptide tyrosine (enzymatic precipitate) and its Y1 receptor (radioactive signal) by using the same
protocol. Large neurons are double labeled (arrow), whereas others display only the radioactive signal (open arrowhead). Thus, the
Y1 receptor can be considered both a pre- and postsynaptic receptor. (c) Double detection of heterologous gene products: double
labeling combining two enzymatic detections (modified from Protocol #5). Galanin peptide is visualized by immunoperoxidase,
whereas the development of alkaline phosphatase activity leads to the detection of oxytocin mRNA in the supraoptic nucleus of a
lactating female rat hypothalamus. Upon such a stimulation, some neurons appear doubly labeled beside two distinct populations
of cells singly labeled either for galanin (small arrowhead) or oxytocin mRNA (large arrowhead). (d) Double detection of heterol-
ogous gene products: double labeling combining radioactive ISH detection of vasopressin mRNA to immunoperoxidase for tyro-
sine hydroxylase (TH) in hypothalamic supraoptic nucleus of a dehydrated rat (modified from Protocol #5). Most neurons are
double labeled (open arrows), although some cells remain single labeled either for TH (small arrowhead) or vasopressin mRNA
(open arrowhead). Note that double labeled cells are easier to distinguish than when using a double enzymatic detection. (e) Dou-
ble detection of homologous gene products: double labeling combining radioactive ISH detection of vasopressin mRNA to
immunoperoxidase for vasopressin peptide in the rat hypothalamic supraoptic nucleus (modified from Protocol #5). Most neurons
are double labeled (open arrows). However, rare cells remain single labeled for vasopressin and can be considered as resting neu-
rons storing peptide (small arrowhead). (f ) Double fluorescent immunolabeling using the CARD method to detect neuropeptide
tyrosine Y1 receptor containing neurons (green) and neuropeptide tyrosine containing afferent fibers (red) in the rat arcuate nucle-
us (see Protocol #6). Yellow color corresponds to the superimposition of both fluorescences and indicates double labelings, i.e.,
contacts between fibers and neurons (arrows). The neuropeptide tyrosine containing fibers establish contact on soma and process-
es of Y1 receptor expressing neurons. Scale bars: 25 µm. (See color plate A5.)
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• Alkaline phosphatase-conjugated anti-
digoxigenin antibody.

• BSA.
• Rabbit antibiotin antibody (Roche

Molecular Biochemicals.
• Appropriate biotin–streptavidin fluo-

rescent reagents e.g., streptavidin fluo-
rescein isothiocyanide (FITC; Vector,
Burlingame, CA, USA).

• Alkaline phosphatase fluorescent sub-
strate (HNPP) (Roche Molecular Bio-
chemicals).

Procedure 

See flow chart in Protocol 2.
1. Unfixed or fixed (generally with 4%

paraformaldehyde) samples are frozen
on dry ice or isopentane cooled at
-30°C.

2. Sections are cut with a cryostat and
thaw-mounted on slides.

3. Hybridization is carried out with all
dioxigenin- and biotin-labeled probes
together.

4. Perform posthybridization washings
according to the type of probes used
(see above).

5. Preincubate slides with buffer A con-
taining 0.5% to 1% BSA (buffer A-
BSA) for 30 minutes at room tempera-
ture.

6. Incubate with alkaline phosphatase-
conjugated antidigoxigenin antibody
diluted 1:5000 in buffer A-BSA
overnight at 4°C.

7. Incubate with a biotinylated antirabbit
antibody diluted in buffer A-BSA for
30 minutes at room temperature, then
rinse in buffer A.

8. Incubate with FITC-conjugated strep-
tavidin diluted in buffer A-BSA for 2
hours at room temperature, then rinse
in buffers A and C.

9. Incubate in HNPP/Fast Red contain-

ing buffer C for 30 minutes at room
temperature, then rinse in buffer C (3
times).

10. Rinse in distilled water.
11. Mount in antifading medium and

observe.

Protocol for Double ISH at the Electron
Microscope Level (Protocol #3) 

General Comments

The major problems are, first, to perme-
abilize the tissue while preserving a good
morphology, and second, to maintain, as
far as possible, the sensitivity of the ISH
procedures despite treatments required for
the observation at the electron microscope
level (Figure 4b). This method is likely to
be applicable not only to vibratome sec-
tions but also to slices and cells. 

Material and Reagents

• Phosphate buffer (PB), pH 7.4, 0.1 M
and phosphate-buffered saline (PBS),
pH 7.4, 0.1 M.

• 4% Paraformaldehyde in PBS.
• Biotin- and digoxigenin-labeled nucleo-

tides.
• BSA.
• Rabbit antibiotin antibody.
• Appropriate biotin–streptavidin rea-

gents.
• Gelatin (Sigma).
• Normal goat serum (NGS; Sigma).
• Gold-conjugated antidigoxigenin anti-

body (British BioCell International,
Cardiff, Wales, UK).

• 3, 3′-diaminobenzadine (DAB; Sigma).
• Silver enhancement kit (Amersham

Pharmacia Biotech).
• Osmium tetroxyde (Electron Micro-

scopy Sciences, Fort Washington, PA,
USA).
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• Epon (Electron Microscopy Sciences).
• Lead citrate (Electron Microscopy Sci-

ences).

Procedure

See flow chart in Protocol #3. Further
details on electron microscopy (EM)
preparation protocols can be found in
Chapter 10.
1. Perfuse the animal with an appropriate

fixative (usually 4% paraformalde-
hyde).

2. Sample areas of interest and postfix in
the same fixative.

3. Cut 50 to 70 µm Vibratome sections,
and subject them to permeabilization
pretreatments.

4. Hybridize with all digoxigenin- and
biotin-labeled probes together.

5. Perform posthybridization washings
according to the type of probes used
(see above).

6. Preincubate sections with PBS contain-
ing 0.5% to 1% BSA (PBS-BSA) for
30 minutes at room temperature.

7. Incubate with an antibiotin antibody
diluted in PBS-BSA overnight at 4°C,
then rinse in PBS.

8. Preincubate in blocking solution (PBS-
BSA, gelatin, and NGS) for 2 hours at
room temperature.

9. Incubate with 1 nm gold-conjugated
antidigoxigenin antibody diluted 1:50
in the blocking solution for 30 minutes
at room temperature, then rinse in
PBS.

10. Postfix in 4% paraformadehyde in PBS
for 10 minutes at room temperature,
then rinse in PBS.

11. Incubate with a biotinylated-conjugat-
ed antirabbit antibody diluted in PBS-
BSA for 30 minutes at room tempera-
ture, then rinse in PBS.

12. Incubate with a peroxidase-conjugated
avidin–biotin complex diluted in
PBS-BSA for 2 hours at room tempera-
ture, then rinse in PBS and Tris buffer.

13. Develop peroxidase reaction, then rinse
in Tris buffer and water.

14. Perform silver enhancement, then rinse
in water and PB.

15. Postfix in OsO4 1% in PB for 10 min-
utes at room temperature.

16. Embed.
17. Cut ultrathin sections and counterstain

them with lead citrate before EM
observation.
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Figure 2. Multiple labelings on sections of the rat peripheral (a and c) and central (b and d–h) nervous system. (a) The HNPP
detection set gives a red fluorescence with exciter at 568 nm line leading to identify galanin mRNA containing neurons (arrow) in
the axotomized superior cervical ganglia. (c) No green fluorescence is detected on the same section with exciter at 488 nm line.
Such a specificity allows the combination of fluorescent ISH to galanin mRNA visualized by the HNPP detection set (b) with a
fluorescein isothiocyanate (FITC)-conjugated–streptavidin visualization of biotin-labeled probes complementary to vasopressin
mRNA (d) in hypothalamic magnocellular neurons of a salt-loaded rat supraoptic nucleus. The analysis at the confocal microscope
and the merge image (f ) lead to identify specific subcellular compartments involved in the synthesis of either galanin (perinuclear
localization, red fluorescence) or vasopressin (green fluorescence, peripheral localization). The coupling between ICC with an
immunoperoxidase protocol and ISH for vasopressin mRNA (e) or oxytocin mRNA (g) can be performed by using a silver-
enhanced gold particle method (e) (Protocol #4) or a double enzymatic detection (g) (Protocol #5) identical to that of Figure 1c.
Double labeled cells (arrows) are easily visualized with the former protocol. The latter needs to calibrate the development of the
enzyme activity to be able to distinguish both colors. Triple labeling is shown in panels g and h (Protocol #5) and combine ICC
for galanin (brown precipitate) to double radioactive and enzymatic ISH for vasopressin and oxytocin mRNAs, respectively. Both
micrographs correspond to the same field, but different focuses are necessary to identify the three markers that are not in the same
plane on the preparation. Some neurons are triple labeled (arrow). Besides, neurons containing oxytocin only (filled arrowhead),
cells double labeled for vasopressin mRNA and galanin (open arrowhead) are seen. Scale bars: 50 µm (panels a, c, e, h, and g); 5
µm (panels b, d, and f ). (See color plate A6.)
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Figure 3. Schematic representation of double nonradioactive ISH protocols (a and b) and tyramide detection (c). (a) Two different mRNAs (1 and 2) are visualized by a double fluorescent
ISH method (see Protocol #2) using HNPP combined to Fast red and FITC as reporter molecules. (b) Two different mRNAs (1 and 2) are visualized by a double ISH method compatible with
electron microscope analysis (see Protocol #3) using peroxidase and silver-enhanced gold particles as reporter molecules. (c) Principle of the detection of a nonradioactive probe or a tissue anti-
gen by the CARD method using FITC as a reporter molecule. Abbreviations: DAB, 3,3′-diaminobenzidine; FITC, fluorescein isothiocyanate; HNPP, 2-hydroxy-3-naphtoic acid-2′-pheny-
lanilide phosphate; HRP, horseradish peroxidase.
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Protocol 3. Flow chart diagram showing the main steps of the protocol for double ISH at the electron microscope level.
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Protocol for Double Labeling
Combining Gold Particles ISH and
Enzymatic ICC at the Electron
Microscopic Level (Protocol #4)

General Comments

Beside problems similar to those of Pro-
tocol #3, the fixation must be suitable for
both ICC and ISH, and antigenicity must
remain unaltered. The reporter molecules
are identical to those of the previous proto-
col, and the observation may be carried out
either at the light (Figure 2e) or electron
microscopic (Figure 4a) level. 

Material and Reagents

• PB, pH 7.4, 0.1 M, and PB, pH 7.4,
0.1 M.

• 4% Paraformaldehyde in PB.
• Digoxigenin-labeled nucleotides.
• BSA.
• Appropriate primary and secondary

antibodies.
• Appropriate biotin–streptavidin rea-

gents.
• Gelatin.
• NGS.
• Gold-conjugated antidigoxigenin an-

tibody.
• DAB.
• Silver enhancement kit.
• Osmium tetroxyde.
• Epon.
• Lead citrate.

Procedure

See flow chart in Protocol #4. Further
details on EM preparation protocols can be
found in Chapter 10.
1–6. See Protocol #3.

7. Incubate with a rabbit primary anti-
body diluted in PBS-BSA overnight
at 4°C, then rinse in PBS.

8-17. See Protocol #3.

Protocol for Triple Labeling Combining
Enzymatic ICC and Radioactive and
Enzymatic Double ISH (Protocol #5)

General Comments

Such a multiple labeling needs to take
care of possible interferences between the
various procedures. It can be applied to
cryostat sections and cells. The sensitivity
of the different techniques is likely to be
decreased by the multiplication of steps.
The use of floating instead of thaw-mount-
ed sections is likely to reduce this loss of sen-
sitivity. A coating may be necessary, as in
Protocol #1, but in the given example (Fig-
ure 2, g and h), the high amount of mRNA
allows to shorten the incubation time in
NBT/BCIP, which results in an absence of
chemography and maintains the high
specificity of each labeling. A double label-
ing protocol combining radioactive ISH
and enzymatic ICC can be derived from
this method by omitting the enzymatic ISH
(Figure 1, d and e) (21,22,35,41).

Materials and Reagents

• PB, pH 7.4, 0.1 M, and PBS, pH 7.4,
0.1 M.

• 4% paraformaldehyde in PBS.
• 35S- and digoxigenin-labeled nucleo-

tides.
• BSA.
• Appropriate primary and secondary

antibodies.
• Appropriate biotin–streptavidin rea-

gents. Tris buffers: buffer A: 0.1 M
Tris, pH 7.5, 1 M NaCl, 2 mM
MgCl2; buffer B: 0.1 M Tris, pH 9.5,
0.1 M NaCl, 5 mM MgCl2.

• Alkaline phosphatase-conjugated anti-
digoxigenin antibody.

• DAB.
• Tris buffer, 0.05 M, pH 7.6.
• Alkaline phosphatase substrate (NBT/

BCIP).
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Protocol 4. Flow chart diagram showing the main steps of the protocol for double labeling combining gold particles ISH and
enzymatic ICC at the electron microscopic level.
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• Photographic emulsion.
• Developer and fixer.

Procedure

1. Perfuse the animal with an appropriate
fixative (usually 4% paraformalde-
hyde), remove the areas of interest, and
postfix them in the same fixative.

2. Cut cryostat sections and thaw-mount
them on slides.

3. Carry out hybridization with all dioxi-
genin- and biotin-labeled probes
together.

4. Perform posthybridization washings
according to the type of probes used
(see above).

5. Preincubate sections with buffer A con-
taining 0.5% to 1% BSA (buffer A-
BSA) for 30 minutes at room tempera-
ture.

6. Incubate with a mixture of primary
and an antidigoxigenin antibodies
diluted in buffer A-BSA overnight at
4°C, then rinse in buffer A.

7. Incubate with a biotinylated-conjugat-
ed antirabbit antibody diluted in buffer
A-BSA for 30 minutes at room temper-
ature, then rinse in buffer A.

8. Incubate with a peroxidase-conjugated
avidin–biotin complex diluted in PBS-
BSA for 1 hour at room temperature,
then rinse in buffer A and Tris buffer.

9. Develop the peroxidase reaction, then
rinse in Tris buffer and buffer A and B.

10. Incubate with NBT/BCIP diluted in
buffer B at room temperature in the
dark.

11. Perform autoradiography.
12. Mount and observe.

Protocol for Tyramide Amplification
(Protocol #6)

General Comments

This detection system is based on the
reaction of peroxidase with hydrogen per-
oxide and the phenolic part of tyramide,
which produces a quinone-like structure
bearing a radical on the C2 group. This
activated tyramide then covalently binds to
tyrosine in close vicinity to the peroxidase
(3,43,44). Such a reaction can be applied
either to ICC (Figure 1f ) or ISH (Figure
4b) detection with a similar protocol after
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Figure 4. Double (a) (Protocol #4) and single (b) (Protocol
#6) detection at the electron microscopic level. (a) Vaso-
pressin mRNA is detected with digoxigenin-labeled probes
visualized by the silver-enhanced gold particle method (arrow-
heads). Galanin peptide is identified by immunoperoxidase
(arrows). Both labelings are visualized in the same magnocel-
lular neuron of the rat supraoptic nucleus but they occupy dif-
ferent subcellular domains. Galanin is stored in a perinuclear
area, whereas vasopressin mRNA is prominent in the Nissl
bodies at the periphery of the cell body. (b) An undilated sec-
tion of an axon (short arrow) arising from hypothalamic mag-
nocellular neurons is labeled within the internal layer of the
median eminence of a salt-loaded rat. Scale bar: 0.5 µm.
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Protocol 5. Flow chart diagram showing the main steps of the protocol for triple labeling combining ICC and a radioactive and
enzymatic double ISH.
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peroxidase is bound to the target via an
antibody. The tyramide can be conjugated
to a fluorochrome (Figure 1f ) or a hapten
(Figure 4b). Hence, direct or indirect (see
below and Figure 3c) detection of enzy-
matically deposited tyramides is possible
and can be coupled to another labeling
(Figure 1f ) (5,14).

Material and Reagents

• Digoxigenin-labeled nucleotides.
• Appropriate primary and secondary

antibodies.
• Tyramide amplification kit.
• Appropriate biotin–streptavidin rea-

gents.
• Tris buffer: 0.1 M Tris-HCl, pH 7.5,

0.15 M NaCl.
• DAB.
• Tris buffer, 0.05 M, pH 7.6.
• TNB: Tris-NaCl blocking buffer: 0.1

M Tris-HCl, pH 7.5, 0.15 M NaCl,
0.05% Tween 20.

• TNT: Tris-NaCl Tween buffer: 0.1 M
Tris-HCl, pH 7.5, 0.15 M NaCl,
0.5% DuPont Blocking reagent.

Procedure

See flow chart in Protocol #6.
1. Perform hybridization with a digoxi-

genin-labeled probe and/or incubation
with the primary antibody of the ICC
detection.

2. Preincubate in TNB for 30 minutes at
room temperature.

3. Incubate with a peroxidase-conjugated
secondary or an antidigoxigenin anti-
body diluted in TNB for 30 minutes at
room temperature, then rinse in TNT.

4. Incubate with biotinylated tyramide
diluted in its proper amplification dilu-
ent for 10 minutes at room tempera-
ture, then rinse in TNT.

5. Incubate with peroxidase-conjugated

streptavidin diluted in TNB for 2
hours at room temperature, then rinse
in TNT and Tris buffer.

6. Develop the peroxidase reaction, then
rinse in Tris buffer.

7. Continue the steps corresponding to
the coupled reaction.

The biotinylated tyramide can be re-
placed by a fluorochrome-conjugated tyra-

134

M. Landry and A. Calas

Protocol 6. Flow chart diagram showing the main steps of
the protocol for tyramide amplification.
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mide, which leads to a direct observation
after mounting in an antifading medium. 

RESULTS AND DISCUSSION 

General Comments

Preparation of the material  

Fixation

Fixation is the first and a crucial step for
ISH and ICC, since it must allow both a
good morphological preservation and a
good efficiency of the histochemical reac-
tions, two criteria often being contradicto-
ry. The fixation needed for ICC and ISH is
often quite different, and these require-
ments make it difficult, in some cases, to
combine the two techniques on the same
preparation. Two kinds of fixative can be
considered: chemical and physical fixatives. 

Among the former, precipitating fixa-
tives give a nice morphology, but are gener-
ally not well suited for RNA detection (see
Reference 10). However, the Clarke and
Carnoy fixatives are widely used for cyto-
genetic studies, and a modified Clarke
solution proved to be a good alternative for
ISH on amphibian oocytes (28). Non-
precipitating aldehydic fixatives have been
introduced in ISH studies in the 1980s,
and 4% paraformaldehyde is now the most
common fixative for both ICC and ISH
and their combination (31). The fixation
by the formaldehyde or its derivatives is
largely reversible. Thus, the chemical prop-
erties of nucleic acids are not modified by
the fixation and hybrids. The melting tem-
perature (Tm) remains unchanged upon
aldehyde fixation (6). Despite these favor-
able properties, it is preferable to use slight
concentrations of formaldehyde on ner-
vous tissue (12) to allow a better accessibil-
ity of the probes to the target. The glu-
taraldehyde is known to be of a poor

interest in ISH studies since it creates a
dense network of double bonds making the
probe penetration difficult (see Reference
10). Finally, the use of picric acid should be
banned since it modifies chemical proper-
ties of the probe and can alter it.

Although best suited for ICC, the fixa-
tion by perfusion often maintains, in the
brain, some molecules that can react with
the hybridization solution and induce a
high background (Reference 34 and
unpublished observations). Thus, immer-
sion fixation or fixation on slides after sec-
tioning, are usually the most appropriate
ways to prepare tissues. However, perfusion
is sometimes necessary for studies at the
electron microscope level, and some
mRNA species can hardly be detected at
the ultrastructural level in such conditions.
A possible requirement for a specific type of
fixation, either for protein or for mRNA
detection, is in fact the most critical restric-
tion to the coupling between ICC and ISH.

Physical fixations have also been used
and proved to be of great interest, at least
for double ISH. Thus, drying is a very easy
way to fix nervous tissues, and air-dried
cryostat sections (8) or cell cultures (17) are
more sensitive to mRNA detection than
fixed material. However, without chemical
fixation, ICC is unlikely to be performed
and cannot be combined with ISH on the
same preparation. Therefore, the use of
such a protocol must be restricted to dou-
ble ISH studies. Also, microwave heating
has been reported to improve hybridization
efficiency without altering tissue morphol-
ogy (20).

Storing of Material

The nervous tissue preparations can be
stored at -20°C, after or without fixation, in
sealed boxes that may contain a chemical to
absorb humidity. Importantly, the sections
or cells must have been carefully air-dried
before freezing. There is no significant
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decrease of the mRNA content for a period
up to 1 year if slides are properly stored.

Compatibility of the Combined Reactions

A double labeling experiment needs that
the two reactions are compatible in terms of
fixation (see above), pretreatments, temper-
ature of reaction, and detection. There is no
major hindrance to the detection of two
mRNAs. In contrast, a good preservation of
the antigens (or mRNAs) in the conditions
of the ISH (or ICC) reaction is a major
condition for coupling ICC and ISH.

Pretreatments

No specific pretreatments are required
for combining two detections, but standard
pretreatments for ICC or ISH are still need-
ed as long as they are consistent with the
coupling. Preincubations aiming to avoid
nonspecific labeling, that is prehybridiza-
tion and/or the blocking step for ICC, are
useful prior to each reaction and do not
interfere with the coupled reaction. On the
other hand, permeabilization steps for ISH
studies, using high amounts of proteinase,
are likely to denature tissue antigens. Pro-
teinase seems to be useless on cryostat sec-
tions and can be replaced by a freeze-thaw
protocol on vibratome sections or on cells.

Temperature of Reactions

The temperatures needed for the
hybridization or posthybridization steps
depend on the Tm of the probes and can
reach 70°C for the riboprobes. Subse-
quently, double ISH experiments must be
carried out either with oligoprobes only or
with riboprobes only, but a mixture of the
two types of probes appears almost impos-
sible. Similarly, the temperatures usually
range between 4° and 37°C for ICC, and
it appears difficult to preserve antigenicity
after performing ISH with riboprobes. On

the contrary, temperatures needed for ISH
with oligoprobes are compatible with ICC
reactions.

The temperature used for posthybridiza-
tion washings may be high (e.g., SSC 1×; 4
times for 15 minutes at 55°C followed by
30 minutes at room temperature when
using oligoprobes) to efficiently eliminate
possible background staining. In contrast, a
lower temperature (e.g., twice in 2× SSC for
30 minutes each at room temperature; twice
in 0.1× SSC for 30 minutes each at hybri-
dization temperature when using oligo-
probes) is preferable for combining with
ICC or for electron microscope studies to
ensure a better preservation of antigenicity
or ultrastructural morphology, respectively.

Order of the Two Detections

When combining ICC and ISH, it has
to be decided what reaction should be car-
ried out first. Performing ICC prior to ISH
brings up two major problems. First, the
immunohistochemical reagents must re-
main devoid of RNase, and the detection
of low amounts of mRNA make it neces-
sary to use RNase inhibitors. Second, the
detection system must not be altered or
hindered by the subsequent ISH reaction
and, conversely, must not prevent the
accessibility of the probe to the target
mRNA. In particular, nonspecific ISH
labeling after immunoperoxidase reaction
can be reduced either by acetylation (4),
which prevents cation binding to diamino-
benzidine reaction product, or by a prehy-
bridization step (35) using a tRNA-en-
riched solution. If the antigen can stand up
to the ISH conditions, it is then possible to
invert the order of the two detections. Such
a protocol makes it easier to preserve
mRNAs. However, even if the hybridiza-
tion step is carried out first, the develop-
ment of ISH, either radioactive or nonra-
dioactive, should be performed after ICC
to avoid alteration of antigenicity (21,41).
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Compatibility of the Detection Systems

First, the signals given by each technique
should be readily distinguishable. Second,
the detectable molecule, that is the reporter
molecule introduced chemically or enzy-
matically, should not interfere with the
hybridization reaction or the stability of
the resulting hybrid. Moreover, it should
remain accessible to the detection system
used later on. The most common protocols
of multiple labelings associate a radioactive
to an enzymatic detection. Despite its
lower sensitivity, the silver-enhanced gold
labeling can also be used as an alternative
to the radioactive reaction, since the gold
particles can be clearly identified in bright-
field or epi-illumination observation. If
two enzymatic labelings have to be per-
formed, the reaction products must be of
sharply different colors (e.g., purple and
brown) (see Protocol #5).

Recently, new protocols arose that allow
multiple fluorescent detections (11; see also
the section entitled New Trends). Beside
classical fluorochromes, fluorescent dyes
proved to be useful to detect some
enzymes. As an example, the red fluores-
cence of the HNPP compound used in
Protocol 2 is specifically detected with an
exciter at the 568 nm line (Figure 2a). No
green fluorescence is observed with an
exciter at the 488 nm line (Figure 2c). The
efficiency and specificity of this detection
set expands the range of fluorescence-based
techniques available for multiple labelings
(see Protocol #2) (Figure 2, b, d, and f ).

At the electron microscope level, an
important feature is the resolution of the
reporter molecules. Autoradiographic stud-
ies may require the use of 3H instead of 35S
to sharpen the resolution of the signal.
Nevertheless, beside the difficulties of such
a technique, the resolution remains poor.
Also, enzymatic products are known to dif-
fuse throughout the cytoplasm. However,
the resolution is fine enough to identify the

positive subcellular compartments, and for
ISH, enzymatic preembedding appears to
be a good compromise between sensibility
and resolution (39). In multiple labeling
studies, an enzymatic reaction can be com-
bined to silver-enhanced gold staining. The
latter represents, to date, the marker ensur-
ing the best resolution for pre-embedding
ICC (1,2) and ISH (23,32,33,42) studies,
provided that the duration and tempera-
ture of the silver enhancement procedure
are well optimized.

A postfixation is usually advised after
incubation with gold particle-conjugated
antibody and may result in a possible
masking of antigenic sites.

Sensitivity and Specificity

The sensitivity of the ISH reaction is not
altered by coupling to another mRNA
detection if both reactions use either oligo-
(5) or riboprobes. When performing dou-
ble ISH according to Protocol #1, we did
not notice a decrease of the nonradioactive
ISH sensitivity due to the use of DTT, even
at high concentrations. In contrast, com-
bining radioactive ISH and ICC results in a
decrease of the ISH signal by 30% (unpub-
lished data), probably because the incuba-
tions in stringent solutions are damaging to
the immunocytochemical reaction.

Regarding the specificity of each com-
bined reaction, a coating with 3% collodi-
on in amyl acetate has proved to be neces-
sary after double ISH and before dipping
(Protocol #1) to avoid chemography
inducing nonspecific labeling for both
radioactive and enzymatic reactions (46).
Otherwise, no artifacts are induced by the
coupling if there is no cross reactivity
between the detection systems.

Other Protocols 

The protocols described should be con-
sidered as general protocols using oligo-
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probes for multiple labelings on cryostat or
vibratome sections. They need few changes
to be adapted to other material. 

Cell cultures can be hybridized as cryo-
stat sections after being air-dried and/or
permeabilized by a freeze-thawing protocol
or by using Triton® X-100 (18,19). For
classical histological analysis, human sam-
ples are usually embedded in paraffin that
has to be removed before an ICC or ISH
reaction. Paraffin embedding provides a
well preserved morphology, but the proto-
col of inclusion may be inconsistent with
some ICC reactions, and it induces a
decrease in the sensitivity of the ISH signal.
Thus, the use of riboprobes appears highly
recommended for such samples. As an
alternative, some authors replaced paraffin
by gelatin or polyethylene glycol (PEG),
which allows the recovery of high sensitivi-
ty (7). Also, slices can be processed for
multiple labeling after sectioning (see also
the section entitled Compatibility with
Other Techniques).

Riboprobes must be hybridized accord-
ing to their specific protocol, but the hy-
brids can be visualized by the same devices
as those used for oligoprobes.

Choice of the Most Suitable Protocol 

The choice of the protocol mainly de-
pends on the desired application. Also, the
most suitable markers are different from
one purpose to another. Thus, we will give
examples of typical applications for each of
the protocols previously listed. 

Radioactive and Enzymatic Double ISH

This protocol has been broadly used and
proved to be reliable and easy to perform
either with riboprobes (37) or oligoprobes
(5,24). Such a protocol allows one to locate
a given mRNA synthesizing neuron among
a chemically identified population. It can,
for instance, give clues to the nature of a

neuropeptide receptor, e.g., presynaptic or
postsynaptic (5), and lead to distinguishing
between the physiological roles of different
receptor subtypes. Beside its high sensitivi-
ty, the use of radioactive probes gives the
opportunity to quantify one signal (25,26)
and, hence, to carry out functional studies.
Furthermore, double ISH experiments, fol-
lowed by the quantification of the radioac-
tive signal, can demonstrate that the level of
a gene expression may be regulated by some
physiological or experimental stimulations
only in a restricted population characterized
by its neurochemical phenotype identified
by the nonradioactive signal. In particular,
this leads to quantitatively studying the
expression of functional markers of cellular
activity (transcription factors, second mes-
sengers) in a given neuronal population.

Double Fluorescent ISH

Since these detection procedures appear
less sensitive, at least in the central nervous
system, than the previous ones, their use is
not well suited to mapping cell populations
that express a given mRNA, especially if
the mRNA expression is weak. In contrast,
these techniques appear more appropriate
for subcellular localization studies. Their
major advantage lies in a high resolution of
the fluorescent signals, especially when ob-
served with a confocal microscope, thus
making possible the study of intracellular
localization of mRNAs. This protocol pro-
vided evidence for a differential subcellular
compartmentalization of G proteins and
vasopressin mRNAs within the same hypo-
thalamic magnocellular neuron (39) or
between two neuropeptides transcripts,
namely galanin and vasopressin (Figure 2,
b, d, and f ), in the same model.

Double ISH at the Electron 
Microscope Level

Although double ISH at the electron
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microscope level cannot be considered as a
routine technique, it provides unsurpassed
information on the relative distribution of
two mRNA species at the subcellular level.
However, appropriate controls are needed
to ensure the specificity of the technique.

Double Labeling Combining ICC 
and ISH

This double labeling offers a wide range
of applications, both at the optic and elec-
tron microscope levels depending on the
chosen markers. For light microscopy, an
enzymatic ICC can be combined with
mRNA detection by using either the sil-
ver-enhanced gold particle protocol (see
Protocol #4) or radioactive probes (see
Protocol #5 modified by omitting the
enzymatic ISH). 

This coupling represents, first, an alter-
native to double ICC or double ISH to
identify possible colocalizations between
heterologous protein and mRNA (21,22,
41). Second, it allows functional studies
when visualizing homologous protein and
mRNA. It makes it possible to check the
reality of the protein synthesis in messen-
ger-containing neurons (Figure 1e). On the
contrary, it may point out a possible lack of
one gene expression product (12,41) (see
also Figure 1e). If the peptide is not de-
tectable, neurons can be seen as active cells,
where translation products may be export-
ed to nerve endings at a higher rate than
they are synthesized. In contrast, a neuron
in which a transcript is not visualized,
although the corresponding peptide has
been identified, may be considered as a
resting cell, storing molecules that are like-
ly to be released upon stimulation. Thus,
combining ICC and ISH documents the
functional heterogeneity of neuronal popu-
lations that were usually considered as a
whole.

For these studies, the use of radioactive-
ly labeled probes is highly recommended

because of their high sensitivity. Moreover,
silver grains are easily distinguished from
peroxidase precipitate (Figure 1c versus
Figure 1, d and e). In some cases, it may be
of importance to identify which subcellu-
lar compartment is actually accumulating
the protein or the messenger (e.g., den-
drites or axons). Then, ISH can be per-
formed by using a fluoresent method or a
digoxigenin-labeled probe detected by the
silver-enhanced gold particle system.
Whereas the sensitivity of the latter is lower
than the autoradiographic procedure, its
resolution is excellent (Figure 2e) and
allows studies at the electron microscopic
level (Figure 4a).

Triple Labeling Combining Enzymatic
ICC and Radioactive and Enzymatic
Double ISH

This protocol is a combination of oth-
ers. One probe has to be detected with an
enzymatic marker, and a good timing of
the development of the two enzymatic
reactions must be found. This triple label-
ing gives valuable information about the
precise distribution of a peptide between
the two populations identified upon the
basis of their transcript content (13,22)
(Figure 2, g and h). In summary, the main
applications for which the protocols pre-
sented here can be divided are as follows:

1. Anatomical localization: multiple label-
ings allow one to describe the cellular
or intracellular distribution of a given
gene expression product in a chemical-
ly identified population.

2. Functional studies: given the nature of
the target genes (e.g., receptors, second
messenger molecules, inducible tran-
scription factors) and the possible vari-
ations of their mRNA amounts, multi-
ple labelings can document the roles of
neurochemicals and their implications
in functional regulations. 
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Controls 

Usual control experiments, that aim to
investigate possible excess or deficiency
errors when performing ICC or ISH, are
still necessary for multiple labelings. Be-
sides these controls specific to each reac-
tion, possible interferences must be also
checked. An easy way is to compare the
results of the multiple labelings to those
obtained when performing each labeling
separately. Another advantadge is to evalu-
ate a possible decrease of sensitivity in-
duced by the coupling procedure. When
possible, it may be useful to invert the
order of two detections to determine possi-
ble interactions between different steps.
Changing the detection systems also
ensures the specificity of the labelings. 

Compatibility with Other Techniques 

Other techniques can be coupled to
ICC and/or ISH on the same preparation.
Hodological tracing is one example of a
neuroanatomical method that needs an in
vivo injection. Such a treatment of the ani-
mal does not affect the detection of pro-
teins and/or mRNAs. 

The effects of exogenous drugs as well as
physiological or pathological conditions
can be analyzed by their consequences on
the relative distribution and/or intensity of
the combined stainings.

Also, binding studies can be combined
with ICC and/or ISH. Of particular inter-
est is the recent development of fluorescent
ligands that allow studies at the cellular
and subcellular levels (30) and make it pos-
sible to directly compare the synthesis rate
of a given receptor with its localization and
routing within living cells upon various
stimulations.

New Trends 

Improvements in the ability of multiple

labelings to localize gene products lie
mainly in amplification procedures. The
recent introduction of the catalyzed
reporter deposition (CARD) method in
morphological studies represents a good
example of new efforts aiming to increase
the sensitivity of the techniques (3,19,43).
The CARD method is based on the use of
tyramides as described in Protocol #6. Our
procedure can be applied either for ICC or
ISH detection. The tyramide amplification
sequence can be inserted within other pro-
tocols, and the specific reagents required
for this detection (amplification diluent,
blocking solution) do not affect the cou-
pled reactions. The high signal generation
capacity of the peroxidase tyramide reac-
tion allows the detection of low amounts
of target molecules. The diffusion of the
deposited tyramide limits the resolution of
the technique which remains suitable for
electron microscope ISH studies (Figure
4b) (23) or for ICC localization of mem-
brane-bound receptors (Figure 1f ) (5). A
dramatic amplification of the messengers
might also be obtained by in situ reverse
transcription polymerase chain reaction
(RT-PCR) methods. However, with a few
remarkable exceptions (see References 10,
27, and 29), technical problems arose
which slowed down the development of
this method. In particular, the good con-
ditions for the amplification rounds are
not easy to adjust, and the fixation must
represent an acceptable compromise
between the penetration of reagents and
the retention of the amplification prod-
ucts. In situ RT-PCR methods are dis-
cussed in Chapter 9.

Together with the gain in sensitivity, the
development of highly resolutive tech-
niques allows one to further study the
compartmentalization of gene products
and especially the routing of proteins and
mRNAs. Adequation between proteins and
their corresponding mRNA in specific sub-
cellular domains provided evidence for a
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local synthesis of proteins on their site of
action, as it has been well documented for
dendritic synthesis of bioactive molecules
(33,38). 

Neuroanatomical techniques are now
broadly used in ontogenesis studies. To
give functional clues, it is of importance to
determine the period of gene expression
throughout development. Thus, a time
component must be taken into account in
addition to the spatial localization of gene
products. Thus, neuroanatomical methods
led to describe hierarchies in regulatory
interactions (15). Moreover, the codetec-
tion of a protein and its messenger is essen-
tial, and discrepancies identified between
their relative distribution suggested a diffu-
sion of the protein in tissues that do not
express the transcript (9). Furthermore, the
multiple labeling methods allow one to fol-
low the regulation of a gene expression in
differentiating neurons that are further
identified by their neurochemical pheno-
type. Double ISH using riboprobes is thus
likely to be a very useful technique for this
approach, since it allows studies on whole
mount embryos as well as on paraffin-
embedded tissue.

A common feature of functional studies
is now the use of genetically-modified sys-
tems. Multiple labelings represent useful
tools to colocalize endogenous and exoge-
nous genes and thus to identify cells or tis-
sues that are expressing a tagged transgene.

In all these models, quantifying the gene
expression has become an essential feature,
and numerous devices are in development
to quantitatively analyze radioactive or flu-
orescent signals by using the so-called beta
imagers and imaging softwares.

A broad array of multiple labeling meth-
ods is now available and represent essential
approaches not only for anatomical but
also for functional studies. Their growing
interest depends on their ability to answer
an increasing number of questions related
to cellular or developmental neurobiology.
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OVERVIEW

The development of polymerase chain
reaction (PCR) produced a technological
breakthrough in nucleic acid detection by
increasing molecular sensitivity capabili-
ties. In situ PCR is a marriage of two estab-
lished technologies: PCR and in situ
hybridization based on the amplification
within intact cells or tissue sections of spe-
cific DNA sequences, or mRNA species, to
levels detectable by in situ hybridization
and/or immunohistochemistry. Thus, PCR
results can be correlated spatially with cell
morphology. 

This chapter focuses on the application
of in situ PCR on detection of mRNA in
rat brain sections. We provide a detailed
one-day protocol for direct in situ reverse
transcription PCR (RT-PCR) using incor-
poration of nonradioactive nucleotides
(digoxigenin-11-dUTP) in the PCR prod-
uct and detection with an antidigoxigenin
antibody conjugated with alkaline phos-
phatase. We have used this approach for
localization of 90 kDa ribosomal S6 kinase
(RSK) mRNA in adult rat brain. Initially,
we investigated the distribution of RSK1,

RSK2, and RSK3 mRNA in rat brain by
conventional in situ hybridization using
radiolabeled oligonucleotides. The signals
were, however, too weak for localization in
brain section. Accordingly, we applied in
situ RT-PCR to improve the sensitivity by
PCR amplification of the target and by
increasing the signal with immunocyto-
chemistry. Using this protocol, RSK
mRNA was successfully visualized in neu-
ronal cell bodies throughout the adult rat
brain (Figures 1 and 2).

BACKGROUND

In situ hybridization is an invaluable tool
to identify, in tissue samples, the cell type
that contains a specific nucleic acid. In situ
hybridization techniques represent the his-
tochemical counterparts to Northern and
Southern blot analysis in molecular biology.
These techniques enable investigators to
delineate which cells in a mixed population
express the mRNA of interest or harbor a
particular viral DNA (28). In situ
hybridization permits the localization of
nuclear acid sequences at the cellular level
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with high specificity, but this is sometimes
overshadowed by low detection sensitivity
(19,25). The threshold for detection of
mRNA are approximately 10 copies per
cell, and most conventional nonisotopic
protocols do not detect single-copy genes.
Thus, constraints on the detection limits of
the assay minimize its effectiveness in evalu-
ating low level nucleic acid expression (see
Chapter 8 for further discussion and for
details on in situ hybridization protocols).

In situ PCR has been applied for the
detection of low abundance viral DNA and
mRNA in tissue and cellular samples. The
first successful in situ PCR was described
10 years ago, where lentiviral DNA in
infected cells was amplified in situ, and the
amplification product was detected by in
situ hybridization (6). The technique has
primarily been applied for the detection of
viral DNA. Several groups used in situ
PCR to localize different human viruses in
formalin-fixed paraffin-embedded tissues
and blood cell suspensions (1,3,11,13,23,
26). Some authors have used in situ PCR
to localize mRNA in cells with low levels of
expression (2,8,14,19,20,24,29). Many
centers, however, have encountered prob-
lems with reaction failure or commonly
seen false positive signals. Several reviews

and books have dealt with these problems
and published modifications and develop-
ment of the in situ PCR protocols (5,7,15,
19,22,25).

In Situ PCR Techniques

The term in situ PCR is used to describe
the technique as a whole. Direct in situ
PCR describes the technique whereby a
label is incorporated directly into the
amplicon during PCR of cellular DNA
and subsequently detected in order to
localize the amplified product. Indirect in
situ PCR describes an alternative technique
whereby the amplicon is produced by PCR
of cellular DNA without label incorpora-
tion. The amplified product is then detect-
ed by standard in situ hybridization. This
basic terminology can be extended to
include amplification and detection of
mRNA targets by direct or indirect in situ
RT-PCR (Figure 3). Four essentially simi-
lar in situ amplification techniques have
been described (15,25):

1. Direct in situ PCR: PCR amplification
of cellular DNA sequences in tissue
specimens using either a hapten-la-
beled nucleotide (dUTP) or hapten-
labeled primer within the PCR
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Figure 1. Localization of RSK2 mRNA in rat cerebral cortex
by indirect in situ RT-PCR. Color staining is localized in the
cytoplasm of neuronal cell bodies of interneurons in cortex.
Glial cells are unstained. (See color plate A7.)

Figure 2. Localization of RSK2 mRNA in rat cerebellum by
direct in situ RT-PCR. Color staining is localized in cyto-
plasm of the perikarya of Purkinje cells. Neurons in the gran-
ular cell layer are unstained. (See color plate A7.)
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mixture. Biotin, digoxigenin, or fluo-
rescein is used to label the nucleotide
or primer. The labeled PCR product is
then detected in the tissue using stan-
dard detection techniques as for con-
ventional in situ hybridization or
immunocytochemistry. 

2. Indirect in situ PCR: PCR amplification
of cellular DNA sequences in tissue
specimens using a standard PCR mix-
ture. Following PCR, the localization of
the amplified product is then detected
by in situ hybridization using a labeled
oligonucleotide or genomic probe. The
labels used can be either isotopic (32P,
35S) or nonisotopic (e.g., biotin, digoxi-
genin, or fluorescein). To date, most

studies have used nonisotopic labels.
3. Direct in situ RT-PCR: amplification

of mRNA sequences in cells and tissue
specimens by initially creating a com-
plementary DNA (cDNA) template
using reverse transcriptase and then
amplifying the newly created cDNA
template by PCR using labeled nu-
cleotides as for direct in situ PCR. The
labeled PCR product is detected by
immunocytochemistry (Figure 4).

4. Indirect in situ RT-PCR: amplification
of RNA sequences in cells and tissue
specimens by creating a cDNA tem-
plate using reverse transcriptase, ampli-
fying the newly created DNA template
by PCR, and then probing this DNA
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Figure 3. In situ RT-PCR for detection of mRNA in brain sections.
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Figure 4. Schematic representation of direct and indirect in situ RT-PCR protocols.
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with an internal oligonucletide probe
(Figure 4).

We have used direct in situ RT-PCR for
localization of 90 kDa RSK mRNA in adult
rat brain (H. Broholm and S. Gammeltoft,
unpublished data). RSK is involved in tran-
scriptional regulation by growth factors and
hormones via the mitogen-activated protein
(MAP) kinase cascade in brain and other
tissues (4,10). Three isoforms of RSK exist:
RSK1, RSK2, and RSK3 with about 80%
homology. The importance of RSK2 in
brain function was recently underlined by
the finding that inactivating mutations of
human RSK2 gene are associated with a
syndromic form of mental retardation, Cof-
fin-Lowry syndrome (9,27). Thus, it is
important to analyze the cellular distribu-
tion and function of RSK isoforms in the
central nervous system (CNS).

We have evaluated two techniques of in
situ RT-PCR for detection of mRNA in
cells and tissues: (i) direct in situ RT-PCR
with incorporation of a label directly into
the PCR product and subsequent detec-
tion; and (ii) indirect in situ RT-PCR with
amplification of cDNA and subsequent
hybridization (Figures 1 and 2). We con-
clude that direct in situ RT-PCR is the
method of preference, as it is simple, sensi-
tive, specific, rapid, and reproducible. Indi-
rect in situ RT-PCR may be more specific
because the probe only hybridizes to the
target-specific amplicon sequences pro-
duced during the PCR and not to DNA
produced by nonspecific synthesis. On the
other hand, the process of indirect in situ
RT-PCR takes considerably longer than
direct in situ PCR because of the addition-
al hybridization and stringent washing
steps required. Furthermore, manipulation
of the tissue can result in detachment and
loss of the sections. Finally, indirect in situ
RT-PCR is generally found to be less sensi-
tive than direct in situ RT-PCR. 

During direct in situ RT-PCR, a label is
incorporated directly into the amplicon

throughout the PCR process. Two methods
can be utilized for direct incorporation. In
one method, a hapten-labeled nucleotide
analog such as biotin-11-dUTP, digoxi-
genin-11-dUTP, or fluorescein-15-dATP is
added to the PCR mixture. During amplifi-
cation, the hapten becomes incorporated
into the amplicon and can be detected by
enzyme-conjugated antibodies and chro-
mogenic substrates. Direct label incorpora-
tion results in the labeling of all nucleic
acids synthesized during the PCR process
with a high degree of sensitivity. With this
approach, the detection of single-copy
mRNA is made possible. The other method
of direct incorporation is via hapten-labeled
primers. This labeling method is less sensi-
tive as less hapten is incorporated at each
amplification step. Hapten-labeled oligonu-
cleotide primers tend to be sticky, and the
nonspecific binding can lead to high back-
ground. We used direct incorporation of
digoxigenin-11-dUTP into the PCR prod-
uct and detection by antidigoxigenin anti-
body conjugated to alkaline phosphatase
and chromogenic substrate. 

An important factor for the success of in
situ PCR is the availability of instrumenta-
tion dedicated to the thermal cycling of
PCR components on microscopic slides.
We used GeneAmp In situ PCR system
1000 manufactured by PE Biosystems
(Foster City, CA, USA) (15). With this
instrument, in situ PCR can be performed
on nondisrupted cells and tissues immobi-
lized onto the surface of microscopic slides.
The capacity is 10 slides with two or three
sections per slide. The slides are held firm-
ly against a series of vertical slots compris-
ing the block of the thermal cycler to
ensure precise temperature control. The
system also provides a unique containment
system for maintaining PCR components
over the sections during thermal cycling. A
dedicated Assembly Tool is used to assem-
ble AmpliCover Discs and AmpliCover
Clips (all from PE Biosystems) onto 1.2-
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mm-thick silane-coated slides to create a
standardized reaction chamber of 35 to 50
µL volume over the immobilized sample.
The stainless steel AmpliCover Clips hold
the silicon-rubber AmpliCover Discs firm-
ly in place to ensure that the contained
reaction remains sealed throughout the
cycling reaction.

We emphasize, however, that several
problems were encountered with the tech-
nique leading to reaction failure or false
positive signals. The implementation of in
situ RT-PCR is labor-intensive and
requires the optimization of each step
involved in the procedure. No universally
applicable technique is available, and a
standard protocol for in situ RT-PCR does
not exist. All variables should be carefully
controlled for each application, and indi-
vidual steps must be determined empirical-
ly. Critical steps include starting material,
fixation of tissue, protease digestion,
DNase digestion, primer design, and
cycling conditions. Future users of in situ
RT-PCR are recommended to read reviews
that deal with technical problems and opti-
mization of protocols (7,15–17,19,21,
22,25).

PROTOCOL FOR DIRECT IN SITU
RT-PCR

Materials and Reagents

• Tissue-Tek® O.C.T.-compound (Sa-
kura Finetek, Amsterdam, The Neder-
lands).

• Multi-well culture plates (Corning
Incorporates, Corning, NY, USA).

• 2-methylbutane (Sigma, St. Louis,
MO, USA).

• In situ PCR glass slides (PE Biosys-
tems).

• Humi-Cap dessicant capsules (United
Desiccants, Pennsauken, NJ, USA).

• Paraformaldehyde (Sigma).
• Disposable syringe filters (Millipore,

Bedford, MA, USA).
• Pepsin (Sigma).
• Proteinase K (Sigma).
• Diethyl-pyrocarbonate (DEPC; Sigma).
• Deoxyribonuclease I (DNase I; Roche

Molecular Biochemicals, Mannhein,
Germany).

• Thermanox cover slips (Miles Scien-
tific, Naperville, IL, USA).

• Acetic anydride (Sigma).
• Triethanolamine (Sigma).
• Acetic acid (Sigma).
• GeneAmp RNA PCR Core Kit (PE

Biosystems).
• GeneAmp In situ PCR System 1000.
• Albumin (Sigma).
• Antidigoxigenin Fab fragment conju-

gated with alkaline phosphatase (Roche
Molecular Biochemicals).

• 4-nitroblue tetrazolium chloride
(Sigma).

• 5-bromo-4-choloro-3-indolyl phos-
phate (BCIP; Sigma).

Buffers and Solutions

Buffered Paraformaldehyde 4%

Paraformaldehyde fixative is prepared by
heating to 60°C a volume of water equal to
slightly less that 2/3 the desired final volume
of fixative. Weigh out a quantity of para-
formaldehyde that will make a 4% solution
and add it with a stir bar to the water.
Cover. Transfer the solution to fume hood
and maintain on heating plate at 60°C with
stirring. Add 1 N NaOH drop-wise with a
Pasteur pipet until the solution is clear. The
solution will still have some fine particles
that will not go away. Be careful not to over-
heat the solution. Remove from heat and
add 1/3 volume 3× phosphate-buffered
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saline (PBS). Bring pH of solution to 7.2
with HCl, add water to final volume, and
filter using a disposable Millipore filter.
Cool to room temperature or to 4°C on ice. 

Caution: Formaldehyde is a carcinogen
and may cause allergic reactions.

3×× and 1×× Phosphate-Buffered Saline, pH
7.2

Prepare the following solutions: 390
mM NaCl/30 mM Na2HPO4 and 390
mM NaCl/30 mM NaH2PO4. Mix to
obtain 3× PBS, pH 7.2 and autoclave or
sterilize with a filter. Prepare 1× PBS by
diluting 3× PBS 3-fold with water.

Diethyl-Pyrocarbonate-Water 0.1%

In all steps involving treatment of sec-
tions for in situ RT-PCR, it is recommend-
ed to use water with DEPC in order to
inhibit RNase activity. Prepare 0.1%
DEPC-H2O by adding 1 mL 100%
DEPC to 1000 mL MilliQ-purified water.
Mix for 1 hour and incubate at 37°C.
Autoclave the solution.

Pepsin 2 mg/mL

Prepare the solution with 10 mg pepsin
in 4832 µL 0.1% DEPC-H2O and 168 µL
3 M HCl. Freshly made for each experi-
ment.

DNase Solution 50 U/mL

Prepare the solution by adding 1.0 µL
DNase I (5 U), RNase-free to 100 µL 1×
DNase buffer composed of Tris 40 mM,
pH 7.6, MgCl2 6 mM, and CaCl2 2 mM.

Acetic Anhydride 0.3% in 0.1 M
Triethanolamine

Triethanolamine (1.85 g) in 100 mL
MilliQ water. Stir to ensure complete solu-

tion. Adjust pH to 8.0. Just before use, add
300 µL acetic anhydride. Keep everything
in the hood.

Reverse Transcriptase Master Mixture
(GeneAmp RNA PCR Core Kit) 

Add the reagents in the order and pro-
portions as follows: MgCl2 25 mM 4 µL,
10× PCR Buffer II 2 µL, DEPC-H2O
9 µL, dNTP 10 mM 2 µL, RNase 20 U/µL
1 µL, Oligo(dT)16 1 µL, MuLV reverse
transcriptase 50 U/µL 1 µL. Total volume
20 µL. 

PCR Master Mixture (GeneAmp RNA
PCR Core Kit)

The solution is prepared by adding the
reagents in the order and proportions as fol-
lows: MgCl2 25 mM 3.2 µL, 10× PCR
Buffer II 4.0 µL, DEPC-H2O 26.9 µL,
dNTP 10 mM 0.8 µL, digoxigenin-11-
dUTP 1 mM 0.8 µL, Taq DNA polymerase
5 U/µL 0.3 µL, “Downstream” Primer 10
µM 2.0 µL and “Upstream” Primer 10 µM
2.0 µL. Total volume 40.0 µL. 

Buffer 1 for Digoxigenin Detection

0.05 M Tris-HCl, pH 7.5, and 0.15 M
NaCl.

Buffer 2 for Digoxigenin Detection

0.1 M Tris-HCl, pH 9.5, 0.05 M
MgCl2, and 0.1 M NaCl.

Blocking Buffer

Albumin 0.3% dissolved in Buffer 1.

Digoxigenin Antibody Solution

Antidigoxigenin Fab fragment conjugat-
ed with alkaline phosphatase is diluted
1:500 in Buffer 1.
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4-Nitroblue Tetrazolium Chloride 

10 mg/mL water.

5-Bromo-4-Chloro-3-Indoylphosphate 

25 mg/0.5 mL dimethylformamide
(DMF).

Protocol

General Concepts

Direct in situ RT-PCR technique repre-
sents the coming together of RT-PCR and
in situ hybridization, allowing the amplifi-
cation of specific mRNA sequences inside
cells. First, cells or tissue sections are
mounted on coated glass slides and fixed
with a suitable fixative, usually neutral-
buffered formaldehyde. For some applica-
tions, formaldehyde-fixed cells or tissue are
permeabilized using proteolytic enzymes in
order to permit access of PCR reagents into
the cells and to target the nucleic acid.
Before performing the reverse transcription
procedure, degradation of the existing
DNA is usually recommended to avoid
amplification of the genomic DNA. Acety-
lation can be included during pretreatment
to reduce nonspecific sticking of hapten-
labeled oligonucleotide primers during
indirect in situ RT-PCR. Reverse transcrip-
tase reaction is performed to synthesize
cDNA from mRNA, and PCR amplifica-
tion in situ is performed in specifically
designed in situ PCR thermocyclers.
Digoxigenin-labeled nucleotides are incor-
porated during the PCR, and the amplified
product is visualized by immunocyto-
chemistry using antibody to digoxigenin
conjugated with alkaline phosphatase. We
emphasize that pretreatment with protease,
DNase as well as acetylation, was aban-
doned in our protocol. This resulted in a
simple and rapid 4-step protocol of direct
in situ RT-PCR: (i) sample preparation;

(ii) reverse transcriptase reaction; (iii) in
situ PCR amplification; and (iv) immuno-
detection and visualization (Table 1).

Sample Preparation 

Tissue Dissection

1. Kill the animal by decapitation with-
out anesthesia. 

2. Open the skull with scissors cutting
through foramen magnum and the
midline and gently remove the brain
and place it on the bottom of a plastic
petri dish on ice at 4°C. 

3. Remove the meninges with a pincer.
Cut the brain with a razor blade in 6
coronal sections of 4 to 5 mm and
place them in wells of a 12-well cell
culture plate on ice at 4°C. 

4. Embed tissue in OCT and freeze it by
immersion of the plate in liquid 2-
methylbutane prechilled with dry ice.
The frozen tissue is stored in sealed
containers at -80°C. 

Comment: The meninges are removed
with a pincer to avoid interference with the
coronal sectioning. Tissue should be ori-
ented in the block appropriately for sec-
tioning. Note the tissue number on the
block directly and indicate which face of
the block should be sectioned.

Sectioning and Fixation of Frozen Tissues

5. Cut 7-µm cryostat sections and thaw-
mount them on 1.2-mm silane-coated
in situ PCR glass slides.

6. Allow to air-dry and fix in 4%
paraformaldehyde in 1× PBS, pH 7.2,
at room temperature for 20 minutes.
Two sections are placed on each slide,
one for a positive test and one for a
negative control (see below). 

7. Wash slides once in 3× PBS for 5 min-
utes and twice in 1× PBS for 5 minutes.
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8. Dehydrate step-wise in 70%, 80%,
90%, and 100% ethanol for 2 minutes
at each step and air-dry. 

9. Slides are stored at -80°C in plastic
slide boxes with Humi-Cap desiccant
capsules.

Comment: The problem with keeping
the tissue sections on the slide during the
hybridization and washing procedures is
reduced by the use of silane-coated glass
slides and subsequent 4% paraformalde-
hyde fixation. mRNA is stable when stored

as described above, and tissue sections may
be used for up to 6 months after sectioning. 

Pretreatment of Sections

Protease Digestion

Protease digestion is performed with
150 µL of pepsin 2 mg/mL in 0.01 N HCl
per sample and incubated for 20 to 90
minutes at room temperature in a humid
chamber. The slide is washed with DEPC
water for 5 minutes. Others have used
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Table 1. Protocol for Direct In Situ RT-PCR 

Step Objective Technique Comment

Tissue sectioning Disrupt tissue barriers and 5–10-µm sections at Sections should be less
and adhesion keep sections on the slide -18°C on 1.2-mm than 10 µm to permit

during incubations. silane-coated glass  diffusion of reagents to 
slides. nucleic acid targets.

Fixation Maintain tissue PBS-buffered 4% Weak and brief fixation does
architecture and prevent paraformaldehyde for not cause denaturation of
diffusion of mRNA. 20 min. proteins, mRNA, or DNA.

Protease digestion Degrade protein–protein Pepsin 2 mg/mL in Omitted in our protocol.
and protein–DNA  0.01 N HCl for 20–90 
networks. min at room temperature.

DNase treatment Degrade genomic DNA Deoxyribonuclease Omitted in our protocol.
to prevent false positive  1 U for 7–16 h.
reactions.

Acetylation Prevent nonspecific Acetic anhydride 0.3% Omitted in our protocol.
sticking of hapten-labeled in 0.1 M triethanolamine
oligonucleotide primers for 10 min and acetic
used in indirect RT-PCR. acid 20% for 15 s.

Reverse transcription Synthesis of cDNA MuLV reverse Standard reverse
from mRNA. transcriptase 2.5 U with transcriptase procedure.

oligo(dT)16 primer for 
30 min at 42°C.

PCR Amplification of cDNA. Taq DNA polymerase Standard PCR procedure.
0.4 U with primer set and 
digoxigenin-11-dUTP in
thermal cycler (45 cycles).

Immunodetection Increase signal and localize Antidigoxigenin antibody Standard immunochemistry.
cellular mRNA (cDNA). 1:500 for 60 min at 37°C.

Visualization Staining of cells for light Color development with Standard histochemistry.
microscopy. substrate for alkaline 

phosphatase.
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proteinase K 0.1 to 0.5 µg/mL for cells and
0.1 to 1.0 µg/mL for tissue sections before
in situ RT-PCR of mRNA. 

Comment: In our study (mild aldehyde
fixation) protease digestion was omitted.

In the case of strong formaldehyde-fixed
(10% for 16–24 h) and paraffin-embedded
sections, however, protease digestion is gen-
erally recommended to reduce the network
of protein–protein and protein–DNA
cross-linking created by the fixative, and to
allow diffusion of primers and Taq DNA
polymerase to the nucleic acid targets. The
duration of protease digestion depends on
the type of fixative used and the extent of
fixation. It is a critical parameter that must
be determined empirically (22). Too little
protease digestion will result in poor ampli-
fication efficiency, while over digestion will
destroy tissue morphology and will permit
diffusion of the amplicons out of the cells.
In our experience, the protease digestion is
difficult to optimize and should be avoided
if possible. Using fresh frozen sections of rat
brain, we tested whether protease digestion
was needed for in situ RT-PCR of RSK
mRNA. A comparison between protease-
treated and untreated sections showed no
difference in amplification and localization
of the signal. In both cases, a strong signal
was clearly localized to the cytoplasm of
neuronal cell bodies in the brain.

Digestion with DNase

DNase treatment is performed by appli-
cation of 20 µL of DNase solution (1
U/sample) to each section. Cover with
Thermanox cover slips and incubate the
slide at 37°C in a humid chamber for at
least 7 hours. Digestion times shorter that
7 hours might not be adequate to com-
pletely degrade genomic DNA. After the
digestion the slides are washed for 1
minute in ultra-pure water followed by
100% ethanol and air-drying.

Comment: In our study of RSK mRNA

distribution in rat brain, DNase pretreat-
ment of sections was omitted. Digestion
with DNase may be used to degrade
genomic DNA and prevent amplification
of genomic sequences during in situ RT-
PCR leading to false positive reactions.
Although we omitted this step, we did not
observe any nuclear localization of the
digoxigenin label and found only staining
of the cytoplasm indicating that amplifica-
tion of genomic DNA was not a problem. 

DNase treatment appears to be a prob-
lematic step, and on some occasions omis-
sion of this step is required to avoid non-
specific nuclear staining. A time-dependent
increase in nonspecific nuclear staining is
clearly seen after 2 and 24 hours of DNase
treatment (19). This anomaly is probably
caused by small fragments of nuclear DNA
being used as nonspecific primers during
the amplification step. Efficient amplifica-
tion of genomic DNA can be avoided by
using special primer designs such as a
poly(dT) primer or primers flanking
introns. Elimination of the need for DNase
treatment has been successfully demon-
strated in these instances (15). 

Acetylation

Labeled reagents can stick nonspecifical-
ly to tissue sections because of static
charge. One way of reducing static charge
is to include an acetylation step during the
pretreatment procedure. Acetylation is per-
formed by incubation of sections with
0.3% acetic anhydride in 0.1 M tri-
ethanolamine for 10 minutes followed by
20% acetic acid for 15 seconds and then
washing with water.

Comment: In our study, acetylation of
brain sections before in situ RT-PCR was
omitted. This step can be included to pre-
vent nonspecific sticking of hapten-labeled
oligonucleotide primer during indirect in
situ RT-PCR (15). High background in
problematic tissues (e.g., kidney, liver, and
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gastrointestinal tract) can be reduced sig-
nificantly by inclusion of this step. This
step is rarely used if hapten-labeled
nucleotides are used for direct in situ RT-
PCR detection of mRNA. 

Reverse Transcriptase Reaction

10. Remove slides from the freezer and thaw
for 5 minutes at room temperature. 

11. Apply 20 µL reverse transcriptase mas-
ter mixture on the sections. The reverse
transcriptase reaction can be primed
using random oligo(dT) primers or cus-
tom-designed forward (antisense) pri-
mers 3′ to the gene of interest, i.e., the
downstream primer of the PCR ampli-
fication. We used oligo(dT)16 to prime
all mRNAs with a poly(A) tail for initi-
ating first-strand cDNA synthesis. 

12. Cover the sections with Thermanox
cover slips. 

13. Preincubate the slides at room temper-
ature for 10 minutes to extend the
oligo(dT)16 by reverse transcriptase.
The slides are incubated in a humid
chamber at 42°C for 30 minutes. To
avoid disrupting tissue material, care-
fully lift the cover slips without sliding
them sideways. 

14. Wash the slides in 1× PBS for 5 min-
utes at room temperature. Dehydrate
the slides in 0.1% DEPC-H2O with
50%, 70%, 90%, and 100% ethanol, 1
minute each, and air-dry.

Comment: Heat inactivation of reverse
transcriptase, which is used for solution
RT-PCR is not necessary for in situ RT-
PCR as the enzyme is removed by washing
the slides. All reagents and plast-ware
should be RNase-free. The investigator
should use gloves to avoid contamination
of samples with skin bacteria and RNase.
Negative controls are prepared by omitting
MuLV reverse transcriptase from the
reverse transcriptase master mixture.

PCR Amplification

15. Program the GeneAmp In situ PCR
System 1000 as follows: a 2 minute
hold at 95°C; 45 cycles of 95°C for 15
seconds and 59°C for 30 seconds; a 7
minute hold at 72°C; a 24 hour hold
at 4°C. The hybridization temperature
depends on the GC content and melt-
ing temperature (Tm) of the primers.
Cycling conditions must be optimized
for the target sequence and primer pair. 

16. Set the thermal cycler at a 70°C hold. 
17. Prepare 40 µL of PCR master mixture

for each tissue section. For the applica-
tion, the PCR master mixture compo-
nents might have to be optimized. 

18. Place a slide on the Assembly Tool and
overlay the section with 40 µL of PCR
solution. Be careful not to let the drop
of solution spread along the glass. 

19. Make an assembly using the Ampli-
Cover Discs, Clips, and Assembly Tool
contained in the GeneAmp In situ
PCR System 1000. Continue with the
other tissue spots. 

20. As each slide is assembled, place it in
the GeneAmp In situ PCR System
1000 set at a 70°C soak. 

21. When all the slides are placed in the
cycler, begin the thermal cycle program
described above. 

22. After cycling is complete, soak the
slides at 4°C until disassembly and
digoxigenin detection.

Comment: The protocol has been
applied for in situ RT-PCR of RSK1,
RSK2, and RSK3 cDNA in rat brain. The
recommended primer length is between 20
and 30 nucleotides. In our study, the
primer length varied between 21 and 23
bp. The GC content varied between 0.42
and 0.66. The PCR product length should
be 100 to 600 bp. The length of the PCR
product was 546 bp for RSK1, 412 bp for
RSK2, and 328 bp for RSK3. To eliminate
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the possibility of generating PCR products
from genomic DNA, it is important to
design primers that bridge introns so as to
distinguish the template source on the
basis of product size. Before the in situ
PCR experiments, all parameters for the
PCR, including MgCl2, pH, and anneal-
ing temperature must be optimized by
solution PCR and agarose electrophoresis.
Products should be cloned and sequenced
to confirm identity. In our study, the Tm of
the primers varied between 54° and 59°C,
but a temperature of 59°C is used for a
combined primer annealing and extension
step for 30 seconds. The 7 minute hold at
72°C after the thermal cycling was used to
allow primer extension and amplicon syn-
thesis to be completed. We used 45 cycles
to obtain the highest amplification of
cDNA. Some authors recommend lower
number of cycles to avoid nonspecific
nuclear staining (19). In our study, howev-
er, no nuclear staining was observed. Nega-
tive controls are prepared by omitting
primers or Taq DNA polymerase from the
PCR master mixture. 

Immunodetection and Visualization

23. Remove the AmpliCover Clips from
each slide using the Disassembly Tool.
Carefully lift the AmpliCover Disc
without sliding it sideways so as not to
disrupt the tissue material. 

24. Rinse the slides briefly with Buffer 1
using a Pasteur pipet. 

25. Wash the slides in a Coplin jar with
Buffer 1 for 5 minutes followed by
Blocking buffer for 20 minutes. 

26. Drain the slides of Blocking buffer, and
wipe a ring around each section with a
hydrophobic pen. 

27. Apply 50 µL of antidigoxigenin anti-
body solution. 

28. Place the slides in a humid chamber
and incubate at 37°C for 60 minutes. 

29. In a Coplin jar, wash the slides in
Buffer 2. Add 1 mL per slide of freshly
prepared solution with appropriate
substrates (4-nitroblue tetrazolium
chloride and BCIP) and develop for 5
minutes to 1 hour at room temperature
protected from light. Drain the sub-
strate solution from the slides. Stop the
reaction by rinsing in water. 

30. The tissue is counterstained in Mayers
Hematoxylin for 1 minute. Slides are
mounted with Aquamount.

Comment: Do not let the sections dry
out during the entire detection process.
The length of development will depend on
the initial copy number of the mRNA tar-
get sequences and the amplification effi-
ciency. It has been estimated that after 30
cycles, amplification is of the order of 10-
to 30-fold (3). Monitor the development
of purple color on the slide every few min-
utes. In our study of in situ RT-PCR of
RSK mRNA in rat brain, a 5 minute devel-
opment was sufficient. A purple precipitate
will appear in the location where digoxi-
genin is incorporated into DNA. For in
situ RT-PCR, color development will
appear over the cytoplasm, which is the
cellular compartment where most mRNA
is found. Over development will result in
high levels of background staining. 

DISCUSSION

In situ RT-PCR is a relatively new tech-
nique that extends the researcher’s ability to
localize specific mRNA targets in cells and
tissue. It combines the specificity of in situ
hybridization and the sensitivity of PCR
and, with reliable multislide thermal cyclers
available, can be a very reproducible tech-
nique. Two main protocols, direct and indi-
rect, have been described for in situ RT-
PCR. In the direct approach a labeled
nucleotide is incorporated into the PCR
products, whereas in the indirect method a
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subsequent in situ hybridization with a
labeled probe is required to visualize the
products (15,18,25). We chose the direct
method because it is shorter, less expensive,
and minimizes manipulation of the tissue,
which can result in detachment and loss of
sections. Some authors point out that
direct methods can result in false positive
results (12,15,18), but we find that use of
proper controls will eliminate this problem.

Fixation and pretreatment of tissue or
cells before in situ RT-PCR is of great sig-
nificance for the successful result. Several
groups have addressed these critical prob-
lems that may cause reaction failure or false
positive results. During the development of
our protocol, we evaluated the fixation and
pretreatment carefully. The use of fixation
of sections for in situ PCR has been dis-
cussed (25). Based on our experience with
in situ RT-PCR, 4% paraformaldehyde in
PBS buffer for 20 minutes is the best fixa-
tion to preserve integrity of tissue mor-
phology and to retain mRNA and cDNA
in the cells. Several authors recommend
protease digestion of tissue sections that
have been fixed in 10% paraformaldehyde
for 16 to 24 hours and embedded in paraf-
fin in order to degrade protein–protein and
protein–DNA network and permit diffu-
sion of PCR reagents to nucleic acid targets
(22). On the other hand, protease overdi-
gestion can result in loss of tissue architec-
ture and migration of the PCR products
from the cells (19). We find, however, that
treatment of sections with pepsin is diffi-
cult to optimize and does not improve the
results. Accordingly, we omitted protease
digestion from our protocol. 

The DNase treatment of sections for in
situ RT-PCR is used to degrade genomic
DNA in order to reduce amplification of
DNA during PCR. This appears to be a
problematic step that may result in non-
specific nuclear staining probably caused
by small fragments of nuclear DNA being
used as nonspecific primers during the

amplification step (19). DNase digestion
was omitted from our in situ RT-PCR pro-
tocol for amplification of RSK mRNA.
Even after a high number of cycles (we
used 45 cycles), we find that the staining is
limited to the cytoplasm indicating that no
amplification of genomic DNA occurs
during the PCR amplification. Finally,
acetylation of sections is recommended in
order to reduce nonspecific sticking of hap-
ten-labeled primers. This is not relevant for
our procedure of direct in situ RT-PCR
using hapten-labeled nucleotide for label-
ing of amplified DNA. In conclusion, we
recommend a light and brief fixation of tis-
sue sections, but avoid pretreatment. 

The RT-PCRs were performed using a
standard protocol for solution reverse tran-
scriptase reaction and PCR from PE Bio-
systems. The same conditions were used
for in situ RT-PCR and solution RT-PCR
allowing control and analysis of the PCR
products by gel electrophoresis and DNA
sequencing. This improved the reliability
of in situ RT-PCR. The PCR products
ranged in size from 328 to 546 bp in our
study. Others have analyzed the effect of
size of the PCR product on sensitivity (19).
Products smaller that 600 bp always yield-
ed signal, whereas a longer product (1400
bp) did not. It is reasonable to conclude
that in situ PCR matched the sensitivity of
solution PCR. Immunodetection and visu-
alization were standard immunohisto-
chemistry procedures based on reagents
from Roche Molecular Biochemicals. The
signal obtained was of sufficient intensity,
and no modifications were needed.

In conclusion, in situ RT-PCR is facile,
versatile, can be done quickly, and does not
require nucleic acid extraction and purifi-
cation. Traditional in situ hybridization
techniques are useful only if the target
sequence copy number is greater than 10
per cell. Because targets can be exponen-
tially amplified with PCR, the researcher
can use in situ PCR to detect and localize
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low abundance nucleic acid sequences. In
theory, a single DNA and mRNA molecule
per cell should be detectable using in situ
PCR and in situ RT-PCR, respectively.
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OVERVIEW

We describe a series of techniques based
on the use of immunocytochemical label-
ing methods for the study of the neuro-
chemistry and connectivity of cells within
the central nervous system (CNS). Accord-
ing to our current view, neurons commu-
nicate to each other mainly at the level of
synapses. Although it is now widely accept-
ed that nonsynaptic neuron-to-neuron
communication and neuron-to-glia cross-
talk also occur, ultrastructural localization
of transmitters–modulators at synapses and
analysis of neuronal connections still
remain major challenges for a correct
understanding of the way in which neu-
ronal networks are organized and operate. 

This chapter is mainly devoted to the
description of a number of immunocyto-
chemical procedures that are performed on
material that, as far as possible, has been pre-
pared according to the protocols for conven-
tional electron microscopy, particularly
regarding the use of osmium tetroxide as a
fixative for the achievement of optimal
ultrastructure. We will also briefly consider

several techniques which can be used in
combinations with the above methods and
may be useful to further dissect the complex
interactions between the cells of the CNS.

In situ hybridization techniques at the
ultrastructural level are considered in
Chapter 8. A detailed description of the
methods used for combined ultrastructural
and electrophysiological analysis of central
neurons is given in Chapter 11, and exam-
ples of applications of gold labeling proce-
dures to the study of cell proliferation and
apoptosis are considered in Chapter 14. 

BACKGROUND

Immunocytochemical Labeling Methods
at the Electron Microscope Level

Immunocytochemical labeling methods
rely on the possibility to successfully identi-
fy the molecule(s) of biological interest
directly on tissue sections by using an anti-
gen–antibody reaction that is then visual-
ized in the light and/or electron microscope
by adequate means. Historically, the first
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immunocytochemical reactions at the elec-
tron microscopic level were performed in
the early 1970s (30). Since then, the origi-
nal methods have been widely modified
and perfected, and in the 1980s, they start-
ed to be more extensively used for analysis
of central (and peripheral) neurons. 

The study of the neurochemistry and
connectivity of the CNS poses unique prob-
lems due to a series of inherent difficulties
for the achievement of satisfactory immuno-
labeling. The main factors to be considered
for this purpose may be summarized as fol-
lows: (i) retention of antigens within the
tissue and the preservation of their anti-
genicity; (ii) preservation of adequate ultra-
structure; and (iii) the absence of a barrier
likely to prevent penetration of antibodies
into the tissue and interaction with their
respective antigens. The achievement of the
optimal balance of these three factors (par-
ticularly for the cells of the CNS) is a rather
demanding task. Nevertheless, one has to
keep in mind that it is obviously pointless to
obtain labeling in the absence of good ultra-
structure, and vice versa. 

In general terms, immunocytochemical
labeling methods at the ultrastructural level
fall into two main categories: the pre- and
postembedding methods. In the former, as
it appears from the flow chart diagram of
Figure 1, the immunostaining reaction is
carried out before osmium postfixation and
the embedding procedure, while in the lat-
ter, the immunostaining is performed
directly on ultrathin sections of tissues
which have previously been embedded in
plastic resins. Under several aspects, these
two intrinsically different approaches have
proved to be complementary, since the
advantages of the pre-embedding protocols
roughly correspond to the disadvantages of
the postembedding methods, and vice versa.
As we will discuss in one of the following
sections, the use of small-sized colloidal gold
particles and/or gold clusters in conjunction
with silver intensification procedures in pre-

embedding methods represents an appeal-
ing alternative for the localization of partic-
ularly labile antigens. The main advantages
and disadvantages of these approaches have
been summarized in Figure 2. 

Irrespective of the protocol, primary fix-
ation is an insuppressible preliminary step
to all immunocytochemical procedures,
although ultrathin frozen sections of
unfixed material or cryosubstitution tech-
niques might represent possible alternatives
(19,24–27,32,59,79). Nonetheless, these
methods are very expensive, show many
technical difficulties, and their general
practicability is still limited. As an addi-
tional alternative, some of the problems
related to the embedding procedures can
be avoided by cutting ultrathin frozen sec-
tions of fixed tissue, although this proce-
dure is also very demanding in terms of
costs and technical skill (46,52,95). Read-
ers are referred to the existing literature for
an additional discussion of the general
principles of primary fixation and pre- and
postembedding procedures (see for exam-
ple References 7,8,60,62,65,80–82,91). 

Pre-Embedding Immunolabeling

The protocols, which have been most
widely employed for pre-embedding ultra-
structural studies of the nervous tissue, are
the peroxidase–antiperoxidase (PAP) and
the avidin–biotin–peroxidase complex
(ABC) methods. Historically, the PAP
method (90) was used first, and then the
more sensitive ABC procedure (43). Both
these methods are of the immunoenzymatic
type. Nonetheless, immunoenzymatic tech-
niques are not the only available alternative
for pre-embedding immunocytochemistry,
since other methods rely on radioimmuno-
logical  procedures (39,71,74,78). We will
consider here the protocols based on use of
horseradish peroxidase (HRP) and gold par-
ticles as reporter molecules.

The protocols based on HRP are general-
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ly associated to the use of 3,3′diamino-
benzidine (DAB) as a chromagen to reveal
the site(s) of positive reaction. As mentioned
above, they have a series of advantages–dis-
advantages that have been summarized in
Figure 2, together with some explicative
comments. These methods basically consist
of a PAP or ABC reaction which is similar
to that employed for light microscopy.
However, the mandatory need for adequate
ultrastructural preservation is obviously
linked with several problems that are
encountered during fixation, tissue section-
ing, and immunostaining. Perhaps the most
serious drawbacks associated with the use of
these methods are related to the generally
poor tissue penetration of immunoreactants
and the appearance of nonspecific staining
often due to the multiple steps involved in
the immunolabeling procedure (see Refer-

ence 78). We have considered some of these
issues in Table 1.

Very small (about 1 nm) colloidal gold
particles or gold clusters (Nanogold) can
also be used for pre- (and post-) embedding
immunocytochemical labeling. The use of
silver-intensified 1 nm colloidal gold parti-
cles or Nanogold in pre-embedding proce-
dures has been introduced in the recent past
to overcome some of the problems that are
inherent to the “classic” pre- and postem-
bedding immunogold labeling methods (see
Figure 2 and Table 1). We will describe and
discuss this approach in the following sec-
tions of this chapter.

Post-Embedding Immunolabeling

When choosing to use immunogold
post-embedding staining methods, it is nec-
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Figure 1. Flow chart diagram of principal steps in pre- and post-embedding immunocytochemical staining of the nervous tissue.
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Figure 2. Block diagram showing the main advantages–disadvantages of the most widely employed methods for immunocytochemical labeling in transmission electron microscopy.
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Table 1. Practical Hints in Pre-Embedding Procedures

Step in the Preparative
Procedure Available Alternatives Suggested Guidelines and/or Comments

Fixation In general: In pre-embedding procedures, primary fixation is carried 
4% paraformaldehyde + 0.02%–0.5% out with minimal concentrations of glutaraldehyde to
glutaraldehyde in 0.1 M Sörensen buffer, pH 7.4 minimize the detrimental effects on tissue antigenicity.

Large protein antigens (transmitter-synthesizing enzymes,
Possible additions: receptors) are often sensitive to minimal amounts
0.2% picric acid (for carbohydrates residues) of glutaraldehyde and thus require a pre-embedding
1% acrolein (to increase the rate of fixation) approach for their visualization.

Tissue Sectioning Vibrating microtome (Vibratome) For CNS analysis, the vibrating microtome represents the
Tissue chopper best available choice. The tissue chopper often produces
Cryostat or freezing microtome sensible tissue damage. Cryostat sections generally show 

poor ultrastructure.

Penetration of 0.25% Triton (for 15 min prior to immunostaining) Even very low concentration Triton has detrimental effects
Immunoreactants Freeze-thawing on ultrastructure. It is advisable not to exceed the

Use of high ionic strength solutions concentration indicated.
Use of Fab′ fragments Freeze-thawing is performed on tissue blocks which should
Use of ultra-small gold not exceed 5 mm thickness before Vibratome sectioning.

Tissue is infiltrated in 30% sucrose in 0.1 M phosphate 
buffer as a cryoprotectant, then immersed in liquid nitrogen 
for 1–2 minutes and finally thawed in phosphate buffer at
room temperature.

Immunostaining Conventional staining: Intensification of DAB reaction offers higher sensitivity and
with DAB Incubation in 0.06% DAB in PBS for 10 minutes results in black end-product which is easier to photograph

at room temperature. Addition of 0.01% H2O2 for correlative light and electron microcopy studies.
and incubation for further 15 minutes. Prepare the medium by adding dropwise the correct
Intensification protocol: amount of 1% cobalt chloride and 1% nickel ammonium
Intensification of the DAB product can be obtained sulphate to the final concentration indicated.
by adding cobalt chloride and nickel ammonium 
sulphate at the final concentrations of 0.05% and 
0.04% before incubation with H2O2

Flat-Embedding Plastic coverslips Avoid the use of glass slides and hydrophobic repellent
Acetate foils (blank EM negatives) coating, since it is difficult to detach samples for re-embedding.



essary to be aware that problems will be
encountered which are not only related to
fixation and the labeling procedure, but also
to all the preparative stages of postfixation,
dehydration, resin infiltration, and curing.
All these aspects have been extensively
reviewed in previous publications from our
laboratory (2,62). For the sake of brevity, we
have summarized some relevant aspects in
Table 2. Nonetheless, we intend to consider
below certain issues of particular importance
and mention some of the more recent find-
ings which may represent significant amelio-
rations of the existing protocols.

Embedding can be carried out using both
hydrophobic epoxy resins and hydrophilic
acrylic embedding media (18). For most tis-
sue, the quality of tissue preservation is def-
initely superior after epoxy resin embedding
and osmium postfixation, although embed-
ding in hydrophilic media results in higher
labeling efficiency. This latter is a conse-
quence of less detrimental effects on tissue
antigenicity (17). A method of Epon prepa-
ration has recently been described to obtain
approximately the same immunogold label-
ing for epoxy sections as for acrylic sections
without any etching (16). 

Osmium postfixation represents a fun-
damental step in post-embedding im-
munocytochemistry of epoxy sections from
the brain and/or spinal cord. In our opin-
ion, the use of osmium postfixation is
mandatory for adequate preservation of the
delicate membrane structures of different
synapses and subcellular organelles within
the CNS. The discussion of the mecha-
nism of action of osmium as a fixative for
electron microscopy (EM) is beyond the
purpose of this review. It is sufficient to
remember here that (membrane) lipids
remain soluble in organic solvents such as
alcohols or acetone (40,69) and are extract-
ed during embedding procedures unless
secondary fixation with osmium tetroxide
is applied or aldehyde-fixed tissue is
embedded at low temperatures using

hydrophilic resins (17,18,96). Recently, an
osmium-free method of Epon embedment
has been introduced that preserves both
ultrastructure and antigenicity for post-
embedding immunocytochemistry of the
CNS (70). The method is based on prima-
ry fixation with high concentration glu-
taraldehyde and replacement of osmium
postfixation with tannic acid followed by
other heavy metals and p-phenylene-
diamine. Pretreatments with strong oxidiz-
ers (section etching) are usually required to
restore antigenicity of osmicated material.
Different chemicals have been employed to
this purpose, but sodium metaperiodate
(10) so far gives the most satisfactory
results (see Reference 62 for further discus-
sion). It seems of relevance the finding
that, by using of a sodium citrate-buffered
sodium metaperiodate solution at high
temperature, a significantly higher gold
labeling density can be achieved (93).

If those mentioned above may be con-
sidered among the most serious problems
to be solved to achieve a successful post-
embedding immunolabeling of the ner-
vous tissue, perhaps the more relevant
advantages in the use of this approach are
the possibilities to obtain a reliable subcel-
lular localization of molecules under study,
the easiness to perform multiple labelings,
and the possibility to quantify the immu-
nocytochemical signal (see Figure 2 and
Results and Discussion).

PROTOCOLS

Protocol for Pre-Embedding
Immunostaining with Ultra-Small 
Gold Clusters (Nanogold)

Materials and Reagents

• Formaldehyde EM grade (Electron
Microscopy Science, Fort Washington,
PA, USA).

• Glutaraldehye EM grade (Electron
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Table 2. Practical Hints in Post-Embedding Procedures

Step in the Preparative 
Procedure Available Alternatives Suggested Guidelines and/or Comments

Fixation In general: In post-embedding procedures, fixation is usually carried out with
4% paraformaldehyde + 2.5% glutaraldehyde  high concentration glutaraldehyde that is necessary to achieve 
in 0.1 M Sörensen buffer, pH 7.4 optimal structural preservation. Up to 5% glutaraldehyde is used
or for immunocytochemical labeling of transmitter amino acids
1% paraformaldehyde + 2% glutaraldehyde in  (see for example Reference 15).
0.1 M Sörensen buffer, pH 7.4

Postfixation 1% osmium tetroxide in water Potassium permanganate can be used as an alternative
or to osmium tetroxide when embedding is carried out in
1% osmium ferrocyanide hydrophilic media that need to be cured at low temperature 

by UV light (62).

Dehydration Ethanol The total length of dehydration should not exceed 45 minutes
or to avoid extraction of tissue components and reduction
Acetone of antigenicity.

Embedding Araldite Embedding in Araldite is usually ideal for subsequent
or etching with sodium metaperiodate. Epon or Epon-Araldite
Epon require longer etching to restore tissue antigenicity (62).
or Keep the embedding steps as short as possible to avoid
Epon-Araldite extraction of antigens by resin monomer.

Embedding with hydrophilic resins (LR White, LR Gold, 
Lowicryl K4M) is usually unsatisfactory for CNS analysis (62).

Sectioning and Collect sections onto nickel or gold grids Nickel (gold) grids avoid interaction of the metal with
Counterstaining Counterstain very shortly in uranyl acetate  oxidizing solutions.

and lead citrate It is preferable to use uncoated grids unless strictly 
necessary (single slot grids for reconstruction studies 
or in certain double labeling protocols) (62).



Microscopy Science).
• Bovine Serum Albumin, Fraction V

(BSA; Sigma, St. Louis, MO, USA).
• Triton X-100 (Sigma).
• Normal Goat Serum (NGS; Sigma).
• Nanogold antirabbit (Nanoprobes,

Stony Brook, NY, USA).
• Nanogold antimouse (Nanoprobes).
• Goldenhance-EM (Nanoprobes).

Procedure

1. Perfuse the animal with a fixative con-
sisting of 4% paraformaldehyde,
0.02% to 0.05% glutaraldehyde and
0.2% picric acid in Sörensen buffer 0.1
M, pH 7.6.

2. Remove the areas of interest and trim
them to small blocks (not exceeding 5
mm in thickness). Postfix for 2 addi-
tional hours in the same fixative.

3. Cryoprotect blocks by infiltration with
increasing concentrations of sucrose in
phosphate-buffered saline (PBS). Infil-
tration is carried out as follows: 10%
sucrose, 1 hour; 20% sucrose, 2 hours;
30% sucrose, overnight (or as long as
blocks sink at the bottom of vials).

4. Quickly freeze blocks in liquid nitrogen
for 1 to 2 minutes and then allow them
to thaw in PBS at room temperature. 

5. Thoroughly wash blocks in PBS and
cut them with a Vibratome at a thick-
ness of 30 to 50 µm.

6. Carefully wash sections in PBS. 
Optional: incubate in 0.2% Triton
X-100 for 15 minutes prior to
immunostaining.

7. Incubate in NGS (diluted 1:30 in PBS
containing 0.2% BSA) for 60 minutes
at room temperature.

8. Incubate in primary antibodies at opti-
mal titer (in PBS containing 0.2%
BSA) overnight preferably under con-

tinuous agitation. The length and tem-
perature of incubation in the primary
antibody must be varied upon necessi-
ty. Incubation as long as 72 hours at
4°C can be required for low affinity
antibodies.

9. Thoroughly wash in 0.5 M Tris-
buffered saline (TBS), pH 7.0 to 7.4
containing 1% BSA (TBS-BSA).

10. Incubate overnight at room tempera-
ture in the appropriate Nanogold
reagent diluted 1:100 in TBS-BSA.

11. Carefully wash sections as follows: PBS
2 × 5 minutes; PBS + 0.1% gelatin for
5 minutes; distilled water for 5 min-
utes.

12. Prepare the Goldenhance-EM reagent
just before use following the manufac-
turer’s instructions: mix well 1 volume
of reagent A (enhancer) and 1 volume
of reagent B (activator); wait for 20
minutes and add 1 volume of reagent
C (initiator).

13. Check staining intensity at the light
microscope. Usually the reaction is
completed after 10 minutes, but the
intensification time should be adjusted
from case to case.

14. Wash quickly in distilled water and
then transfer sections for a few seconds
in a solution of photographic fixer.
Thoroughly wash in distilled water.

15. Optional: postfix sections in 2% glu-
taraldehyde in Sörensen buffer 0.1 M,
pH 7.4, for 30 minutes at room tem-
perature.

16. Thoroughly wash in Sörensen buffer,
postfix in osmium tetroxide, dehy-
drate, and infiltrate in resin as
described below in steps 5 through 11
of the Protocol for Preparation of the
Nervous Tissue for Post-embedding
Immunocytochemistry.

17. Flat-embed sections between 2 blank
EM negatives.
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18. Areas of interest may be photographed
in the light microscope, trimmed to be
directly glued at the top of an empty
resin block, and cut with the ultrami-
crotome.

Protocol for Preparation of the Nervous
Tissue for Post-Embedding
Immunocytochemistry

Materials and Reagents

• Formaldehyde EM grade.
• Glutaraldehye EM grade.
• BSA.
• Triton X-100.
• Sodium metaperiodate (Sigma).
• NGS.
• Osmium tetroxide (Electron Micros-

copy Science).
• Uranyl acetate (Electron Microscopy

Science).

Procedure

1. Perfuse the animal with a fixative con-
sisting of 1% paraformaldehyde and
2% glutaraldehyde in Sörensen buffer
0.1 M, pH 7.6.

2. Remove the areas of interest and trim
them to small blocks (not exceeding 5
mm in thickness). Postfix for 2 addi-
tional hours in the same fixative.

3. Reduce blocks to small (1 mm3) cubes. 
Optional: it is advisable to cut
Vibratome sections (200 µm) of the
areas of interest to be eventually flat-
embedded for the purpose of better
orientation or correlative light
microscopy studies. 

4. Thoroughly wash in Sörensen buffer
0.1 M, pH 7.6.

5. Postfix Vibratome sections (or blocks)
in osmium ferrocyanide for 60 minutes

at 4°C. The osmium ferrocyanide is
prepared just prior to use by adding
one volume of 2% aqueous osmium
tetroxide to one volume of 3% potassi-
um ferrocyanide.

6. Wash in maleate buffer, pH 5.1, 4 × 5
minutes.

7. Stain for 60 minutes at 4°C with 1%
uranyl acetate in maleate buffer, pH
6.0.

8. Wash in maleate buffer, pH 5.1, 4 × 5
minutes.

9. Dehydrate as follows: 50% ethanol for
5 minutes; 80% ethanol for 5 minutes;
95% ethanol for 5 minutes; 100%
ethanol 3 × 10 minutes.

10. Transfer sections in propylene oxide 2
× 10 minutes.

11. Infiltrate in resin as follows: propylene
oxide–resin without accelerator (vol/
vol): 3:1 for 15 minutes; 2:1 for 15
minutes; 1:1 for 2 hours (not longer).
Embed in resin plus accelerator and
cure for 24 hours.

Protocol for Post-Embedding Single
Immunogold Staining

Materials and Reagents

• Syringe filters—pore size 0.22 µm
(Whatman, Maidstone, England).

• 200 to 300 mesh nickel grids (Electron
Microscopy Science).

• BSA.
• Triton X-100.
• NGS.
• Egg albumin (Sigma).
• Goat antirabbit (mouse) IgG gold

conjugated (10 or 20 nm) (British Bio-
Cell International, Cardiff, Wales,
UK). 
An alternative: protein A-gold com-
plex (10 or 20 nm) (British BioCell
International).
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Procedure

All solutions must be filtered with dis-
posable filters. All steps are performed
directly on grid. Grids are incubated on
drops (30–50 µL) of solutions.
1. Collect sections onto precleaned

uncoated grids.
2. Float grids on drops of a saturated

aqueous solution of sodium metaperi-
odate for 5 to 15 minutes at room tem-
perature (see also Table 2).

3. Rinse in 0.5 M TBS, pH 7.0 to 7.6,
containing 1% Triton X-100.

4. Incubate for 60 minutes at room tem-
perature in TBS containing 1% BSA
(TBS-BSA) to which 10% normal
serum from the donor species of the
gold-conjugated IgGs has been added
(generally NGS). If protein A-gold
complexes are used, incubate in TBS-
BSA containing 1% egg albumin.

5. Transfer onto drops of primary antisera
at optimal titer for 24 to 72 hours at
room temperature. 

6. Thorough wash in TBS-BSA and incu-
bate for 60 minutes at 37°C with the
appropriate gold conjugate diluted
1:15 in TBS-BSA.

7. Extensively rinse in TBS-BSA, and
postfix for 10 minutes at room temper-
ature in 2.5% glutaraldehyde in
Sörensen or cacodylate buffer.

8. Wash grids in double-distilled water
and allow to dry protected from dust.

9. Counterstain with Reynold’s lead cit-
rate and uranyl acetate.

Protocol for Post-Embedding Double
Immunogold Staining Using Primary
Antibodies Raised in Different Species

Materials and Reagents

See section on single immunogold
staining.

Procedure

1–4. See section on single immunogold 
staining.

5. Incubate in a mixture of the first pri-
mary antibodies at optimal titers, i.e.,
rabbit anti-A and mouse anti-B.

6. Thoroughly wash in TBS-BSA and
incubate for 60 minutes at 37°C with
the appropriate mixture of gold con-
jugates diluted 1:15 in TBS-BSA, i.e.,
goat antirabbit 10 nm gold and goat
antimouse 20 nm gold.

7–9. See section on single immunogold
staining.

RESULTS AND DISCUSSION

Pre-Embedding Versus Post-Embedding
Immunolabeling Methods

The comparison of Figures 3 and 4 is
useful to the purpose of describing the
main advantages and disadvantages in the
use of pre- and post-embedding procedures
for the localization of neural antigens in
the CNS. In this case, we have used a
mouse monoclonal antibody against the
glial fibrillary acidic protein (GFAP)
(Roche Molecular Biochemicals, Mann-
heim, Germany) to localize this intermedi-
ate filament protein in astrocytes from the
hippocampus and spinal cord. We will
briefly consider the following main issues:
(i) ultrastructural preservation, (ii) sensitiv-
ity of the methods, (iii) subcellular local-
ization of antigen(s) under study, (iv) pos-
sibility to quantify the results of
immunocytochemical labeling, and (v) to
perform multiple stainings.

Ultrastructural Preservation

As mentioned in the Background sec-
tion, the need for optimal ultrastructural
preservation is mandatory, particularly in
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the study of neural connectivity and neu-
rochemical characterization of different
synapses in the neuropil of the CNS.
Although the use of pre-embedding
immunolabeling with ultra-small gold
offers several advantages over the more
classical immunoenzymatic methods (as
previously discussed), it is clear that the
ultrastructural preservation, which can be
achieved by this means, is generally inferior
to that obtained when post-embedding
immunogold labeling is performed on

osmicated material in epoxy resins. The
detrimental effect(s) on ultrastructure are
mainly linked to the (general) use of milder
aldehyde fixation and the treatments that
are necessary to improve tissue penetration.
In particular, treatment with detergents
(usually Triton X-100) even for a short
period of time is sufficient to dissolve part
of the cell membranes (see Reference 78 for
further discussion). Under this aspect, the
use of freeze-thawing may be less detri-
mental. However, in both cases, there is a
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Figure 3. Ultrastructural visualiza-
tion of GFAP immunoreactivity in
the rat hippocampus using post-
embedding immunogold (A) or pre-
embedding immunogold (B) label-
ing techniques. Post-embedding
immunolabeling (A) has been carried
out directly on ultrathin sections
from osmicated tissue using a 10 nm
IgG gold conjugate. An astrocytic
process is indicated by the arrows.
Gold particles are seen over the glial
filaments (insert). Note that they are
quite limited in number and show a
“patchy” distribution although fila-
ments run all along the glial process.
Note also that cell membranes are
nicely preserved, and that some
holes–cleft (asterisks) can be observed
as a consequence of section etching
with sodium metaperiodate. Pre-
embedding immunolabeling (B) has
been carried out using an ultra-small
gold probe (Nanogold) followed by
silver intensification. Silver-intensi-
fied gold particles are easily seen at
low power and almost completely fill
an astrocytic process which is indicat-
ed by the arrows. Note the intensity
of the immunocytochemical signal,
but also the less satisfactory preserva-
tion of cell membranes due to the use
of Triton X-100 pretreatment. Scale
bars = 1 µm; insert = 0.25 µm.
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significative variability in the degree of
preservation not only within the same tis-
sue block, but also among areas of the same
section. Therefore, a certain degree of
unpredictability of the final result in terms
of ultrastructural preservation has always to
be expected after pre-embedding immuno-
labeling. It is worthy to mention here that
although the use of ultra-small gold offers
some ameliorations with respect to the
DAB immunoenzymatic procedure, it still
enhances tissue penetration of primary

antibodies. To improve tissue morphology
and yet allow for good antibody and
reagent penetration, it was recently pro-
posed to use high glutaraldehyde concen-
tration (3%) and sodium metabilsulfite
(31) as a fixative for pre-embedding with
ultra-small gold.

Sensitivity of the Methods

The relatively poor sensitivity of the
post-embedding immunolabeling methods
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Figure 4. Ultrastructural visualization of
GFAP immunoreactivity in the rat hip-
pocampus using post-embedding im-
munogold (A) or pre-embedding im-
munogold (B) labeling techniques. High
power views clearly show the differences in
staining intensity of glial filaments (gf ) and
the extent of preservation of subcellular
structures such as synaptic vesicles (sv) or
neurotubules (nt). Also, at this magnifica-
tion, the detrimental effect of tissue per-
meabilization is clearly apparent (asterisks).
Scale bars = 0.5 µm.
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perhaps represents the most limiting factor
in the use this approach for the localization
of neural antigens within the CNS. Clearly,
a much stronger signal is generally
achieved after pre-embedding immunola-
beling. Again, the comparison of Figures 3
and 4 is self explanatory. Besides the
already mentioned chemical parameters to
be taken into consideration, i.e., primary
fixation, osmium postfixation, dehydra-
tion, embedding, and curing, which alto-
gether decrease the sensitivity of the post-
embedding methods by “killing” tissue
antigenicity, two physical parameters need
also to be considered: (i) a proper surface
exposition of the antigen, and (ii) its (rela-
tive) spatial distribution. The post-embed-
ding reactions on plastic sections are sur-
face reactions, and labeling is restricted to
epitopes that are exposed at the cutting
planes of the ultrathin sections. This might
explain why post-embedding immunogold
labeling is, in our example, restricted to
certain areas of the astrocyte processes
which, on the other hand, appear to con-
tain glial filaments all along their course
(Figure 3). The spatial distribution of the
antigen(s) may also affect the actual possi-
bility of a successful localization with the
pre- or post-embedding approaches. If one
considers two antigens which, in absolute
terms, have the same concentration inside
the cell, but a different cellular localization,
such as a cytosolic transmitter synthesizing
enzyme and a biologically active peptide
packed in large dense cored vesicles
(LGVs), the difficulties in localizing the
former by a post-embedding approach are
obvious, since a low number of gold parti-
cles scattered over the general cytoplasm
are difficult to ascribe to specific staining
rather than to unwanted background. This
example and Figure 5 help to clarify why
the post-embedding methods are ideal for
localizing antigens concentrated (stored) in
synaptic vesicles or other subcellular
organelles rather than evenly distributed

inside the cell. On the other hand, the fact
that immunoenzymatic pre-embedding
reactions with DAB are self-enhancing
reactions is often associated with high sen-
sitivity (but poor cellular resolution, since
the chromagen deposition usually diffuses
from the actual sites of the antigen–anti-
body interaction) and makes these meth-
ods ideal for studies of molecules which
have a rather general distribution within
the cytosol, although at relatively low con-
centrations.

Subcellular Localization of
Immunolabeling

The problem of reliable subcellular
localization of immunolabeling is directly
correlated to the so-called spatial resolution
of the techniques. This latter becomes a
critical factor which must be carefully con-
sidered to determine the actual site in
which the antigen(s) under study is (are)
localized. The spatial resolution of an
immunocytochemical technique is defined
as the distance between the (particulate)
marker employed for visualization and the
epitope recognized by the primary anti-
body. In the case of the immunoenzymatic
techniques, this is rather difficult to esti-
mate due to the nature of the electrondense
marker and the possibility of its diffusion
from the original site(s) of deposition. This
is the reason why the use of immunogold
labeling techniques gives the possibility of
localizing antigens to different subcellular
compartments more precisely than after
any other ultrastructural immunocyto-
chemical methods. The minimum value of
the spatial resolution that can theoretically
be achieved with the protein A-gold tech-
nique is about 16 nm, using a colloidal
gold particle of 3 nm (80). Using the IgG-
gold technique the spatial resolution is
slightly less satisfactory, since IgGs are big-
ger than protein A (68). For example,
using IgG-gold conjugates with gold parti-
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cles of 10 nm, the resolution is approxi-
mately 21 nm. Therefore, the bigger the
gold particle, the less satisfactory is the spa-
tial resolution of the technique. Gold clus-
ters of small size covalently attached to Fab′
fragments (Nanogold) offer a better resolu-
tion since Fab′ fragments are about 1/3 the
size of IgGs (38,39). In this latter case,
however, one has to take into consideration
the need for silver enhancement of the
ultra-small size gold probe. The discussion
of this aspect is not merely academic, since

it might be necessary, for example, to local-
ize certain molecules within the synaptic
vesicles (mean diameter 40 nm) or on their
membranes, so that a resolution in the
magnitude of 20 nm clearly becomes a crit-
ical factor for a correct interpretation of the
final result(s) obtained after immunogold
labeling.

Quantification of Immunostaining

In epoxy resin-embedded material, gold
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Figure 5. Post-embedding immuno-
gold labeling of neural antigens in
osmicated tissue. (A) Localization of
calcitonin gene-related peptide
(CGRP) immunoreactivity (10 nm
gold particles) over LGVs in terminals
within the superficial dorsal horn of
the spinal cord. In the insert, the sub-
cellular site of positive reaction is clear-
ly restricted to LGVs. (B) Incorpora-
tion of bromo-deoxyuridine (BrdU) in
a mitotic granule cell precursor of the
postnatal cerebellar cortex. Exoge-
nously administered BrdU has been
visualized using an indirect immuno-
gold method with 15 nm colloidal
gold. Gold particles are scattered over
mitotic chromosomes. (C) Double
immunogold labeling of substance P
(10 nm gold, long arrows) and CGRP
(20 nm gold) over the LGVs in a nerve
terminal of the superficial dorsal horn.
Staining has been obtained using the
simultaneous labeling method. sv =
synaptic vesicles. Scale bars = 0.2 µm
(A and C), 1 µm (B).

Merighi10-aucorr.qxd  5/23/02  7:56 PM  Page 174



labeling is restricted to antigens exposed to
the surface of the ultrathin sections (7,9).
Since immunoreagents do not penetrate
sections, tissue permeability is not influ-
encing the distribution of labeling as after
pre-embedding immunocytochemistry.
Therefore, it is possible to quantify the
gold particle label over different subcellular
compartments. Quantitative measurement
of gold labeling in ultrathin frozen sections
requires a 3-dimensional analysis, since in
this case, immunoreactants do penetrate
tissues (52,72,73). 

Results are usually expressed in terms of
number of gold particles per area and
should be corrected for background label-
ing over empty resin (28,29,36,42,63,80,
86,88,91). Computerized systems and ded-
icated software have been developed to this
purpose (6,11,28,76). 

Multiple Labelings

The availability of gold probes of differ-
ent sizes makes the use of post-embedding
immunogold methods as the methods of
choice for multiple labeling experiments.
Several alternatives are available to this pur-
pose, and these include the use of the simul-
taneous labeling procedure when the two
(or more) primary antibodies available are
raised in different species (Figure 5), the
double face methods, the double protein A
(protein G) procedure, and a multiple label-
ing protocol based on the use of para-
formaldehyde vapors to block unreacted pri-
mary immunoglobulin binding sites. The
advantages and disadvantages of these meth-
ods have been already reviewed in detail
(62). Finally, it should be mentioned here
that silver intensification of ultra-small gold
probes can be used not only as a single step
procedure after immunogold labeling to
facilitate the visualization of gold particles at
low magnification, but also for producing
different sized gold particles in multiple
labeling procedures (44,49,50,92). 

Use of Combined Methods for the
Analysis of Neuronal Connectivity

As thoroughly discussed in the previous
sections, several labeling procedures at the
ultrastructural level can often be performed
after high glutaraldehyde, osmium, and
epoxy embedment, i.e., using a material
that was subjected to a quasi-conventional
preparative procedure. This has opened the
way not only to combine together the dif-
ferent immunolabeling protocols, but also
to use these methods in conjunction with
several other procedures particularly rele-
vant to the study of neuronal connections.
These combined approaches have a wide
range of potential applications and can be
theoretically employed to solve a number
of problems in different fields of basic and
applied neurobiology research.

Combination Pre- and Post-embedding
Procedures

As discussed above, pre- and post-
embedding methods have to be considered
as fully complementary to each others
under several aspects. The combined use of
pre- and post-embedding immunocyto-
chemical labeling has been particularly use-
ful for the study of the connectivity and
synaptic interactions of central neurons
(see for example References 20,21,34,35,
and 67). In general terms, a pre-embed-
ding labeling procedure is performed first,
after low or mild aldehyde fixation, using a
primary antibody directed towards the
more labile antigen to be detected and a
suitable chromagen (usually DAB). Then
stronger aldehyde fixation, osmication, and
embedding, follow. The second, more
resistant, antigen under study is eventually
visualized using a post-embedding staining
protocol. The entire procedure is technical-
ly very demanding and not always so
straight. The choice of such an approach
mainly depends on the impossibility to
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visualize the more labile antigen with a
post-embedding protocol. However,
besides the resistance of antigen(s) to
strong fixation, there are several other vari-
ables to be considered, as widely discussed
in the previous sections, among which the
membrane or cytosolic rather than particu-
late distribution of antigen(s) under analy-
sis appears to be particularly significative.

Combination with Enzyme 
Histochemical Techniques

Again, this approach combines a pre-
and a post-embedding procedure, but the
first pre-embedding labeling is a histochem-
ical reaction, which is used to reveal
endogenous enzyme activities. In this case,
primary fixation must be compatible with
retention of the activity of enzyme(s) under
study. Moreover, a proper chromagen for
ultrastructural visualization of the enzyme
–substrate reaction is needed. Fortunately, a
number of enzymes, such as for example
acetylcholinesterase (12,87), alkaline phos-
phatase (33,37,89), β-galactosidase (85),
and nicotinamide adenine dinucleotide
phosphate-diaphorase (NADPH-d) (1,13,
94), retain their activities in tissues fixed for
ultrastructural examination. The possibility
to label nitric oxide (NO)-producing cells
by means of a NADPH-d reaction modi-
fied for ultrastructural use in combination
with post-embedding immunogold (3,13)
seems to be of particular interest. An addi-
tional field of further exploitation of post-
embedding gold labeling methods relies on
the possibility to combine them with the
ultrastructural visualization of enzymes
such as β-galactosidase and human placen-
tal alkaline phosphatase, which have been
engineered as reporter genes in transgenic
animals (37,85). For further discussion of
this type of approach see Chapter 7.

Combination with Neuroanatomical
Tract-Tracing Methods

The combination of pre- and post-
embedding immunogold labeling and neu-
roanatomical tract-tracing methods is an
useful tool in the study of neuronal con-
nections. There are several possibilities to
trace neuronal connections at the light
level. Any of the methods so far developed
for light microscopy has inherent advan-
tages and disadvantages. In general terms,
any of the tract-tracing methods to be suc-
cessfully employed in conjunction with
post-embedding ultrastructural immu-
nocytochemistry has to be compatible with
a good preservation of cell organelles and
membranes and with the obvious need to
use an electrondense tracer. Successful trac-
ing of neuronal pathways at the ultrastruc-
tural level has been achieved using: (i)
Golgi impregnation (87); (ii) retrograde
labeling with either free HRP or HRP con-
jugated to plant lectins or other electron
dense markers such as colloidal gold parti-
cles (5,23,53–56,58,75,78); (iii) antero-
grade labeling with free HRP (14,15,22,
45,51) or biotinylated dextran amine (84);
and (iv) HRP microiontophoretic filling of
single neurons or fibers, following electro-
physiological characterization (4,57,77).
There are numerous examples in the litera-
ture in which these methods have been
employed in conjunction with post-embed-
ding immunogold labeling (61,66,83,84).
Other approaches such as: (i) anterograde
tracing using radiolabeled amino acids (41);
(ii) degeneration methods (47,48); and (iii)
microiontophoretic filling of single neurons
under visual control (64) can also be poten-
tially combined with post-embedding
immunogold labeling.

As a general protocol, all these proce-
dures involved the administration of the
tracer in vivo or in a slice preparation, fol-
lowed by primary fixation in low concentra-
tion glutaraldehyde and the pre-embedding
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visualization of the tracer by enzyme histo-
chemistry. If a pre-embedding immunogold
procedure is then chosen, tissue is processed
as described in the Protocols section. If a
post-embedding approach is preferred, tis-
sue is then postfixed in higher glutaralde-
hyde concentration, osmicated, and embed-
ded. Finally a “classical” immunogold
labeling procedure is employed to detect
directly on tissue sections the antigen(s) of
interest (see Protocols). Since the entire pro-
cedure is generally carried out on vibratome
slices, correlative light and electronic studies
are made possible.
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OVERVIEW

Immunocytochemical and electrophysi-
ological techniques have each indepen-
dently yielded important information
regarding the chemical anatomy of and
function in the central nervous system. Yet
it is now apparent that the combined appli-
cation of these two techniques can yield
information of considerably greater value
than the simple addition of the data
derived from the isolated use of each of the
two techniques. In fact, such a combined
approach is the only way in which it is pos-
sible to know how the morphological
properties of one specific neuron correlate
with the physiological properties of that
same cell. With the application of this type
of approach, it becomes possible to draw a
correlation between the physiological and
morphological properties of intracellularly
labeled neurons with their neurotransmit-
ter-specific innervation and with the trans-
mitter and receptor content of the neurons
themselves.

In this chapter, we will provide details of
the protocols for two approaches used to
achieve the objectives described above.

One involves the use of intracellular
recording from central nervous system
(CNS) neurons in the whole animal. The
other involves whole cell patch clamp
recording from live slices. Each approach
has its advantages and limitations and
should be selected based on the type of
issue one seeks to study.

BACKGROUND

The approach combining intracellular
electrophysiological recording in whole ani-
mals with light and electron microscopic
immunocytochemistry of CNS neurons
has been described by us in detail in previ-
ous publications (9,10,19,20). The main
advantages of this approach include: (i) the
electrophysiological experiments are per-
formed in vivo, in the anesthetized animal,
so the synaptic circuitry and physiological
responses are maintained as close to normal
as possible; (ii) one can study responses
elicited by natural stimuli; and (iii) as the
animal is perfused with histological fixa-
tives at the end of the experiment, the mor-
phological preservation obtained at the
ultrastructural level is very good to excel-
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lent. The main disadvantages of the in vivo
approach are (i) the low success rate, as only
about 25% of the experiments yield cells
that have properly been characterized elec-
trophysiologically and successfully labeled
and recovered with good morphological
preservation for electron microscopy; and
(ii) the difficulty in obtaining prolonged
stable recordings and controlling the extra-
cellular milieu. Over the years, we
improved success rates by using a more
powerful intracellular amplifier (17) for
iontophoretic injection of the marker and
modifying the protocol to freeze-thaw the
material prior to histochemistry, to avoid
cracking of the tissue. We have successfully
applied this approach to the study of the
peptidergic synaptic input to physiological-
ly characterized neurons of the cat dorsal
horn (see Reference 9).

A very interesting complementary
approach is the method of juxtacellular
labeling with biocytin or neurobiotin dur-
ing in vivo extracellular recording (29).
This approach has the advantage that
extracellular recording is less invasive (e.g.,
avoiding disruption of the integrity of the
cell) and allows prolonged stable recording
of undisturbed cellular activity. On the
other hand, extracellular recording does
not allow resolution of subliminal activity,
measurement of conductance changes, and
control of membrane potential.

Another complementary approach that
is becoming increasingly popular is to per-
form recordings in live slices of CNS tissue.
Slice preparations are particularly useful to
obtain stable recordings, for placement of
multiple electrodes in the vicinity of a sin-
gle neuron and to control the extracellular
milieu for detailed pharmacological studies
of synaptic events. In particular, with the
increasing use of tight seal whole cell patch
clamp recording in CNS slices, the level of
resolution obtained allows the study of ele-
mentary components of synaptic transmis-
sion such as miniature (action potential

independent) synaptic currents that are
thought to result from the release of trans-
mitter contained in single vesicles from ter-
minals in synaptic contact with the neuron
from which the recording was obtained.
Thus, the use of the whole cell patch clamp
technique allows the application of quanti-
tative analyses to study in detail synaptic
events and the properties of single channels
underlying them. The high resolution
advantages provided by the tight seal whole
cell recording configuration can also be
exploited in vivo (18,23,25). This latter
approach remains, however, difficult and
limited to recording from neurons located
very near the surface of the brain or spinal
cord. In summary, advantages of the whole
cell recording in slices include: (i) stable
intracellular recording conditions; (ii) abil-
ity to control and manipulate the extracel-
lular milieu; (iii) ability to restrict drug
application to subcellular compartments of
the neurons; (iv) option to perform record-
ings in voltage clamp mode; (v) the cell can
be visualized with a fluorescent dye during
or immediately at the end of the recording,
providing an immediate identification of
the cell type and assessment of the quality
of its morphology (or allowing imaging
with ion-sensitive dyes); (vi) simple diffu-
sion of the label from the pipet into the cell
occurs in the course of the recording and
does not require active iontophoresis as
with conventional sharp electrodes; and
(vii) the success rate is higher than with
whole animal approaches. The main chal-
lenge with this approach, however, is to
obtain morphological preservation of suffi-
cient quality for electron microscopy (EM)
studies. With proper optimization, we have
been able to obtain excellent preservation
for light microscopy, and quite acceptable
preservation for EM studies. Yet, certain
substances remain difficult to detect by
immunocytochemistry, because they are
depleted during the incubation of the
slices. This is especially true for amino acid
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neurotransmitters, such as GABA, glycine,
and glutamate. However, in the case of
GABA for example, such inconvenience
can be avoided with the use of antibodies
against glutamic acid decarboxylase
(GAD), as the enzyme is not depleted. In
this chapter, we will show images from the
adult rat neocortex in which pyramidal
neurons were recorded from and filled with
a marker and then processed for immuno-
cytochemistry at either the light or electron
microscopic levels.

In summary, each of the approaches
described above has its advantages and lim-
itations with respect to the type of objec-
tive sought. The ultimate choice of record-
ing conditions and tissue preparation
should thus be mainly guided by the type
of question being asked. For the purpose of
this chapter, we will contrast our in vivo
intracellular recording approach with
whole cell recording and labeling in slices.

PROTOCOLS

Protocols for the Whole Animal (In
Vivo) Approach

As an example, we provide the details of
the protocol as applied to the lumbar
region of the cat spinal cord. The protocol
can obviously be applied to other CNS
regions and other species with minor mod-
ifications. A diagrammatic representation
of this approach is shown in Figure 1. 

Materials and Reagents

• α-Chloralose; halothane (Somnothane;
Hoechst, Frankfurt, Germany).

• Lidocaine hydrochloride (Xylocane;
Astra Scientific, Pleasanton, CA, USA).

• Pancuronium bromide (Pavulon, Org-
anon Teknika, Durham, NC, USA).

• Borosilicate glass capillaries with inner

filament (WPI, Sarasota, FL, USA).
• Horseradish peroxidase (HRP—Type

VI; Sigma, St. Louis, MO, USA).
• Potassium chloride or acetate; Tris-

HCl or Tris-acetate buffers.
• Heparin, sodium salt (Sigma).
• Sodium nitrite (Fisher Scientific, Pitts-

burgh, PA, USA).
• Paraformaldehyde (BDH Chemicals,

Poole, England, UK).
• Glutaraldehyde (25% solution; EM

grade; Mecalab, Montreal, QC, Cana-
da).

• Sucrose and glycerol (Fisher Scientif-
ic).

• Liquid nitrogen; isopentane (Fisher
Scientific).

• Tissue culture plates of 12 wells (Fal-
con, Becton Dickinson, Franklin
Lakes, NJ, USA).

• Sodium borohydride (Sigma).
• Monoclonal primary antibodies (e.g.,

mouse antienkephalin or rat antisub-
stance P; Medicorp, Montreal, QC,
Canada or PharMingen, San Diego,
CA, USA).

• Monoclonal antiperoxidase antibody
(mouse or rat; Seralab, Sussex, Eng-
land, UK).

• Polyclonal secondary antibodies (anti-
mouse or antirat IgG, respectively;
(American Qualex, San Clemente,
CA, USA).

• Sodium phosphate buffer (PB), pH
7.4; phosphate-buffered saline (PBS),
pH 7.4.

• 3,3′-diamiminobenzidine tetrahydro-
chloride (DAB; Sigma).

• H2O2 (30%; American Chemicals
Ltd., Montreal, QC, Canada).

• Cobalt chloride and nickel ammoni-
um sulphate (Fisher Scientific). 

• Osmium tetroxide (4% solution;
Mecalab).
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Figure 1. Steps in the approach described for the combination of whole animal (in vivo) electrophysiology and intracellular
injection of HRP with the ultrastructural detection of multiple antigenic sites.
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• Absolute ethanol (analytical grade;
Sigma).

• Propylene oxide (BDH Chemicals). 
• Epon (prepared from Epon 812

replacement, DDSA, NMA, and
DMP30 as described in Reference 31;
Mecalab).

• 3-aminopropyletriethoxysilane (APES;
Sigma).

• Plastic coverslips (Fisher Scientific);
thick acetate foil (available from any
stationary store).

• Standard plastic EM capsules (Mecal-
ab).

Procedure

Preparation of the Animals 

1. Cats are anaesthetised with α-chlo-
ralose (60 mg/kg, i.v.) after induction
with halothane.

2. The carotid artery and the jugular vein
are cannulated for blood pressure mon-
itoring and injection of drugs
(Intramedic PE 160 polyethylene tub-
ing).

3. A tracheal glass cannula is inserted via a
tracheostomy for artificial ventilation
of the animal.

4. Spinal segments L5 to L7 are exposed
for recording. If the identification of
the neurons by antidromic activation
from supraspinal levels is not needed,
the spinal cord can be transected at the
L1 vertebral level; this allows the elim-
ination of supraspinal influences and
reduces movement of the lumbar cord
due to intrathoracic pressure changes.
Just prior to the transection, the L1
segment should be injected with lido-
caine hydrochloride (xylocaine 1%; 0.1
mL) to minimize spinal shock. The
exposed part of the spinal cord is cov-
ered with a pool of warm mineral oil to

prevent cooling and drying.
5. To reduce movement of the spinal cord

due to respiratory movements, the cats
should be paralyzed with pancuronium
bromide (1 mg/kg i.v.), given pneu-
mothorax bilaterally and ventilated
artificially through the tracheal cannu-
la. End tidal CO2 should be monitored
and maintained at around 4% and
body temperature at 38°C.

6. Firm clamping of the vertebra to a
spinal frame is important to avoid
movement during recording. In addi-
tion, while the dura mater is cut dorsal-
ly to expose the lumbar spinal seg-
ments (L5–L7), it can also be cut
transversely underneath the rostral seg-
ment (e.g., L5) to eliminate tension in
the dura mater and transmission of
movement via this route.

7. For natural sensory stimulation, the fur
on the hind leg ipsilateral to the side of
recording can be cut unevenly to leave
some hairs but also to expose the skin in
places for thermal and touch stimula-
tion. Electrical stimulation can also be
useful to serve as search stimuli or for
measurement of conduction velocity.
For this, we dissect several nerves on the
foot and at the level of the ankle (e.g.,
the superficial peroneal, the tibial and
the sural nerves). For further details, the
reader is referred to Reference 10.

Preparation of Electrodes

1. Electrodes are prepared from borosili-
cate glass capillaries (with an inner fila-
ment; 1.5 mm OD; 1.1 mm ID)
pulled into fine-tipped micropipet
(sharp electrodes) using a vertical (e.g.,
Narishige PN-3) or a horizontal (e.g.,
Brown & Flaming P-87) puller.

2. The pipets are filled with 4% to 8%
HRP in 0.5 M KCl or KOAc, in 0.05
M Tris-HCl or Tris-acetate buffer.
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Avoiding the Cl- salts may be impor-
tant to prevent reversal of Cl--mediated
inhibitory postsynaptic potentials
(IPSPs). At the ranges of pH typically
used (7.4–8.6), HRP has a net positive
charge and can therefore be injected by
iontophoresis through the recording
electrode using positive (depolarizing)
current injection. To avoid the forma-
tion of bubbles near the tip of the
micropipet, we prefill the tip of the
electrode with distilled water and fill
the remainder of the electrode with the
solution containing HRP. As it is
important that enough time is given
for the HRP to diffuse to the tip of the
pipet, we fill the pipets a few hours
prior to the recordings. The impedance
of these electrodes ranges from 40 to
120 MΩ depending on tip size, given
the type of cell targeted.

HRP Injection

HRP is injected after the intracellular
physiological characterization of the cell is
complete. To ensure sufficient iontophoret-
ic injection of HRP, we use an amplifier–
current source that has an input voltage
range of ± 150 V. The high voltage source
assures constant current ejection through
the electrode even when the resistance of
the electrode increases during ejection, for
example as a result of plugging of the elec-
trode tip with HRP (17).
1. We inject HRP using 500 to 700 ms

positive current pulses of 1 to 5 nA at a
frequency of 1 Hz for a duration of 5
to 15 minutes; these parameters are
selected depending on the quality of
the recording and the type of neuron
studied. For large neurons (40–80 µm)
the equivalent of an injection of 40 nA
for 1 minute is used as a guideline;
much less (as little as 1–5 nA for 1
min) can be used for smaller cells.

Pulse injections are preferred to contin-
uous current injections because the
quality of the membrane potential and
the size of the action potential or
synaptically elicited responses can be
tested between the current pulses to
ensure that the electrode remains with-
in the cell and to stop the injection as
soon as the cell is lost.

2. After the end of the injection, the ani-
mals are kept anaesthetized for a couple
of hours to allow the diffusion of HRP
in the cell. However, we have obtained
excellent results with a waiting time of
just 30 minutes or even less.

Animal Perfusion

After the end of the electrophysiological
part of the study, the animal is moved to a
perfusion table for histological fixation. It
is important that artificial ventilation is
maintained up to the moment in which
the perfusion is started, to avoid CNS
ischaemia, leading to deterioration of ultra-
structure. We usually connect the tracheal
tube to a bottle with a mixture of 95%
O2/5% CO2 and manually ventilate the
lungs with the help of a Y tube.
1. The thorax of the animal is opened to

expose the heart. The pericardium is
removed. Slowly, 1 mL heparin (10
USP U/mL) and 3 mL of 1% sodium
nitrite are injected into the left ventri-
cle. The sodium nitrate solution should
be injected particularly slowly to avoid
cardiac fibrillation. 

2. The animal is perfused through the
ascending aorta with 2000 mL of a
mixture of 4% paraformaldehyde/
0.5% glutaraldehyde in 0.1 M PB, pH
7.4, after a brief washout of the vascu-
lar system (20 s maximum) with perfu-
sion buffer (for composition see Refer-
ence 6). A high flow rate should be
used at the beginning (for about 5
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min) then reduced so that total perfu-
sion time is about 30 minutes. 

3. At the end of the perfusion, the rele-
vant tissue is removed from the animal
and immersed in the same fixative that
was used for the perfusion at 4°C.
Immersion postfixation should last 2
hours, but we have also used overnight
postfixation with no loss of antigenici-
ty, for the detection of the neuropep-
tides substance P and enkephalin. At
the end of the fixation, the tissue is
placed in 10 % sucrose in PB at 4°C
until used.

4.For antigens that are highly sensitive to
glutaraldehyde, we advise perfusion with
2000 mL a mixture of 4% par-
aformaldehyde/0.1% glutaraldehyde/15%
(vol/vol) saturated picric acid in PB for 30
minutes followed by 2000 mL of the same
mixture (but devoid of glutaraldehyde) for
a further 30 minutes. Then, the animal
should be perfused with 2000 mL of 10%
sucrose in PB for 30 minutes. Subse-
quently, tissue is placed in 10% sucrose in
PB in the refrigerator until use.

Tissue Processing for the Demonstration
of the Cell

After removal from the animals, the
tissue is processed first for the demonstra-
tion of the cell and then for immunocyto-
chemistry.
1. The tissue should be trimmed to the

proper size (block of about 1 × 0.5 ×
0.5 cm), ensuring that the area con-
taining the labeled cell is not cut off.
Cut 50-µm-thick sections on a Vibra-
tome (Technical Products International
[TPI], St. Louis, MO, USA), using
cooled PBS or PB in the bath. We rec-
ommend that the sections are collected
serially into a tissue culture plate with
12 wells (5 sections per well maxi-
mum). 

2. The sections are cryoprotected by
immersion in a mixture of 30% sucrose
and 10% glycerol followed by 30% su-
crose and 20% glycerol, in PB (1 h in
each). Subsequently, the sections are
snap-frozen by immersion in liquid
nitrogen-cooled isopentane and thawed
at room temperature. The procedure
should be repeated 3 times. For the
freeze-thaw procedure, all sections from
each well should be placed in a small
cup-like container made up of fine
metal mesh and returned to the original
well of the tissue culture plate at the
end of the procedure.

3. The sections are rinsed twice in PBS
(10 min each) and treated with 1%
sodium borohydride in PBS for 30
minutes. Then, the sections are washed
extensively in PBS until all bubbles dis-
appear (usually 5 times over a period of
60 min is sufficient).

4. The sections are incubated in 0.05 %
solution of DAB in PBS with cobalt
chloride and nickel ammonium sulfate
as described in detail elsewhere (31). At
the end of 10 minutes, H2O2 is added
to a final concentration of 0.01%
(dilute 500 µL of 30% H2O2 in 14.5
mL of distilled water and add 5 µL of
this solution to each 500 µL of DAB).
After about 10 minutes, the reaction
should be stopped by replacing the
DAB by PBS.

5. The sections are rinsed for 2 × 15 min-
utes in PBS and mounted temporarily
with PBS between a glass slide and a
coverslip. Examination with a light
microscope should be used to identify
the sections that contain the cell. The
sections that contain parts of the cell
should be photographed at this stage,
preferentially with a digital camera.
The cell appears black or dark grey
because of the metal intensification of
the DAB reaction product.
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Immunocytochemistry

Subsequently, the sections that contain
the cell should be processed for ultrastruc-
tural immunocytochemistry. As it is the
most likely approach to be used, we
describe below a pre-embedding protocol
for the detection of a single antigenic sig-
nal using a monoclonal primary antibody
and DAB.
1. After washing in PBS, the sections

should be incubated in the primary
antibody and diluted to the proper
working dilution in PBS overnight at
4°C. We found that, when using mon-
oclonal antibodies, preincubation in
normal serum of the species of the sec-
ondary antibody is not required. How-
ever, we strongly recommend shaking
during incubations. 

2. The following steps are all performed
at room temperature. After washing 2
× 15 minutes in PBS, incubate the sec-
tions for 1½ to 2 hours in an antibody
generated against the IgG of the species
of the primary antibody (e.g., rabbit or
goat antimouse IgG). Usually, dilutions
vary from 1:30 to 1:50 in PBS, as the
antibody has to be used in excess. 

3. After 2 washes, the sections are incu-
bated in a monoclonal antiperoxidase
antibody, diluted in PBS, of the same
species as the primary antibody, for 2
hours. Subsequently, after a 15-minute
wash in PBS, the tissue is incubated in
5 µg/mL of HRP in PBS for 1 to 2
hours. After washing 3 × 10 minutes in
PBS, the sections are incubated in
0.06% DAB in PBS for 10 minutes,
then H2O2 is added to a final concen-
tration of 0.01%. The reaction should
be monitored under a stereomicro-
scope and stopped by replacing the
DAB solution with PBS. Wash 3 × 10
minutes in PBS. At this stage, we rec-
ommend that the sections be tem-

porarily mounted on glass slides using
PBS and a glass coverslip and pho-
tographed in color. The cell (in back)
will be easy to distinguish from the
brown color of the immunostaining
(nonintensified DAB reaction).

Osmication and Epon Embedding

1. Contents of each well are moved to
glass scintillation vials, and after a short
wash in PB, the material is osmicated
in 1% OsO4 in PB for 1½ hours at
4°C. After use, OsO4 should be dis-
carded into a bottle with corn oil. After
2 washes in PB, tissue is dehydrated in
ascending alcohol concentrations
(50%, 70%, 90%, and 95% for 5 min
each; 2 × 10 min in 100%) and propy-
lene oxide (2 × 10 min), followed by a
1:1 propylene oxide–Epon mixture
(overnight or for 2 h), 2 hours in
propylene oxide–Epon 1:2, and 1 to 2
hours in pure Epon.

2. Finally, each section is flat-embedded
in Epon between acetate foil and a
plastic coverslip. It is important that all
sections be flat-embedded with the
same side facing the plastic of the cov-
erslip. The sections are cured in an
oven overnight at 55°C. 

Observation by Light Microscopy

The protocol described below allows the
observation of the same fields by light
microscopy and EM.
1. The Epon should be separated from

the acetate foil so that the Epon-
embedded sections remain attached to
the coverslips. The coverslips should be
labeled and stored in small cardboard
boxes.

2. Sections are examined with a micro-
scope equipped with a camera lucida.
The parts of the cell present in each
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section are drawn. Blood vessels and
other tissue landmarks can be used to
properly identify the location of each
segment of the cell and how they con-
nect. Figure 2 shows an example of a
reconstructed neuron. It facilitates the
subsequent identification of the parts
of the cell present in each Vibratome
section if the sections are numbered
and the parts of the cell present in each
section are identified by the section
number in a copy of the camera lucida
reconstruction. 

3. At this stage, all sections that contain
parts of the cell should be pho-
tographed, preferentially with a digital
camera. 

Ultrastructural Observation

1. After photography, the flat-embedded
sections should be re-embedded in
Epon (see Reference 31). After curing
in the oven at 55°–60°C, pyramids
should be trimmed to the largest sur-
face compatible with semithin sections.
Serial 4-µm-thick sections are obtained
using an ultramicrotome and a dia-
mond knife specialized for semithin
sections. Sections should be attached to
APES-subbed glass slides, prepared in
advance as described elsewhere (10,21).
Subsequently, the 4-µm-thick sections
are photographed and re-embedded by
placing on top of each section a drop of
Epon. A previously polymerized Epon
block (cylinder with flat bases) with a
block label inside (prepared 24 h
before) is placed on top of each section.
The glass slide with the Epon cylinders
over each section is cured in an oven at
55°C for 24 to 48 hours. The blocks
with sections attached are easy to sepa-
rate from the glass when warm.

2. After trimming the blocks, ultrathin
sections are cut with a diamond knife

and collected onto formvar-coated 1-
slot copper grids. They are counter-
stained lightly with uranyl acetate and
lead citrate and observed under the
electron microscope.

3. If a second antigenic signal is to be
detected by postembedding immuno-
gold, the ultrathin sections should be
collected on nickel mesh grids. Details
on how to process the sections for post-
embedding immunogold are given in
several publications (see e.g., Reference
22). We recommend that etching with
sodium metaperiodate be reduced to
the minimum or abolished if possible
(1,20). See also Chapter 10.

4. The micrographs of the semithin sec-
tions can be used as a guide to identify
the parts of the cell when doing the
EM observations.

Protocols for the Slice Approach

We have been using in recent years a
combination of tight seal whole cell patch
clamp electrophysiological recording with
light and electron microscopic immunocy-
tochemistry. The protocols described
below have been optimized to obtain satis-
factory recordings from cells in slices from
adult (> 30 day old) or even aged (> 28
month old) animals and to allow the best
possible preservation for confocal and elec-
tron microscopic examination. The patch
clamp set-up that we have been using for
these studies includes a fixed-stage upright
light microscope equipped for infrared
interference contrast (differential interfer-
ence contrast or gradient contrast) (11,12),
videomicroscopy, and fluorescence imag-
ing. This approach allows the cell to be
injected with a fluorescent dye during
recording, it is possible to visualize the neu-
ron being labeled and therefore get imme-
diate direct information on the morpho-
logical type of cell being studied. As an
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Figure 2. Dorsal horn neuron responding with a slow prolonged excitatory post-
synaptic potential (EPSP) after noxious cutaneous stimulation. (A) Right: Cam-
era lucida reconstruction of the cell body, located in lamina V, that was associated
with a discrete area of substance P-immunoreactive (IR) fibers (see panel C). Left:
Response of the neuron to low threshold mechanical stimulation (hair, H). The
period of application of each of two stimuli is represented by the horizontal bars
below the trace. Inset: Enlargement, on a faster time scale, of a typical burst of
action potentials riding on EPSPs during the stimulus. Center: The cutaneous
receptive field of the neuron is represented on the schematic diagram; darkened
area represents the low threshold touch receptive field, and the larger hatched area
represents the high threshold pinch receptive field. (B) Response of the neuron to
high threshold mechanical stimulation (pinch, P). The period of the stimulus is
represented by the horizontal bar below the trace. Note the marked depolarization
during the noxious stimulus associated with action potential inactivation. Note also
the prolonged depolarization after the end of the stimulus associated with increased
firing frequency. (C) Light microscopic photograph of a parasagittal, 4-µm-thick,
Epon flat-embedded section showing part of the neuronal cell body. Note the
numerous substance P-IR profiles apposed to the cell body (arrows). The cell body
was located within a region of intense immunoreactivity corresponding to one of
the clusters of substance P-IR fibers commonly found in lamina V. Scale bar = 20
µm. (D) Electron microscopic photographs of an ultrathin section taken from the
4-µm-thick section shown in panel C. Note the 2 substance P-containing varicosi-
ties (arrows) apposed to the cell body. Synapses between these varicosities and the
cell body could be demonstrated in adjacent sections (data not shown). Asterisks
indicate non-IR axonal varicosities. Scale bar = 1 µm. (E) Electron micrographs of
an ultrathin section taken from the 4-µm-thick section in panel E′. The portion of
the dendrite shown in panel E corresponds to the curved portion of the dendrite
shown in panel E′ (the 2 arrows on the left of E′ indicate the 2 boutons pointed to
by 2 of the arrows in E). The immunoreactive profiles (arrows) belong to an axon
that appears to wrap in a spiral-like fashion around the dendrite (arrows in panel
E′) of the cell and make several contacts with the dendrite. Asterisks indicate non-
immunoreactive varicosities apposed to the dendrite. Scale bar = 1 µm. (E′′) Details
of the synapse (open arrow) established by the profile on the right in panel E (right
arrow in panel E) obtained from an adjacent ultrathin section. Scale bars in panel
E′ = 20 µm; in panel E′′ = 0.5 µm. Reproduced from De Koninck et al. (9).



example of this type of approach, we pre-
sent below protocols for recording from
and intracellular labeling of pyramidal neu-
rons of the rat neocortex, followed by
immunocytochemical processing for the
demonstration of their cholinergic innerva-
tion. A diagrammatic representation of the
protocols for confocal and electron
microscopy is shown in Figure 3.

Materials and Reagents

• Sodium pentobarbital; sucrose; glyc-
erol.

• NaCl, KCl, CaCl2, MgCl2, glucose,
NaHCO3, NaH2PO4.

• Cyanoacrylate cement.
• Borosilicate glass capillaries with inner

filament.
• Cs-gluconate, CsCl, 4-(2-hydroxye-

thyl)-1-piperazine-ethanesulfonic acid
(HEPES), BAPTA, ATP, GTP.

• Lucifer Yellow (Sigma).
• Biocytin (Calbiochem-Novabiochem,

La Jolla, CA, USA) or neurobiotin
(Vector Laboratories, Burlingame, CA,
USA).

• Paraformaldehyde; glutaraldehyde (EM
grade); picric acid (Fisher Scientific).

• Gelatin (Sigma).
• Tissue culture plates of 12 wells.
• Sodium borohydride; PB, pH 7.4;

PBS, pH 7.4; Triton X-100; H2O2.
• Normal donkey serum (Sigma).
• Antiserum against the vesicular acetyl-

choline transporter (VAChT; generous
offer of Dr. R.H. Edwards, University
of California, San Francisco).

• Rhodamine-tagged donkey antirabbit
IgG (Jackson Immuno Research Labo-
ratories, West Grove, PA, USA). 

• Gelatin-subbed microscope glass
slides.

• Glass coverslips (Fisher Scientific).

• Mounting medium: krystalon (Elec-
tron Microscopy Science, Gibbstown,
NJ, USA).

• Avidin–biotin complex (Vector Labo-
ratories).

• Antirabbit IgG ABC kit (Vectastain
Elite Kit; Vector Laboratories).

• Cobalt chloride.
• Nickel ammonium sulfate. 
• Osmium tetroxide (4% solution).
• Absolute ethanol (analytical grade).
• Propylene oxide. 
• Epon (prepared from Epon 812

replacement, DDSA, NMA and
DMP30 as described in Reference 13).

• APES.
• Plastic coverslips.
• Thick acetate foil (available from any

stationary store).
• Standard plastic EM capsules.

Procedures

Slice Preparation

1. Adult rats (1–2 months old) are anaes-
thetized with Na+-pentobarbital
(30 mg/kg), and perfused intracardially
for 15 to 20 seconds with ice-cold oxy-
genated (95% O2, 5% CO2) sucrose-
substituted ACSF (S-ACSF) contain-
ing (in mM): 252 sucrose, 2.5 KCl, 2
CaCl2, 2 MgCl2, 10 glucose, 26
NaHCO3, 1.25 NaH2PO4, (pH 7.35;
340–350 mOsm).

2. After decapitation, the brain is rapidly
removed and immersed in ice-cold
oxygenated (95% O2, 5% CO2) S-
ACSF for approximately 1 minute.

3. Slices are obtained using a Vibratome
1000 with the specimen holder modi-
fied to have a fluid chamber and a brass
platform. The brain is glued, caudal
side down, to the brass platform with
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cyanoacrylate cement. The chamber is
then filled with oxygenated ice-cold S-
ACSF and 400-µm-thick slices are cut.

4. The freshly cut slices are incubated in
oxygenated S-ACSF for 30 minutes at
room temperature. The slices are then
transferred to a storage chamber filled
with oxygenated normal ACSF (126
mM NaCl instead of sucrose, 300–310
mOsm) and incubated at room tem-
perature or 33°C for at least 1 hour
before transferring to a recording
chamber.

Whole Cell Patch Clamp Recording

1. Whole cell patch pipets are pulled from
borosilicate glass capillaries and filled
with different combinations of elec-
trolytes depending on the type of
membrane mechanisms one wants to
focus on. In the present example, we
used a Cs-gluconate-based-solution.
The Cs was used to block K conduc-
tances because we focused on synapti-
cally elicited responses (Figure 4). The
anion used was gluconate to maintain
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Figure 3. Steps in the approaches described for the combination of tight seal whole cell patch clamp electrophysiology in slices
and intracellular injection of biocytin (or neurobiotin) and/or Lucifer yellow with the immunocytochemical detection of anti-
genic sites.
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the normal chloride gradient. When
focusing exclusively on inhibitory
synaptic events (IPSPs/IPSCs [inhibi-
tory postsynaptic currents]), a CsCl-
filled solution has the advantage of
increasing the driving force for Cl-,
which can help amplify the currents.
As an example, the intracellular solu-
tion we used was composed of (in
mM): 100 Cs gluconate, 5 CsCl, 10
HEPES, 2 MgCl2, 1 CaCl2, 11
BAPTA, 4 ATP, 0.4 GTP, 0.5% Lucifer
Yellow, and/or 0.2% biocytin (a biotin-
lysine complex) (pH adjusted to 7.2;
osmolarity 275–280 mOsm).

2. Recordings are obtained by lowering
the patch electrode onto the surface of
visually identified neurons (we do not
apply positive pressure to the pipet to
avoid extracellular leakage of biocytin).
While monitoring current responses to
5 mV pulses, a brief suction is applied
to form greater than 5 GΩ seals. The
membrane patch is then ruptured by
further gentle suction to the electrode,
establishing a whole cell recording con-
figuration. The pressure is maintained
to atmospheric throughout the record-
ing.

3. Tight seal whole cell recordings in volt-
age clamp mode were performed using
an Axopatch 200B amplifier (Axon
Instruments, Foster City, CA, USA)
with greater than 80% series resistance
compensation for the recording. The
access resistance is monitored through-
out each experiment, and only record-
ings with stable access of 5 to15 MΩ
are used for analysis of synaptic activity.

4. At the beginning of each recording, a
set of 200 millisecond long, 5 mV
hyperpolarizating pulses are used to
measure the input resistance and mem-
brane time constant of each neuron.

5. Recordings of greater than 10 to 15
minutes are sufficient to label the neu-

rons. Simple diffusion of the dye
included in the pipet into the cell dur-
ing the course of the recording is suffi-
cient to obtain complete labeling.

6. The recordings are stored on videotape
using a digital data recorder (e.g., VR-
10B; Instrutech, Great Neck, NY,
USA). Stored recordings can then be
played back off-line and sampled on a
computer using the appropriate soft-
ware.

Processing of Slices for Confocal
Microscopy

1. At the end of the recording, the slices
are fixed by immersion in 4% para-
formaldehyde and 0.1% to 0.5% glu-
taraldehyde in 0.1 M PB, pH 7.4, for 2
hours at room temperature and post-
fixed overnight in 4% paraformalde-
hyde in PB at 4°C.

2. After fixation, the 400-µm-thick slice
should be resectioned into 50-µm-
thick sections for further histological
processing. For this, the slices are
embedded in 10% gelatin (3,5,15),
fixed for 1 hour with 4% para-
formaldehyde, 0.1% glutaraldehyde,
and 15% picric acid in PB, and resec-
tioned at 50 µm with a Vibratome.

3. Sections should be treated with 1%
sodium borohydride in PBS and
washed extensively in PBS (see Protocol
for the In Vivo Approach for details).
For subsequent processing, PBS with
0.2% Triton X-100 (PBS+T) is used to
dilute the immunoreagents and for
washing. The sections are incubated
with 5% normal donkey serum in
PBS+T to reduce background staining,
followed by a rabbit antivesicular
acetylcholine transporter (VAChT)
antibody (14) and Rhodamine-tagged
donkey antirabbit IgG. The sections are
mounted on gelatin-subbed glass slides,
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air-dried in the dark, dehydrated in
ascending alcohols, cleared with xylene,
and covered with a coverslip with krys-
talon. Subsequently, they will be exam-
ined with a laser confocal microscope.
In our case, the slices are examined
under an LSM 510 Laser scanning
microscope (Carl Zeiss, North York,
ON, Canada) equipped with an argon
and 2 helium–neon lasers.

4. A 2D and 3D reconstruction of the cell
and processes can be obtained from
serial optical sections obtained with the
confocal microscope. The images
obtained with the application of this
method are comparable in quality to
camera lucida drawings, but have the
following advantages: (i) they can be
acquired very quickly; and (ii) both the

morphological properties of the cell
and the general distribution of the
transmitter-specific innervation can be
analyzed. These 2D and 3D represen-
tations allow one to rapidly obtain an
evaluation of changes in the morpholo-
gy of the cell and areas of predominant
cholinergic input in the different
groups of animals (Figure 5). It can be
followed by a more detailed analysis of
the innervation of the cell, as described
in some publications (see e.g., Refer-
ence 24), using stereology if required.

5. The serial optical sections can also be
used to perform a 3D reconstruction of
the neuron. This can be useful for rota-
tion of the cell in space to obtain a
view in different projection planes.
Proper morphological identification of
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Figure 4. Tight seal whole cell patch clamp recording from a layer V cortical pyramidal neuron in a 60-day-old rat. The advan-
tage of the whole cell technique is that it allows one to perform high resolution voltage clamp recordings and thus resolve minia-
ture synaptic currents (i.e., action potential independent synaptic events recorded in the presence of the Na channel blocker
tetrodotoxin). In this example, the membrane potential was held at 0 mV, the reversal potential for glutamate receptor-mediated
events, to record exclusively miniature inhibitory postsynaptic currents (mIPSCs). Because the reversal potential for these events
is approximately -65 mV, holding the membrane at 0 mV also helps amplify the events for optimal detection. The traces on the
left are continuous to show on-going mIPSCs. Note the high signal-to-noise ratio obtained with this recording configuration,
yielding clear detection of the synaptic events. The inset in the middle is an average of 300 consecutive mIPSCs to illustrate the
kinetics of the events. The histograms show the results of the detailed analysis that can be performed on these events to character-
ize the rising and decaying kinetics as well as the amplitude distribution of the events.
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certain cell types can require a view of
the cell in several planes (4). Rotation
can also serve to test whether an axonal
bouton, which appears in contact with
a dendrite in a certain plane of view, is
indeed in true contact with the den-
drite by viewing it in a perpendicular
plane (Figure 6).

Processing of Slices for Electron
Microscopy

If the slices are to be processed for EM,
the first 2 initial steps to follow are the
same as for confocal microscopy (see
above). Triton X-100 should be omitted
from all solutions. Other differences to
consider are:
1. Endogenous peroxidase activity should

be removed by incubating sections
with 0.3% H2O2 in PBS for 15 min-
utes.

2. After inhibition of intrinsic peroxidase
activity, the 50-µm-thick sections are
infiltrated for 2 hours in 30% sucrose
and 10% glycerol for cryoprotection.

3. The tissue is quickly frozen in liquid
nitrogen-cooled isopentane and
thawed at room temperature, as
described above in the Protocols for the
In Vivo Approach.

4. After washing 2 × 15 minutes in PBS,
the signal from the intracellularly
labeled neuron (byocitin or neurobi-
otin) is revealed by incubating the sec-
tions for 2 hours in an avidin–biotin
complex (1:1000), diluted in PBS. Fol-
lowing 2 washes in PBS, a DAB reac-
tion is performed with double intensi-
fication as described above. 

5. After 2 washes in PBS, the sections can
be temporarily covered by a coverslip
with PBS for photographic purposes.
Then, those containing the cell are
processed for EM immunocytochem-
istry. Following incubation in the pri-

mary antibody (in this case a rabbit
anti-VAChT serum) (14) for 48 hours
at 4°C and washing, tissue should be
placed for 2 hours in a biotinylated
goat antirabbit IgG antibody, washed
again, and finally incubated for 2 hours
in an ABC complex.

6. The subsequent steps (DAB reaction
without intensification, osmication,
dehydration, and flat-embedding in
Epon) should be performed as
described above (see Protocol for EM
in the Whole Animal Approach).

7. For analysis of the material at the light
and electron microscopic levels, includ-
ing the strategy to observe the same
fields by light and electron microscopy,
see the section above on Processing of
Material from the Whole Animal
Experiments.

RESULTS AND DISCUSSION

The protocols described in this chapter
provide different types of information con-
cerning the physiological properties of neu-
rons. These range from identifying the
types of inputs the neurons respond to
(e.g., the types of natural stimuli that evoke
responses in the recorded neuron and/or
the pharmacological and biophysical prop-
erties of the synaptic events mediating spe-
cific inputs to these cells), to detailed
analysis of membrane conductances specif-
ic to the type of cell studied (Figures 2 and
4). In the ultrastructural protocols, we pro-
pose the use of DAB-based reactions to
reveal both the intracellular labeling and
the immunocytochemical signal. While
this approach may at first glance appear to
have the drawback of potentially confusing
the two signals, in most situations this does
not happen. At the light microscopic level,
it is easy to distinguish the homogenous
black to grey-black labeling of the cell from
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the less homogeneous brown immunocyto-
chemical labeling. At the EM level, such
distinction is also possible because the
homogenous intracellular deposits of
intensified DAB contrast with the more
variable intensity of the boutons labeled by
the nonintensified DAB reaction. Even in
cases in which the distinction would be dif-
ficult at the EM level, the observation of
the same fields by light microscopy and
EM allows the discrimination of the 2 sig-
nals. The real limitation of using DAB to
reveal both signals is in situations when the
2 signals are colocalized. Alternative
approaches to reveal the intracellular signal
at the EM level have been proposed to
avoid such a limitation (2). 

In Vivo Approach

Over the years, we have used the whole
animal approach with success in the cat,
monkey, and rat. Recently, we modified
the protocol to enhance the penetration of
the immunoreagents. We originally used
freeze-thawing of the entire tissue fragment
containing the cell by direct immersion in
liquid nitrogen followed by PB at room
temperature; however, tissue fragmentation

was a frequent problem. An alternative we
proposed in a previous publication (10)
was to use immersion in isopentane at -
70°C (either cooled by dry ice or kept in a
low temperature freezer). However, while
isopentane at -70°C would completely pre-
vent tissue cracking, the morphology
would suffer as well. Therefore, the revised
protocol involves the freezing and thawing
of Vibratome sections instead of the origi-
nally proposed freezing and thawing of
blocked tissue about 5 mm in thickness.
The revised protocol (described in the
Methods section above) provides excellent
morphological preservation.

Two different antigenic signals can be
easily detected using a pre-embedding
method, and a third can be added subse-
quently on ultrathin sections by a post-
embedding approach. We have exploited
such possibilities in previous publications
(20). In the past, we have used extensively
internally radiolabeled monoclonal anti-
bodies for the detection of one of the sig-
nals (19,30). However, such antibodies are
not widely available, as they have to be
radiolabeled during biosynthesis. Further-
more, they require the use of EM radioau-
tography, an approach that requires long
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Figure 5. Confocal reconstruction
of a layer V pyramidal neuron
with surrounding VAChT-IR
fibers illustrating the pattern of
innervation of the cell. Note the
abundance of immunoreactive
boutons in the area of the basal
dendrites. This 3D reconstruction
was based on ten 1-µm-thick serial
optical sections. The reconstruction
was performed with the aid of the
MCID-M4 image analysis system.
Scale bar = 50 µm. (See color plate
A7.)
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photographic exposure times of 1 to 6
months. This is unfortunate, as such anti-
bodies possess unique characteristics, such
as superb penetration in the tissue and do
not require any developing antibodies or
complexes. The most logical approach
today would be to use a DAB-based reac-
tion for the detection of the first antigenic
site and a pre-embedding immunogold
approach for the detection of the second
site. However, there is an important limita-
tion: the penetration of the 1 to 1.4 nm
gold-labeled secondary antibodies in the
section (28) is much less satisfactory than
that of the internally radiolabeled antibod-
ies. This lack of penetration when applying
the pre-embedding gold method is a major
drawback when investigating the innerva-
tion of an intracellularly labeled neuron
because the parts of the cell located deeply
in the Vibratome section cannot be stud-
ied. It should be stressed that DAB-based
protocols applying bispecific monoclonal
antibodies or modified (4 step) peroxidase-
antiperoxidase (PAP) approaches allow a
complete (or virtually complete) labeling of
the entire thickness of the section (31), and
that even ABC approaches allow a reason-
able penetration. The use of DAB-based
pre-embedding immunocytochemistry for
one antigenic site and post-embedding
immunogold for the other site avoids most
problems of penetration. However, many
antigenic sites cannot be detected using
post-embedding immunocytochemistry,
unless osmication is omitted and special
resin embedding is applied (26) at the cost
of ultrastructural preservation. Therefore,
an ideal approach does not exist. The com-
bination of DAB-based immunocytochem-
istry with the application of internally radi-
olabeled monoclonal antibodies still
represents the best alternative for someone
with access to internally radiolabeled anti-
bodies or with the technical capabilities to
prepare them. For protocols used in the
preparation of radiolabeled monoclonal

antibodies see Reference 8.
One of the advantages of the use of the

camera lucida reconstructions of the neu-
rons from flat-embedded sections followed
by serial semithin sections (that are re-
embedded and re-cut for EM) is that we
can observe the same fields by the light and
electron microscope. An example of the
establishment of such light–electron micro-
scopic correlation is given in Figure 2.

In the in vivo protocol, we have used
almost exclusively HRP-filled pipet. How-
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Figure 6. Confocal reconstruction of a dendrite from a layer
V cortical pyramidal neuron illustrating the close associa-
tion with surrounding VAChT-IR terminals. This 3D recon-
struction was based on four 1-µm-thick serial optical sections.
The reconstruction was performed using an image analysis
system, as for Figure 5. The progressive 3D rotation from the
top to the bottom of the panel illustrates how this approach
can allow us to identify close association (but not synapses) of
boutons with postsynaptic dendrites of the cell. (See color
plate A8.)
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ever, the injection of biocytin or neurobi-
otin has been used for the intracellular
labeling of neurons (6,16,27,33). They
have a high affinity for avidin, which
allows greater flexibility for combination
with other labeling techniques (e.g., fluo-
rochromes, HRP-DAB reaction protocols).
Also, biocytin and neurobiotin may be pre-
ferred to HRP when the study of the axon
is important, as they give a better and more
complete labeling of axons. This said, we
still prefer HRP when ultrastructural stud-
ies are to be performed because of the sim-
plicity of the approach (a single step reac-
tion process to reveal it) and the absence of
background labeling. Therefore, we
focused on the use of HRP here.

Although in this chapter we exemplified
the use of confocal microscopy in combi-
nation with the use of the slice approach,

there is no reason not to use it in combina-
tion with the whole animal intracellular
approach. In this case, the cell could be
filled intracellularly with Lucifer yellow or
biocytin. In the case of biocytin, the best
way is to reveal it with streptavidin com-
bined with a fluorochrome. The protocols
described in the Methods for slices can be
easily adapted to this end. However, one
major drawback of confocal microscopy is
that it is not possible to study whether a
synapse is present, because of the limita-
tions in resolution of the approach com-
pared to EM. This, combined with the
lower success rate of in vivo intracellular
labeling make it almost a requirement to be
able to combine confocal microscopy and
EM. Fortunately, methods have been
developed that allow the observation of the
same fields by confocal microscopy and
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Figure 7. Electron micrographs of a biocytin-
labeled layer V pyramidal neuron illustrating
the concurrent detection of VAChT-IR fibers.
(a) EM micrograph of a section of the cell body
at low magnification. Scale bar = 5 µm. (b) EM
micrograph taken from an adjacent serial section
showing the area of the apical dendrite delineat-
ed in panel a at higher magnification. Scale bar =
1 µm. Note the VAChT-IR boutons (arrows) in
close proximity to the cell. The inset shows the
4-µm-thick semithin Epon section, which was
re-embedded to obtain the ultrathin sections
from which the EM micrographs in panels a and
b were obtained. Scale bar = 10 µm.
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EM, methods that can be easily adapted to
intracellular labeling approaches (34).
However, this combined confocal-EM
approach is complex (see Chapter 15) and
therefore the best compromise is still to use
the combined light and electron microscop-
ic approaches we describe in the Methods.

Slice Approach

The protocol that we described above is
the result of an optimization by trial and
error to obtain ideal conditions for both

electrophysiological recording and mor-
phological preservation (Figures 4–8).
With our optimized approach, we have
been able to obtain success rates of over
90%, a result that can be considered excep-
tional, particularly when comparing with
the low success rates of the whole animal
approach. An important factor determin-
ing the success rate in slices is to aim for
cells that are deeper (>100 µm deep) in the
tissue. With both the blind or visual patch
clamp approaches, one tends to record
from the first cell encountered at the sur-
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Figure 8. Electron micrographs in panels a to d illustrate VAChT-IR boutons (B) in contact with dendritic spines of a layer V
pyramidal neuron (same cell as in Figure 6). The micrographs in panels a, b, and c were taken from serial sections illustrating a
VAChT-IR bouton approaching a dendritic spine (DS) of the cell and forming a synapse in panel c (arrow). Scale bar = 1 µm. 
(d) Another example of a VAChT-IR bouton in contact with a dendritic spine of the cell which can be seen here in continuity
with the dendritic shaft. Scale bar = 0.5 µm. Electron micrographs (e–f ) illustrate VAChT-IR terminals (B) presynaptic to a cell
body (in panel e) or a dendritic profile (in panel f ). Note the quality of the ultrastructural preservation of this slice preparation
after several hours of incubation and recording. Scale bar = 1 µm.
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face of the slice. In this case, however, upon
withdrawal of the electrode, the cell is
often ripped out of the slice. Presumably,
cells that are embedded deeper into the tis-
sue are more firmly held in place. The use
of thicker (400 µm thick) slices is also
preferable because it provides better preser-
vation of the dendritic tree of the cells.
This is important for the quality of the
physiology of neurons (e.g., maintain the
integrity of synaptic events) and the elec-
trophysiological recordings (13,32).

The morphological preservation that we
achieve can be considered excellent for
confocal microscopy (see Figures 5 and 6)
and quite satisfactory for EM (see Figures 7
and 8). In Figure 5, we show a confocal
reconstruction of the cholinergic innerva-
tion of a physiologically and morphologi-
cally characterized neuron, as obtained
with a Zeiss confocal microscope and the
3D module of an image analysis system
(MCID-M4; Imaging Research, St.
Catharines, ON, Canada). In Figure 6, we
illustrate how rotation of a 3D-reconstruct-
ed dendrite can help in the definition of
proximity of cholinergic varicosities to the
dendrite. However, such an approach can-
not provide evidence of the occurrence of
synapses. EM analysis is still required.

Figures 7 and 8 provide examples of the
morphological preservation that can be
attained routinely with the approach
described in the methods. In Figure 7,
observe the overall quality of the fixation of
the cell, and in Figure 8, note the clear his-
tological features of synapses established by
cholinergic boutons.
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OVERVIEW

Tract tracing techniques provide tools
for the study of the termination or origin
of central neural pathways or peripheral
nerves. The understanding of the organiza-
tion of neural circuits has represented one
of the major goals in neuroscience since its
birth. In the second half of the 19th centu-
ry, the pioneers in tract tracing discovered
that retrograde degeneration of neuronal
cell bodies and anterograde degeneration of
fibers could be used to trace pathways in
the nervous system. Thus, “the earliest way
to identify the neurons sending their axons
to a given neural structure was to destroy
the structure” (20). In addition, the Golgi
method, which impregnates random sub-
sets of neuronal cell bodies and processes in
their entirety, played a crucial role not only
in unraveling the basic structure of the ner-
vous system, but also in pioneering investi-
gations on its connectivity. Cajal’s seminal
studies on the wiring of the nervous system
were in fact based on Golgi-impregnated
material (5). It is very hard, however, to
effectively impregnate the axons and to
reconstruct their trajectory over long dis-
tances with the Golgi staining. This tech-

nique, which is also very capricious, is thus
best suited for the study of local neural
connections, i.e., at a limited distance from
the cell body.

Before the introduction in the 1970s of
methods taking advantage of the axonal
transport of molecules (7,15,17), the de-
generation techniques represented the main
tools for tract tracing. Anterograde tracing
exploits the Wallerian degeneration of
entire axons or their distal portion that fol-
lows lesion of the parent cell bodies or dis-
connection from the axon proximal por-
tion. These techniques became especially
effective after the introduction of stains for
the selective silver impregnation of degener-
ating axons (9,21). In the retrograde de-
generation technique, the loss of neuronal
perikarya consequent to lesions of the target
and/or of the efferent axons can be detected
with the Nissl cell staining. Degeneration
methods still represent the only techniques
available for the investigation of long dis-
tance neural connections in adult human
post-mortem material. This can be of inter-
est, for example, in the case of restricted
lesions in autoptic human specimens.

The study of short (intrinsic, local) con-
nections or of long connections (extrinsic, in
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which axons terminate at some distance
away from the area that contains the parent
cell bodies) requires distinct methodological
approaches. Besides the Golgi staining,
intrinsic connections can be investigated
using technologically sophisticated tech-
niques based on the intracellular (including
intra-axonal) injection of dyes. Direct stain-
ing can potentially visualize entire pathways,
and new perspectives in the direct labeling
of connections have been opened in recent
years by advances in molecular genetics,
leading to the development of a new gener-
ation of axonal tracers, the so-called
reporter-based tracers (6). For example, β-
galactosidase, a reliable histochemical mark-
er (the reporter molecule), is fused by genet-
ic recombination to proteins that associate
with cytoskeletal components, thus enabling
specific targeting of axons, dendrites, or
synapses (6). Due to space limitations, this
promising experimental strategy will not be
discussed in the present chapter.

The classical tract tracing techniques are
suited for the study of extrinsic monosy-
naptic connections. To this day, experi-
mental investigation of polysynaptic con-
nections has proven harder than that of
each separate set of connections. Here, we
wish to simply mention that neurotropic
viruses can be used as retrograde transsy-
naptic tracers. Briefly, viruses are transport-
ed to and replicate in the cell bodies
through chains of interconnected neurons,
and their presence can be detected with
immunohistochemistry (16). The use of
viruses as tracers requires special safety
rules in the laboratory (26). In transsynap-
tic tracing with viruses, the virus is in gen-
eral injected at the periphery (muscles or
peripheral organs).

Chemically identified connections can
also be investigated selectively using labeled
(e.g., isotope-conjugated) neurotransmitters
(8), but in this chapter, we will focus on the
experimental, nonselective study of extrin-
sic monosynaptic connections in vivo.

In particular, we will outline the general
procedure for tract tracing in the central
nervous system, while it should be men-
tioned that tracer injections in peripheral
tissues (muscles, skin, and other peripheral
organs) may require special methodological
approaches. For tracing in the peripheral
and autonomic nervous systems, or for
transganglionic tracing, it is therefore advis-
able to run pilot experiments in order to test
the efficacy of the selected tracer(s) when
their properties in the paradigm under study
are not well established in the literature.

Lipophilic dyes, which diffuse along the
neuron membranes (14), are particularly
suited for in vitro tracing of neural connec-
tions during development, as well as for the
study of connections in tissue slices and
dissociated cells (13). A detailed descrip-
tion of these techniques is beyond the
scope of the present discussion, but general
principles for tracing in fixed tissue speci-
mens will be briefly mentioned.

BACKGROUND

A large number of retrograde and antero-
grade tracers are available nowadays, and
the list keeps growing, especially for those
suited for particular experimental purposes
such as developmental studies, tracing of
connections in vitro, multiple tracing, trac-
ing combined with immunohistochemistry,
or in situ hybridization, tracing combined
with intracellular dye filling.

The characteristics and properties of
commonly used tracers are summarized in
Tables 1 and 2.

Classes of Tracers

General Concepts

Retrograde tracers, i.e., molecules trans-
ported through axons to the parent cell
bodies, are taken up by the axon terminals
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but can also be incorporated by the axon
itself, as it occurs when the axon is dam-
aged. The possibility of tracer uptake from
intact fibers of passage, however, has been
documented for several tracers and should
always be taken into account and con-
trolled experimentally if possible, especially
when it could be crucial for the interpreta-
tion of the experimental findings. 

Anterograde tracers are taken up by neu-
ronal cell bodies and/or axons. The only
anterograde tracers that are certainly not
taken up by fibers of passage, are the iso-
tope-labeled amino acids (7), since amino
acids are used for protein synthesis, whose
machinery is located in the neuronal cell
bodies. Anterograde tracing with tritiated
amino acids (most commonly a mixture of
proline and leucine) using autoradiography
was the first technique introduced for
anterograde tracing based on axonal trans-
port (7). Autoradiographic methods will
not be discussed in the present chapter, but
the basic protocol, still in use, is detailed in
the original paper (7).

Retrograde Tracers

Two main classes of retrograde tracers
are listed in Table 1: the horseradish perox-
idase (HRP)-based tracers [of which the
subunit B of cholera toxin (CTb)-HRP is
an example], and fluorescent tracers: fluo-
rescent microspheres (beads), fast blue
(FB), diamidino yellow (DY), propidium
iodide (PI), Evans blue (EB) and nuclear
yellow (NY). For the combination of retro-
grade tracing with immunohistochemistry,
wheat germ agglutinin (WGA) conjugated
with inactivated HRP (WGA-apoHRP;
Sigma, St. Louis, MO, USA) can also be
effectively used (see below).

Anterograde Tracers

Several classes of anterograde tracers are
indicated in Table 2: Phaseolus vulgaris

leucoagglutinin (PHA-L), CTb, dextrans,
and carbocyanine derivatives. As examples
of fluorescent dextrans we indicated tetram-
ethyl rhodamine-dextran amine, called Flu-
oro-Ruby (FR), and fluorescein-conjugated
dextran, called Fluoro-Emerald (FE). In
addition, a widely used tracer is represented
by biotinylated dextran amine (BDA).
Other biotin-based tracers are biocytin (η-
biotinoyl-L-lysine), and neurobiotin [N-(2-
aminoethyl) biotinamide hydrochloride].
Lipophilic carbocyanine dyes include DiI
and DiA, fluorescing in different colors.
DiA can be substituted by DiO, which,
however, is less effective (26). As an alterna-
tive to DiI, Fast DiI is also available (26).

Criteria for Tracer Selection

The first criterion for the choice of the
tracer lays, of course, in the experimental
discussion itself, i.e., whether an anterograde
or a retrograde tracer, or more than one trac-
er, are needed. Keep in mind that the axon-
al transport of most tracers is bidirectional,
but all tracers exhibit a preference for either
retrograde or anterograde transport.

Decide in advance whether the light
microscopy observations will be comple-
mented by ultrastructural studies, since
tract tracing in electron microscopy has
special requirements, both in terms of trac-
er selection and tissue fixation procedure
(see Chapter 13).

For single labeling, a crucial parameter is
the spread of the tracer at the injection sites
(Tables 1 and 2). Animal size and length of
the pathways under study should also be
considered. Retrograde fluorescent tracers
with limited diffusion at the injection sites,
e.g., FB and DY, are very useful in rodents,
but in order to fill a relatively large territory
(for example in the monkey cortex) tracers
resulting in more widespread diffusion,
such as HRP and HRP conjugates, or NY,
may be preferable. On the other hand, Flu-
orogold (FG), a tracer that combines sensi-
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Table 1. Parameters for Retrograde Tracing

Tracer Beads CTB-HRP FG FB DY PI EB NY

Supplier c,d b,e a e e e e e

Compatibility Histochemistry yes yes yes (1) - - - - -

Immunoperoxidase yes yes yes (1) - - - - -

Immunofluorescence yes - yes yes yes yes yes -

Injection Procedure P P, pellet P, I P, I P P P P

Diffusion at injection site +/- +++ +++ ++ + +++ +++ +++

Filling Soma ++ +++ +++ +++ nuclear ++ +++ nuclear

Dendrites +/- +++ ++ ++ - + + -

Post Injection Survival 2 d–mos 2–3 d 2 d–mos 4 d–mos 4–8 d 2–3 d 4–14 d 2–3 d

and Section Fixation PAF PAF + GA PAF PAF PAF PAF PAF PAF

Processing Stability over time +++ + +++ +++ + ++ + -

Parameters Detection F LM F F F F F F

Color red, green (2) brown (3) yellow blue yellow red red yellow

Suppliers: a, Fluorochrome, Englewood, CO, USA; b, List Biological, Campbell, CA, USA; c, Lumafluor, New York, NY, USA; d, Molecular Probes, Eugene, OR,
USA; e, Sigma; f, Vector Laboratories.

Abbreviations: BDA, biotin dextran amine; CTB, cholera toxin subunit B; CTB-HRP, CTB conjugated with horseradish peroxidase; DY, diamidino yellow; EB,
Evans blue; F, fluorescence; FB, fast blue; FE, fluoro-emerald; FG, fluorogold; FR, fluoro-ruby; GA, glutaraldehyde; I, iontophoresis; LM, light microscopy; NY,
nuclear yellow; P, pressure; PAF, paraformaldehyde; IF, immunofluorescence; PHA-L, Phaseolus vulgaris leucoagglutinin.

Notes: (1) fluorescent labeling may decrease; (2) other colors are available; (3) depends on the chromogen; (4) in IF, depends on the fluorochrome-conjugated
secondary antibody.
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Table 2. Parameters for Anterograde Tracing

Tracer FE/FR CTB BDA Biocytin Neurobiotin PHA-L DiI DiA

Supplier d,e b,e d,e d,e f e,f d d

Compatibility Histochemistry yes yes yes yes yes yes -

Immunoperoxidase - - yes yes yes - -

Immunofluorescence yes yes - - - yes yes

Injection Procedure P P P, I, pellet P, I, pellet P, I, pellet I P, deposits

Diffusion at injection ++ ++ ++ + ++ +/- ++ (P), +/- 

site (deposits)

Postinjection Survival 2–14 d 3–4 d 7–15 d 1–2 d 1–2 d 2–7 wks days (P), wks 

and Section (deposits)

Processing Fixation PAF PAF PAF ± GA PAF ± GA PAF ± GA PAF PAF

Parameters Stability over time ++ +++ +++ +++ +++ +++ +/-

Sensitivity in decrease stable stable stable stable stable disappear

dehydration

Detection F LM, IF LM LM LM LM, IF F

Color green/red brown (3,4) brown (3) brown (3) brown (3) brown (3,4) red green

Suppliers: a, Fluorochrome, Englewood, CO, USA; b, List Biological, Campbell, CA, USA; c, Lumafluor, New York, NY, USA; d, Molecular Probes, Eugene, OR,
USA; e, Sigma; f, Vector Laboratories.

Abbreviations: BDA, biotin dextran amine; CTB, cholera toxin subunit B; CTB-HRP, CTB conjugated with horseradish peroxidase; DY, diamidino yellow; EB,
Evans blue; F, fluorescence; FB, fast blue; FE, fluoro-emerald; FG, fluorogold; FR, fluoro-ruby; GA, glutaraldehyde; I, iontophoresis; LM, light microscopy; NY,
nuclear yellow; P, pressure; PAF, paraformaldehyde; IF, immunofluorescence; PHA-L, Phaseolus vulgaris leucoagglutinin.

Notes: (1) fluorescent labeling may decrease; (2) other colors are available; (3) depends on the chromogen; (4) in IF, depends on the fluorochrome-conjugated
secondary antibody.
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tivity of labeling and good filling of the
injected sites, is not effective in the monkey
brain, possibly due to its resemblance with
autofluorescence (Bentivoglio, unpublished
observations).

For multiple labeling, a crucial parame-
ter for the selection of tracers is represented
by the compatibility (both in terms of tis-
sue fixation procedure and label visualiza-
tion) between markers (see below).

Visualization of Tracers

Neuronal labeling obtained with fluo-
rescent tracers can be visualized directly at
the microscope, using the light excitation
wavelength appropriate for the fluoro-
chrome. For most other tracers, however,
labeling must be revealed indirectly. The
techniques suitable for revealing tracers at
the light microscopic level can be summa-
rized as follows:
1. If the tracer is an enzyme or is conjugat-

ed to an enzyme, its presence in labeled
cells can be revealed by specific histo-
chemical procedures. This is the case for
HRP, the prototype of retrograde trac-
ers, which can be delivered either free or
conjugated. The molecules most com-
monly conjugated with HRP to obtain
sensitive tracers are the lectin WGA and
CTb (choleragenoid). Free HRP and
HRP conjugates (WGA-HRP, CTb-
HRP) are revealed through a histo-
chemical reaction in which a chro-
mogen is oxidized by HRP resulting in
colored precipitates in the cell. There-
fore, not only the tracer sensitivity but
also the staining procedure is a crucial
parameter for successful labeling.

2. The tracer can be conjugated with a
nonenzymatic probe that allows its
visualization. This can be a fluo-
rochrome, but the most effective ones
are isotopes, gold particles, or biotin.
The conjugation of a tracer with an
isotope requires the use of autoradiog-

raphy to visualize the labeling. Gold
conjugates are detectable in light
microscopy after silver intensification,
for which kits are commercially avail-
able. Biotin-based tracers are revealed
through histochemistry, exploiting
their high affinity for avidin–peroxi-
dase complexes.

3. The tracer can be revealed by immuno-
histochemical techniques, using anti-
bodies raised against the tracer mole-
cule. This approach allows the
flexibility of immunohistochemistry
(based on immunoperoxidase or
immunofluorescence protocols), but of
course it requires that antibodies
against the tracer are available. The
most widely used tracer revealed by
immunohistochemistry is PHA-L (10).

PROTOCOLS

In outlining tract tracing protocols, we
will follow the steps of a general procedure
(outlined in the flow chart of Figure 1)
providing clues for retrograde and antero-
grade tracing strategies.

Materials and Reagents

Tracers

• A list of tracers and their suppliers is
indicated in Tables 1 and 2.

Tracer Preparation

To dissolve the tracer:
• Distilled water or saline or phosphate-

buffered saline (PBS), 0.01 M, pH 7.2
to 7.4.

• Dimethylsulfoxide (DMSO; Sigma).
To prepare gold-conjugated tracers:
• Colloidal gold solution, 6 to 12 nm

particles (Electron Microscopy Sci-
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ence, Fort Washington, PA, USA).
• Polyethylene glycol (Sigma).

Injection

• Anesthetics (we commonly use sodium
pentobarbital, 50 mg/kg i.p.).

• Hamilton microsyringes (1, 5, and 10
µL) or glass micropipets prepared with
a pipet puller.

• Stereotaxic equipment (David Kopf
Instruments, Tujunga, CA, USA).

• Iontophoresis apparatus (Stoelting,
Wood Dale, IL, USA).
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Perfusion

• Anesthetics (see above).
• PBS.
• Fixative: 1% to 4% paraformaldehyde

(Fluka, Neu-Ulm, Switzerland) or
0.5% to 2.5% glutaraldehyde (Fluka)
in 0.1 M phosphate buffer, pH 7.2 to
7.4.

Tissue Sectioning

• Sucrose (10% to 30%) in PBS.
• Freezing microtome or cryostat (e.g.,

Leitz, Stuttgart, Germany).
• Vibratome (e.g., Ted Pella, Redding,

CA, USA).

Section Processing

For HRP histochemistry:
• 3-3′ diaminobenzidine (DAB; Sigma).
• Nickel ammonium sulphate (Sigma).
• 3,3′,5,5′ tetramethyl benzidine (TMB;

Sigma).
• Sodium nitroferricyanide (Sigma).
• Ammonium heptamolybdate or

ammonium paratungstate (Sigma).
• Tris-HCl buffer.
• Hydrogen peroxide (Fluka).
For immunohistochemistry:
• Primary antibodies against the tracer.

For example, anti-FG polyclonal anti-
bodies raised in rabbit (Sigma); anti-
PHA-L polyclonal antibodies raised in
goat (Vector Laboratories, Burlingame,
CA, USA).

• Secondary antibodies (Vector Laborato-
ries), selected according to the immu-
nohistochemical protocol. For immu-
noperoxidase: biotinylated (e.g., goat
antirabbit, rabbit antigoat, etc.) IgGs.
For immunofluorescence: fluorescein
isothiocyanate (FITC)- or tetramethyl
rhodamine (TRITC)-conjugated IgGs.

• Avidin–biotin peroxidase complex
(ABC kit, Vectastain; Vector Laborato-
ries).

For biotin-based tracers:
• ABC kit (see above).
For silver intensification (to reveal gold-

conjugated tracers):
• IntenSe-M kit (Amersham Pharma-

cia Biotech, Piscataway, NJ, USA)
For mounting and covering with a

coverslip:
• Ethanol (at different concentrations)

and xylene.
• Glass slides and coverslips.
• DPX or Entellan (Merck, Darmstadt,

Germany), glycerin.

Microscopy

• Light microscope, possibly equipped
with dark-field condenser.

• Fluorescence microscope and appro-
priate filter systems. In our laboratory,
we use a Leitz Ploemopack epifluores-
cence illumination system (mercury
lamp source: 100 W HBO), equipped
with the following filter blocks: A
[band-pass (BP) filter: 340–380 nm];
D (BP: 355–425 nm); N2 (BP: 530–
560 nm).

Procedure

Preparation of the Tracer(s)

1. Dissolve the tracer in distilled water or
PBS unless different solvents are specif-
ically required. For example, biocytin
(5%) is usually dissolved in Tris buffer,
pH 8.0, and carbocyanine derivatives
can be dissolved in ethanol (up to 5%),
or 3% DMSO. Some tracers (e.g., DY,
biocytin) are difficult to dissolve and
remain in suspension. Therefore, pay
attention to potential clogging of the
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syringe or pipet during tracer delivery.
Alternatively, pellet preparation may be
desired (see below).

Notes:
a. For the use of HRP, keep in mind that

the enzymatic activity decays over time
(check the expiration date of the chem-
ical).

b. For the preparation of gold-conjugated
tracers, the protocol of Basbaum and
Menétrey (2) can be followed (but see
also Bentivoglio and Chen, Reference
3). This implies the use of a colloidal
gold solution, to which polyethylene
glycol is added, mixed with the tracer
solution, and centrifuged.

c. Store the tracer solutions at 4°C (the
solutions of most tracers are stable and
can be stored for months at 4°C) or
store it frozen at -20°C (this is neces-
sary for HRP and its conjugates).

Tracer Delivery

When the procedure implies tracer
injection:
2. Anesthetize and fix the animal on the

stereotaxic apparatus.
3. Drill holes on the skull at the stereo-

taxic coordinates.
4. Fix the injection device to the stereo-

taxic holder.
5. Sonicate the tracer solutions just prior

to filling the syringe or pipet.
6. Inject the tracer.

Notes:
a. The tracers can be injected by direct

mechanical or air-pressure through
Hamilton microsyringes or glass micro-
pipets. Take care to avoid plugging the
syringe or pipet tip with the tracer solu-
tion or suspension. Clean carefully the
syringe or pipet tip before penetrating
the tissue in order to avoid spurious
tracer deposit along the injection track.

This is especially important when the
target is located deeply in the brain and
must be reached stereotaxically.

b. While injecting tracer solutions or sus-
pensions, divide the total volume into
smaller (e.g., 0.05–0.1 µL) deposits in
multiple tracks or at different heights
in the same track (if possible), since
this procedure helps the tracer penetra-
tion in the tissue and its uptake. To
avoid leakage along the needle track
while withdrawing the syringe or pipet,
wait for 1 to 3 minutes at the end of
each deposit.

c. Some tracers can also be applied by ion-
tophoresis, a technique particularly indi-
cated for small injection sites, restricted
to the chosen target. For each tracer, ion-
tophoretic delivery parameters are well
defined. For example, injection of PHA-
L (which, incidentally, can only be
administered iontophoretically) requires
a positive 4 to 7 µA current applied to a
2.5% solution in PBS, pH 8.0.

d. When localized delivery of a highly
concentrated tracer is necessary, solid
pellets of some tracers can be prepared
and inserted in the target (25,26)
(Tables 1 and 2). Finally, HRP can be
delivered in several different ways
(HRP gelfoam, polyacrylamide gels
containing HRP, or implantation of
HRP crystals) (25).

e. As mentioned above, developmental
studies have special requirements that
will not be addressed in detail here. It is
worth mentioning, however, that for
tracing axon bundles in embryos, a pin
bearing a dextran amines crystal can be
directly applied to cut axons (11).

f. For the deposit of carbocyanines (DiI,
DiA; see Table 2), which are especially
suited for anterograde tracing in
paraformaldehyde-fixed tissue, insert
the crystals directly into the tissue with
a pin or a small forceps.
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Postinjection Survival 

7. After injection, suture the surgical
wound, and let the animal recover
before returning it to the animal care
facilities. Tracer injections are usually
well tolerated and do not endanger the
animal’s survival. The anesthesia is
often responsible for postinjection
complications.

8. Allow the animal to survive for the
time appropriate for an effective label-
ing of each tracer.

Notes:
a. Most tracers (especially the retrograde

ones) are transported through axons by
fast transport. However, the survival
required for effective labeling is highly
variable (Tables 1 and 2). In general,
HRP is degraded by lysosome enzymes
in the labeled neurons within a few
days, and the postinjection survival
should, therefore, be limited. Biocytin
also requires short postinjection sur-
vival (24–48 h). For most of the other
tracers, metabolic degradation in the
labeled cells does not seem to be cru-
cial. In particular, PHA-L requires a
long postinjection survival (10–20
days), and fluorescent tracers are very
stable over time and for some of them
(e.g., FB) a relatively long survival (a
few days to 2 or more weeks, depend-
ing on the length of the pathway) is
necessary to obtain brilliant labeling.
However, changes in the size of the
injection site with time are to be ex-
pected. In addition, some fluorescent
tracers, and in particular DY and NY,
may leak over time from labeled neu-
rons into the adjacent glial cells, and
this can result in spurious labeling. To
avoid this drawback, relatively short
survival should be adopted after injec-
tions of DY or NY (the latter, especial-
ly). This implies that for multiple retro-

grade labeling, or in protocols of com-
bined retrograde and anterograde label-
ing, the injections may have to be per-
formed in 2 different surgical sessions.
In these cases, HRP or HRP conju-
gates, NY or DY should be injected in
the second session, a few days before
the animal’s sacrifice.

b. Sequential injections of dyes may be
desired for special experimental para-
digms in which the rearrangement of
circuits is studied over time (for exam-
ple, during development or in the
study of postlesional axonal regenera-
tion). In these cases, a long-lasting trac-
er is injected first, and a second tracer is
injected in the same or a different tar-
get after days, weeks, or even months.

c. Axonal transport of tracers is much
slower in cold-blooded animals than in
mammals, and cold-blooded animals
should be kept in a warm environment
during the survival period.

Perfusion

9. Anesthetize the animal with a lethal
dose and proceed to transcardial perfu-
sion (through the left ventricle or the
aorta). Flush out the blood first with
saline or PBS, and then perfuse with
the fixative solution.

Notes:
a. Adequate pressure of the solutions is

necessary to ensure thorough perfusion
of the parenchyma. Heparin may be
added to the perfusion solution to pre-
vent blood clotting. Carefully washing
out the blood is especially important in
the use of all tracers that imply oxida-
tion of a chromogen with hydrogen
peroxide (e.g., HRP and its conju-
gates), since red blood cells possess
endogenous catalases that precipitate
the chromogen. This may not represent
a problem for the data analysis (ery-
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throcytes can be easily distinguished
from neurons), but it results in low
quality photography.

b. Formaldehyde (4%, i.e., 10% formalin)
or paraformaldehyde (most commonly
4%), usually in phosphate-buffered
solutions, are suited for the fixation of
all tracers for light microscopy (Tables 1
and 2), but may at least in part inacti-
vate the HRP enzymatic activity. Glu-
taraldehyde fixation is optimal for HRP
labeling and may be required when the
experiments also imply an electron
microscopic investigation (see Chapter
13). Perfusion with mixed aldehydes
(e.g., 1%–2% paraformaldehyde and
1%–2% glutaraldehyde) can provide a
good compromise in some cases. Glu-
taraldehyde fixation results, however, in
high background fluorescence and
should be avoided when using fluores-
cent dyes or tracers to be visualized with
immunohistofluorescence. On the other
hand, glutaraldehyde fixation does not
affect gold-conjugated tracers, for
which, therefore, fixation is not a critical
step. Strong formaldehyde fixation is
optimal for a brilliant fluorescence (but
may also increase autofluorescence). 

c. For in vitro tracing, the animal is per-
fused prior to tracer delivery, and the
tissue samples required for the experi-
ment are dissected out and stored in
formaldehyde or paraformaldehyde,
prior to and during tracer diffusion.

Cutting Sections

10. Cut frozen or Vibratome sections from
the areas of interest.

Notes:
a. The use of frozen sections (cut with a

freezing microtome or a cryostat)
requires prior cryoprotective treatment
of the tissue blocks in sucrose solutions
(10%–30% in phosphate buffer) until

they sink. Vibratome sectioning can be
performed even immediately after per-
fusion and is required when the experi-
ment also implies further processing for
electron microscopy.

b. In general, sections should be 20 to 50
µm thick (30 µm is optimal in most
cases), but advance planning of section
thickness and section sampling (the
interval between processed sections) is
critical when quantitative data analysis
has to be performed.

Mounting Sections

11. Mount sections onto glass slides
subbed with chrome alum or gelatin.
Immediate mounting is not crucial for
sections processed for HRP histochem-
istry, but for fluorescent tracers it is
advisable to mount the sections on
slides soon after cutting.

12. Let sections air-dry.
13. Dehydrate and mount.

Notes:
a. Dehydration should, in general, be very

quick, as most tracers are sensitive to
prolonged treatment in ethanol. Sec-
tions can also simply be dipped in
xylene just prior to covering with a
coverslip. Permount (Electron Micro-
scopy Sciences, Fort Washington, PA,
USA), Entellan (Merck, Darmstadt,
Germany), or DePeX (Merck) are
mounting media suited for most trac-
ing techniques. Glycerin is also used as
mounting medium.

Section Processing for Tracer Visualization

14. Sections derived from material injected
with fluorescent dyes can be observed
directly at the microscope (see below).
When nonfluorescent tracers are em-
ployed, immunoperoxidase or immu-
nofluorescence protocols can be used.
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HRP-Based Tracers

For HRP histochemistry, the standard
DAB recipe (0.05% DAB, 0.003% H2O2
in TB) produces a brown reaction product.
DAB is carcinogenic (requires caution in
handling and should be inactivated after
use) and is not a sensitive chromogen for
HRP histochemistry, but is optimal for the
definition of the boundaries and extent of
the HRP injection sites. DAB-processed sec-
tions can be lightly counterstained with cre-
syl violet. TMB (19), on the other hand, is a
very sensitive chromogen but is less stable
than DAB over time and is sensitive to
dehydration; TMB-processed sections can
be lightly counterstained with neutral red.
Several different recipes for HRP histochem-
istry are available (22,25,27). Nickel-intensi-
fied DAB reaction (0.05% DAB, 0.2%
nickel ammonium sulfate, and 0.003%
H2O2 in Tris-HCl buffer) results in black
reaction products and also enhances the sig-
nal. Modified TMB stabilization (22,27)
makes the reaction products more stable,
allows counterstaining with cresyl violet,
and is suited for further EM processing.

Biotin-Based Tracers

For biotin-based tracers, the detection of
labeling is achieved through the avidin–
biotin complex (ABC)-peroxidase reac-
tions, using DAB (or metal-intensified
DAB) as chromogen.

Microscopic Study

• Use bright-field illumination for the
study of free or conjugated HRP,
biotin-based tracers, or immuno-
stained labels. The labeling visualized
by some chromogens (e.g., DAB) is
also well visible under dark-field illu-
mination (which increases the signal-
to-noise ratio), but TMB, for example,
is hard to identify in dark-field.

• A fluorescence microscope is obviously
needed for the study of the labeling of
fluorescent or fluorochrome-conjugat-
ed dyes and immunofluorescent labels.
Before starting the study, make sure that
the fluorescence microscope is equipped
with the proper filter systems (excitation
with the appropriate light wavelength is
critical for fluorescence). If the fluores-
cent label is not visible at relatively low
power (e.g., using a 10× objective), al-
ways check the field at higher power be-
fore discarding the experiment (the label
or conditions of observation may not be
sufficiently sensitive at low power).
In multiple labeling, when the proto-
col does not allow the simultaneous
visualization of 2 fluorescent tracers in
the same light excitation wavelength,
the same field must be observed using
different filter systems. Fluorescence
and dark-field or even bright-field illu-
mination can also be combined during
the observation. Observe first under
fluorescence, then turn on the micro-
scope’s main light bulb and look for
the best compromise for observing
both signals at the same time.

• If labeling is analyzed with a digital
camera and software for image analy-
sis, make sure that the camera is suffi-
ciently sensitive to record all the signal
you see under the microscope.

Tips for Tracing with Fluorescent Dyes

Fluorescent dyes or fluorochrome-conju-
gated tracers are very appealing due to the
simplicity of their use, which requires fluo-
rescence microscopy but does not imply
complicated protocols of tissue processing.
Fluorescence, however, is not stable over
time; the quality of the preparations is better
preserved if the slides are stored in dark
boxes at 4°C. Since fading during the obser-
vation may occur, it is always advisable to
prepare more than one series of sections,
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examining only one series to check the
experimental findings. If the results are
good, the extra series can be used for chart-
ing the label and/or for photography.
Although fluorescent counterstains can be
used (1,23), it is a good policy to prepare
adjacent Nissl-stained serial sections, espe-
cially if the cytoarchitectonic study (e.g., of
the boundaries of a given structure) presents
delicate problems of interpretation.

Autofluorescence, exhibiting granular
features, may occur in the cytoplasm of
neuronal cell bodies and increases with the
animal’s age. This may interfere with the
detection of fluorescent labeling, especially
when using orange-red or yellow fluores-
cent tracers. However, autofluorescence
can be distinguished from the specific label
since, at variance with the latter, it remains
visible through all the different filter sets.

It should also be mentioned that fluores-
cent labeling can, in some instances, be
transformed into a stable DAB reaction
product through photoconversion (4,18,
24). Photoconversion could be due to oxi-
dation of DAB by photoexcited molecules,
but the physicochemical mechanism of the
reaction is still unknown. In the procedure,
the section is covered with a drop of fresh-
ly made DAB solution (1.5 mg/mL Tris
buffer 0.1 M, pH 8.2, without any hydro-
gen peroxide) and exposed to fluorescence
illumination. It should, however, be kept
in mind that: (i) only fluorescent labels in
the field visualized by the microscope
objective (e.g., 16×, 25×) are photocon-
verted; (ii) in our experience, photoconver-
sion of the labels resulting from fluorescent
retrograde axonal tracers is not sensitive,
whereas DiI photoconversion is effective;
and (iii) photoconversion can be used to
proceed towards the electron microscopic
study of some of the labels.

Criteria for Multiple Labeling

Multiple labeling implies the visualiza-

tion of two or more markers in the same
tissue. The markers can be used to label
different subsets of the same neuronal pop-
ulation or fiber tract or different neuronal
populations or fibers simultaneously. Mul-
tiple markers are needed to investigate
simultaneously more than one set of con-
nections (double retrograde, double ante-
rograde, and retrograde combined with
anterograde) and/or the occurrence of
branched connections reaching more than
one target through axon collaterals. Multi-
ple markers can also be represented by trac-
er(s) combined with other molecules,
which characterize the connection(s). For
example, for the study of chemically char-
acterized circuits, tracing is combined with
immunohistochemistry or in situ hybridi-
zation analysis of endogenous molecules
(such as neurotransmitters or their synthet-
ic enzymes, neuromodulator and neuroac-
tive molecules, and receptors).

For the study of functional activation of
circuits, tracing is commonly combined
with the immunohistochemical revelation of
Fos, the protein encoded by the immediate
early gene c-fos, which is induced in response
to a variety of stimuli, such as sensory stim-
ulation or drug administration (12).

Whatever the experimental require-
ments, in multiple labeling, the recipes of
the fixatives and revelation protocols of
each of the markers should be compatible.

The optimal goal for multiple labeling is
the simultaneous visualization of the labels
in the same sections. This can be achieved
following three main criteria:
1. Different colors of the markers. This is

the most commonly adopted approach
and is especially suited for fluorescence
microscopy, since fluorochromes fluo-
rescing in different colors can be easily
differentiated with specific filter sets.
Multiple colors can be used for the
visualization of different populations of
labeled cell bodies or different fiber
bundles (Figure 2E), as well as for the
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simultaneous visualization of cell bodies
and fibers in anterograde–retrograde
combined techniques or to study exoge-
nous tracers and endogenous molecules
(for example, the organization of fibers
terminating on cell bodies characterized
by their immunoreactivity to a given
antigen). These approaches are becom-
ing increasingly used, since they are
especially suited for studies at high reso-
lution in confocal microscopy.

2. Different intraneuronal features of dis-
tribution of the markers, i.e., cytoplas-
mic labeling versus nuclear labeling.
Although this strategy may seem diffi-
cult to apply, it may actually result in
very distinct signals of different labels
(Figure 2B), allowing the detection of
both markers even at low power micro-
scopic observation. This is also facilitat-
ed if the two markers bear different col-
ors. Such strategy can be used for
double retrograde labeling, combining a
tracer that labels preferentially the neu-
ronal nucleus, such as DY, with a tracer
that labels preferentially the neuronal
cytoplasm, such as FB (Figure 2B).

3. Different features of cytoplasmic label-
ing of different markers, e.g., granular
labeling versus homogenously diffuse
staining or granules of different sizes;
the latter is, however, the approach of
choice in electron microscopy, whereas
particles of different sizes are difficult to
distinguish in light microscopy. Again,
the visualization of different features of
labeling in the cytoplasm is enhanced
by different colors of the labels. For
example, this strategy is very sensitive
when visualizing the retrograde labeling
of gold-conjugated tracers such as CTb-
gold and WGA-apoHRP-gold (black
granules in the cytoplasm resulting
from silver enhancement) combined
with immunoreactivity revealed by
DAB reaction products (brown diffuse
immunostaining) (Figure 2C).

RESULTS AND DISCUSSION

The procedures described in the Proto-
cols sections, which have to be adapted to
each experimental design, result in effective
retrograde labeling of neuronal cell bodies
(Figure 2, A, B, C, and D) or anterograde
labeling of axons (Figure 2, E and F) and
their preterminal and terminal arboriza-
tions in vivo. It is peculiar, in this respect,
that the HRP techniques, which belong to
the first generation of tract tracing meth-
ods, are still among the most widely used
tracing strategies (25).

Tracing in vitro with lipophilic carbocya-
nine derivatives (13,14) is especially effective
in developing (embryonic or early postnatal)
fixed tissues. In the evaluation of the find-
ings, the possibility of transmembrane dye
diffusion should be considered (26). Carbo-
cyanines can also be used in vivo, but they
do not present advantages over other tracers.

It should be also be taken into account
that the bidirectional transport of tracers
may result in problems of interpretation in
the case of reciprocal connections (i.e., when
both anterograde and retrograde labeling are
found in the area under study). For example,
in tracing corticocortical connections, both
retrogradely labeled cell bodies and antero-
gradely labeled terminals can be found in the
areas interconnected via association or com-
missural fibers. After tracer injection in a
cortical field, thalamocortical neurons and
terminals of corticothalamic fibers can also
be found in the interconnected thalamic
area. Bidirectional labeling  is especially
marked in HRP tracing. In general, in these
cases, caution should be taken in the inter-
pretation of the neuropil labeling, which
could be represented by cross-sectioned den-
drites, fibers, and terminal elements.

By combining the different features of
labeling of retrograde tracers (Figure 2, B
and D), the simultaneous visualization of
two tracers in same neuronal cell body can
be achieved with high sensitivity. This
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Figure 2. Photomicrographs that illustrate different retrograde (A–D), anterograde (E,F) tracers, as well double retrograde
(B,D), double anterograde (E) labeling, and retrograde labeling combined with an endogenous protein immunoreactivity. Pan-
els A, B, and E show fluorescent dyes, panels C and F are in bright-field illumination, and panel D illustrates a combination of
fluorescence and dark-field illumination. Panels A through D and F were derived from experiments in rats and panel E in the frog.
(A) FB retrogradely labeled reticulospinal neurons; note the labeling of the cytoplasm  and proximal dendrites. (B) Neuron of the
brainstem reticular core double labeled after FB injection in the spinal cord and DY injection in the thalamus; FB labeling is
revealed by blue fluorescence in the cytoplasm and DY labeling by gold fluorescence in the nucleus; the inset illustrates a single
DY-labeled neuron. (C) Neurons of the substantia nigra retrogradely labeled by WGA-apoHRP-gold injection in the striatum
(black granular labeling of the cytoplasm revealed by silver intensification) and combined with calbindin immunohistochemistry
(brown diffuse cell immunostaining resulting from the use of DAB as chromogen). (D) Thalamic neurons double labeled after FB
injection in the cortex and WGA-apoHRP-gold injection in the thalamic reticular nucleus; FB labeling is revealed by blue fluo-
rescence and the gold-conjugated tracer by the granular labeling (resulting from silver intensification) that assumes a gold color
in dark-field illumination (courtesy of Dr. Roberto Spreafico, Neurological Institute Besta, Milan, Italy). (E) Double anterograde
labeling of the optic chiasm with fluorescent dextran amines: Texas Red conjugated dextran amine (red fluorescent) in the left
optic tract and fluorescein-conjugated dextran amine (green fluorescent) on the right side; the superimposition of the two colors
(double exposure photograph) results in the yellowish labeling at the fiber crossing (courtesy of Dr. Bernd Fritzsch, Creighton
University, Omaha, NE, USA). (F) Biotin–dextran amine fiber labeling. (See color plate A9.)
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reveals that the double labeled cell projects
to both the areas injected with each tracer.
The possibility to use not only two fluores-
cent tracers (Figure 2B) but also the com-
bination of fluorescence and dark-field
observation (Figure 2D) allows flexibility
in the choice of the experimental strategy.

The combined approaches that exploit
nuclear staining versus cytoplasmic label-
ing are also well suited for the characteriza-
tion of neurons whose functional activa-
tion to a given stimulus is revealed by
induction of Fos immunopositivity. This
strategy is increasingly used when the
experiments require the definition of cir-
cuits in which Fos, which is a nuclear pro-
tein, is elicited as functional marker.

The combination of tract tracing with im-
munohistochemistry allows one to character-
ize the molecular (e.g., chemical) identity of
retrogradely labeled neurons (Figure 2C).

By the use of anterograde tracers of dif-
ferent colors, different pathways can be
traced simultaneously; in fluorescence rou-
tine photography, they can be illustrated by
double exposure photographs (Figure 2E).

Confocal microscopy opened novel per-
spectives for the use and analysis of fluores-
cent tracers.

Overall, the strategies for tract tracing are
very versatile, offer a wide range of tools and
procedures, most of which are relatively sim-
ple, and are at a relatively low cost. For a
successful application of the techniques, the
experiment requirements and planning are
crucial for the choice of the tracing proto-
col. Basic training in the histological pro-
cessing of the nervous tissue is undoubtedly
of help in applying the different protocols,
and a good tissue preservation and section
quality are very important for adequate
analysis and illustration of the findings.
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OVERVIEW

One of the major goals of research in
neurobiology is the characterization of neu-
ronal circuits, which are the basis of the
functioning of the entire nervous system.
Tract tracing methods are among the best
approaches to elucidate the connections
between neurons located in distinct areas of
the nervous system since they allow an easy
recognition of large neuronal populations
and their structural characterization.
Although the bulk of information is
achieved at light microscope (LM) level,
only electron microscopy allows one to
demonstrate of the occurrence of biological
interaction between neurons and character-
ize the synaptic circuitry involved. In the
choice of tracers for ultrastructural analysis
of neuronal connections, neurobiologists
need to consider specific characteristics of
the tracer, in addition to those addressed
for tracing at LM (see Chapter 12). High
sensitivity is an essential requisite for tracers
in ultrastructural studies, since synaptic
contacts are mainly established with small
diameter neuronal processes. Further

important demands are that the tracer
resists to histological processing for ultra-
structural analysis and that the tracing
method can further be combined with
other neurobiological techniques aimed to
achieve a more complete characterization of
the neuronal circuit. Under these perspec-
tives, the most suitable tracers to perform
retrograde, anterograde, or bidirectional
tracing at the electron microscope (EM)
level, are discussed. The elected techniques
are presented in a sole protocol that allows
a successful combination of retrograde,
anterograde, and neurochemical analysis at
LM and EM levels. Each technique can,
however, be used separately or designed to
achieve different goals, as pointed out at
the various steps of the protocol. 

BACKGROUND

Tracing studies at the EM are mainly
aimed at the identification and characteri-
zation of the synaptic specialization within
the circuit studied, which is essential for
the recognition of a neuronal circuit and
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gives some insights onto its excitatory or
inhibitory nature. Inspection of labeled
neurons in the LM prior to their examina-
tion in the EM (correlated light and elec-
tron microscopy analysis) is the most valu-
able procedure to fully characterize
neuronal circuits (11). It avoids the time-
consuming blind search for labeled struc-
tures at the EM and allows to relate the
ultrastructural observations with thorough
LM characterization of the same neuronal
elements, as to their structure and location. 

In ultrastructural tract tracing studies,
neurobiologists have to deal with problems
specifically related to tissue preparation.
The two main questions are the establish-
ment of procedures that enable a satisfac-
tory penetration of reagents without com-
promising structural preservation and
visualization of multiple tracers. The
requirements for maintenance of ultra-
structural integrity are difficult to concili-
ate with detection of most tracers. The
classical inclusion of glutaraldehyde in the
aldehyde perfusion mixture reduces the
activity of enzymes revealed by histochem-
ical reactions, masks antigenic sites, causes
unspecific staining by fixing antibodies to
free aldehyde groups, and hinders penetra-
tion of reagents into the tissue (10,63). It
may be useful to restrict the presence of
glutaraldehyde to the first minutes of vas-
cular perfusion (e.g., a 2% glutaraldehyde
and 2% paraformaldehyde solution) so
that the bulk of the perfusion as well as the
postfixation use only paraformaldehyde
(e.g., a 4% solution). This procedure has
proven to render a fair compromise
between ultrastructural preservation and
tracer visualization (72). Whenever this
reduction in glutaraldehyde concentration
is unable to produce such an aim, it may be
helpful to treat thick sections, before the
onset of tracer detection, with sodium
borohydride (e.g., a 0.1%–1% solution for
10–30 min), which neutralizes Schiffs
bases (18,32). Although osmication by

immersion in osmium tetroxide (OsO4)
provides additional fixation by linkage to
components unreacted by aldehydes and
counterstains the tissue, it occasionally
removes tracers from neurons (41) and
alters the ultrastructural appearance of
some chromagens (69,82). 

In ultrastructural tract tracing studies of
nervous areas where axons course predomi-
nantly in one direction (e.g., spinal cord), it
may be useful to cut sections perpendicular-
ly to that plane in order to maximize pene-
tration of reagents. This problem is particu-
larly overwhelming for tracers detected
immunocytochemically, since the deter-
gents, which are commonly used at LM
tracing to allow penetration of immunore-
agents, are incompatible with ultrastructur-
al preservation (23,38,39,63,79). Triton®

X-100, one of the most effective detergents,
should be present only in solutions contain-
ing primary antibodies in concentrations
not exceeding 0.1% (3,72,91). In some
instances, it turns useful to replace the
detergent by ethanol treatment before the
onset of tracer detection (38).

As to the question of visualization of
multiple tracers, it may be recalled that the
majority of ultrastructural studies of neu-
ronal connections use peroxidase or immu-
noperoxidase methods with diaminobenzi-
dine (DAB) as chromagen, which results in
an amorphous electrondense precipitate.
The search for substances that can be dis-
tinguished from DAB led to the use of par-
ticulate markers, such as colloidal-gold or
ferritin (15,77) and crystalline markers like
tetramethylbenzidine (TMB) (40,82,85).
Other peroxidase substrates with suitable
ultrastructural appearances are available
such as Vector® VIP (92) (Vector Labora-
tories, Burlingame, CA, USA) and benzi-
dine dihydrochloride (BDHC) (69,79).
However, Vector VIP can obscure ultra-
structural details (92), whereas BDHC is
highly toxic and produces inconsistent
results (40,69). 
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Retrograde Tracers

There is a multitude of retrograde trac-
ers available for the ultrastructural study of
neuronal connections. The tracers can be
grouped into four classes: (i) horseradish
peroxidase (HRP)-based tracers [HRP and
wheat germ agglutinin (WGA)-HRP]; (ii)
colloidal gold-labeled tracers (WGA-gold,
WGA-HRP-gold, and WGA-apo-HRP-
gold); (iii) fluorescent tracers (mainly Fluo-
rogold; Fluorochrome Inc., Englewood,
NJ, USA) and (iv) cholera toxin subunit b
(CTb)-based tracers (unconjugated CTb,
CTb-HRP, and CTb-gold). The choice of
the tracer depends on the purpose of the
study, but it should take into account the
requisites addressed above. 

CTb-tracers, mainly in its unconjugated
or gold-linked forms, have been elected for
most neuroanatomical studies. Due to a
particularly low rate of diffusion, CTb pro-
duces confined injections sites, a feature of
major importance in tracing studies, espe-
cially those dealing with small nuclei
(24,36,71). The mechanisms of neuronal
uptake are well established and rely on
binding to the GM1 ganglioside receptor
(30,57). It is disputable whether CTb-based
tracers are transported by passing fibers.
This has been discarded based on the lack of
labeling following pressure (36,71) or ion-
tophoretic (47) injections in several axonal
tracts. However, a few neurons were labeled
after injections of CTb-tracers in other neu-
ronal pathways (17,42). It is possible that
molecular features such as the GM1 distrib-
ution along different portions of the neu-
ronal membrane account for the observed
variability of CTb uptake by passing fibers. 

Several questions need to be considered
before electing the form of CTb-tracer to
use. Due to proteolytic degradation of
HRP by lysosome enzymes, CTb-HRP can
be detected only for a few days upon injec-
tion. On the contrary, the long-term reten-
tion of unconjugated CTb and CTb-gold

by neurons renders flexibility to the exper-
iments and allows time for other surgical
manipulations to be carried out, namely
injections of other tracers. CTb-gold is
particularly suitable for such multiple
labeling experiments due to the distinct
ultrastructural aspect of gold particles and
the possibility of combining the silver
intensification procedures used for detect-
ing CTb-gold with methods for tracer or
neurotransmitter identification based on
peroxidase histochemistry. An additional
advantage of CTb-gold for ultrastructural
studies is that glutaraldehyde fixation does
not interfere with its visualization while it
affects immunodetection of unconjugated
CTb (24,72) and reduces the enzymatic
activity of CTb-HRP. In spite of being
insensitive to glutaraldehyde concentra-
tion, CTb-gold is affected by postfixation
with OsO4, which removes gold particles,
unless gold toning is performed (41,42).

The main problem of CTb-gold for
ultrastructural tracing studies is that, as with
colloidal gold labeled tracers (7,53,66), dis-
tal dendrites are seldom filled. Unconjugat-
ed CTb, on the contrary, fills the dendritic
tree up to small distal dendrites (3,14,24,
72), the neuronal structures which receive
the majority of synaptic input (11). This
prompts neurobiologists to develop methods
to overcome the drawbacks discussed above
(see Protocol), thus allowing the successful
use of unconjugated CTb for EM studies.

Correlated confocal and electron micro-
scopy emerges as a new tool in the ultra-
structural study of retrogradely labeled neu-
rons (see also Chapter 15). Optical sections
of neuronal profiles to be observed at the
EM can be used for three-dimensional
reconstruction of the neurons, which allows
for their visualization in various perspec-
tives, a procedure of particular value for
regions where the similar orientation of neu-
ronal processes imposes, as discussed above,
the use of a single plane of sectioning.
Another advantage is the easier match
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between optical and ultrathin sections, as
compared to the thick sections of conven-
tional correlated light and electron micro-
scopy (21,70,76). Briefly, the technique
relies on confocal observation of neurons
retrogradely labeled by a tracer identified by
a fluorochrome, and the subsequent replace-
ment of this marker by an electrondense
product suitable for ultrastructural observa-
tion. The conversion procedure can be per-
formed by photoconversion (6,45,46) or
replacement of immunofluorescence re-
agents by immunoperoxidase products (55,
56,60,76), a process which can be achieved
due to the higher affinity of the latter anti-
serum to antigenic complexes as compared
to immunofluorescent substances. 

Fluorescent tracers may be useful in cor-
related confocal and ultrastructural analy-
sis, since they are directly observed without
any sort of histochemical treatment.
Among the numerous fluorescent tracers
available (9), Fluorogold stands out by its
ability to produce extensive filling of the
dendritic arbor either upon photoconver-
sion (6) or immunoperoxidase detection of
the tracer (16,22,81). It must, however, be
noted that the tracer massively diffuses
from the injection site and is taken up by
passing fibers even after iontophoretic
delivery (20,59,65). Unconjugated CTb,
detected by the sequential immunofluor-
escence–immunoperoxidase procedure de-
scribed above, appears to be the method of
choice for correlated confocal and ultra-
structural analysis (Figure 1). 

Another recent achievement in retrograde
tracing at the ultrastructural level is the use
of “suicide” tracers. Some lectins, like ricin
and volkensin, bind to oligosaccarides in
axonal membranes and are internalized and
transported retrogradely to the cell body,
where they inactivate protein synthesis,
leading to neuronal death (86,88). Degen-
erating profiles and reduction of the density
of mitochondria and synapses is then easily
detected at the EM (13,37,54,64). Other

toxins, like saporin, which are devoid of
binding properties, can be used for the same
purpose upon conjugation with substances
that bind to neuronal surface molecules. In
this case, binding to neurochemical markers
specific for some neuronal populations
allows the selective destruction of particular
afferents of the injected area (86,87).
Recently, the use of saporin conjugated with
CTb produced a very lethal “killer-tracer”
that was successfully used at LM studies
(43). Suicide tracing allows one to correlate
behavioral analysis with specific lesion of
neuronal pathways (48,50), thus opening
interesting possibilities of functional evalua-
tion of neuronal circuits characterized at the
ultrastructural level. 

Anterograde Tracers

Currently, anterograde tracing of neu-
ronal connections at the ultrastructural
level is mainly performed by the use of two
types of tracers: (i) Phaseolus vulgaris leuco-
agglutinin (PHA-L); and (ii) biotin-based
tracers [biotinylated dextran amine (BDA),
biocytin, and neurobiotin]. In a manner
similar to retrograde tracing, anterograde
tracers should fill several requirements to
be used in ultrastructural studies. High
sensitivity is not a decisive issue in the
choice of tracer as all appear to fill axons in
a Golgi-like fashion, enabling the examina-
tion of fine morphological features
(12,26,29,31,34,58,68,83). However, con-
trary to the long immunocytochemical
procedure needed to detect PHA-L, detec-
tion of biotin-based tracers involves a sim-
ple and fast avidin–biotin complex (ABC)-
peroxidase reaction, favoring the use of the
latter tracer class. In fact, ultrastructural
preservation is excellent, because higher
glutaraldehyde concentrations are allowed
during the fixation, and the time between
vascular perfusion and osmication is short-
er (1,19,33,61,75,84,89). Moreover, mul-
tiple labeling studies can be performed

224

I. Tavares et al.

Merighi13-aucorr.qxd  5/23/02  8:32 PM  Page 224



more easily since the risk of cross-reaction
between immunoreagents is decreased.
BDA is preferable to biocytin and neurobi-
otin since it is not transported transneu-
ronally (28) and is suitable for tracing stud-
ies of long pathways (25,35,67,68,78).

The disadvantages of biotin-based tracers
over PHA-L need, however, to be envis-
aged. Contrary to PHA-L, biotin-based
tracers are taken up by fibers of passage in
variable degrees and can be transported in
the retrograde direction (12,26–28,35,67,
68,90). In the case of BDA, the latter draw-
back can be overcome by decreasing the
concentration of the tracer and diameter of
the micropipets used for iontophoresis (61). 

Bidirectional Transport of Tracers

Areas of the central nervous system are
often reciprocally connected, which
prompts a careful evaluation of the
methodology available to study reciprocal
circuits. The bidirectional transport of a
single tracer proved to be preferable to the
use of retrograde and anterograde trans-
ports of two different tracers from the same
area (52). Tracers commonly have distinct
rates of diffusion and transport, which
impairs the precise evaluation of the site of
origin of labeled structures and makes diffi-
cult to find a postsurgery period suitable for
the detection of both anterogradely and ret-
rogradely labeled structures. Furthermore,
the uptake and migration of one tracer can
be influenced by the other (22). Detecting
one single tracer instead of two improves
ultrastructural preservation, since it may
reduce the time of incubation in reagents
and consequently decrease the lap between
vascular fixation and osmication. Finally,
the combination with other neurobiology
methods becomes easier, since the same
reagents are used in the detection of the
anterograde and retrograde tracing, which
decreases the possibilities of cross-reactivity. 

BDA and biocytin have been used for

the study of reciprocal connections, but the
transport of those tracers in the retrograde
direction is quite discrete (44,49). Uncon-
jugated CTb is becoming the tracer of elec-
tion for such studies (3,4,73,74) since it
produces an extensive filling of the den-
dritic tree and the anterograde transport
can be considerably improved by introduc-
ing simple changes in the method of detec-
tion (see Protocol), namely: (i) increase of
the concentration of primary antibodies;
(ii) extension of the incubation time in the
immunoreagents; (iii) use of graded series
of ethanol to increase penetration of
reagents; and (iv) incubation with sodium
borohydride to counteract the deleterious
effects of glutaraldehyde (5,32,38,76). In
spite of the punctate appearance of antero-
grade labeling due to the lack of intense
staining of axonal strands, anterogradely
labeled terminals can be clearly recognized
in correlated light and ultrastructural
observation (Figure 1), and the method is
exquisite for studies aimed at the morpho-
logical characterization of the neurons
involved in reciprocal circuits, particularly
if the correlated confocal and ultrastructur-
al method described before is employed. 

Further important advantages of uncon-
jugated CTb to detect reciprocal connec-
tions is that it appears not to fill retro-
gradely axonal collaterals of labeled
neurons, in which case axonal arborizations
of retrogradely labeled neurons could be
taken as anterograde labeling. Moreover, it
is not transported transynaptically, which
discards the possibility that labeled bou-
tons are generated by local circuit neurons
targeted by the afferent fibers (3,5,47,80). 

PROTOCOL

We describe a method in which the
excellent features of unconjugated CTb for
retrograde tracing and BDA for antero-
grade tracing at the ultrastructural level
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were explored to investigate the occurrence
of a dysynaptic pathway in the rat and
combined with immunocytochemical pro-
cessing to characterize neurochemically one
component of the circuit. The general pro-
tocol is also valid for the single use of each
tracer, as well as for bidirectional tracing
with CTb, provided that the changes,
referred to in the Notes, are introduced.

Materials and Reagents 

• Alkaline phosphatase streptavidin
(Vector Laboratories, Burlingame, CA,
USA).

• Ammonium paratungstate (Fluka
Chemicals, Buchs, Switzerland).

• Ammonium chloride (Sigma, St.
Louis, MO, USA).
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Figure 1. Confocal (A), light (B), and ultrastructural (C and D) photographs of a neuron in spinal lamina I, which is retro-
gradely labeled by CTb from the VLM and receives appositions from CTb-labeled fibers from the same injection site (bidi-
rectional tracing with CTb). The nucleus (N) is used as a landmark. In panel A, a single confocal section, in which CTb was
revealed by immunofluorescence using a streptavinin-Alexa 594 antibody (Molecular Probes), shows the neuron and boutons 1
to 3 in apposition with the perikarya. The same neuron is depicted in panel B in a thick section following immunoperoxidase
reaction with the ABC method. Four additional boutons, marked with arrows, are seen in apposition with a dendrite. In panel C,
an ultrathin section of the neuron was taken from a plane close to that depicted in the confocal image. The asterisk indicates CTb
labeling at the perikaryon. In panel D, bouton 3 is shown at higher magnification. It establishes an asymmetrical synapse with the
perikaryon (arrowheads). Scale bars are expressed in micrometers.
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• Anti-CTb antiserum raised in goat
(List Biological Laboratories, Camp-
bell, CA, USA).

• Anti-dopamine-β-hydroxylase (DBH)
antiserum raised in rabbit (Affinity,
Excester, UK).

• BDA (mw 10 kDa)(Molecular Probes,
Eugene, OR, USA).

• Biotinylated antirabbit antiserum
raised in swine (Dakopatts, Glostrup,
Denmark).

• Cobalt chloride ( Sigma).
• CTb low salt (List Biological Labora-

tories).
• Current source device (e.g., model CS-

3 from Transkinetics Systems, Canton,
MA, USA).

• DAB (Sigma).
• Donkey antigoat antiserum (Vector

Laboratories).
• Epon (Fluka Chemicals). 
• Ethanol (Merck, Darmstadt, Ger-

many).
• Fast Blue (Sigma).
• Glass capillaries (e.g., 1.5 x 0.75

mm)(Clark Electromedical Instru-
ments, Reading, England, UK).

• Glass microelectrode puller (e.g.,
model PE-21 from Narishige Scientif-
ic Instruments, Tokyo, Japan).

• Glucose-oxidase (Sigma).
• Hydrogen peroxide (Merck).
• Naphtol AS-MX-phosphate (Sigma).
• Normal swine serum (Sigma).
• OsO4 (Merck).
• Peroxidase-antiperoxidase (PAP) anti-

serum raised in goat (Dakopatts).
• Phosphate buffer (PB; 0.1 M, pH

7.2–7.4).
• PB (0.1 M, pH 6.2).
• Propylenoxide (Merck).
• Phosphate-buffered saline (PBS; 0.1

M, pH 7.2).

• Silver wire (e.g., 200 µm x 7.6 m) (A-
M Systems, Carlsborg, WA, USA).

• Stereotaxic frame (e.g., Model 900
from David Kopf, Tujunga, CA, USA).

• Tris-HCl buffer (0.05 M, pH 7.6).
• Tris-HCl buffer (0.1 M, pH 8.2).
• TMB (Sigma).
• Vibrating microtome (e.g., model VT

1000S from Leica Microsystems, Wet-
zlar, Germany).

Procedure

1. Under halothane anesthesia (4% for
induction and 1%–1.5% for mainte-
nance) and stereotaxic control, perform
iontophoretic injections of BDA using
micropipets with 20 to 30 µm inner
diameter tips and positive 7 µA contin-
uous current for a time to be settled up
according to the aimed injection site
(in general 10–30 min). 

2. Seven to twelve days later, reanesthetize
animals with halothane and inject ion-
tophoretically 1% low salt CTb using
positive continuous current. Settle up
the current intensity (2–5 µA), time of
deliverance (3–20 min) and micropipet
inner diameter tip (15–30 µm) for the
desired injection site.

3. Four to seven days later, reanesthetize
animals with chloral hydrate (0.35 g/kg
b.w. i.p.) and perfuse them through the
ascending aorta with PBS. After the
fluid exiting from the right atrium is
clear, change to a fixative mixture com-
posed by 2% glutaraldehyde and 2%
paraformaldehyde in 0.1 M PB, pH 7.2
to 7.4 (100 mL), followed by 4%
paraformaldehyde in the same buffer
(1000 mL). A mixing chamber (“Y”
shape glass tube) is useful to achieve a
gradual change from the vascular rinse
to the fixative. The rate of perfusion
should be estimated in order to allow
fast delivery of the vascular rinse and
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first fixative (20–30 mL/min) and slow-
er release of the final fixative (10–15
mL/min). Dissect areas of interest and
postfix in 4% paraformaldehyde in 0.1
M PB, pH 7.2 to 7.4, for 2 hours, fol-
lowed by overnight washing in 8%
sucrose, in the same buffer, both at 4°C.

Note: For single anterograde tracing with
BDA, use a different fixative both on the
perfusion and postfixation with higher glu-
taraldehyde concentration (e.g., 2.5% glu-
taraldehyde and 4% paraformaldehyde).
4. Section nervous tissue pieces with a

vibrating microtome at 75 to 100 µm
through the injection sites and 40 to
60 µm trough the areas containing the
retrograde and anterograde labeling.

5. Wash in 0.1 M PB, pH 7.2 to 7.4, for
15 minutes. In order to keep the possi-
bility of further ameliorate labeling by
introducing changes in the histo- or
immunocytochemical reactions, it may
be convenient to store some sections at
-20°C in an antifreeze mixture com-
posed of 160 mL of 0.05 M PB, pH
7.2, 120 mL ethylene glycol, and 120
mL glycerol. Before reacting these sec-
tions, wash them thoroughly with 0.1
M PB, pH 7.2 to 7.4, 3 x 10 minutes.

Note: For bidirectional tracing, incubate
sections for 30 minutes with 50% ethanol
in PB, pH 7.4, wash as in step 5, incubate
with 1% sodium borohydride (Sigma) for
10 minutes and wash as in step 5, 3 times.
6. Begin the histochemical reaction for

BDA by incubating sections in ABC
diluted in PBS at 1:200 for 2 hours.

7. Wash in PBS 3 x 15 minutes.
8. Wash in 0.05 M Tris-HCl buffer, pH

7.6, 2 x 10 minutes.
9. Incubate in a solution composed by 10

mg DAB, 4 µL H2O2 in 20 mL 0.05
M Tris-HCl, pH 7.6. Control reaction
speed under light microscope observa-
tion. Stop the reaction by washing as in
step 8. Wash in PBS 2 x 10 minutes.

10. Begin the immunocytochemical reac-
tion for CTb by incubating in goat
anti-CTb antiserum at 1:40 000 to
1:60 000 in PBS during 48 hours at
4°C. Repeat washes as in step 7.

Note: For single retrograde or bidirectional
tracing with CTb, retitrate anti-CTb anti-
serum to, respectively, 1:10 000 or 1:7500
to 1:12 000 and, in the latter case, prolong
incubation for 72 hours in a PBS solution
containing 0.1% sodium azide.
11. Incubate in donkey antigoat diluted at

1:200 in PBS for 1 hour. Repeat wash-
es as in step 7.

12. Incubate in goat PAP diluted at 1:100
in PBS for 1 hour. Repeat washes as in
step 7.

Note: For bidirectional tracing with CTb,
incubation in steps 11 and 12 should last
for 2 hours.
13. Wash in PB, pH 6.2, 2 x 10 minutes.
14. Incubate for 20 minutes in a solution

composed by 500 µL of 1% ammoni-
um paratungstate, 125 µL of 0.2%
TMB, 100 µL of 0.4% NH4Cl, 100
µL of 20% D-glucose, and 10 mL 0.1
M PB, pH 6.2 .

Note: For single retrograde or bidirectional
tracing with CTb, it is preferable to per-
form the peroxidase reaction as in step 9. 
15. Replace the former mixture by a new

solution to which 10 µL of glucose oxi-
dase was added. Control the reaction
speed under light microscope observa-
tion. Stop the reaction by washing as in
step 13. Vigorous stirring and exten-
sion of washing may be necessary to
reduce the background.

16. Incubate for 10 minutes in a solution
composed by 10 mg of DAB, 100 µL
of 0.4% NH4Cl, 100 µL of 20% D-
glucose, 200 µL of 1% CoCl2, and 10
µL glucose oxidase in 10 mL PB, pH
6.2. Wash as in step 13 and in PBS 2 x
10 minutes.
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17. Incubate in 10% normal swine serum
for 1 hour.

18. Begin the immunocytochemical reac-
tion for DBH by incubating in rabbit
anti-DBH antiserum at 1:2000 in PBS
containing 1% normal swine serum
overnight. Repeat washes as in step 7.

19. Incubate in biotinylated swine antirab-
bit antiserum at 1:200 for 1 hour.
Repeat washes as in step 7.

20. Incubate in alkaline phosphatase strep-
tavidin at 1:150 for 1 hour. Repeat
washes as in step 7. Wash in 0.1 M Tris-
HCl, pH 8.2, 2 times for 10 minutes.

21. Incubate in a filtered solution contain-
ing 200 µL 10% naphtol, 20 µL 1 M
levamisole, 10 mg Fast Blue in 9.8 mL
0.1 M Tris-HCl, pH 8.2. Control the
reaction speed under microscope
observation. Stop the reaction by wash-
ing in 0.1 M Tris-HCl, pH 8.2, 2 x 5
minutes. Wash in PBS 2 x 5 minutes.

22. Mount between slides in a glycerol-
based medium (3:1 in 0.1 M PB, pH
7.2–7.4) and search for neurons con-
taining CTb and DBH and apposed by
BDA-fibers. Carefully draw and photo-
graph selected areas and “landmarks”
(e.g., blood vessels). Remove the cover-
slips and wash slides in 0.1 M PB, pH
7.2 to 7.4, for 10 to 30 minutes.

23. Postfix in 1% OsO4 0.1 M PB, pH 7.2
to 7.4, for 1 hour at 4°C. Dehydrate
through graded series of ethanol in
water: 70% for 5 minutes, 80% for 5
minutes, 90% for 10 minutes, 95% for
10 minutes, and 100% 2 x 15 minutes.
Embed with 1:1 epon/propylenoxide for
30 minutes, followed by 3:1 overnight.
Include in Epon for 30 minutes at 60°C. 

24. With the aid of tissue and toothpick,
remove excess resin and flat-embed
between dymethylclorosilane-coated
slides (2). Use clips to hold slides
together and allow polymerization to
take place at 60°C overnight. 

25. Separate the slides and select the areas
identified and photographed in step 19.
Fill up flat-bottom embedding capsules
with Epon and invert over selected sec-
tion. Allow to polymerize at 60°C for at
least 24 hours. Alternatively, detach the
section from the slide and glue it into a
blank tube of resin. Trim the area of
interest and collect ultrathin sections on
single-slot electron microscope grids.
Counterstain the material with lead cit-
rate (62) for 1 to 3 minutes and observe
the sections in the EM.

RESULTS AND DISCUSSION

By applying the protocol described above
following stereotaxic injections of BDA in
the caudal ventrolateral medulla (VLM)
and unconjugated CTb in the spinal dorsal
horn, it was possible to conclude that axon-
al boutons from fibers originated in the
VLM (DAB chromagen; brown) apposed to
neurons of the pontine A5 noradrenergic
group (immunoreactive to DBH-Fast Blue
as chromagen; blue), which project to the
spinal dorsal horn (TMB chromagen; black
granules) (Figure 2A). 

Although processing for ultrastructural
analysis removes Fast Blue from the tissue
(Figure 2B), previous drawing and pho-
tographing of CTb plus DBH double-
labeled neurons allows the recognition of
these cells. At low power EM magnifica-
tions, these neurons can be easily identified
by the characteristic aspect of TMB crystals
(Figure 2C), which are often associated with
the microtubuli and rough endoplasmic
reticulum. Anterogradely labeled boutons
are filled with amorphous DAB material,
which is deposited between synaptic vesicles
and around mitochondria (Figure 2D). 

Another chromagen, which can be used
in combination with BDA histochemistry
and CTb immunodetection, is pyronin,
which uses 1-naphthol as substrate for
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peroxidase reaction and gives a pink color
to perikarya and dendrites (data not shown
and Reference 51). Due to their high sensi-
tivity and clear-cut difference from both
DAB and TMB reaction products, Fast
Blue and pyronin are markers of choice for
correlated light and electron microscopy
studies aimed at identifying the origin of
the input received by neurochemically
characterized neurons that project to a cer-
tain area. Fast Blue presents the additional
advantage of using a nonperoxidase detec-
tion system, which greatly reduces the risk
of “cross-talk” with DAB and TMB reac-
tions, although it does not avoid that ade-
quate control experiments are performed.
Whatever the chromagen chosen, it should

be kept in mind that both Fast Blue and
pyronin reaction products are washed away
during dehydration, implying that only
neurons double labeled with another tracer
(e.g., CTb with TMB as chromagen) can
be followed up at the EM. 

Another caution is that the Fast Blue
reaction should be the last to be performed
in the multiple labeling procedures, since
the chromagen may alter its appearance or
even be removed after prolonged incuba-
tions (8). The higher sensitivity of TMB
over other chromagens could produce
cross-reactivity between peroxidase reac-
tions, but in our experiments TMB crystals
were not present over BDA-labeled bou-
tons. If this problem arises, it can be over-
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Figure 2. Correlated light (A and B)
and electron (C and D) analysis of a
neuron in the pontine A5 noradrener-
gic cell group. A capillary (c) and a
glial cell (g) are used as landmarks. The
neuron is retrogradely labeled with
CTb (chromagen TMB; black gran-
ules in panels A and B and electron
dense crystals marked with an asterisk
in panel C) from the cervical spinal
cord dorsal horn. Its noradrenergic
nature is demonstrated in panel A by
the diffuse blue staining due to
immunoreactivity for DBH (chroma-
gen Fast Blue removed in panel B dur-
ing processing for ultrastructural
analysis). The neuron receives apposi-
tions from axonal varicosities (chro-
mogen DAB: brown staining in panel
A, black product in panel B, and elec-
trondense mark in panels C and D)
labeled with BDA from the VLM (1–3
in the thick sections in panels A and B;
1 and 3 in the ultrathin section in
panel C). In panel D, bouton 3 is
shown at a higher magnification. An
obliquely cut synapse is established
between the bouton and the perikary-
on (arrowhead) of the retrogradely
labeled neuron. Scale bars are
expressed in micrometers. (See color
plate A10.)
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come by inverting the sequence of peroxi-
dase reactions. Another important aspect
to be aware of in the design of the protocol
is that the chromagen TMB should be used
only for immunoreactions with high speci-
ficity and low background. Retitrating the
primary antibodies in the immunoreac-
tion, as discussed by Llewellyn-Smith et. al.
(40), can help in reducing background, but
the replacement of hydrogen peroxide by
glucose oxidase, as proposed by the
authors, did not appear to produce the
desired effect in our hands.
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OVERVIEW

The balance between cell proliferation
and death is fundamental in several mor-
phogenetic processes and ultimately deter-
mines the mass, shape, and function of the
various tissues and organs that form the
animal body. Apoptosis is a gene-regulated
process of programmed cell death (PCD)
that plays fundamental roles in several nor-
mal and pathological conditions (56,126).
This form of “cell suicide” is most often
detected during embryonic development,
but is also found in normal cell and tissue
turnover (26,77,81,133). Although the
nervous tissue is traditionally regarded as
being fundamentally constituted by post-
mitotic nonproliferating cells, analysis of
cell proliferation and apoptosis in vivo has
recently gained an increasing importance
mainly considering that: (i) proliferative
and/or apoptotic events have been exten-
sively characterized not only during embry-
onic development but also in several areas
of the postnatal and adult brain (9,10,
46,63–65,79,97,101); (ii) trophic factor
deprivation often results in apoptotic cell
death of target neurons (25,82,131); and

(iii) links have been hypothesized between
apoptosis and signal transduction (31,60). 

We describe here a series of techniques
that are currently employed in our labora-
tory for the detection of proliferating and
apoptotic cells in the central nervous sys-
tem (CNS) directly on tissue sections both
at light and electron microscopic level. We
will also briefly consider some biochemical
assays that may be of relevance for a more
in-depth characterization of the apoptotic
process in neural cells. 

BACKGROUND

Identification of Proliferating Cells 
In Vivo

Direct observation of mitotic cells (i.e.,
the estimation of the mitotic index) in tis-
sue sections is clearly insufficient for a cor-
rect estimation of the proliferating index
(percentage of dividing cells) due to the
(relatively) short duration of the M phase
of the cell cycle and asynchronism of mito-
ses. Routinely used methods rely on the
possibility of: (i) labeling proliferating cells
during the S phase of their cycle by incor-

Cellular and Molecular Methods in Neuroscience Research
Edited by A. Merighi and G. Carmignoto

In Vivo Analysis of Cell Proliferation
and Apoptosis in the CNS

Laura Lossi1,2, Silvia Mioletti1, Patrizia Aimar1,2, Renato Bruno1,
and Adalberto Merighi1,2,3

1Department of Veterinary Morphophysiology, 2Neuroscience Research
Group, and 3Rita Levi Montalcini Center for Brain Repair, Università
degli Studi di Torino, Torino, Italy, EU

14

Merighi14-aucorr.qxd  5/23/02  8:37 PM  Page 235



poration of exogenously administered
nucleotide analogues into the newly syn-
thesized DNA. These exogenous labels are
subsequently visualized by appropriate pro-
cedures (see below); and (ii) directly visual-
ize in situ certain molecules that are ex-
pressed during different phases of the cell
cycle once the cell is committed to division
and are therefore regarded as specific mark-
ers of cell proliferation.

The former methods are based on the
use of radiolabeled nucleotides (usually tri-
tiated tymidine) or nucleotide analogues
such as the 5-bromodeoxyuridine (BrdU)
or the 5-iododeoxyuridine (IdU) that are
specifically incorporated into the DNA and
are subsequently visualized by autoradiog-
raphy or immunocytochemistry. These
methods are highly specific and allow for a
precise identification of the proliferating
cells and a correct estimation of the prolif-
erating index. Historically, the isotopic
methods were developed first and have
been widely employed for analysis of prolif-
erative events into the developing and
immature CNS (see for example References
2–9). Nonradioactive BrdU labeling is now
generally employed as the technique of
choice because of its simplicity and lack of
safety restrictions linked to the handling of
radioactive material (22,36,69,99,100).
The isotopic and nonisotopic methods are
perfectly overlapping in terms of specificity
and, after an initial suspicion that the
immunocytochemical labeling was less sen-
sitive, can be safely considered as equivalent
also under this aspect. Several anti-BrdU
monoclonal antibodies are now commer-
cially available that can be successfully
employed to label in situ proliferating cells
following the systemic administration of
the tracer, usually following the intraperi-
toneal route. In addition, some antibodies
allow for the specific detection of BrdU or
IdU and can be employed for dual labelings
in time window experiments (see also
Results and Discussion), which have

opened the possibility to perform cell cycle
kinetic studies (17,24,57,68,69,93,130). 

An interesting feature of all these meth-
ods is that once the marker has been incor-
porated into the parent cell DNA, it is then
equally divided between the two daughter
cells. Therefore, the label can be traced
over several cell generations, according to
the cell cycle kinetic parameters and the
length of animal survival. By calculating
the time necessary for the halving of the
tracer into the newly generated cells, it is
thus possible to obtain reliable information
on the length of the different phases of the
cell cycle. To this purpose, quantitative
estimation of silver grains after autoradiog-
raphy has proved to be very useful and
highly reliable (16).

The immunocytochemical methods
relying on the visualization of specific
markers for proliferating cells have encoun-
tered some favor in the recent past, mainly
for studies on human material or retrospec-
tive animal samples in which the experi-
mental administration of the isotopic and/
or nonisotopic nucleotides is not practica-
ble for obvious reasons. A number of mol-
ecules which are associated with different
phases of the cell cycle have been isolated
so far. Specific antibodies raised against at
least some of them, such as for example the
Ki67 nuclear antigen (50,89,91) and the
proliferating cell nuclear antigen (PCNA)
(103,121), allow for detection on tissue
sections of frozen and/or wax-embedded
material. Other molecules, which have
been proposed as cell proliferation markers,
are more indirectly linked to the cell cycle
events and, in general terms, offer an esti-
mate of certain metabolic activities that
may be increased during the proliferative
status. A list of the most commonly used
markers of cell proliferation is reported in
Table 1. There are some obvious advan-
tages and disadvantages linked to the use of
these endogenous markers as a tool for
identifying proliferating cells in compari-
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son with the methods relying on the label-
ing of newly synthesized DNA. Among the
advantages one has first to consider the
technical simplicity and, second, that
experimental labeling in vivo is not
required. The disadvantages include some
uncertainty regarding the real specificity of
these markers considering the possibility
that at least some of them may not be
expressed only in cells which are in the
process of their division and/or committed
to division. This caution may be substanti-
ated by the observations indicating that: (i)
some of these molecules persist for a more
or less extended period of time in postmi-
totic elements; and (ii) fixation and tissue
processing may significantly alter the pat-
tern of staining (24,90). This aspect is par-
ticularly relevant under certain experimen-
tal conditions in which one has the need to
carefully label a proliferating cell popula-
tion in a restricted temporal window. Fur-
ther details are given in Table 1. 

Identification of Apoptotic Cells 
In Vivo 

Apoptotic cells can be directly visualized
in tissue sections by several means. Available
methods include the use of fluorescent nu-
clear, cytoplasmic and membrane stains,
Annexin V binding assay, ultrastructural
analysis, single-stranded DNA monoclonal
antibodies, immunostaining for molecular
markers of apoptosis, and molecular biology
techniques. Because no single parameter
defines apoptosis in all systems, reliable
detection (and quantification) of apoptotic
cells may require a combination of strategies.

Fluorescent Nuclear Stains 

Several fluorescent nuclear stains includ-
ing propidium iodide (PI), 4′,6-diamidino-
2-phenylindole (DAPI), a number of
Hoechst dyes, SYTOX® Green, several
SYTO® stains, and YO-PRO-1 iodide

(the last three from Molecular Probes,
Eugene, OR, USA), and ethidium homod-
imer-2 (EthD-2) have been proposed as
tools for the identification of apoptotic
cells in the fluorescence–confocal micro-
scope and/or (less relevant to the purpose
of this discussion) by flow and laser scan-
ning cytometry. Basically, these dyes bind
to the cell DNA and can be divided into 2
main categories according to their capabil-
ity of penetrating (permeant dyes) or not
penetrating (impermeant dyes) the intact
plasma membrane of living cells.

The cell impermeant PI (59) and EthD-
2 can be used to stain dead cells. Hoechst
33342 (Bisbenzimide) is a cell permeant
DNA binding dye that shows intense fluo-
rescence when bound to the condensed
chromatin in apoptotic cells (100). The
permeability of this stain to cell mem-
branes theoretically allows for the staining
of cells at very early stages of the apoptotic
program when plasma membranes are still
intact. YO-PRO-1 iodide is a nucleic acid
stain that crosses the plasma membranes of
apoptotic cells brightly staining dying cells
with a green fluorescence. YO-PRO-1 stain
enters apoptotic cells at a stage when other
dyes such as PI are still excluded (33). 

SYTOX Green is virtually nonfluores-
cent when free in solution, but becomes
brightly fluorescent when binding to
nucleic acids with excitation and emission
peaks similar to fluorescein. 

SYTO 13 was used in conjunction with
PI to study apoptosis in cerebellar granule
cells (11). 

Fluorescent Cytoplasmic and Membrane
Stains

As for the nuclear stains, many of the
cytoplasmic and membrane dyes have been
developed for use in flow cytometric analy-
sis. However, the possibility to image slice
preparations of living tissue by laser scan-
ning confocal microscopy (see Chapter 15)
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Table 1. Markers of Cell Proliferation in Use (or of Potential Interest) for CNS Analysis

Marker Main Characteristics and Biological Activity References Comments 

PCNA/Cyclin 36 kDa polypeptide which acts as an auxiliary protein 18,24,27,72, • PCNA persists for a certain period of time in
(mAb PC10) of DNA polymerase δ and is expressed at the 103,128 daughter cells after division has occurred.

transition of the phases G1/S of the cell cycle. • There is the possibility that under certain 
conditions of fixation the molecule is detected in
cells which are not committed to division (phase G0).

Ki-67 nuclear antigen Nonhistone protein containing 10 ProGluSerThr (PEST) 38,50,89,92, • Ki-67 is likely the most reliable marker of cell proliferation.
(MAbs Ki-67, KiS5, motifs which are associated with high turnover proteins 95,114,117, •The Ki-67 antibody (mib-1) recognizes an epitope
and mib-1) and plays a pivotal role in maintaining cell proliferation. 118 detected, besides to humans, in several mammals (rat,

It is expressed in the G1, S, G2 and M phases of the rabbit, calf, lamb, dog). In other species, staining is weak
cell cycle, but not in G0. (mouse) or totally absent (swine, cat, chicken, pigeon).

DNA polymerase α Key enzyme in DNA synthesis whose levels of activity 84
gradually decrease during development.

Topoisomerase IIα DNA-modifying enzyme. The α isozyme has a role in 115,122,134 • Transcription of the topoisomerase II 
(MAb kiS4) cell proliferation and is expressed in the S, G2, and αmRNA closely correlates with expression  of 

M phases. BrdU in the developing rat brain.
βmRNA has a generalized distribution in the developing brain.

MAb kiS2 The antibody recognizes a 100 kDa protein (p100) 87
highly expressed in cells at the G1/S transition and 
persisting through G2 and M phase.

repp-86 Proliferation-specific protein (p86) expressed exclusively 20
in the S, G2, and M phases of the cell cycle.

Telomerase Cellular reverse transcriptase that helps to provide 54,116,125, • Telomerase is expressed in highly proliferative
genomic stability by maintaining the 129 normal, immortal, and tumor cells.
integrity of the chromosome ends, the telomeres.

Casein-kinase 2α Growth-related serine/threonine protein kinase. 70 • Expression of the molecule is mainly related to cell growth.

Transferrin receptor Glycoprotein participating in transferrin uptake. 105 • The transferrin receptor is expressed in all cells (except for
erytrocytes) but it is particularly abundant in proliferating cells.

Statin Nuclear protein specifically expressed in quiescent 113
(noncycling) G0-phase cells.

MAb Th-10a The antibody is specific for a 95 kDa nuclear protein 71
appearing in the S phase of the cell cycle in normal 
mouse thymocytes.

Argyrophilic nucleolar Proteins that accumulate in highly proliferating cells. 98,112,139 • AgNORs are estimated in situ by quantification of the level of
organizer region Expression is low for G1 phase and high for S-G2 phase. silver staining using morphometry and image analysis.
proteins (AgNORs)



makes them of potential interest also for
the detection of apoptotic cells in situ.
These stains can be used to visualize apop-
totic cells, basically by taking advantage of
certain metabolic alterations which more
or less specifically take place during PCD.

Reduction of the intracellular pH often
occurs as an early event in apoptosis and
may be preceding DNA fragmentation (66).
The fluorescent carboxy dye SNARF®-1
(Molecular Probes) is a dual pH emission
indicator that shifts from deep red (about
640 nm) in basic conditions to yellow-
orange (about 580 nm) under acidic pH.
The cell permeant acetoxymethyl (AM)
esther can be added directly to the incuba-
tion medium, and the dye becomes trapped
into the cells after hydrolyzation of the
esther groups within the cytosol. Shifting of
the emission spectrum allows for monitor-
ing changes in the intracellular pH.

A similar principle is at the basis of the
use of the calcium indicators fluo-3, fura-2,
and indo-1-AM (see Chapter 15) to study
changes of intracellular Ca2+ concentration
([Ca2+]i) in living cells. Changes in [Ca2+]i
are associated with numerous functional
events within the cell, among which is
apoptosis (13,75,85).

Increased oxidative activity is another
early event in apoptosis. Numerous dihydro,
colorless, nonfluorescent leuco-dye deriva-
tives of fluorescein and rhodamine are read-
ily oxidized back to the fluorescent parent
dye and can thus be used as fluorogenic
probes for detecting apoptosis (34,44,53).

Other fluorescent probes can be used to
monitor apoptosis-induced mitochondrial
membrane depolarization (Mito Tracker®

Red CMX Ros; Molecular Probes) or
depletion of reduced glutathione in apop-
totic cells (monochlorobimane [mBCl]
and monobromobimane [mBBr]; see Ref-
erences 12 and 41).

Finally, the dye Merocyanine 450 under-
goes an increase in fluorescence with the
loss of cell membrane asymmetry in corre-

lation to the translocation of membrane
phosphatidylserine (PS), which occurs in
apoptotic cells (see the section Annexin V
Binding Assay and Reference 32).

All the above nuclear, cytoplasmic, and
membrane fluorescent stains are useful to
distinguish live cells, dead cells, and apop-
totic cells by flow cytometry. However, in
general terms, their properties make them
not satisfactory if not unsuitable for in situ
detection, if one needs to stain fixed cells.

Annexin V Binding Assay

Annexin V is a 35.8 kDa protein that
possesses a strong anticoagulant activity
and belongs to a family of proteins with
high calcium-dependent activities for
aminophospholipids, among which is PS
(32). This latter is a major component of
plasma membranes and is usually almost
completely segregated to the cytoplasmic
face of the membrane. Early in apoptosis,
PS is externalized as a means of recognition
and uptake of apoptotic cells by phagocytes
(39). The usefulness of fluorochrome-
Annexin V conjugates (Annexin V-fluores-
cein isothiocyanate [FITC] and Annexin
V-Cy3) as tools for the visualization of
apoptotic cells has been demonstrated by
several authors, mainly in cultured cells
(136), but they can be potentially utilized
also for the in vivo analysis of apoptotic
cells in unfixed tissues as discussed above
for the fluorescent stains.

Ultrastructural Analysis

Apoptosis is characterized by a series of
stereotyped ultrastructural changes in cell
morphology, and thus, electron microscopy
represents an ideal tool for an unequivocal
identification of apoptotic cells. Dying cells
may adopt one of at least three different
morphological types which have been
referred to as apoptotic, autophagic, and
nonlysosomal vesiculate (30). Changes in
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cell ultrastructure during apoptosis affect
both nuclear and cytoplasmic morphology.
Nuclear changes include chromatin con-
densation, blebbing of nuclear membranes,
and fragmentation of the nucleus into high-
ly electron-dense apoptotic bodies. Cyto-
plasmic changes consist of condensation
and fragmentation of the cell body into
membrane-bound vesicles, which contain
ribosomes, morphologically intact mito-
chondria, and nuclear material. To the pur-
pose of the present discussion, it must be
stressed that all of these changes take place
in rather late stages of the apoptotic pro-
gram (see the section Molecular Biology
Techniques and Results and Discussion),
and that apoptotic cells are rapidly cleared
from tissue by phagocytes. This explains
why ultrastructural analysis is often insuffi-
cient to the detection of apoptosis in tissue
sections unless a very large population of
cells are undergoing PCD. Therefore, al-
though ultrastructural analysis is perhaps
the most specific tool for the identification
of apoptotic cells in situ, it suffers from sev-
eral pitfalls mainly related to the dramatical-
ly low degree of sensitivity of this procedure.

Single-Stranded DNA Monoclonal
Antibodies

Specific monoclonal antibodies to stain
single-stranded DNA can be used to local-
ize in situ cells undergoing PCD. Single-
stranded DNA is produced in apoptotic
cells as a consequence of an increased sensi-
tivity of the nucleic acid to thermal denat-
uration (for review see Reference 45). The
critical step in this procedure is the heating
of tissues in conditions that prevent ther-
mal denaturation of DNA in situ in non-
apoptotic cells but induce DNA denatura-
tion in apoptotic nuclei. Under optimal
experimental conditions, staining of single-
stranded DNA with specific monoclonal
antibodies nicely correlates with the apop-
totic morphology of positive cells. More-

over, at least in certain cell types, it detects
early apoptotic events already at a stage
prior to chromatin condensation and in
the absence of intranucleosomal DNA
fragmentation and allows for the distinc-
tion of apoptosis and necrosis.

Immunostaining for Molecular Markers of
Apoptosis

A few intracellular proteins normally
expressed inside cells have been shown to
be translocated onto the cell surface dur-
ing PCD, thereby allowing apoptotic cells
to be distinguished from normal cells, as
previously described for PS. A number of
antibodies have been raised against the
various molecules that appear to be
induced and/or activated during apopto-
sis, including tissue glutaminase (42,80),
the CD44 cell surface adhesion molecule
(73), the activated type 1 insulin-like
growth factor receptor (86), and a mito-
chondrial membrane antigen that is specif-
ically recognized by the 7A6 monoclonal
antibody, which was developed by immu-
nizing mice with apoptotic Jurkat cells
(135). Finally, a series of antibodies and in
situ hybridization probes for a number of
positive or negative effector proteins of
apoptosis such as bcl-2 (19,58) or caspase
3 (see the section Activation of Apoptotic
Caspases and References 35 and 102) have
been made available.

As it is often the case, the search for the
“Holy Grail” marker of apoptosis is still
ongoing, and the results obtained with this
approach need to be interpreted with cau-
tion, since in most cases the specificity of
at least some of the markers mentioned
above needs further confirmation.

Molecular Biology Techniques

DNA fragmentation in small size oligo-
mers (127) is a biochemical hallmark of
apoptosis producing what has been referred
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to as nucleosomal DNA “ladders”. This
feature can be appreciated after electro-
phoretic separation of DNA in agarose gels
and is a consequence of the action of DNA
nucleases on the chromatin to produce
double-stranded DNA fragments with a
size reflecting oligomers of the nucleo-
somes (see the section Biochemical Assays
for Apoptosis). 

An important advance in the detection
of dying cells in situ by light and fluores-
cence microscopy was the development of
a series of molecular biology protocols
which can be generally referred to as in situ
end-labeling (ISEL) techniques. Each of
these ISEL techniques utilizes a different
DNA modifying enzyme to attach labeled
nucleotides to the free ends of fragmented
DNA. In fact, cleavage of the DNA during
the apoptotic process may yield double-
stranded mono- and/or oligonucleosomes
of low molecular weight, as well as “nicks”
(single strand breaks) in high molecular
weight DNA. These DNA strand breaks
can be detected by enzymatic labeling of
the free 3′ OH termini with modified
nucleotides, usually dUTP linked to a fluo-
rochrome, biotin, or digoxigenin (DIG).

The ISEL techniques include the in situ
nick translation with DNA polymerase I
(51,55) or unmodified T7 polymerase
(123), the end labeling with terminal
deoxynucleotidyl transferase (TdT)(49,
51), and the ligation of DIG-labeled dou-
ble-stranded DNA fragments with T4
DNA ligase (37). 

DNA polymerase I catalyzes the tem-
plate-dependent addition of nucleotides
when one strand of a double-stranded DNA
molecule is nicked. Theoretically, by such
an approach, not only the apoptotic DNA
is detected, but also the random fragmenta-
tion of DNA by multiple endonucleases
occurring in cellular necrosis and as a conse-
quence of nonproper tissue handling.

Unmodified T7 DNA polymerase is a
highly processive DNA template-depen-

dent 5′-3′ polymerase and a 3′-5′ exonucle-
ase for 3′ OH acceptor groups at recessed,
blunt, or overhanging ends. To detect
apoptotic cells, the enzyme is utilized, first,
to generate 5′ overhangs from any 3′ OH
acceptor groups at DNA strand breaks, and
second, to end-fill the overhangs and
incorporate biotinylated dATP (123). 

TdT is an unusual type of DNA poly-
merase found only in lymphocyte precur-
sors at early stages of their differentiation
(28,108). It catalyzes the template-inde-
pendent addition of deoxyribonucleoside
triphosphates to the 3′ OH ends of dou-
ble- or single-stranded DNA. The nick end
labeling with TdT (TUNEL = TdT-medi-
ated dUTP nick end labeling) is considered
to be more sensitive, faster, and specific
than the template-dependent nick transla-
tion (108). This method for labeling apop-
totic cells in situ has been successfully
employed also at the electron microscope
level. For ultrastructural examination, TdT
was used to enzymatically link 11-digoxi-
geninated-dUTP to fragmented DNA in
apoptotic cells in conjunction with anti-
DIG gold-labeled antibodies (67,76).

T4 DNA ligase was used to ligate in situ
double-stranded DNA fragments labeled
in vitro with DIG (or Texas Red) to
DNA double-strand breaks with single
base 3′ overhangs as well as blunt ends in
apoptotic nuclei (37,63). This approach
has been shown to be very specific for
apoptotic DNA, avoiding the false positive
results that can derive by DNA damage
from necrosis, in vitro autolysis, peroxide
toxicity, and heating.

Biochemical Assays for Apoptosis

Biochemical assays have been mainly
developed for assessment of apoptosis in
cultured cell systems and/or tissue extracts.
Although these methods are not directly
related to the main topic of this chapter, we
will briefly review the most widely em-
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ployed protocols, considering that, in many
instances, they are of value to confirm the
true apoptotic nature of dead cells after in
situ detection (see Results and Discussion). 

Detection of DNA Fragmentation

As previously mentioned, agarose gel
electrophoresis of DNA extracted from
cells or tissues represents an extremely spe-
cific method to ascertain the presence of
apoptosis. The formation of nucleosomal
DNA ladders during PCD is a consistent
finding in those experimental systems
where a significant population of cells can
simultaneously be induced to die through
apoptosis (for review see Reference 29).
However, nucleosomal DNA ladders have
not been generally or routinely observed in
several adult tissues where apoptosis is
ongoing as a part of the normal cell
turnover, or during normal tissue develop-
ment, and were not consistently detected
in a number of experimental cell systems
(14,96). Indeed, the technique has low sen-
sitivity, and millions of cultured cells or
milligrams of tissue are required to extract
sufficient amounts of DNA for analysis. In
addition, the quantitative estimation of the
extent of intranucleosomal DNA fragmen-
tation in a stained gel relies on optical den-
sitometry and is not so technically straight.
DNA nucleosomal ladders might not have
been detected in normal tissues because
apoptosis was asynchronous and/or it
occurred in a comparatively small popula-
tion relative to the majority of surviving
cells (for discussion see Reference 29). 

To at least partly overcome these prob-
lems, some alternatives have been proposed
such as the direct gel-based DNA fragmen-
tation assays using radioisotopes or
biotinylated nucleotides (96,123), the liga-
tion-mediated polymerase chain reaction
(PCR) fragmentation assay (29), and an
enzyme-linked immunosorbent assay
(ELISA) TdT detection method for cells

prelabeled with BrdU (53). Commercially
available kits also include a cell death
detection method based on the assessment
of intranucleosomal DNA fragmentation
by an antihistone monoclonal antibody
using an ELISA procedure (23,43,119).

Activation of Apoptotic Caspases

The term caspases (caspase = cysteine
aspartate protease) is used to indicate a
family of cysteine proteases cleaving an
aspartic acid residue which are thought to
mediate very early stages of apoptosis
(1,132). All these proteins are synthesized
as pro-enzymes and are activated following
a cleavage at aspartate residues that could
be themselves the site of attack for other
members of the family. Caspases are likely
the most important effector molecules so
far described for triggering the cellular
apoptotic machinery. At present, the mam-
malian caspase family consists of ten mem-
bers (1), the most intensively studied of
which is caspase-3 (previously referred to as
CPP32, Yama, or Apopain; see References
40 and 74). Caspase-3 is usually detected
in the cell cytosol as an inactive precursor
that is activated when cells undergo apop-
tosis (94,120). Several assays have been
developed so far for the quantitative esti-
mation of caspase-3 activity. The most
widely employed substrate for detection is
the tetrapeptide DEVD, which has been
conjugated with colorimetric or fluoro-
genic substrates (137).

Cleavage of Poly-ADP-Ribose Polymerase

Poly-ADP-ribose polymerase (PARP) is
a 113 kDa protein that binds specifically at
DNA strand breaks and appears to be
involved in DNA repair and genome sur-
veillance and integrity at the onset of apop-
tosis. PARP is a substrate for certain cas-
pases, including caspase-3 and -7, which,
as mentioned above, are activated during
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early activation of the apoptotic pathway.
The active form of caspase-3 is capable to
cleave PARP at its consensus site, the
DEVD tetrapeptide. Caspases cleave PARP
to fragments of approximately 89 and 24
kDa (74). Detection of the 89 kDa PARP
fragment with an anti-PARP antibody in
western blotting represents a specific tool
for detection of apoptosis.

PROTOCOLS

Protocol for Labeling Proliferating Cells
In Vivo 

Materials and Reagents

• BrdU (Sigma, St. Louis, MO, USA).
• IdU(Sigma).

Procedure

1. Dissolve BrdU or IdU in distilled water
or physiological saline at a final con-
centration of 100 mg/mL. IdU is not
readily soluble at physiological pH.
Therefore predilution in a small
amount of alkalinized distilled water
(by addition of some drops of 4 N
NaOH) is necessary.

2. Inject intraperitoneally the appropriate
amount of the drug (0.1 mg/g body
weight) and allow animals to survive
for the required time.

Protocol for the Ultrastructural
Visualization of BrdU/IdU-Labeled Cells

Materials and Reagents

• Syringe filters; pore size 0.22 µm
(Whatman, Maidstone, England, UK).

• 200 to 300 Mesh nickel grids (Elec-
tron Microscopy Science, Fort Wash-
ington, PA, USA).

• Sodium metaperiodate (Sigma).
• Bovine serum albumin, Fraction V

(BSA; Sigma).
• Triton® X-100. 
• Normal goat serum (NGS; Sigma).
• Bispecific mouse monoclonal antibody

to BrdU/IdU (Caltag Laboratories,
Burlingame, CA, USA).

• Monospecific mouse monoclonal anti-
body to BrdU (Amersham Pharmacia
Biotech, Buckinghamshire, England,
UK).

• Goat antimouse IgG gold conjugates
(20 or 30 nm) (British BioCell Inter-
national, Cardiff, Wales, UK). 

Procedure

1. Collect ultrathin sections onto uncoat-
ed nickel grids (see also Protocols in
Chapter 10).
Incubate sections for 5 minutes with
sodium metaperiodate to remove osmi-
um tetroxide.

3. Wash with 0.5 M TBS (Tris-buffered
saline; pH 7.2–7.6) containing 1% Tri-
ton X-100 to facilitate contact between
the hydrophobic surface of the section
and immunoreagents.

4. Incubate grids1 hour at room tempera-
ture in NGS to reduce aspecific back-
ground.

5. Transfer over drops of the bispecific
mouse monoclonal antibody to
BrdU/IdU diluted 1:10 in TBS/BSA
and incubate overnight at room tem-
perature.

6. Wash sections with 3 washes of
TBS/BSA.

7. Incubate with 20 nm antimouse IgG
gold conjugate diluted 1:15 in
TBS/BSA for 1 hour at 37°C.

8. Rinse in TBS/BSA (3 times, for 10
minutes each).
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9. Postfix in 2.5% glutaraldehyde for 10
minutes and wash in double-distilled
water.

10. Leave grids to dry at room temperature
protected from dust.

11. The same procedure is then applied on
the other side of the grid using the
undiluted monospecific mouse mono-
clonal antibody anti-BrdU and the anti-
mouse IgG gold conjugate of 30 nm.

Protocol for Labeling Apoptotic Cells In
Situ at the Light Microscopy Level

Materials and Reagents

• Proteinase K (Sigma).
• Digoxigenin-11′-2′-3′-dideoxy-uri-

dine-5′ thriphosphate (DIG-11-
ddUTP) (Roche Molecular Biochemi-
cals, Mannheim, Germany).

• TdT (Roche Molecular Biochemicals).
• AntiDIG-alkaline phosphatase Fab frag-

ments (Roche Molecular Biochemicals).
• Nitro blue tetrazolium (NBT; Sigma).
• 5-Bromo-3-inolylphosphate p-tolui-

dine salt (BCIP; Sigma). 
• BSA. 

Procedure

1. Strip proteins from tissue sections by
incubation in proteinase K (20 µg/mL)
for 15 minutes.

2. Extensively wash in double-distilled
water.

3. Rinse in terminal transferase buffer
(TdT buffer: 130 mM Trizma base,
pH 6.5, 140 mM sodium cacodylate, 1
mM cobalte chloride).

4. Incubate sections in TdT buffer con-
taining terminal transferase (0.05 U/
µL) and DIG-11-ddUTP (2 nM/mL)
at 37°C for 120 minutes in a humid
chamber.

5. Stop the reaction by transferring sec-
tions in terminal buffer (TB: 300 mM
sodium chloride, 30 mM sodium cit-
rate) for 15 minutes.

6. Rinse in double-distilled water and
incubate in 2.5% BSA for 10 minutes.
Wash in phosphate-buffered saline
(PBS).

7. Incubate overnight in the anti-DIG-
alkaline phosphatase Fab fragments
diluted 1:5000 in PBS.

8. Reveal the alkaline phosphatase reac-
tion using the NBT/BCIP procedure
under continuous microscope moni-
toring.

9. Terminate the reaction by incubation
in STM buffer (Tris 100 mM, NaCP
100 mM, MgCP 1 mM).

10. Slides are counterstained (optional),
dehydrated, and mounted.

Protocol for Labeling Apoptotic Cells In
Situ at the Electron Microscopy Level

Material and Reagents

• DIG-11-ddUTP. 
• TdT.
• Anti-DIG gold-labeled conjugate with

10 nm particles (British BioCell Inter-
national).

• BSA.

Procedure

1. Grids with epoxy sections are washed
with TdT buffer (see previous proto-
col).

2. Incubate grids in TdT buffer contain-
ing terminal transferase (0.05 U/µL)
and DIG-11-ddUTP (2 nM/mL) at
37°C for 120 minutes in a humid
chamber.

3. Stop the reaction by transferring sec-
tions in terminal buffer (TB: 300 mM

244

L. Lossi et al.

Merighi14-aucorr.qxd  5/23/02  8:37 PM  Page 244



sodium chloride, 30 mM sodium
citrate).

4. Rinse grids (3 times for 10 minutes
each) with 0.5 M TBS, pH 7.2 to 7.6,
containing 1% BSA (TBS/BSA).

5. Incubate in the same buffer with the
anti-DIG gold-labeled conjugate at
37°C for 1 hour.

6. Wash sections again in TBS/BSA (3
times for 10 minutes each).

7. Postfix (10 minutes) in 2.5% glutaralde-
hyde in sodium cacodylate buffer.

8. Wash extensively in double-distilled
water and leave to dry at room temper-
ature.

9. Counterstain with Reynold’s lead cit-
rate and uranyl acetate.

Preparation of Cerebellum Extracts

Materials and Reagents

• Triton X-100.
• EDTA (Sigma).
• Phenenylmethylsulfonyl fluoride (PM-

SF; Sigma).
• Aprotinin (Sigma).
• Leupeptin (Sigma).
• Homogenizer (e.g., Polytron; Glen

Mills, Clifton, NJ, USA).
• Ultracentrifuge (e.g., Beckman Instru-

ments, Fullerton, CA, USA).

Procedure

1. After animal euthanasia, remove the
cerebellum, strip the meninges, and
wash 2 times with cold NaCl 0.9%.

2. Suspend the cerebellum in 2.5 volumes
of a cold general lysis buffer (20 mM
Tris, pH 8.0, 10 mM NaCl, 0.5% Tri-
ton X-100, 5 mM EDTA, 3 mM
MgCl2) containing protease inhibitors
(1 mM PMSF, 1 mg/mL leupeptin,

and 5 mg/mL aprotinin).
3. Homogenize gently.
4. Centrifuge the homogenate at 105× g

for 1 hour at 4°C.
5. Remove the supernatant and suspend

the pellet in homogenization buffer
(1:1, vol/vol).

Immunochemical Detection of PARP

Materials and Reagents

• Modified Lowry protein assay reagent
(Pierce Chemical, Rockford, IL, USA).

• Coomassie protein assay reagent
(Pierce Chemical).

• Acrylamide (Sigma).
• N,N′-Methylene-bis-acrylamide

(Sigma).
• TEMED (Sigma).
• Ammonium persulfate (Sigma).
• Glycine (Sigma).
• Lauryl sulfate, sodium salt (SDS;

Sigma).
• Sample buffer, Laemmli (Sigma).
• Methanol (Sigma).
• Coomassie® Brilliant Blue dye

(Sigma).
• Nitrocellulose membrane, electophor-

esis grade, 0.45 mm pore size (Sigma).
• Polyvinylidene fluoride (PVDF) mem-

brane, electrophoresis grade (Sigma).
• Tween® 20. 
• BSA.
• Rabbit polyclonal antibody to PARP

(Santa Cruz Biotechnology, Santa
Cruz, CA, USA).

• Peroxidase-labeled antirabbit antibody
(Amersham Pharmacia Biotech). 

• Color markers for sodium dodecyl sul-
fate polyacrylamide gel electrophoresis
(SDS-PAGE) and protein transfer
(Sigma).

245

14. In Vivo Analysis of Cell Proliferation and Apoptosis in the CNS

Merighi14-aucorr.qxd  5/23/02  8:37 PM  Page 245



• Enhanced chemiluminescent detection
system (ECL Western blotting system;
Amersham Pharmacia Biotech).

• Hyperfilm ECL (Amersham Phar-
macia Biotech).

• Mini protean slab gel apparatus for
electrophoresis and transblot unit
(available from Bio-Rad, Hercules,
CA, USA).

Procedure

1. Measure the protein concentration of
resuspended pellet with modified lowry
protein assay reagent or Coomassie
Protein Assay Reagent.

2. Prepare a 9% polyacrilamide separating
gel with a 4% polyacrilamide stacking
gel.

3. Prepare a sample containing the color
markers and samples containing 60 mg
of pellet proteins in sample buffer;
place samples in a boiling water bath
for 3 to 5 minutes.

4. Load all samples onto the gel lanes and
electrophorese the proteins at 180 V
for 1 hour in a Tris-glycine running
buffer (25 mM Tris, 192 mM glycine,
0.1% SDS, pH 8.3 ± 0.2).

5. Transfer proteins onto a nitrocellulose
or a PVDF membrane using a Tris-
glycine buffer (25 mM Tris, 192 mM
glycine, 20% methanol) and the trans-
blot unit at 100 V for 1 hour at 4°C.

6. To ensure consistency of loading, stain
the gel for 1 hour in a solution consist-
ing of 50% (vol/vol) methanol, 10%
(vol/vol) acetic acid, 40% (vol/vol)
water, and 0.1% Comassie Brilliant
blue dye. 

7. Following transfer of the proteins,
block nonspecific sites of PVDF or
nitrocellulose membrane with TBST
buffer (20 mM Tris-HCl, pH 7.5, 150
mM NaCl, 0.2% Tween 20) contain-
ing 5% BSA overnight at 4°C.

8. Dilute the rabbit polyclonal antibody
to PARP in blocking solution (1:500)
and incubate the membrane for 3
hours.

9. After washing 3 times in TBST (1 × 15
minutes, 2 × 5 minutes) incubate the
membrane with peroxidase-labeled
antirabbit secondary antibody in
blocking buffer (1:10 000) for 1 hour
at room temperature.

10. Wash in TBST and detect proteins by
ECL western blotting system with an
exposure time of 1 hour.

RESULTS AND DISCUSSION

Identification of Proliferating Cells In
Vivo

Light Microscopy

Figure 1 shows the localization of prolif-
erating cells in the postnatal cerebellum at
the light microscope level after immunocy-
tochemical visualization of exogenously
administered BrdU (or IdU) at different
survival time. The immunocytochemical
localization of the Ki67 nuclear antigen is
shown in Figure 2, A and B. As expected,
labeling was mainly observed at the level of
the external granular layer (EGL) and, at a
much lesser extent, within the molecular
layer (ML) and the internal granular layer
(IGL) of the postnatal cerebellar cortex.
This pattern is consistent with the well
known migratory pathway followed by
granule cell precursors, which having been
originated by the proliferation of progeni-
tor cells within the EGL, migrate past to
the ML and the Purkinje cell layer to reach
their final destination, the IGL (9,83,88).
The presence of proliferating cells within
the ML and the IGL may also be linked to
migration of the GABAergic cerebellar
interneurons which are generated by inter-
stitial proliferation within the white matter
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and, subsequently, migrate to reach the ML
and the IGL following a direction opposite
to the course of newly generated granule
cells (138). The simultaneous existence of
proliferative and migratory events during
neurogenesis is rather common and some-
how complicates the analysis of cell prolif-
eration when studying central neurons in
vivo (22,48,61,64). The crucial aspect of
the problem is related to length of persis-
tence of the label within postmitotic cells.
As mentioned in the Background section,
labeling of proliferating cells with tymidine
analogues such as BrdU/IdU results in a

permanent label of the DNA that, although
progressively diluted in the subsequent cell
generations, is retained by the cell until the
quantity of the marker falls below the limit
of detectability of the immunocytochemical
techniques or the cell dies and is cleared up
by tissue phagocytes (47). After BrdU injec-
tion and 1 hour survival time, the picture
obtained represents a flash photograph of
the cells which were in the S phase of their
cycle (and therefore committed to division)
at the moment in which the label became
available to the tissue (17,36,99). This
explains why the results obtained with
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Figure 1. Light microscopic visualization of pro-
liferating cells in the postnatal rabbit cerebellum
by the in vivo BrdU labeling procedure described
in the Protocols section. After 1 hour survival,
labeled nuclei are detected mainly in the EGL
both in P0 (A) and P5 (B) animals. Scattered pos-
itive nuclei are also apparent in the ML and IGL.
Panel C shows the pattern of labeling in a P5 ani-
mal which received an injection of the marker
immediately after birth. Note labeled nuclei in the
inner (premigratory) part of the EGL and positive
nuclei in the ML, which likely correspond to
newly generated granule cells during the route of
their migration to the IGL. Scattered positive cells
are also detected in the WM. Abbreviations:
BrdU, 5-bromodeoxyuridine; EGL, external gran-
ular layer; IGL, internal granular layer; ML, mol-
ecular layer; P0, postnatal day 0; P5, postnatal day
5; WM, white matter. Scale bars = 100 µm.
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BrdU (IdU) labeling in several tissues and
organs, including the nervous tissue, and
those achieved after administration of triti-
ated tymidine are, in practical terms, equiv-
alent to each other. However, BrdU (IdU)
injection has the drawback of a higher vari-
ability between individuals in counts of
labeled cells and has the additional problem
of presenting some difficulties in counting
cells that are scattered along a spatial gradi-
ent. To partly overcome this problem, mul-
tiple injections (21) or pellets of BrdU

(IdU) may be implanted subcutaneously in
experimental animals (47). However, if ani-
mals are left to survive for longer periods of
time, the interpretation of the results
becomes more difficult considering the pos-
sibility that labeled cells undergo subse-
quent divisions and that migratory phe-
nomena also occur (22,79). In these
conditions, the calculation of the prolifera-
tion index (percentage of proliferating cells)
is not so straight. The difficulty in the eval-
uation of the dilution of the label in repeat-
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Figure 2. Visualization of proliferating (A
and B) and apoptotic (C and D) cells in
the postnatal cerebellum. Proliferating
cells have been detected by immunocyto-
chemical labeling for the ki-67 nuclear
antigen. (A) Rabbit cerebellum at P5.
Note that the pattern of staining is
remarkably similar to that shown in Figure
1B. (B) Human cerebellum at P30. Dual
color immunocytochemistry for ki-67
(peroxidase, brown) and bcl-2 protein
(alkaline phosphatase, blue), shows
numerous proliferating cells with nuclear
ki-67 positivity in the outer (proliferative)
part of the EGL expressing in their cyto-
plasm the bcl-2 protein, a negative modu-
lator of apoptosis. (C) An apoptotic cell in
the cerebellar white matter of a P5 rabbit.
TUNEL method. (D) Combined visual-
ization of apoptotic cells (TUNEL alka-
line phosphatase—new fuchsin = red) and
vimentin (a marker of undifferentiated
neural precursors) immunoreactivity
(nickel intensified peroxidase = black) in
the EGL. Abbreviations: EGL, external
granular layer; IGL, internal granular
layer; ML, molecular layer; P5, postnatal
day 5; P30, postnatal day 30; WM, white
matter. Scale bars: panel A = 100 µm; pan-
els B and C = 25 µm; panel D = 10 µm.
(See color plate A11.)
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edly dividing cells represents one of the
most important drawbacks of the BrdU
(IdU) labeling methods in comparison with
the isotopic procedures relying on tritiated
tymidine autoradiography. In the latter, in
fact, halving of the label is apparent from
the reduction of the number of silver grains
that can be directly counted over the subse-
quent generations of labeled cells (2).

Another very important issue linked to
the use of nonisotopic methods to label of
proliferating cells is represented by the need
to open double-stranded DNA in tissues
and make incorporated BrdU (IdU) avail-
able to binding by specific antibodies. To
this purpose, it is necessary to pretreat sec-
tions with proteinase K or other proteases to
digest DNA-linked proteins and to incubate
slides with HCl at different pH and molari-
ty (47,99). All these procedures always have
a more or less detrimental effect on tissue
morphology and may also interfere with the
possibility to successfully combine the visu-
alization of BrdU (IdU)-labeled cells with
the immunocytochemical staining for
specific cell–tissue antigens (78,99). The
availability of an anti-BrdU monoconal
antibody, which is commercialized in a
nuclease-containing buffer (Amersham
Pharmacia Biotech), represents an useful
tool to partly overcome the above problems. 

The use of immunocytochemical mark-
ers of cell proliferation represents an alter-
native tool to the visualization of radioac-
tive or nonradioactive exogenously
introduced DNA labels.

The most appealing feature of this
approach is represented by the fact that it
does not involve the experimental admin-
istration of the label, and that, in general
terms, it is technically less demanding.
However, there are several concerns related
to the use of this approach mainly linked
to the specificity of the label and its persis-
tence within the cells once they have
stopped proliferating and are no longer
committed to cell division (15,52,90,121).

Electron Microscopy

Theoretically, all the methods described
so far for the in situ light microscopic
detection of proliferating cells can be
employed at the ultrastructural level. In
practical terms, however, satisfactory results
have been obtained by ultrastructural
autoradiography (9) or post-embedding
immunogold staining of incorporated
BrdU (IdU) (57,104). Figure 3 shows the
immunocytochemical detection of exoge-
nously administered BrdU-IdU in the post-
natal cerebellar cortex. Labeling is scattered
into the nucleoplasm of progenitor cells
and granule cell precursors within the EGL
and appears to be associated with both eu-
and eterochromatin. This pattern of local-
ization is consistent with the data obtained
after ultrastructural autoradiography. It
seems to be of relevance to stress here that
the post-embedding immunogold approach
allows for the ultrastructural visualization of
proliferating cells after conventional fixa-
tion (glutaraldehyde plus osmium tetrox-
ide) and embedding. In our opinion, this
represents a major advantage of the
immunogold approach with respect to
ultrastructural autoradiography, which is by
far technically more demanding. Another
significative advantage lies in the possibility
to simultaneously visualize 2 labels (i.e.,
BrdU and IdU) in the same ultrathin sec-
tion. This opens the way to perform ultra-
structural cell kinetic studies in situ and
represents a major implementation with
respect to the isotopic procedures (62).

Identification of Apoptotic Cells In Vivo

Light Microscopy

Figure 2, C and D shows the detection
of apoptotic cells in the postnatal cerebellar
cortex by the TUNEL method for frag-
mented DNA. By this or similar approach-
es, several laboratories including ours have
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demonstrated the existence of an impres-
sively high number of apoptotic neurons
and glial cells in the postnatal cerebellum of
altricial animals (59,63,106,123,124). As
mentioned in the Background section of
this chapter, several different alternatives are
available to label apoptotic cells in situ.
Nevertheless, the major concern, which is
linked to all these techniques, regards their
true specificity for apoptotic cells. In gener-
al terms, none of the existing methods can
be considered one hundred percent specific,
basically as a consequence that most of the
steps involved in tissue preparation are like-
ly to (or at least theoretically can) produce
DNA damage that might produce false pos-
itive results. Indeed, the TUNEL method,
which nowadays represents the most widely

used procedure for the in situ detection of
apoptotic cells, suffers from a number of
potential pitfalls due to the possibility that a
positive reaction is observed in the presence
of necrotic or autolytic tissue, peroxide
damage, or excessive heating of normal tis-
sue (37). To overcome these problems, it is
advisable to use more than one single
approach to confirm the existence of true
apoptotic phenomena, at least when they
are found in unexpected locations or when
one can not exclude that the experimental
material might have been damaged by
nonoptimal preparative procedures. For
example, we have recently used both the
TUNEL and the T4 DNA ligase methods
to confirm the presence of apoptosis in the
human postnatal cerebellum (63).
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Figure 3. Ultrastructural visualization of prolifer-
ating cells in the P5 rabbit cerebellum after BrdU
(A) or BrdU + IdU (B) administration. After 1
hour survival and BrdU injection (A), gold particles
indicative of labeling are mainly apparent over the
nucleus of the granule cell precursors within the
EGL (insert). After sequential BrdU (1 hour sur-
vival) + IdU (12 hour survival) administration (B),
double-labeled granule cells are present mainly in
the IGL (insert). BrdU, 10 nm gold particles; IdU,
30 nm gold particles. Abbreviations: EGL, external
granular layer; IGL, internal granular layer; et, ete-
rochromatin; gc, granule cell; gcp, granule cell pre-
cursor; P5, postnatal day 5; Scale bars = 1 µm.
Inserts: panel A = 0.1 µm; panel B = 0.25 µm.
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As an alternative or in addition to the use
of more than one protocol in situ, it is use-
ful to confirm the existence of apoptosis by
DNA extraction and electrophoresis or by
western blotting and demonstration of spe-
cific cleavage of effector proteins (Figure 4).
To do so it is important to stress the need
for specific antibodies that consistently rec-
ognize the cleaved active form of the pro-
tein(s), since the precursor molecule may
often have an ubiquitous distribution and
thus be expressed also in nonapoptotic cells.

Electron Microscopy

The possibility to label apoptotic cells at
the ultrastructural level relies on the avail-
ability of nucleic acids at the surface of
epoxy sections. Under these conditions, the
DNA can be specifically labeled with exo-
genous transferases and modified nucleo-
tides (107–110). The use of nonisotopic
nucleotide analogues has considerably im-
proved the potential applications of the
ISEL methods for ultrastructural analysis
and has opened the way to successfully

combine such an approach with the gold
labeling procedures described in Chapter
10 for the immunocytochemical detection
of cell and tissue antigens at the electron
microscope level.

Although one has to consider that apop-
totic cells show peculiar ultrastructural fea-
tures (Figure 5) and can therefore be easily
distinguished in the electron microscope in
the absence of any labeling (30), the devel-
opment of in situ methods allowed for the
detection of cells with fragmented DNA,
i.e., positive TUNEL labeling, in the ab-
sence of ultrastructural signs of apoptosis
(see below). Molecular biology techniques
at the ultrastructural level are 2-step proce-
dures which are often referred to as trans-
ferase–immunogold techniques. When
using this approach, an enzymatic (trans-
ferase) reaction is performed first, which
allows for labeling of the nucleic acid
(DNA) fragments; then an immunogold
labeling procedure is used to reveal the
incorporated nucleotide analogues (107–
109). The procedure described in the
Protocols section of this chapter is a modi-
fied TUNEL reaction which is based on the
use of TdT to end-label DNA fragments
with digoxigeninated dd-UTP. This latter is
finally visualized in the electron microscope
by using a gold-conjugated anti-DIG anti-
body (Figure 6). Similar protocols have
been employed in other laboratories with
comparable results. As mentioned above, a
rather surprising observation following
ultrastructural labeling of apoptotic cells in
situ, was that some cells showed positive
nuclei in the absence of the characteristic
features of chromatin condensation, bleb-
bing, and fragmentation into apoptotic
bodies, i.e., the characteristic ultrastructural
features of apoptosis. Although these results
should be interpreted with some caution in
relation to the pitfalls of the TUNEL
method, a series of recent observations indi-
cate that fragmentation of DNA is a very
early event during apoptosis and that it
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Figure 4. Western blot detection of activated PARP (89 kDa
fragment) in P5 rabbit cerebellar extracts. Abbreviations:
PARP, poly-ADP-ribose polymerase; P5, postnatal day 5.
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occurs in situ prior to any ultrastructural
modification of the cell morphology. It
seems also of relevance to remark here that
the ultrastructural visualization of apoptot-
ic cells by the TUNEL procedure can be
carried out on sections of osmicated epoxy-
embedded material and is thus compatible
with several immunogold staining proto-
cols. We have recently used such a com-
bined approach for the simultaneous visu-
alization of proliferating and apoptotic cells
in the postnatal rabbit cerebellum (62).

Combination with Immunocytochemical
Labeling 

Besides the need to specifically detect

apoptosis in situ, one is often faced with
the problem of identifying the nature of
apoptotic cells in a given experimental sys-
tem. Due to the fact that: (i) cells may
undergo apoptosis very soon after they are
generated; and (ii) they are rapidly
removed from tissues by phagocytes, the
detection of specific antigens in apoptotic
cells is a quite demanding task. Moreover,
the following possibility are likely to occur:
(i) apoptotic cells are labeled at a stage of
immaturity in which any specific antigen is
not expressed yet; or (ii) they are already so
heavily damaged that they do not retain
specific antigens to give some clues on their
origin or nature. The relevance of all the
points raised so far becomes even more evi-

252

L. Lossi et al.

Figure 5. Apoptotic cells in the P5 rabbit cerebel-
lum. The dying cells in panels A and B show chro-
matin masses (ch) typical of apoptosis and a variable
degree of nuclear and cytoplasmic condensation.
Abbreviations: ch, chromatin; EGL, external granu-
lar layer; P5, postnatal day 5; WM, white matter.
Scale bars = 1 µm.
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dent considering the relatively low degree
of sensitivity, particularly at the ultrastruc-
tural level, of the immunocytochemical
methods. The problem has assumed a
major relevance following the demonstra-
tion that apoptosis in not a phenomenon
restricted to neurons, but it also affects glial
cells. Some difficulties are at least partly
bypassed after ultrastructural examination,
considering that different cell types have
generally very distinctive cytological fea-
tures, even at very early stages of differenti-
ation. Nevertheless, ultrastructural studies
are not always practical nor can they be
employed in all experimental conditions.
Some authors have tried to overcome the

problem of identifying the nature of apop-
totic cells in situ by combining immunocy-
tochemistry and fluorescent dye nuclear
staining for apoptosis. However, the speci-
ficity of these stains is often questionable as
discussed in a previous section. Despite all
difficulties, successful attempts have been
made to combine in situ labeling of apop-
totic cells with immunocytochemical label-
ing for markers of neuronal and/or glial
differentiation (47,63,99,111). As men-
tioned, other technical drawbacks added
further unpredictability to this combined
approach, such as, for example, the need of
tissue digestion for a proper exposure of
the DNA to its modifying enzymes with
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Figure 6. Ultrastructural detection of DNA frag-
mentation in apoptotic cells of the P5 rabbit
cerebellum. Condensed chromatin masses (ch)
after incorporation of digoxigeninated-dd-UTP
following the TUNEL method described in the
Protocols section are heavily labeled with colloidal
gold particles (10 nm) (inserts, short arrows). The
apoptotic cell in panel A also shows incorporation
of BrdU (30 nm gold) (insert, long arrow) after 24
hour survival. Abbreviations: ch, chromatin; IGL,
internal granular layer; P5, postnatal day 5; WM,
white matter. The asterisks indicate the areas
shown at higher magnifications in the inserts.
Scale bars = 1 µm. Inserts = 0.1 µm.
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obvious detrimental consequences on anti-
genicity. Nonetheless, an effective combi-
nation of the detection of apoptotic cells
with immunocytochemistry would repre-
sent a valuable tool to answer a number of
still unsolved questions in several neural
systems and deserves further exploitation.
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OVERVIEW

This chapter outlines the use of confocal
microscopy combined with immunofluo-
rescence staining for examining nerve cells
in the central nervous system (CNS) and
studying the synaptic connections between
them. A method for carrying out immuno-
labeling with two or three different fluores-
cent dyes is described, together with modi-
fications that allow this to be combined
with tract tracing, intracellular injection, or
lectin labeling, and also a new technique
for combining confocal and electron mi-
croscopy (EM) on sections which have
been processed for immunocytochemistry.
With these approaches, it is possible to
search for and quantify contacts between
neurons at the light microscopic level and
then examine representative contacts at the
ultrastructural level to determine whether
synapses are present. 

BACKGROUND

Immunocytochemistry has been used ex-
tensively in anatomical studies of the CNS.

Early investigators used single antibodies,
for example, to demonstrate the distribu-
tion of neurons which used a particular
neurotransmitter, however, more recently,
the detection of two or even three different
antigens has become common. This ap-
proach (multiple immunolabeling) has
many applications in neurobiology. For ex-
ample, it allows the demonstration of two
transmitters in a single neuron, which is im-
portant for studies of cotransmission, and
permits the association between neurotrans-
mitters and their receptors to be examined
(20). Multiple immunolabeling has also
proved very useful as a way of investigating
the connections between nerve cells which
form the basis of neuronal circuits within
the CNS. If two populations of neurons can
be revealed with different antibodies, then
immunocytochemistry can be used to de-
termine whether, for example, the axons of
one population form synapses with the cell
bodies or dendrites of the other.

There are several ways of identifying
more than one antigen in a piece of tissue,
however the simplest (both conceptually
and in practice) is to apply two or more
(primary) antibodies raised in different
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species to a single section, and then reveal
them with different labels. These labels (for
example fluorescent dyes) are usually at-
tached to secondary antibodies (anti-im-
munoglobulins) which bind to the primary
antibodies when applied to the section. Be-
cause secondary antibodies can be made
specific for the immunoglobulin of a par-
ticular species (e.g., rabbit, mouse, rat), it is
possible to reveal each primary antibody
with a different label. This approach has
become more straightforward over the last
few years because of the increased availabil-
ity of primary antibodies raised in a variety
of different species, together with the devel-
opment of secondary antibodies which
show a high degree of species specificity.
While it is possible to use this approach
with brightfield microscopy, by revealing
each antigen with a different colored dye, a
more satisfactory method is to use fluores-
cent dyes, since it is possible to excite these
selectively by means of appropriate filter
sets, which means that each fluorescent dye
can be viewed independently of any others.
Confocal microscopy has provided a partic-
ularly useful way of examining such sec-
tions for several reasons (3). Firstly, it pro-
vides extremely good spectral separation of
different fluorescent dyes with minimal
“bleed-through” fluorescence, which means
that each antigen can be identified with lit-
tle interference from the others. Secondly,
the very limited depth of focus permits thin
“optical sections” through a thicker (e.g.,
Vibratome) section to be viewed, which re-
sults in a greatly improved image with in-
creased spatial resolution. Thirdly, these
optical sections can be reconstructed to
provide three-dimensional information
about the distribution of immunostaining
with each antibody and the relationship be-
tween immunolabeled structures. 

In studies of neuronal circuitry, it is nec-
essary to use EM in order to confirm that
synapses are present at points of contact be-
tween pairs of neurons (see also Chapter

10). Although the high resolution of the
electron microscope permits unequivocal
identification of synapses, the time-consum-
ing nature of the technique together with
the small size of the volumes of tissue that
can be examined make it difficult to study
large numbers of contacts. Thus, although it
may be possible to determine whether
synapses are present between two neurons, it
is not usually feasible to determine their fre-
quency or the spatial distribution on the
postsynaptic cell. While confocal mi-
croscopy does not allow identification of
synapses, it is still extremely valuable in
studies of neuronal connections, since it
possible to examine entire neurons with the
confocal microscope. This means that the
density of contacts which these neurons re-
ceive from particular types of axon can be
determined, together with the distribution
of such contacts on different parts of the cell
body or dendritic tree of the target neuron.
It is clear that confocal microscopy and EM,
therefore, have complementary strengths.
Confocal microscopy can be used to sample
contacts over whole neurons, while EM al-
lows confirmation that synapses are present
at these contacts. In principle, there are two
ways of designing a study that involves both
confocal microscopy and EM of immunos-
tained material: (i) one can prepare different
tissue for each technique, using immunoflu-
orescent labeling for confocal microscopy
and electron-dense markers for EM; or (ii)
one can attempt to carry out both tech-
niques on the same tissue section. Although
the former approach is technically easier,
there are some advantages to carrying out
combined confocal microscopy and EM on
the same tissue (see below), and we have re-
cently developed a method which allows
this to be done (14,15,19). 

If the pre- and postsynaptic components
of a neuronal circuit possess different anti-
gens which allow them to be distinguished,
then it is possible to use immunocytochem-
istry and confocal microscopy to search for
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contacts between the two neurons without
the need for any experimental intervention.
Many different types of antibody can be
used in studies of this kind, including anti-
bodies directed against neurotransmitters
(or their synthetic enzymes), neuropeptides,
or receptors. The choice of antigens–anti-
bodies will obviously be determined by the
types of neurons that are to be examined, by
the subcellular distribution of antigens (for
example some antigens may only be present
in the axon or in the soma and dendrites of
the neuron to be investigated), and also by
the availability of antibodies which have
been raised in different species and can
therefore be used in combination.

Although immunocytochemistry alone
can be used to examine some circuits within
the CNS, it is often necessary to combine it
with other techniques, such as tract tracing
methods or intracellular injection. The use
of anterograde or retrograde tract tracing al-
lows circuits that involve identified projec-
tion neurons to be examined (see Chapters
12 and 13). A simple way of combining
tract tracing with immunofluorescence for
studies of neuronal circuitry is to use tracers
such as unconjugated cholera toxin B sub-
unit (CTb) or Phaseolus leucoagglutinin
(PHA-L), which can be detected with anti-
bodies (14,15). Dextrans can also be used as
tracers in studies of this kind (9). They can
either be conjugated directly to a fluores-
cent dye, or else to biotin, in which case
they are subsequently revealed with avidin
conjugated to a suitable fluorochrome. By
carrying out immunofluorescence on sec-
tions which contain neurons that have been
labeled by intracellular injection, the synap-
tic inputs to or outputs from physiological-
ly identified neurons can be examined
(5,13). Two compounds that have been
used as intracellular markers in studies of
this kind are neurobiotin (which is subse-
quently detected with an avidin–fluo-
rochrome conjugate) (13) and rhodamine–
dextran (5). It is also possible to inject the

fluorescent dye Lucifer Yellow into neurons
(1), however, Lucifer Yellow has very broad
excitation and emission spectra, which
make it less suitable in combination with
immunofluorescence staining.

In certain situations, lectin binding can
be used to identify neuronal populations,
for example, unmyelinated primary affer-
ents in the spinal dorsal horn are able to
bind a variety of lectins, including Ban-
deiraea simplicifolia isolectin B4 (BSI-B4).
The lectin, conjugated either to biotin or to
a fluorescent dye, can be applied to tissue
sections during immunocytochemical pro-
cessing in order to reveal these afferents
(18,21).

PROTOCOLS

Protocol for Double or Triple Labeling
Immunofluorescence

Materials and Reagents

• Phosphate buffer (PB), 0.2 M stock:
0.2 M NaH2PO4/Na2HPO4 mixed to
pH 7.4. 

• Fixative: 4% freshly-depolymerized
paraformaldehyde in 0.1 M PB. Heat
400 mL distilled water to 60°C and
add 40 g paraformaldehyde. Add con-
centrated NaOH dropwise until sus-
pension clears. Add 500 mL 0.2 M PB
and make up to 1 L with distilled wa-
ter. Filter and use within 24 hours.

• Phosphate-buffered saline (PBS): 0.01
M NaH2PO4/Na2HPO4 to pH 7.4,
0.3 M NaCl. Note that this solution
contains a relatively high concentration
of NaCl. We have found that for certain
antibodies, the higher ionic strength
greatly improves immunostaining by re-
ducing background staining, and we
now routinely use this recipe. 

• PBS with Triton X-100 (PBST):
PBS, 0.3% Triton X-100.
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• Appropriate primary and secondary
antibodies [we use secondary antibod-
ies raised in donkey (Jackson Immuno-
Research, West Grove, PA, USA), see
below]. 

• Glycerol-based antifade mounting med-
ium (e.g., Vectashield; Vector Laborato-
ries, Peterborough, UK).

Procedure

1. Fix animal by perfusion with 4%
formaldehyde under terminal anesthe-
sia. Remove blocks of CNS and store in
same fixative for 2 to 24 hours. Some
antigens do not tolerate extended fixa-
tion, and in cases of poor or absent im-
munostaining when using a new anti-
body, it is worth reducing the fixation
time to around 2 hours.

2. Rinse blocks in PB.
3. Cut Vibratome sections (40–70 µm)

into PB.
4. Place sections into 50% ethanol in dis-

tilled water for 30 minutes immediately
after cutting (10). This step greatly in-
creases penetration of antibodies into
Vibratome sections.

5. Rinse 3 × 5 minutes in PBS.
6. Incubate 18 to 72 hours in cocktail of

primary antibodies (each raised in a dif-
ferent species) at appropriate dilutions
in PBST. 
Note: Although many published meth-
ods recommend adding normal block-
ing serum (from the species in which
the secondary antibodies were raised) to
the antibody cocktails in order to re-
duce background staining, we have not
found any evidence that this improves
the quality of immunostaining, and so
we do not use blocking serum.

7. Rinse 3 × 5 minutes in PBS.
8. Incubate 2 to 24 hours in cocktail of flu-

orescent species-specific secondary anti-
bodies diluted in PBST. It is vital that

the secondary antibodies are raised in
different species from those of the pri-
mary antibodies. For convenience, we
routinely use secondary antibodies raised
in donkey. Donkey has become a “uni-
versal donor” for secondary antibodies in
multiple-immunolabeling studies, since
few (if any) primary antibodies are raised
in this species. Obviously, the secondary
antibodies chosen must be directed
against the species in which the primary
antibodies were raised, and each must be
conjugated to a different fluorescent dye.
The choice of fluorescent dyes depends
on the wavelength of the laser lines (3).
We use fluorescein isothiocyanate
(FITC), lissamine rhodamine (LRSC),
and cyanine 5.18 (Cy5), since these
are optimally excited by the lines of a
Krypton-Argon laser (488 nm, 568 nm,
647 nm, respectively).

9. Rinse 3 × 5 minutes in PBS.
10. Mount sections on glass slides with an

appropriate antifade medium. This re-
duces the rate of photobleaching,
which is otherwise a problem, particu-
larly with FITC.

11. Apply a coverslip and seal around the
edges with nail varnish.

12. Store slides in a -20°C freezer until
needed. Slides prepared in this way can
be kept for extended periods (several
years).

13. Examine with the confocal microscope.

Notes for Combining Immunofluorescence
Staining with Other Techniques

Tract Tracing Experiments (see also
Chapter 12)

The following additional reagents may
be needed according to the type of tracer
employed:

• Rabbit antibodies against CTb and
PHA-L (Sigma, St. Louis, MO, USA).
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• Goat and rabbit antibodies against
PHA-L (Vector Laboratories).

• Goat antibody against CTb (List Bio-
logical Laboratories, Campbell, CA,
USA).

• Streptavidin–florochrome conjugates
(Jackson ImmunoResearch).

If unconjugated tracers (e.g., CTb,
PHA-L) have been used, these are detected
by including an appropriate antibody
against the tracer in the primary antibody
cocktail. If a biotinylated tracer (e.g., bi-
otin–dextran) has been used, then a suit-
able streptavidin–fluorochrome conjugate
(diluted 1:1000) is included in the cocktail
of fluorescent secondary antibodies.

Intracellular Injection

If a fluorescent dye (e.g., rhodamine–
dextran or Lucifer Yellow) has been used,
sections are processed exactly as described
in the basic protocol. If neurobiotin was in-
jected into the cell, this is detected with
avidin conjugated to a fluorescent dye, as
described above.

Lectins 

A biotinylated lectin [e.g., BSI-B4 (Sig-
ma) 1 µg/mL] can be included in the cock-
tail of primary antibodies, and this is de-
tected with avidin conjugated to a
fluorescent dye.

Protocol for Combined Confocal and
Electron Microscopy of Immunostained
Sections

General Principles

The initial stages of this procedure are
the same as those described in the protocol
for double or triple labeling immunofluo-
rescence above, except that (i) the fixative is
modified to include 0.2% glutaraldehyde,
which is necessary to provide satisfactory

EM fixation; (ii) an additional stage, treat-
ment with NaBH4, is included to reduce
the deleterious effects of glutaraldehyde on
antigenicity (7); and (iii) Triton X-100 is
omitted from all diluents, since the use of
detergents gives poor ultrastructure.

Materials and Reagents

• Fixative: 4% formaldehyde, 0.2% glu-
taraldehyde in 0.1 M PB. Heat 400
mL distilled water to 60°C and add 40
g paraformaldehyde. Add concentrated
NaOH dropwise until suspension
clears. Add 8 mL 25% glutaraldehyde
(EM grade) and 500 mL 0.2 M PB.
Make up to 1 L with distilled water.
Filter and use within 24 hours.

• 3,3′-Diaminobenzidine tetrahydro-
chloride (DAB) solution: 25 mg DAB,
15 µL 30% H2O2, 50 mL PB. Filter
and use immediately. 
Note: Extreme care must be used in
working with DAB, which is a suspect-
ed carcinogen. Any contaminated glass-
ware, surfaces, etc., should be treated
with bleach to inactivate the DAB.

• Durcupan: 10 g Durcupan ACM resin
(Fluka Chemicals, Gillingham, UK), 10
g dodecanyl succinic anhydride (Agar
Scientific, Stansted, UK), 0.3 g dibutyl
phthalate (Agar Scientific), 0.3 g DMP-
30 (2,4,6,tri[dimethylaminomethyl]
phenol) (Agar Scientific). 

Procedure

1. Fix animal by perfusion with 4% for-
maldehyde/0.2% glutaraldehyde under
terminal anesthesia. Remove blocks of
CNS and store in same fixative for 2 to
24 hours.

2. Rinse blocks in PB.
3. Cut Vibratome sections (40–70 µm)

into PB.
4. Place sections into 50% ethanol in dis-
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tilled water for 30 minutes immediately
after cutting. 

5. Rinse 3 × 5 minutes in PBS.
6. Place sections in 1% NaBH4 in PBS for

30 minutes. Leave lids off. 
Note: NaBH4 is toxic and potentially
explosive.

7. Rinse thoroughly in PBS (e.g., 10× over
90 minutes). The lids can be placed on
bottles once bubbles cease to appear.

8. Incubate 18 to 72 hours in cocktail of
primary antibodies diluted in PBS.

9. Rinse 3 × 5 minutes in PBS.
10. Incubate 4 to 24 hours in cocktail of

fluorescent species-specific secondary
antibodies (raised in donkey) diluted in
PBS. 

11. Rinse 3 × 5 minutes in PBS.
12. Mount sections on glass slides with a

glycerol-based antifade mounting
medium.

13. Apply a coverslip and seal around the
edges with nail varnish.

14. Store slides in a -20°C freezer until
needed.

15. Examine sections with the confocal mi-
croscope.

16. Remove coverslip and rinse section in
PB (3 × 5 min).

17. Incubate 72 hours in species-specific
biotinylated secondary antibodies
(raised in donkey, diluted 1:200 in PBS;
Jackson ImmunoResearch). Choose sec-
ondary antibodies directed against those
primary antibodies which are to be re-
vealed with EM. Although the primary
antibodies already have fluorescent sec-
ondaries attached, they are still able to
bind biotinylated secondary antibodies.

18. Rinse 3 × 10 minutes PBS.
19. Incubate 72 hours in avidin–peroxidase

conjugate (e.g., extravidin–peroxidase
from Sigma, diluted 1:1000). We have
found that avidin–peroxidase conjugate
penetrates further into Vibratome sec-

tions than the avidin–biotin–peroxi-
dase (ABC) complex and is, therefore,
more suitable for this protocol.

20. Rinse 3 × 10 minutes PBS.
21. Rinse 5 minutes PB.
22. Incubate for approximately 5 minutes

in DAB solution.
23. Rinse 3 × 5 minutes PB.
24. Osmicate: 1% OsO4 in PB for 30 min-

utes. 
Note: OsO4 is highly toxic and volatile,
so this must be carried out in a fume
cupboard.

25. Rinse 3 × 5 minutes water.
26. Dehydrate in acetone (70%, 90%, 3 ×

100%, 10 min each). Block staining in
uranyl acetate (30 min in a saturated
solution of uranyl acetate in 70% ace-
tone) can be included during the dehy-
dration stage.

27. 1:1 Acetone:Durcupan mixture for 1
hour.

28. Pure Durcupan for 12 to 24 hours.
29. Flat-embed sections from Durcupan be-

tween acetate sheets, lay on a flat surface
(e.g., microscope slide) with weight on
top, and cure at 60°C for 48 hours.

30. Examine section and identify region of
interest. Remove 1 acetate sheet and
apply to a block of cured resin with a
drop of liquid Durcupan. Cure over-
night. Trim block, cut ultrathin sec-
tions, and mount on Formvar-coated
single-slot grids.

31. Stain grids with lead citrate.
32. Examine with electron microscope.

RESULTS AND DISCUSSION

Primary Afferent Input to Neurons in
Lamina III and IV of the Spinal Dorsal
Horn

The use of the approaches described
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above can be illustrated by our recent stud-
ies of the primary afferent input to a popu-
lation of neurons with cell bodies in lami-
nae III and IV of the spinal cord dorsal
horn (14,15,18) (Figures 1 and 2). The
neurokinin 1 (NK1) receptor, on which
substance P acts, is present on certain cells
throughout the dorsal horn, including a
population of large neurons with cell bod-
ies in lamina III or IV, which have promi-
nent dorsally-directed dendrites that pass
up into lamina I, as well as dendrites that
arborize in deeper laminae (2,4). On NK1
receptor–immunoreactive neurons in the
spinal cord, the receptor is found through-
out the plasma membrane of the cell body
and dendritic tree, but is not present on
their axons. This means that antibodies
against the NK1 receptor can be used to re-
veal the entire dendritic trees as well as the
cell bodies of those neurons on which it is
present (Figures 1c and 2a).

Since the large NK1 receptor–immu-
noreactive neurons in laminae III and IV of
the dorsal horn have dendritic trees that can
extend from lamina I to lamina V, they
could potentially receive monosynaptic in-
put from various types of primary afferent,
including both unmyelinated (C) fibers,
which terminate mainly in laminae I and II,
and large myelinated afferents which ar-
borize in laminae III through V (22). Un-
myelinated primary afferents can be further
subdivided into 2 major classes: (i) those
which contain neuropeptides and terminate
mainly in lamina I and the outer part of
lamina II (IIo); and (ii) those that do not
contain peptides and which end in the in-
ner part of lamina II (IIi). In the rat, all pep-
tidergic C fibers contain calcitonin gene-re-
lated peptide (CGRP) and many also
contain substance P (8). Although sub-
stance P-containing axons in the dorsal
horn can originate from various sources (lo-
cal neurons, descending axons, or primary
afferents), CGRP in the dorsal horn is de-
rived exclusively from primary afferents.

This means that substance P-containing
primary afferents can be distinguished from
other axons which contain the peptide by
the presence of CGRP. By carrying out
triple labeling immunofluorescence staining
with antibodies against NK1 receptor, sub-
stance P, and CGRP (14), we were able to
demonstrate that the large lamina III/IV
NK1 receptor–immunoreactive neurons re-
ceive numerous contacts from substance P-
containing axons (Figure 2, c–f ), and that
over 90% of these are of primary afferent
origin, since they also contain CGRP (Fig-
ure 1a). Interestingly, the substance P-con-
taining afferents not only contact the den-
drites of these cells in laminae I and IIo
(where the afferents are very numerous),
but also pass ventrally along the dendrites in
laminae IIi and III (Figure 2, d–f ). In order
to establish that the substance P-containing
axons formed synapses on the dendrites of
these cells, we used the combined confo-
cal–electron microscopic technique de-
scribed above (Figures 3 and 4) (14). Asym-
metrical synapses were found at all of the
contacts between substance P-immunoreac-
tive primary afferents and dendrites of lam-
ina III/IV NK1 receptor–immunoreactive
neurons which were examined (Figure 4).

We had previously found that some of
the lamina III/IV NK1 receptor–immuno-
reactive neurons projected to the thalamus
(12). We therefore injected CTb into the
thalamus and performed triple immunoflu-
orescence labeling to detect CTb, NK1 re-
ceptor, and substance P (Figure 2) and were
able to demonstrate that cells of this mor-
phological type, which belonged to the spi-
nothalamic tract, also received dense inner-
vation from substance P-containing axons.

Nonpeptidergic C fibers bind BSI-B4,
however the lectin also binds to some pep-
tidergic afferents. Since all peptidergic af-
ferents contain CGRP (6), it is possible to
identify nonpeptidergic C fibers with con-
focal microscopy, since these will bind BSI-
B4 but will not be CGRP immunoreactive.
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Figure 1. The association between large
NK1 receptor–immunoreactive lamina
III/IV neurons with long dorsal dendrites
and three different types of primary affer-
ent in the dorsal horn of the rat spinal cord,
seen in transverse (a) or parasagittal (b and
c) sections. Each image contains a dendrite
belonging to a NK1 receptor–immunoreac-
tive neuron (green), and in panel c, the cell
body of one of these neurons is also seen. (a)
A section also reacted with a monoclonal an-
tibody to substance P (blue) and an anti-
serum against CGRP (red). Most of the im-
munoreactive axons contain both peptides
and therefore appear pink, and where these
overlap the NK1 receptor–immunoreactive
dendrite, they appear white. The dendrite is
associated with many varicosities which
contain both substance P and CGRP (i.e.,
substance P-containing primary afferent ter-
minals). (b) The section has been im-
munostained with CGRP antiserum (blue)
and incubated in biotinylated BSI-B4,
which was revealed with avidin–rhodamine
(red). Many of the CGRP-immunoreactive
axons have also bound the lectin and appear
pink or purple. Numerous red axons are pre-
sent in the lower half of the field: these have
bound the lectin but are not CGRP-im-
munoreactive and, therefore, belong to non-
peptidergic C fibers. Very few of these axons
make contact with the NK1-immunoreac-
tive dedrite. (c) Shown is the cell body and
proximal dendrites of a lamina III NK1 re-
ceptor–immunoreactive neuron from a rat
in which CTb had been injected into the
sciatic nerve 3 days previously. CTb (red)
has been taken up and transported by myeli-
nated afferents belonging to the sciatic
nerve, which terminate extensively in lami-
na III. Although there are many CTb-im-
munoreactive axons surrounding the cell,
very few make contact with it. Panel a was
generated from 8 optical sections at 1 µm
separation, panel b from 9 optical sections at
0.5 µm separation, while panel c is from a
single optical section. Scale bar = 20 µm for
each image. Panel b is reprinted with per-
mission from Neuroscience 94, Sakamoto,
H., R.C. Spike, and A.J. Todd, Neurons in
laminae III and IV of the rat spinal cord
with the neurokinin-1 receptor receive few
contacts from unmyelinated primary affer-
ents which do not contain substance P, p.
903-908, Copyright (1999), with permis-
sion from Elsevier Science. Panel c is repro-
duced with permission from Reference 15.
(See color plate A12.)
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Using this method, we found that although
numerous nonpeptidergic afferents were
present in lamina IIi, very few of these
made contact with the dorsal dendrites of
the lamina III/IV NK1 receptor–immuno-
reactive neurons which passed through this
region (Figure 1b) (18). 

Myelinated primary afferent terminals
in the dorsal horn can be identified by
means of an anterograde (transganglionic)
transport technique. If CTb is injected
into an intact somatic nerve in the rat, it is
taken up almost exclusively by myelinated
afferents and transported through the dor-
sal root ganglion and into their axon ter-
minals within the spinal cord (17). We

combined transganglionic transport of
CTb injected into the sciatic nerve with
immunofluorescence staining and found
that although the dendrites of lamina
III/IV NK1 receptor–immunoreactive
neurons passed through regions that con-
tained numerous terminals belonging to
sciatic nerve myelinated afferents, they re-
ceived only a limited number of contacts
from these afferents (Figure 1c). With the
combined confocal–electron microscopic
technique, we were able to demonstrate
that synapses were present at some of these
contacts and, therefore, concluded that the
cells receive a limited monosynaptic input
from myelinated primary afferents (15).
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Figure 2. Contacts formed by sub-
stance P-containing axons onto a
lamina III NK1 receptor–im-
munoreactive spinothalamic tract
neuron. (a) Shown is the cell body
and dendrites of the neuron in a
parasagittal section scanned to re-
veal only NK1 receptor-immuno-
staining (green). Boxes indicate the
regions shown in the remaining
parts of the figure. (b) The cell
body of the neuron contains CTb
(blue), which had been injected
into the thalamus 3 days previously,
thus allowing identification of this
as a spinothalamic neuron. (c–f )
Different parts of the dendritic tree
receive numerous contacts from
substance P-immunoreactive axons,
which are orientated along the
lengths of the dendrites (red). Panel
a was obtained from 9 optical sec-
tions 1.5 µm apart, panels c and e
through f from 4 optical sections,
and panel d from 7 optical sections,
each 0.5 µm apart. Scale bars: panel
a = 50 µm, panel b = 20 µm, panels
c through f = 10 µm. Reproduced
with permission from Reference 14.
(See color plate A13.)
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These results demonstrate that even
though the large lamina III/IV neurons
with NK1 receptors have dendrites that
pass through several laminae, their primary
afferent input is highly selective. They re-
ceive a dense innervation from substance P-
containing afferents, which frequently run
along their dorsal dendrites and form nu-
merous synapses on them (14), however,
they are sparsely innervated by myelinated
afferents in laminae III and IV (15), and re-

ceive very few contacts from nonpeptider-
gic C fibers (18).

Technical Aspects

Benefits of Triple Fluorescence Labeling

Although it is often possible to investi-
gate neuronal circuits with only two labels
(one each for the pre- and postsynaptic
components of the circuit), there are many
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Figure 3. Combined confocal mi-
croscopy and EM of a dorsal den-
drite belonging to a lamina III
NK1 receptor–immunoreactive
neuron from a parasagittal section
that had been reacted with NK1
receptor, substance P, and CGRP.
(a) NK1 receptor immunoreactivi-
ty in a series of 7 optical sections at
0.5 µm intervals. The arrow shows
a small branch given off from the
main dendritic shaft (D). (b) A sin-
gle confocal section from the series
used to generate panel b. In this
case, NK1 receptor appears green,
substance P is blue, and CGRP is
red. Boutons, which contain both
peptides, appear pink. Several sub-
stance P-immunoreactive varicosi-
ties are in contact with the NK1 re-
ceptor–immunoreactive dendrite,
and 4 of these are indicated with
the small numbered arrows. The
varicosity numbered 2 is only sub-
stance P-immunoreactive, whereas
those numbered 1, 3, and 4 have
both substance P and CGRP im-
munoreactivity. (c) The corre-
sponding region seen with light
microscopy after the immuno-
peroxidase reaction and at a focal
depth approximately equivalent to
the confocal image in panel b. The
main dendritic shaft (D) and part
of its small branch (arrow) are
clearly seen, whereas most of the
right-hand branch is out of focus.
Many substance P-immunoreactive
varicosities are visible, including
the ones indicated with arrows in
panel b. (d) A low magnification
electron micrograph of the corre-
sponding region. The section is at a
depth nearly equivalent to the con-
focal image in panel b. Scale bar =
10 µm. Modified and reproduced
with permission from Reference
14. (See color plate A14.)
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situations in which it is necessary or desir-
able to use a third label. Thus, in some cases
it is possible to refine the identification of
one of the two neurons which are involved
in the circuit by the use of two labels. For
example, combining either substance P-im-
munostaining or BSI-B4 binding with de-
tection of CGRP allowed us to identify two
different neurochemical types of primary af-
ferent terminal in the superficial dorsal horn
(Figure 1, b and c). A third label can then be

used to reveal the other component of the
circuit (in this case, neurons with the NK1
receptor). In addition, triple labeling can be
used to examine inputs to a single neuron
from two different axonal populations si-
multaneously, thus allowing interactions
between the two inputs to be examined.
This approach is also useful in studies of
neurons that have been labeled by intracel-
lular injection, since it increases the amount
of data that can be collected from each cell

269

15. Confocal Imaging of Nerve Cells and Their Connections

Figure 4. High magnification elec-
tron micrographs to show synapses
between the substance P-immuno-
reactive axonal boutons (A), which
were indicated with numbered ar-
rows in Figure 3, and the NK1 re-
ceptor–immunoreactive dendritic
shaft (D) or its small branch (B).
(a–d) Shown are boutons numbered
1 through 4, respectively. In each
case an asymmetrical synaptic spe-
cialization is clearly seen between
the arrows. Scale bar = 0.5 µm.
Modified and reproduced with per-
mission from Reference 14. 
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and may therefore reduce the number of
neurons that need to be injected.

Another situation in which a third label
can be extremely useful is when studying
projection neurons that have been identi-
fied with retrograde tracers. Even the most
sensitive tracers used for retrograde labeling
(e.g., CTb) seldom give complete filling of
the dendritic trees of labeled neurons, and
examining connections formed by axons on
the distal dendrites of these cells is therefore
usually not possible. If the entire dendritic
tree of the retrogradely labeled neuron can
be immunostained, for example with an an-
tibody against a membrane protein such as
a receptor, then this allows even the distal
dendrites to be examined (Figure 2). Pol-
lock et al. (16) have recently refined this ap-
proach to allow the simultaneous detection
of four different fluorescent labels in the
same section, by using the retrograde tracer
Fluorogold (which is excited by UV light
and was viewed with conventional epifluo-
rescence) and carrying out triple immuno-
fluorescence labeling and confocal micro-
scopy with secondary antibodies conjugated
to FITC, LRSC, and Cy5.

Combined Confocal and Electron
Microscopy

The advantages of being able to detect
three compounds simultaneously led us to
develop a method that would allow both
confocal and electron microscopic exami-
nation of the same immunostained section.
With conventional (pre-embedding) im-
munocytochemistry for EM, if more than
one antigen is to be detected, each must be
labeled with a different electron-dense
marker. Although it is relatively straightfor-
ward to label two different antigens, for ex-
ample with DAB and silver-intensified im-
munogold (20), triple labeling is much
more difficult. In the method which is de-
scribed in this chapter, only one electron-
dense marker (DAB) is used, and the dis-

tinction between profiles that were stained
with different antibodies is made by corre-
lating the appearance in electron micro-
scope sections with that which had been
obtained with the confocal microscope
(Figures 3 and 4). 

There are two main limitations to this
method. Firstly, although penetration of
the immunofluorescence staining in the Vi-
bratome sections is generally very good
(even without the use of detergents), the
penetration of the peroxidase/DAB reac-
tion product is much more limited and
usually extends less than 5 µm from the cut
surfaces of the section. For this reason, it is
necessary to select contacts which lie close
to the section surface for analysis. Second-
ly, ultrastructural preservation in tissue that
has been prepared in this way is usually not
as good as that seen with conventional elec-
tron microscopic methods, presumably due
to the large number of stages involved and
the prolonged processing time. However, it
is good enough to allow identification of
synaptic specializations, and this is the
main reason for using this method in stud-
ies of neuronal circuitry.

Quantification of Contacts

One of the advantages of confocal mi-
croscopy for studies of neuronal circuits is
that the frequency of contacts which a neu-
ron receives from a particular type of axon
can be measured (14,15,18). This means
that, for example, the density of contacts
formed by a population of axons onto two
different groups of target neurons can be
compared to determine whether one group
is selectively innervated (14). In order to
analyze the density of contacts onto the
dendritic trees of neurons, it is obviously
necessary to measure the lengths of these
dendrites from confocal images. We have
found that the program Neurolucida for
Confocal (MicroBrightField, Colchester,
VT, USA) is particularly suitable for this
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purpose, since it can be used to analyze
stacks of confocal images. 

Measurements along the z-axis (depth
through the section) in series of confocal
images are obtained from the focus motor
that moves the specimen up and down be-
tween scans, and the vertical distance be-
tween each image in the series (z separa-
tion) is used by the program when it
calculates the length of dendrites. However,
because of differences in refractive index be-
tween the mounting medium of the speci-
men and the medium which lies between
the objective lens and the coverslip (either
air or immersion oil, depending on the ob-
jective lens), the vertical distance moved by
the stage is not exactly the same as the ap-
parent distance moved through the speci-
men, and a correction factor is required
(11). This problem is discussed in detail by
Majlof and Forsgren (11), who provide cor-
rection factors for various combinations of
media. With a glycerol-based mounting
medium, the correction factor for a dry lens
is 1.47 and for an oil lens it is 0.97. Thus,
for example, if a z-series is scanned with a
dry lens and the separation between each
image is 1 µm (measured from the focus
motor), the actual vertical separation be-
tween images in the series is 1.47 µm.

In quantitative studies of neuronal cir-
cuits, it is obviously essential that penetra-
tion of antibodies into the section is com-
plete, otherwise the number of contacts
will be underestimated. Since antibodies
penetrate from the cut surfaces of a section,
the degree of penetration of immunostain-
ing can usually be assessed by scanning
through the full thickness of the section. If
the density of immunostained profiles is
approximately constant throughout the
section thickness, then penetration is prob-
ably adequate. If there is a reduction in the
number of stained profiles towards the cen-
ter of the section thickness, then this clearly
suggests that penetration is not uniform.
We have found that, for most of the anti-

bodies which we use, pretreatment with
ethanol (10) and the use of detergents (e.g.,
Triton X-100) in the incubation buffers re-
sults in complete penetration of immunos-
taining. However, with certain antibodies it
is not possible to achieve satisfactory pene-
tration into the sections, and these anti-
bodies are therefore not suitable for use in
quantitative studies.

ACKNOWLEDGMENTS

I thank Dr. S. Vigna for the gift of NK1
receptor antiserum, Drs. M. Naim, R.C.
Spike, S.A.S. Shehab, and H. Sakamoto for
their participation in the experiments de-
scribed in this chapter, Mrs. C. Watt and
Mrs. M.M. McGill for expert technical as-
sistance, and the Wellcome Trust for finan-
cial support.

REFERENCES

1.Belichenko, P.V. and A. Dahlström. 1995. Confocal
laser scanning microscopy and 3-D reconstructions of
neuronal structures in human brain cortex. Neuroim-
age 2:201-207.

2.Bleazard, L., R.G. Hill, and R. Morris. 1994. The cor-
relation between the distribution of NK1 receptor and
the actions of tachykinin agonists in the dorsal horn of
the rat indicates that substance P does not have a func-
tional role on substantia gelatinosa (lamina II) neurons.
J. Neurosci. 14:7655-7664.

3.Brelje, T.C., M.W. Wessendorf, and R.L. Sorenson.
1993. Multicolor laser scanning confocal immunofluo-
rescence microscopy: practical applications and limita-
tions, p. 97-181. In B. Matsumoto (Ed.), Cell Biologi-
cal Applications of Confocal Microscopy. Acadamic
Press, San Diego.

4.Brown, J.L., H. Liu, J.E. Maggio, S.R. Vigna, P.W.
Mantyh, and A.I. Basbaum. 1995. Morphological
characterization of substance P receptor-immunoreac-
tive neurons in rat spinal cord and trigeminal nucleus
caudalis. J. Comp. Neurol. 356:327-344.

5.Jankowska, E., D.J. Maxwell, S. Dolk, and A. Dahl-
ström. 1997. A confocal and electron microscopic
study of contacts between 5-HT fibres and feline dorsal
horn interneurons in pathways from muscle afferents.
J. Comp. Neurol. 387:430-438.

6.Ju, G., T. Hökfelt, E. Brodin, J. Fahrenkrug, J.A. Fis-
cher, P. Frey, R.P. Elde, and J.C. Brown. 1987. Prima-
ry sensory neurons of the rat showing calcitonin gene-
related peptide immunoreactivity and their relation to

271

15. Confocal Imaging of Nerve Cells and Their Connections

Merighi15-aucorr.qxd  5/23/02  8:43 PM  Page 271



substance P-, somatostatin-, galanin-, vasoactive in-
testinal polypeptide- and cholecystokinin-immuno-
reactive ganglion cells. Cell Tissue Res. 247:417-431.

7.Kosaka, T., I. Nagatsu, J.-Y. Wu, and K. Hama. 1986.
Use of high concentrations of glutaraldehyde for im-
munocytochemistry of transmitter-synthesizing en-
zymes in the central nervous system. Neuroscience
18:975-990.

8.Lawson, S.N. 1992. Morphological and biochemical
cell types of sensory neurons, p. 27-59. In S.A. Scott
(Ed.), Sensory Neurones: Diversity, Development and
Plasticity. Oxford University Press, New York.

9.Li, J.-L., T. Kaneko, S. Nomura, Y.-Q. Li, and N.
Mizuno. 1997. Association of serotonin-like immuno-
reactive axons with nociceptive projection neurons in
the caudal spinal trigeminal nucleus of the rat. J.
Comp. Neurol. 384:127-141.

10.Llewellyn-Smith, I.J. and J.B. Minson. 1992. Com-
plete penetration of antibodies into Vibratome sections
after glutaraldehyde fixation and ethanol treatment:
light and electron microscopy for neuropeptides. J.
Histochem. Cytochem. 40:1741-1749.

11.Mailof, L. and P.-O. Forsgren. 1993. Confocal micro-
scopy: important considerations for accurate imaging,
p. 79-95. In B. Matsumoto (Ed.), Cell Biological Ap-
plications of Confocal Microscopy. Acadamic Press,
San Diego.

12.Marshall, G.E., S.A.S. Shehab, R.C. Spike, and A.J.
Todd. 1996. Neurokinin-1 receptors on lumbar spino-
thalamic neurons in the rat. Neuroscience 72:255-263.

13.Mason, P., S.A. Back, and H.L. Fields. 1992. A confo-
cal laser microscopic study of enkephalin-immunoreac-
tive appositions onto physiologically identified neurons
in the rostral ventromedial medulla. J. Neurosci.
12:4023-4036.

14.Naim, M., R.C. Spike, C. Watt, S.A.S. Shehab, and
A.J. Todd. 1997. Cells in laminae III and IV of the rat
spinal cord which possess the neurokinin-1 receptor
and have dorsally-directed dendrites receive a major

synaptic input from tachykinin-containing primary af-
ferents. J. Neurosci. 17:5536-5548.

15.Naim, M., S.A.S. Shehab, and A.J. Todd. 1998. Cells
in laminae III and IV of the rat spinal cord which pos-
sess the neurokinin-1 receptor receive monosynaptic
input from myelinated primary afferents. Eur. J. Neu-
rosci. 10:3012-3019.

16.Pollock, R., R. Kerr, and D.J. Maxwell. 1997. An im-
munocytochemical investigation of the relationship be-
tween substance P and the neurokinin-1 receptor in the
lateral horn of the rat thoracic spinal cord. Brain Res.
777:22-30.

17.Robertson, B. and G. Grant. 1985. A comparison be-
tween wheatgerm agglutinin and choleragenoid-horse-
radish peroxidase as anterogradely transported markers
in central branches of primary sensory neurones in the
rat with some observations in the cat. Neuroscience
14:895-905.

18.Sakamoto, H., R.C. Spike, and A.J. Todd. 1999. Neu-
rons in laminae III and IV of the rat spinal cord with
the neurokinin-1 receptor receive few contacts from
unmyelinated primary afferents which do not contain
substance P. Neuroscience 94:903-908.

19.Todd, A.J. 1997. A method for combining confocal
and electron microscopic examination of sections
processed for double- or triple-labeling immunocyto-
chemistry. J. Neurosci. Methods 73:149-157.

20.Todd, A.J., C. Watt, R.C. Spike, and W. Sieghart.
1996. Colocalization of GABA, glycine and their re-
ceptors at synapses in the rat spinal cord. J. Neurosci.
16:974-982.

21.Vulchanova, L., M.S. Riedl, S.J. Shuster, L.S. Stone,
K.M. Hargreaves, G. Buell, A. Surprenant, R.A.
North, and R. Elde. 1998. P2X3 is expressed by DRG
neurons that terminate in inner lamina II. Eur. J. Neu-
rosci. 10:3470-3478.

22.Willis, W.D. and R.E. Coggeshall. 1991. Sensory
Mechanisms of the Spinal Cord. Plenum, New York.

272

A.J. Todd

Merighi15-aucorr.qxd  5/23/02  8:43 PM  Page 272



273

OVERVIEW

Measurements of intracellular calcium
concentrations ([Ca2+]i) using intracellu-
larly trapped fluorescent dyes have become
a popular way to determine changes in
[Ca2+]i in individual cells. Techniques for
performing such experiments are well
documented (5,9,14,15). More recent
advancements in confocal laser scanning
microscopy (CLSM) have made it possible
to perform these measurements even with-
in tissue slices. Preparation of the CLSM
tissue and performing an experiment on a
tissue slice is slightly different than that for
single cells. In this chapter, we provide an
overview of the basics of confocal micro-
scopy and subsequently describe how to set
up and perform an experiment on brain

slices. We also show that neurons and
astrocytes can be differentially loaded with
the Ca2+ indicator indo-1 depending on
the solution used during slice cutting and
dye loading procedures. 

BACKGROUND

CLSM is now established as a valuable
tool for obtaining high resolution images
and 3D reconstructions of a variety of bio-
logical specimens. With the use of specific
Ca2+-sensitive dyes, this technique can also
be used to obtain reproducible results on
Ca2+ dynamics. Here, a general description
of CLSM will be given.

In CLSM, a laser light beam is expanded
to make optimal use of the optics in the
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objective. This beam is turned into a scan-
ning beam and focused to a small spot
onto a fluorescent specimen by an objec-
tive lens. The mixture of reflected light and
emitted fluorescent light is captured by the
same objective and is directed through a
dichroic mirror (beam splitter). The re-
flected light is deviated by this mirror while
the emitted fluorescent light passes
through in the direction of the detector, a
photomultiplier tube. In this way, only flu-
orescence emission coming from the tissue
is recorded. A confocal aperture (pinhole)
is placed in front of the photodetector,
such that the fluorescent light from points
on the specimen that are not within the
plane of focus (the so-called out-of-focus
light) will be largely obstructed by the pin-
hole. By optimizing the size of the confocal
pinhole, out-of-focus light (both above and
below the focal plane) is greatly reduced.
This becomes especially important when
dealing with thick specimens as brain
slices. Generally, the plane of focus (Z-
plane) is selected by a computer-controlled
stepping motor that allows the experi-
menter to focus through the specimen,
thereby selecting the proper Z-plane for
the experiments.

The optical section, which is a 2D
image of a small partial volume of the spec-
imen centered around the focal plane is
generated by performing an XY scan with
the focused laser spot over the specimen at
that focal plane. As the laser scans across
the specimen, the fluorescent light detected
by the photomultiplier is converted into a
digital signal. This will lead to a pixel-based
image that typically is displayed on a com-
puter monitor attached to the CLSM. The
relative intensity of the fluorescent light
emitted from the specimen will therefore
correspond to the grayscale value of the
resulting pixel in the image. An experiment
in which time effects need to be observed
can be performed by repeatedly scanning
the same XY plane with a fixed time inter-

val, leading to an XYt scan. This XYt scan-
ning will typically be performed when
imaging Ca2+ dynamics in brain slices.

Considerations on the Experimental
Setup

One of the physical properties of fluo-
rescent dyes is bleaching; upon a certain
number of excitations, a fluorescent mole-
cule cannot be exited anymore and be-
comes nonfluorescent. In generating a con-
focal image, spatial resolution, image
intensity (or brightness), scanning speed,
and dye bleaching are interconnected to
each other. In other words, if one wants a
very bright and sharp confocal image, one
should use a small pinhole, a slow scanning
speed combined with a high laser excitation
intensity, and should allow for bleaching to
occur. However, performing an experiment
that follows Ca2+ dynamics in living cells
requires that processes like bleaching
should be kept to an absolute minimum.
Therefore, the laser power used should be
set as low as possible. This can be done by
directly reducing the laser output power or
by introducing neutral density filters in the
optical path. As a consequence of the
reduced excitation light, the intensity of
the obtained fluorescence signal becomes
very low in comparison to system noise,
i.e., one gets a low signal-to-noise ratio
(S/N). Increasing the size of the pinhole
will increase the S/N. However, by increas-
ing the size of the pinhole, light from a
thicker plane is allowed to pass to the
detector, leading to a reduced optical sec-
tioning. For brain slices, one can be inter-
ested in: (i) different cells within a slice; or
(ii) intracellular differences, for example
between the processes of a given cell. For
the first example, a thick optical section
will be sufficient, and a good S/N can be
obtained by increasing the confocal pin-
hole. For the second example, i.e., intracel-
lular Ca2+ dynamics in neuronal processes,
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a thin confocal section is required, hence
the confocal pinhole should be small, and
intrinsically, these images will have a lower
S/N and look “noisy”.

Another option in obtaining better sig-
nals is to average sequential images. The
disadvantage of this option is the reduction
of image acquisition speed, and as a conse-
quence, fast Ca2+ changes will be missed.

The detector gain should be set as low as
possible to minimize the contribution of
system noise. However, care has to be taken
that anticipated changes in fluorescence
intensity fall within the dynamic range of
the detector. Therefore, for increases in flu-
orescence, the gain should not be set so
high that intensity values reach the maxi-
mum 8-bit value of 255, and decreases in
fluorescence should be possible without the
pixel values reaching 0. Most systems have
a special color lookup table that will indi-
cate when too many pixels fall out of the
dynamic range of the detector. In experi-
ments where the ratiometric dye indo-1 is
used, special care has to be given to this
topic to allow reliable ratio values to be
obtained (see below).

Relation Between Speed of the
Experiment and Scanning Speed 
of the Equipment

The theory described in the previous
section applies to a point scanning micro-
scope. Point scanning CLSM can be either
a fast or slow process depending on the
equipment used. For most types of micro-
scopes commercially available today, it gen-
erally takes a few seconds to scan one
image at full screen resolution. It will be
clear that for most time-related Ca2+

dynamics, a time resolution of 2 to 5 sec-
onds is an absolute minimum, and often,
experiments with faster acquisition speed
are required. A way to increase the sam-
pling speed is to reduce the scanning box.

In practice, this means that the spatial reso-
lution is decreased since the same informa-
tion is presented in fewer pixels. A disad-
vantage of reducing the screen size is that
the spatial resolution can get too low (i.e.,
only a few pixels per cell). This disadvan-
tage can be overcome by performing an
optical zoom by which the area that is
scanned by the laser is reduced. However,
one has to take into consideration that
bleaching becomes a more serious problem
when optical zooming is performed. From
these statements it will become clear that
each experimental situation and tissue will
need its own settings. As a general rule for
beginning experimenters to set up a proper
protocol, keep in mind that dye bleaching
and phototoxicity-related problems are the
biggest enemies of confocalists working on
living tissue.

Another development in confocal
microscopy has led to a faster scanning
type. This faster scanning is achieved by
scanning the specimen with the laser,
which is transformed into a line, or by
using point scanning with fast scanning
optics. Generally, time-related problems do
not occur when the experiments can be
performed on such fast scanning equip-
ment.

A full description of all confocal micro-
scopes is beyond the aim of this chapter
and can be found in The Handbook of Bio-
logical Confocal Microscopy (Reference 11;
see also Reference 14). 

PROTOCOLS

Protocol for Preparing Acute Central
Nervous System Slices for Real Time
Ca2+ Imaging with CLSM

Materials

All chemicals are from Sigma, (St. Louis,
MO, USA) unless otherwise stated.
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In both solutions N. 1 and N. 2, add
NaHCO3 at pH 7.4 (with 5% CO2-95%
O2).

• Indo-1/AM (Molecular Probes, Eu-
gene, OR, USA).

• Dimethyl sulfoxide (DMSO).
• Pluronic acid F-127.
• Sulfinpyrazone.
• Vibrating microtome (Electron

Microscopy Science, Fort Washington,
PA, USA).

• Disposable 16-well culture plates
(Nalge Nunc International, Roskilde,
Denmark).

Procedure

Slice Preparation

The following is a typical procedure for
cutting slices from developing rats (from
postnatal day 5 to 20).
1. Rats are deeply anesthetized with a
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Table 1. Solution N. 1

Chemical MW mM g/L Stock (M) mL/L

NaCl 58.4 120.0 7.0 2.0 60.0 
KCl 74.6 3.2 0.23 2.0 1.6 
CaCl2 147.0 1.0 0.15 1.0 1.0 
MgCl2 203.3 2.0 0.4 1.0 2.0 
KH2PO4 136.1 1.0 0.14 1.0 1.0 
NaHCO3 84.0 26.0 2.2 0.5 52.0 
Glucose 180.2 2.8 0.5 

The following antioxidants can be added:

Ascorbic Acid 176.1 0.57 0.1
NaPyruvate 110.0 2.0 0.2 0.5 4.0 

Chemical MW mM g/L Stock (M) mL/L

CholineCl 139.6 110.0 15.4 2.0 55.0 
KCl 74.6 2.5 0.19 2.0 1.25
CaCl2 147.0 0.5 0.07 1.0 0.5
MgCl2 203.3 7.0 1.42 1.0 7.0
NaH2PO4 137.1 1.2 0.14 1.0 1.0
NaHCO3 84.0 25.0 2.1 0.5 50.0
Ascorbic acid 176.1 1.3 0.23 
NaPyruvate 110.0 2.4 0.26 0.5 4.8
Glucose 180.2 20.0 3.6 

Table 2. Solution N. 2

• Solutions for slice cutting and dye incubation (see Table 1). 

• Solutions for slice cutting and dye incubation (see Table 2).
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lethal dose of either ketamine or
diethyl ether. Cryoanesthesia can be
used for very young animals. After
decapitation, the brain is rapidly
removed and placed in ice-cold physio-
logical saline (solution N. 1 or 2).

2. The tissue is immobilized with an
acrylic glue on the dish of the Vibra-
tome at orientation and angle for
obtaining appropriate slices from the
region of interest. The tissue has to be
submerged in the same ice-cold solu-
tion under continuous bubbling with
5% CO2-95% O2. Slices of the desired
thickness are obtained. A thickness
between 200 and 300 µm is optimal
for most of the experimental approach-
es. No support is, in general, necessary
for cutting slices from the brain. In
contrast, for obtaining transverse slices
from the spinal cord, it is mandatory to
stabilize the tissue, for example by
attaching the segments of the spinal
cord (4–6 mm long) to a shaped block
of silicon (small quantity of glue has to
be used).

3. Slices are allowed to recover for at least
45 minutes at 37°C in the same physi-
ological saline under continuous bub-
bling with 5% CO2-95% O2. In the
case that slices have to be incubated
with dyes, recovery periods shorter
than 45 minutes have to be used. 

Dye-Loading

The dye loading described in this sec-
tion is for using indo-1. For a discussion
on the use of other probes, see the Results
and Discussion section.
4. Incubating slices in the physiological

saline added with the cell permeant
acetoxymethyl derivative of indo-1
(indo-1/AM; 20 µM) and 0.02%
pluronic acid F-127 in a water bath at
37°C for 40 to 50 minutes under con-

tinuous influx of the gas mixture (5%
CO2-95% O2). 

Notes:
a. Continuous mild stirring is crucial for

optimizing the loading of the dye. We
found it very convenient to perform
loading in a 16-well plate. By inflat-
ing the gas mixture through an 18 to
20 gauge needle onto the surface of
the incubating medium, one can
ensure both a proper oxygenation of
the medium and a slow continuous
movement of the slices.

b. Since AM esters of the dyes do not
readily dissolve in water, the stock
solution prepared in DMSO will
form small crystals when diluted in
medium. In order to prevent this, and
to optimize the actual loading con-
centration, a small amount of the
detergent pluronic acid F-127 (12)
can be added to the loading medium. 

c. Although the use of dye AM should
ideally yield a strict cytoplasmic local-
ization of the dye, cellular activity
such as that of organic anion trans-
porters might cause uptake of the dye
in intracellular organelles or extrusion
of the dye. In order to inhibit organic
anion transporter activity, sulfinpyra-
zone or probenicid can be added to
the loading medium and/or experi-
mental solution (3). However, take
into consideration that blockers of
intracellular compartmentalization
can affect cellular functions. For
example, probenicid has been shown
to enlarge the duration of spon-
taneous Ca2+ oscillations in pituitary
melanotrope cells (16).

d. For AM loading, a loading concentra-
tion of 5 to 20 µM is sufficient to get
a reasonable dye concentration in the
tissue. Loading times vary, but for
slices, an incubation in the loading
solution, i.e., medium containing the
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dye, should be between 30 and 60
minutes at 37°C. Note that the viabil-
ity of neurons can be significantly
increased by adding to the incubation
solution antioxidants agents (see P-
rotocols) as well as antagonists of the
N-methyl-D-aspartate receptor
(NMDAR), such as 10 µM D-2-ami-
no-5-phosphonopentanoic acid. After
dye loading, the slices should be kept
at 20°C in constantly oxygenated
medium for at least 30 minutes to
allow complete de-esterification of the
dye. 

In the experiments that will be described
below, loading of cells is compared in slices
incubated with indo-1 either in the presence
or in the absence of antioxidant agents. 

Confocal Analysis

5. Slices are mounted in a chamber which 
is placed on the stage of an inverted micro-
scope (Diaphot 300; Nikon, Melville, NY,
USA) equipped with a 40× water immer-
sion objective (NA = 1.1; Nikon) connect-
ed with a real time confocal microscope
(RCM8000; Nikon). The 351-nm band
of the argon ion laser is used for excitation,
and the emitted light, separated into its 2
components (405 and 485 nm) by a
dichroic mirror at 455 nm, is collected by
2 separate photomultiplier tubes. The
ratio of the intensity of the light emitted at
the 2 wavelengths (R405/485) is displayed
as a pseudocolor scale using a linear
lookup table. Time series can be acquired
with a frame interval of 1, 2, or 3 seconds,
and 8 or 16 images are averaged for each
frame. During recordings, slices are con-
tinuously perfused (3 mL/min) with phys-
iological saline of the following composi-
tion (in mM): NaCl, 120; KCl, 3.1;
NaH2PO4, 1.25; NaHCO3, 25; dextrose,
5; MgCl2, 1; CaCl2, 2; at pH 7.4 with
5% CO2-95% O2. 

Note: The R405/485 in basal condi-
tions was observed to vary little in different
cells. Occasionally, a slight decrease could
be observed in R405/485 basal levels.
Indeed, prolonged UV irradiation of indo-
1 can cause overall photobleaching and
photodamaging, a conversion to a fluores-
cent, but Ca2+ insensitive, species (17).

Protocol for Performing Extracellular
Calibrations

After an experiment is done, one can get
an idea of the actual free Ca2+ concentra-
tions that were obtained by performing a cal-
ibration. Calibration methods have been
described in great detail elsewhere (5,9,15).
Since, for brain slices, an intracellular cali-
bration is extremely difficult to accomplish,
we will only describe how to perform extra-
cellular calibrations based on experiments
using indo-1. However, we would like to
emphasize that extreme care has to be taken
in interpreting the measured values as
absolute Ca2+ values. The most important
pitfall that occurs when performing extracel-
lular calibrations is that the solutions used to
perform the calibration do not reflect the
composition of the cytoplasm. For example,
the calibration solution lacks proteins pre-
sent in the cytoplasm that may alter the Ca2+

binding characteristics of the dye. It is, there-
fore, always wise to consider whether cali-
brated Ca2+ values are absolutely necessary.
In fact, for most experiments, the ratio or
intensity values alone will be sufficient. For a
detailed description of pitfalls in the calibra-
tion procedure we would like to refer to Ref-
erence 15.
1. Add 100 µM of the dye in its free acid

form to 200 µL of Ca2+-free medium
added with 10 mM EGTA. The compo-
sition and pH of this medium have to be
as close as possible to those of the cytosol. 

2. Make a small well on a coverslip in
which you place this dye solution. 

278

W. Scheenen and G. Carmignoto

Merighi16-aucorr.qxd  5/23/02  8:45 PM  Page 278



3. Measure the minimal ratio obtained in
this way (Rmin) and the fluorescence
intensity at 485 nm (sf ). 

4. Without changing the focus of the
microscope, add to the well 5 µL 1 M
Ca2+ solution to obtain the high Ca2+

medium. 
5. Measure the maximal ratio value ob-

tained (Rmax) and the fluorescence
intensity in this condition at 405 nm
(sb).

Calculating Absolute Ca2+ Values

After obtaining the Rmin, Rmax, sf, and
sb, the intracellular concentration can be
calculated using the following formula (4):

Ca2+ = [(R-Rmin)/(Rmax-R)] × (sf/sb) × Kd

in which R is the ratio value for which the
concentration is desired, and Kd is the dis-
sociation constant of the dye (250 nM for
indo-1).

RESULTS AND DISCUSSION

Which Ca2+-Sensitive Dye to Use?

In order to detect Ca2+ dynamics, a
brain slice needs to be loaded with a fluo-
rescent dye. This dye loading can be done
through microinjection, through a patch
pipet, or through loading with membrane-
permeable forms of the dye, the acetoxy-
methyl-esters (dye AM). For dye AM load-
ing, each dye and each tissue will give
specific loading results like a high or a low
loading, shallow or deep penetration in the
tissue, etc. It will be up to the experimenter
to select the most useful dyes. However,
the choice of dye also depends on the type
of laser available.

Basically, the available dyes can be divid-
ed into two groups, one showing only a
shift in fluorescence intensity upon Ca2+

binding, the other also showing a spectral

shift, either in excitation or in emission.
Since for the latter group a change in Ca2+

can be expressed as a change in ratio
between the fluorescence intensities at two
selected wavelengths upon Ca2+ binding,
this group is referred to as ratiometric dyes.
The ratiometric dye that can be used in
CLSM experiments is indo-1, and a work-
ing and thoroughly tested protocol has
been described in the section Dye Loading.
This dye can be excited in the UV at 351
nm, and its emission maximum in the
Ca2+ -bound form lies at 405 nm and in its
Ca2+ -free form at 485 nm. Hence, a ratio
of the 405 nm emission over the 485 nm
emission will give an optimal change in
intensity upon Ca2+ changes.

Unfortunately, most confocal laser scan-
ning microscopes are equipped with only
visible wavelength lasers, preventing the
use of indo-1. All dyes that can be used for
CLSM equipped with a visible-wavelength
laser are single wavelength dyes like fluo-3,
Calcium Green, Oregon Green, and Fura
Red. They are called single wavelength
because, as mentioned before, they will
only change their fluorescence intensity at
one wavelength upon Ca2+ binding. All of
the single wavelength dyes mentioned,
except Fura Red, have a higher fluores-
cence intensity in their Ca2+ bound form.
Fura Red, in contrast, decreases its fluores-
cence intensity upon Ca2+ binding.

As mentioned before, which dye is the
best to use depends largely on the tissue
used and needs to be tested for each individ-
ual case. For single cells, the use of two sin-
gle wavelength dyes, Fura Red in combina-
tion with either fluo-3 or Oregon Green,
have been described, leading to “pseudo-
ratio” images that overcome some of the
problems of single wavelength dyes (7,8). In
theory, this technique should also be applic-
able to brain slices, although in practice,
loading characteristics of the two dyes may
be too different to obtain reliable results.

Although both groups of dyes are use-
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able, ratiometric dyes are clearly preferable
since the measured signal, being expressed
as a ratio value, will be insensitive to factors
such as dye concentration, bleaching,
uneven distribution through the tissue, or
movement of the slice in the chamber.
Using pseudo-ratio imaging will overcome
problems with movement of the slice, but
uneven distribution through the slice and
different bleaching rates will become more
of a problem. For example, in a pilot study
using thalamic tissue, the bleaching rate for
Fura Red was found to be significantly
higher than that of Oregon Green, prevent-
ing proper use of the obtained pseudo-ratio

values (Scheenen, unpublished result). In
practice, the use of two single wavelength
probes is useful to check for possible move-
ments of the slice. Final analysis of the
results should, however, be performed on
one of the two dyes that has the lowest
amount of bleaching, shows the least
amount of uptake into intracellular com-
partments, and has a reliable loading profile.

Antioxidant Agents Help Cell Viability
and Dye Loading

In general, optimal staining can be
observed in neurons from slices obtained
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Figure 1. Effects of antioxidant agents in loading of cells from acute brain slices with Ca2+ fluorescent dyes. (A) Indo-1 loaded
cells from the CA1 hippocampal region of a young rat at postnatal day 10 following slicing and incubation procedures in the pres-
ence of antioxidant agents. Most of the neuronal dendrites resulted well loaded. The time series of pseudocolor images illustrates
the [Ca2+]i changes occurring in these neurons following perfusion of the slice with 60 mM KCl. The sequence shows the [Ca2+]i
increase in pyramidal neurons occurring several seconds before that in astrocytes (open arrows). The R405/485 is displayed as a
pseudocolor scale. Sampling rate 2 seconds. The stimulation with high K+ extracellular solution was obtained by iso-osmotic
replacement of Na+ with K+. (B) Kinetics of the [Ca2+]i changes in the neurons (continuous lines) and astrocytes (dotted lines),
indicated by arrows in panel A, following KCl stimulation, as expressed by the ratio between indo-1 emission wavelength at 405
and 485 nm. Letters a through c correspond to images a through c in panel A. (C) Indo-1 loaded cells from the CA1 hippocam-
pal region of a young rat at postnatal day 10 following slicing and incubation procedures in the absence of antioxidant agents.
Under these conditions, dendrites are less loaded with indo-1 while astrocyte processes (arrow) are, in general, more loaded with
the dye. Furthermore, several dying neurons can be observed scattered in the CA1 pyramidal layer. (See color plate A15.)



from rats during the first 2 postnatal
weeks. The number of labeled neurons
decreases, however, in slices from older ani-
mals, and the quality of the staining also
changes dramatically depending on the age
of the animal. 

A considerable improvement can be
achieved by using antioxidant agents dur-
ing slice cutting and dye loading proce-
dures. Antioxidant agents such as ascorbic
acid can protect neurons from the degener-
ation caused by the slicing procedures (13).
In our experience, antioxidant agents can
increase both the number of loaded neu-
rons and, more importantly, the quality of
the loading. This holds for cells in slices
obtained from different brain regions, such
as neocortex, hippocampus, and spinal
cord. Figure 1 illustrates the advantage of
using antioxidant agents such as ascorbic
acid. Images illustrate two typical examples
of cells from the CA1 hippocampal region
loaded with indo-1 after cutting and incu-
bating procedures are performed in the
presence (Figure 1A) or absence (Figure
1B) of antioxidant agents. When antioxi-
dant agents are used, dendrites of pyrami-
dal neurons result well loaded. In some
cases, by increasing the laser power and
focusing on different planes, dendrites can
be followed for most of their extension.
The sequence of pseudocolor images of
Figure 1A illustrates the transient increase
in the [Ca2+]i occurring in these neurons
upon slice perfusion with 60 mM KCl. All
neurons in the field are able to respond
properly to activation of voltage-activated
Ca2+ channels by K+-induced depolariza-
tion, thus providing a clue of their healthy
conditions (Figure 1A).

When antioxidant agents are not includ-
ed, good loading of the dye was, instead,
obtained in very few neurons. Note also
that in Figure 1B, the very thin processes
of the astrocyte are well loaded, while in
Figure 1A, only the astrocyte cell bodies are
discernible. The possibility of monitoring

the spatial and the temporal features of
[Ca2+]i changes at the level of the processes
following different stimuli can provide cru-
cial information for a better understanding
of Ca2+ signaling in astrocytes. Indeed,
highly localized [Ca2+]i elevations in dis-
crete regions along the distal processes of
hippocampal astrocyte were observed fol-
lowing stimulation of Schaffer collaterals
(10). These [Ca2+]i elevations can either
remain confined to the process or propa-
gate intracellularly to the soma and other
processes, suggesting that each astrocyte
process represents an independent com-
partment of [Ca2+]i signaling. 

Under conditions where antioxidant
agents are absent, the number of dying
neurons is also greatly increased. In Figure
1B, several neurons are well loaded with
the dye but display high [Ca2+]i and are
most likely destined to die in a short time.
Curiously, small cells with a mean soma
diameter of 5 to 10 µm are, in general, less
loaded in the presence than in the absence
of antioxidant agents. These cells are, most
likely, astrocytes. On the basis of pure mor-
phological criteria, however, astrocytes can
be hardly distinguished from small neurons
with a stellate or bipolar shape. We thus
developed a new experimental approach to
functionally distinguish each astrocyte and
neuron present in the recording field. The
experiment illustrated in Figure 1 refers to
the CA1 hippocampal region, though
identical results are obtained in the visual
cortex. We took advantage of the observa-
tion that in mixed neuron–astrocyte cul-
tures, while neurons, as identified by
immunocytochemical criteria, responded
promptly with a [Ca2+]i increase to depo-
larization induced by 60 mM K+, none of
the immunocytochemically identifiable
astrocytes were sensitive to this treatment.
We thus applied the same protocol to brain
slices in order to analyze whether neurons
and presumed astrocytes responded differ-
ently, as in culture, to stimulation with 60
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mM K+. All cells display a significant
[Ca2+]i increase upon depolarization with
high extracellular K+. The onset of the
response from pyramidal neurons and
smaller cells (arrows) is, however, clearly
different. In pyramidal neurons, the perfu-
sion with high K+ induces a prompt
[Ca2+]i increase, which is followed by a fur-
ther [Ca2+]i elevation. In contrast, small-
sized cells with astrocyte-like morphology
initially fail to respond and display a clear
[Ca2+]i increase several seconds after that
of pyramidal neurons. This response
occurred at approximately the same time of
the second [Ca2+]i peak in the neurons.
The delayed [Ca2+]i increase in these cells
is, to a large extent, attributable to the
release of glutamate and/or other neuro-
transmitters by depolarized synaptic termi-
nals and to the subsequent activation of
metabotropic receptors linked to inosi-
tol–trisphosphate (IP3) production (10).
The remarkable delay that occurs in the
response of astrocytes upon a depolarizing
stimulus with 40 to 60 mM KCl with
respect to the prompt [Ca2+]i increase in
neurons can be used as a functional tool to
identify astrocytes from acute brain slices
(1,10). This type of response represents
also the first of a series of observations that
led us to conclude that astrocytes in acute
brain slices, at least from the visual cortex
and the CA1 hippocampal region of young
rats at postnatal day 5 to 18, do not signif-
icantly express functional voltage-operated
Ca2+ channels (1).

Future Directions for Ca2+ Imaging in
Brain Slices

Although a wealth of information can
be obtained using indo-1 in combination
with CLSM, two major disadvantages need
to be taken into consideration. The first is
that using UV excitation light may cause
damage to the tissue, and the second is
that, since UV light has a short wave-

length, major light scattering will occur.
The result of this last point is that imaging
deep into the tissue will become practically
impossible. Both disadvantages are over-
come by the development of multiphoton
excitation microscopy (MPE) (for overview
see Reference 2). In this microscopy mode,
fast pulses of laser light are phased into the
same plane of focus in the tissue, and 2 or
3 individual photons will cause dye excita-
tion within the same excitation event. As a
consequence, laser light with a consider-
ably longer wavelength and lower energy is
used in this technique. Generally, MPE
microscopes are equipped with near
infrared lasers. Therefore, no UV light will
damage the specimen, and near infrared
light will undergo less scattering, making
imaging deeper in the tissue possible. An
additional advantage is that only the plane
of focus is illuminated, and photobleach-
ing, photodamaging, and photon toxicity
of the out-of-focus field (which is the
majority of the slice) is avoided.

A limitation of the use of CLSM in the
study of [Ca2+]i homeostasis in cells from
acute brain slices is the insufficient penetra-
tion of the fluorescent dye in cells from
slices of fully mature animals. Recently, a
new procedure (6) resulted in a great
improvement of viability and dye loading of
cells from acute brain slices. After deep anes-
thesia, rats are perfused through the heart
with cold physiological saline (see solution
N. 2). After removal, the brain is processed
as usual. Slices obtained by using this proto-
col could be maintained in excellent condi-
tions for at least 8 hours, and cells are more
easy to patch. In transverse spinal cord slices,
we recently noticed that the number of sub-
stantia gelatinosa neurons displaying good
loading with indo-1 is substantially in-
creased. Even more importantly, under these
conditions patch clamp recordings can be
successfully performed in cells from slices
obtained from animals of 2 months of age.
Preliminary observations suggest that load-
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ing with indo-1 in these cells is also greatly
improved, thus allowing the use of the con-
focal microscope approach in future experi-
ments also for the study of calcium signal-
ing in slices from fully developed brain. 
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195, 197, 200, 205, 213, 216, 219,
221–222, 229, 230–234, 241, 243–244, 249,
251, 256, 259, 260, 263, 264, 270, 272, 276

correlated light and electron microscopy analysis,
222

correlated light and ultrastructural observations in
ultrastructural tracing studies, 223

structural preservation, 167, 222
Electron microscopy. See Electron microscope
Electrophoresis, 5, 7–8, 12, 33, 41–42, 47, 87, 94,

96, 100, 106, 156–157, 242, 245–246, 251
agarose gel, 41–42, 87, 96, 100, 106, 242

Electroporation, 32, 35–36, 67–68, 76
ELISA, 39, 242
Embedding, 28, 120, 138, 162–163, 166–167, 173,

175–176, 178, 180, 188, 197, 229, 231, 249
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Embedding (continued)
acrylic embedding media, 166
durcupan, 263–264
epon, 21–22, 127, 130, 166–167, 179, 185,

188–191, 195, 198, 227, 229
epoxy resins, 166, 171
low temperature, 167, 180, 196
paraffin, 32, 138, 157
post-embedding immunocytochemistry, 90, 166,

168–169, 177, 179, 197
post-embedding immunogold, 120, 163, 171,

173–176, 179, 189, 197, 201, 249
pre-embedding immunocytochemistry, 162, 175,

197
pre-embedding immunogold, 15, 19, 171, 197
resin infiltration, 166

Embryos, 10–11, 141, 211
embryonic development, 235, 255

Emission, 44, 90, 237, 239, 261, 274, 279–280
End labeling, 241
Endocytosis, 16, 23, 25–29, 90, 232

inhibitors, 10, 12, 136, 245, 254
Endonuclease(s), 255, 258

enzyme histochemical techniques, 176
Endosome(s), 16, 23, 28
Epidermal growth factor. See EGF
Episomally-located sequences, 51
Epitope(s), 2, 19–20, 34, 173, 238
Etching, 166–167, 171, 177, 189
Ethanol, 5, 7, 41, 44, 70, 75, 121, 153–155, 167,

169, 185, 191, 210, 213, 222, 225,
227–229, 232, 262, 271–272

to increase tissue penetration, 163, 171–172
EthD-2, 237
Ethidium homodimer-2. See EthD-2
Evans blue, 205–207
Excitation, 57, 90, 98, 208, 214, 237, 261, 274,

278–279, 282
emission filters, 44

Excitatory Synapses, 190
Expression library, 36
Expression vector(s), 32, 35, 47, 51, 53–56

pCDM8, 55
pEGFP-N1, 35–36, 55–56

External granular layer. See EGL
Extracellular recording, 182
Extravidin-peroxidase, 264
Ex vivo gene transfer, 68

F
Fab’ fragments, 165, 174, 244
Fast Blue, 205–207, 227, 229–231
Fast DiI, 205

Fast red, 122, 125, 128
FDG, 45
Ferritin, 28, 222
FGF, 1
Fiber(s) en (of ) passage, 203, 205
Fibroblast Growth Factor. See FGF
Filter(s), 10–11, 44, 55, 57, 70–73, 150, 169–170,

210, 214–215, 243, 260–261, 263, 274
FITC, 19, 44–45, 54, 57, 90, 121, 125, 127–128,

147, 210, 237, 239, 262, 270
Fixation, 21–22, 25, 39, 44–46, 91, 120, 127, 130,

132, 135–136, 140, 150, 152–154, 157,
161, 162–163, 165–169, 171, 172, 173,
175–176, 178, 186–187, 193, 200, 205–208,
210, 212, 213, 222–225, 227–228, 232,
237–238, 249, 254, 261–263, 272

acrolein, 20, 25, 165
formaldehyde, 46, 57, 71–72, 91, 135, 141,

150–152, 166, 169, 175, 193, 213, 261–263
glutaraldehyde, 20–21, 25, 91, 135, 165–170,

172, 175–178, 183, 186–187, 191, 193,
206–207, 210, 213, 222–225, 227–228, 232,
244–245, 249, 263, 272

glutaraldehyde as a fixative for ultrastructural trac-
ing studies, 223

immersion, 135, 152, 187
osmium ferrocyanide, 167, 169
osmium in ultrastructural tracing studies, 222–223
osmium tetroxide, 20–21, 25, 161, 166–169, 183,

191, 222, 243, 249
paraformaldehyde, 17–18, 25, 33, 44, 122, 125,

127, 130, 132, 150, 152–153, 157, 165,
167–169, 183, 186, 191, 193, 206–207,
210, 213, 222, 227–228, 263

paraformaldehyde as a fixative for ultrastructural
tracing studies, 223

picric acid, 135, 165, 168, 191, 193
post-fixation, 22, 25, 45, 137, 162, 166–167, 173,

187, 222–223, 228
slides, 44, 132, 135–136, 149–150, 152–156,

165, 210, 262, 264
tannic acid, 166, 180
uranyl acetate, 167, 169–170, 189, 245, 264

Fixative. See Fixation
Flow cytometry, 159, 239, 255
Fluo-3, 239, 279
Fluorescein. See FITC
Fluorescein isothiocyanate, 19, 54, 127–128, 210,

262
Fluorescence, 45, 57, 60–63, 90, 127, 137, 143, 189,

206–207, 210, 213–215, 217–218, 237, 239,
241, 260, 268, 274–275, 279, 283

intensity, 57, 60–61, 274–275, 278–279
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microscope, 45, 210, 214
Fluorescence microscope. See Fluorescence
Fluorescen-conjugated dextran. See Fluoro Emerald
Fluorescent bead. See Fluorescent microspheres
Fluorescent clusters, 53
Fluorescent dye(s), 88, 182, 189, 237, 239, 253,

260–262, 279, 282
acridine Orange, 89
annexin V-Cy3, 57, 92–94, 100, 105
annexin V-FITC, 19, 54, 57, 125, 127–128, 210,

239, 262, 270
bisbenzimide, 237
bodipy, 19
Calcium Green, 35, 39, 53, 57, 65–66, 69, 84, 90,

107–108, 124, 127, 137, 206–207, 217,
237, 256, 266–268, 279–280

Cy3.5, 57, 92–94, 100, 105
cyanine, 262
DAPI, 89, 237
Dextran(s), 121, 176, 205–207, 211, 217, 224,

232–234, 261, 263
Diamidino yellow, 206–207
EthD-2, 237
Ethidium bromide, 42, 47, 99–100
Evans blue, 205–207
Fast Blue, 205–207, 227, 229–231
Fast DiI, 205
Fast red, 122, 125, 128
FITC, 19, 44–45, 54, 57, 90, 121, 125, 127–128,

147, 210, 237, 239, 262, 270
Fluo-3, 239, 279
Fluorogold, 206–207, 223–224, 231–234, 270
Fura-2, 239, 283
Fura Red, 279–280
Hoechst 33342, 237
Hoechst dyes, 237
Indo-1, 273, 275–283
Indocarbocyanine, 55
Lipophilic carbocyanine dyes, 205
Lissamine rhodamine (TRITC), 210, 262
Lucifer yellow, 88, 191–193, 198, 200, 263
mBBr, 239
mBCl, 239
Merocyanine 450, 239
Mito Tracker Red CMX Ros, 239
Oregon green, 279–280
SNARF-1, 239
SYTO stains, 237
SYTOX Green, 237
Texas Red, 22, 217, 241
TRITC, 210
YO-PRO(tm)-1 iodide, 205, 237

Fluorescent ligands, 15–16, 28, 140

Fluo-NT, 17, 22–25
Fluo-SRIF, 17, 22–24
Fluorescent microspheres, 205–208
Fluorescent stains. See Fluorescent dye(s)
Fluorescent tracer(s), 205, 208, 212–215, 218,

223–224. See also Fluorescent dye(s)
carbocyanine derivatives, 205, 210, 216
CTb, 205–208, 223–234, 261–263, 265–267,

270
DiA, 205, 207, 211
diamidino yellow, 206–207
Evans blue, 205–207
Fast Blue, 205–207, 227, 229–231
Fast Dil, 205
Fast red, 122, 125, 128
Fluoro-Emerald, 205–207
Fluoro-Ruby, 205–207, 219
lipophilic carbocyanine dyes, 205
nuclear yellow, 206–207
PI, 205–206, 237

Fluorochrome(s), 92, 134, 198, 206–208, 215,
223–224, 241, 261, 263

fluorochrome-conjugated secondary antibodies,
210, 214

fluorochrome-conjugated streptavidin, 206–207,
263

fluorogenic substrate(s), 242
wavelength, 208, 214, 262, 279–280, 282–283

Fluoro-Emerald, 205–207
Fluorogold, 206–207, 223–224, 231–234, 270
Fluoro-Ruby, 205–207, 219
Focus, 103, 120, 192, 204, 260, 268, 271, 274, 279,

282
Forkhead factors, 2
Formaldehyde, 46, 57, 71–72, 91, 135, 141,

150–152, 166, 169, 175, 193, 213, 261–263
Freeze-thawing, 138, 165, 171, 196
Frontal cortex, 70, 200
Fura-2, 239, 283
Fura Red, 279–280

G
GABAA, 53–55, 57–61, 63, 65–67, 92, 102, 201

clusters, 32, 53, 57, 61–65, 162–163, 166, 174,
190

colocalization, 61, 63, 79–80, 82
gabaergic presynaptic terminals, 61
gabaergic synapse(s), 53, 65, 178, 201
GFP, 35–36, 39, 48–49, 53–55, 57–63, 65, 69,

78, 80–82, 90
receptor, 1–2, 8, 34, 36, 51, 63, 65–66, 83,

86–88, 88, 92, 95, 102, 107, 109–110, 115,
119, 124, 138, 158–159, 165, 181, 201, 
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GABAA (continued)
215, 223, 233, 234, 238, 240, 257, 259, 261,

278, 282
receptor clusters, 53, 61, 65
receptor subunits, 53–54, 57–58, 61, 92, 102,

107, 141
subunits, 53–66

GAD, 61, 63, 65, 87, 115, 178, 183
Gal, 113, 115, 142

construct, 30–31, 38, 41–42, 45
polyclonal antibody, 33, 46, 48–49, 77, 245–246
Galactosidase. See Gal
Galanin, 115, 124, 127, 132, 138, 142–143, 272
Gelatin, 20, 34, 45, 125, 127, 130, 138, 168, 191,

193, 213
Gel-based DNA fragmentation assay, 242
Gene, 1, 29, 32, 36–40, 46–51, 55, 67–69, 71,

73–89, 91–93, 95, 97, 99, 101–103, 105,
107–108, 109, 124, 138–142, 149, 155,
158, 215, 276

expression, 1, 28, 30, 32–33, 35–39, 45–47,
49–51, 53–56, 65–69, 76, 78, 80–89,
91–93, 95, 97, 99, 101–103, 105, 107–108,
109, 138–139, 141–142, 158

Gene Gun, 67–69, 73–76, 78, 83–84
product, 45, 46, 49, 55, 72–73, 86, 88–91,

98–102, 106–107, 109, 139–141, 149,
155–157, 214–216, 219, 270

transfer, 12, 31, 33, 37–40, 50–51, 67–69, 71, 73,
75, 77, 79–81, 83–84, 97

General lysis buffer, 245
Genomic probe(s), 147
GFAP, 39, 78, 113–115, 170–172
GFAP monoclonal antibody, 170
GFP, 39, 53, 65–66, 69, 90, 107–108
Glia, 30, 78, 110, 257

Glial cell, 39, 78, 109–112, 114, 146, 212, 230,
250, 253

glial filaments, 171–173
Glial cell(s). See Glia
Glial fibrillary acidic protein. See GFAP
Glucose oxidase, 71–72, 228, 231
GluR1, 34
GluR2, 88, 115
Glutamate receptor 1. See GluR1
Glutamate receptor 2. See GluR2
Glutamate receptors. See Receptors
Glutamic acid decarboxylase. See GAD
Glutaraldehyde, 20–21, 25, 91, 135, 165–170, 172,

175–177, 183, 186–187, 191, 193, 206–207,
210, 213, 222–225, 227–228, 232, 244–245,
249, 263, 272. See also Fixation

Glycine, 5, 54, 65, 93–94, 142, 178, 183, 234,

245–246, 272
glycine receptor, 54, 65, 142. See also Receptor

GM1 ganglioside receptor, 223
Gold, 20, 23, 26–27, 67–68, 73–75, 78–79, 82,

120, 127–128, 130–132, 137, 139, 161–163,
165–167, 169–180, 197, 201, 208, 211,
217–218, 223, 231, 233, 243–244, 250–251,
253, 255. See also Immunogold

clusters, 32, 53, 57, 61–65, 64, 162–163, 166,
174, 190

colloidal gold particles, 162–163, 176, 253
IgG gold conjugates, 171, 243–244
Nanogold, 163, 166, 168, 171, 174, 178
particles, 22–24, 26–27, 67–68, 73, 75, 78–79,

82, 128, 130–131, 137, 150, 162–163, 171,
173–176, 178, 208, 216, 223, 244, 250, 253

protein A-gold, 169–170, 173, 177, 180
protein G-gold, 177
suspension, 7, 75, 95, 97, 210–211, 261, 263
toning, 223
ultra small gold, 120

Golgi impregnation, 86, 176, 178, 180, 203–204
Golgi method. See Golgi impregnation
Golgi staining. See Golgi impregnation
Gomori technique, 91
Gonadotropin-releasing hormone neurons, 90, 108
GPCR, 16
Grb2, 1, 10–11
Green fluorescent protein. See GFP
Growth factor(s), 1–2, 8, 10–11, 38, 149, 240, 255,

258
CNTF, 8–9
EGF, 1, 11
FGF, 1
NGF, 2, 142
PDGF, 1

H
Halogenated indolyl derivative, 90
Hapten-labeled nucleotide(s), 155, 157
Hapten-labeled primer(s), 146, 149, 157
Heating, 135, 142, 150, 180, 240–241, 250
Heterooligomeric proteins, 54
HindIII, 55
Hippocampus, 2, 39, 69, 86, 108–114, 170–172,

200–201, 281
hippocampal neurons, 28–30, 34–36, 65, 82, 142
hippocampal slice, 79
hippocampal slice-explant culture, 84
primary cultures, 17, 53–55, 65, 87–88
pyramidal neurons, 183, 191, 280–283

Histochemical procedures. See Histochemistry
Histochemical reactions. See Histochemistry
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Histochemistry, 39, 48, 71, 119, 135, 141–143, 153,
158, 177–178, 180, 182, 206–208, 210,
213–214, 219, 222, 223, 229, 233–234, 257

HNP/Fast red, 122, 125, 128
HNPP, 122, 125, 127–128, 137
Hoechst 33342. See Bisbenzimide
Hoechst dyes, 237
HRP, 28, 72, 120, 127–128, 132, 134, 139–140,

162, 176, 178, 180, 183–186, 188, 195,
198, 205–214, 216, 219, 222–224, 223,
228, 230–231, 234, 248, 264, 268, 270, 272

based tracers, 205, 214, 223
crystals, 5, 211, 229–230, 277
gelfoam, 211

histochemistry, 71, 119, 141–143, 177–178, 180,
182, 206–208, 210, 213–214, 219, 223,
229, 233–234

modified TMB stabilization, 214
Nickel-intensified DAB reaction, 214
penetration of peroxidase/DAB reaction product,

187, 215, 270
proteolytic degradation by lysosomal enzymes in

ultrastructural tracing studies, 223
ultrastructural tracing studies, 223

HRP substrate(s)
BDHC, 222
DAB, 71–73, 125, 128, 130, 134, 163, 165,

172–173, 175, 183, 187–188, 195–196, 210,
214–217, 222, 227–230, 233, 263–264, 270

modified TMB stabilization, 214
Nickel-intensified DAB reaction, 214
Pyronin, 229–230
TMB, 210, 214, 219, 222, 227–231
Vector VIP, 222, 234

Human placental alkaline phosphatase. See PLAP
2-hydroxy-3-naphtoic acid-2’-phenylanilide phos-

phate, 122, 128
Hypothalamus, 50–51, 70, 76–77, 83, 111,

113–114, 124, 142–143, 232
hypothalamic cultures, 78, 81
hypothalamic magnocellular neurons, 127, 132
hypothalamic neurons, 69, 78, 80
hypothalamic slice-explant culture, 83–84
hypothalamo-neurohypophysial system, 76

Hypothermia, 43

I
ICC. See Immunocytochemistry
IdU, 236, 243, 246–250
IgG, 3, 46, 55, 71–72, 93–94, 103, 169, 171, 183,

188, 191, 193, 195, 243–244
IgG gold conjugate(s), 171, 243–244
IgG-gold technique(s), 173

IGL, 246–248, 250, 253
Image acquisition speed, 275
Image analysis, 46, 178, 180, 196–197, 200, 214,

238, 257
Immunoautoradiographic method. See

Immunoautoradiography
Immunoautoradiography, 39
Immunoblotting, 3
Immunocytochemical labeling. See

Immunocytochemistry
Immunocytochemical staining. See

Immunocytochemistry
Immunocytochemical techniques. See

Immunocytochemistry
Immunocytochemistry, 3, 4, 8, 18, 22–23, 33, 39,

48–49, 57, 63, 71, 78–79, 85, 87, 90, 91,
92, 102–103, 119–120, 121, 123, 124, 125,
127, 129, 130–143, 145, 147, 157,
161–180, 187–189, 188, 195, 196, 197,
200–201, 204–205, 208, 210, 215-218,
231–234, 236, 237, 240, 247, 248, 249,
252–254, 257, 259–262, 271, 272

immunodetection of cancer cells, 90
post-embedding immunocytochemistry, 90, 166,

168–169, 177, 179, 197
pre-embedding immunocytochemistry, 162, 175,

197
Immunoenzymatic techniques, 162, 173

immunofluorescence, 3, 10, 30, 33–35, 206–208,
210, 224, 226, 259, 261–263, 265, 270–271

immunoperoxidase methods in ultrastructural
studies, 221–224

immunoperoxidase reaction(s), 226–227
photoconversion, 215, 218–219, 224, 231, 233

Immunogold, 15, 19, 25–27, 120, 163, 166,
169–171, 173–180, 189, 197, 201, 249,
251–252, 256, 270

IgG gold conjugate(s), 171, 243–244
IgG-gold technique(s), 173
post-embedding immunogold protocols, 120
pre-embedding, 15, 19, 171, 197
Protein A-gold, 169–171, 173, 177, 180
Protein G-gold, 177
silver intensification, 20–21, 162, 171, 175, 178,

208, 210, 217, 223
silver intensified immunogold. See Silver intensifi-

cation
single immunogold staining, 169–170
sodium metaperiodate, 166–167, 169–171, 180,

189, 243
spatial resolution, 26, 173–174, 260, 274–275
transferase-immunogold technique(s), 257
ultra small gold, 120
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Immunogold (continued)
ultrathin frozen sections, 162, 175, 178

Immunohistochemistry. See Immunocytochemistry
Immunolabeling. See Immunocytochemistry
Immunoprecipitation, 3–8, 10–12

assay, 4, 6–8, 10, 39, 43, 45–48, 51, 71, 77–78,
146, 237, 239, 242, 245–246, 255, 258

of protein kinase, 1, 4, 7–8, 238, 258
Immunostaining. See Immunocytochemistry
Impermeant dyes. See Fluorescent dye(s)
Indirect in situ PCR, 146–147
Indirect in situ RT-PCR, 146–149, 152, 154
Indo-1, 273, 275–283
Indocarbocyanine, 55
Inhibitory post-synaptic potential(s). See IPSPs
Inhibitory synapses, 61
Inositol-triphosphate. See IP3
In situ detection, 141, 158, 239, 242, 250, 256
In situ end-labeling techniques. See ISEL techniques
In situ hybridization, 71, 86, 88, 119, 121, 123, 125,

127, 129, 131, 133, 135, 137, 139,
141–143, 145–147, 152, 156–159, 161, 204,
240, 255, 258

detection sensitivity, 146
posthybridization washing, 121–122, 125, 127,

132, 136
radioactive and enzymatic double ISH, 121, 123,

130, 133, 138–139
riboprobe(s), 121–122, 136–138, 141
triple labeling combining ICC and a radioactive

and enzymatic double ISH, 133
In situ nick translation, 241, 255
In situ PCR, 142, 145–147, 149–150, 152, 155–158

acetylation, 136, 152–154, 157
amplicon, 146, 149, 156
cDNA template(s), 147
combined primer annealing, 156
direct, 146–147, 149, 158
genomic probe(s), 147
hapten-labeled nucleotide(s), 155, 157
hapten-labeled oligonucleotide primer(s), 154
hapten-labeled primer(s), 146, 149, 157
indirect, 146–147
internal oligonucleotide probe(s), 149
labeled oligonucleotide, 48, 147, 154
non-specific nuclear staining, 154, 156–157
random oligo (dT) primer(s), 155
thermocyclers, 152

In situ polymerase chain reaction. See In situ PCR
In situ RT-PCR, 154, 156–157
Insulin, 32, 56, 61, 63–66
Insulin-like growth factor receptor, 240
Interferon(s), 1, 115

Interleukin(s), 1, 257
Internal granular layer. See IGL
Interplexiform cell(s), 91
In toto X-gal revelation, 45
Intracellular calcium concentration, 30, 257, 273,

275, 277, 279, 283
Intracellular dye filling, 204
Intracellular pH, 239
Intracellular recording, 181–183, 200
Intraventricular delivery, 38
Intron(s), 78, 80, 154, 156
In vivo gene transfer, 40, 51
5-iododeoxyuridine, 236
Ion channels, 86–87
Iontophoresis, 56, 182, 186, 201, 206–209, 211,

225
iontophoretic injection, 182, 186
microionophoretic filling of single neurons, 176

IP3, 282
IPSP(s), 186, 193
ISEL techniques, 241, 251
Isotope-conjugated neurotransmitters, 204
Isotopic methods, 147, 236, 249
Isotopic protocols. See Isotopic methods

J
JAK, 2, 4, 12–13
Janus Kinase(s), 2
Jurkat cells, 240
Juxtacellular labeling, 182

K
Ki-67, 236, 238, 246, 248, 255, 257–258
Kinases, 1–2, 4, 8, 10, 12, 258–259

JAK, 2, 4, 12–13
Janus, 2
MEK, 1
PKA, 283
PKB, 2, 8
PKC, 8, 115, 283
Protein kinase assay, 6–7
Raf1, 1
RSK, 145, 149, 154, 156–158
Serine/Threonine, 2, 10, 238
Src, 1, 8

Kinases inhibitors, 12
okadaic acid, 10
sodium fluoride, 6, 10

Ki67 nuclear antigen, 236, 238, 246, 248
KiS2, 238, 257
KiS5, 238
Kozak sequence, 90
KpnI, 55
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Krox-24 gene, 51

L
Labeled oligonucleotide(s), 147, 154
LacZ, 40, 69, 78, 89, 180
Large dense-cored vesicles. See LGVs
Laser, 194, 232–233, 237, 262, 271–275, 278–279,

281–282
light, 28, 39, 43, 45, 47, 70, 89–92, 98, 130, 139,

142–143, 153, 156–157, 161, 163, 165,
167–169, 176–183, 187–190, 195–197,
199–201, 203, 205–211, 213–217, 219,
221–222, 224–226, 228, 230–235, 241, 244,
246–247, 249, 259, 268, 270, 272–274,
278, 282

power, 77, 79, 171–172, 214, 216, 229, 274, 281
scanning confocal microscopy. See Confocal

microscope
scanning cytometry, 237

Laser scanning confocal microscopy. See Confocal
microscope

Laser Scanning Microscope, 194
Lead citrate, 91, 107, 127, 130, 167, 170, 189, 229,

233, 245, 264
Lectins, 176, 224, 261, 263

binding to oligosaccarides in axonal membranes,
223–224

BSI-B4, 261, 263, 265–266, 269
Concanavalin A, 95–96, 97
degenerating neuronal profiles, 223
inactivation of protein synthesis, 139, 142, 205,

224
internalization, 15–16, 18, 23–25, 28, 65, 142,

180
neuronal death induced by, 224, 254–255
PHA-L, 205–208, 211–212, 218, 224–225,

232–234, 261–263
ricin, 224, 234
suicide tracers in ultrastructural tracing studies,

224
volkensin, 224
WGA, 205, 208, 223
WGA-gold, 223
WGA-HRP, 178, 208
WGA-HRP-gold, 223

Lesion(s) of neuronal pathways, 224
Leupeptin, 4–5, 7, 12, 245
LGV(s), 173–174
Ligand-gated channel(s), 102
Ligand(s), 9, 15–19, 22–24, 28, 54, 87, 119
Ligation-mediated PCR, 242, 255
Ligation-mediated polymerase chain reaction. See

Ligation-mediated PCR

Light microscope, 39, 89, 91, 139, 163, 168–169,
169, 176, 182, 187, 188, 189, 196, 200,
205–208, 210, 213, 216, 221, 228, 244,
246, 249, 268

correlated light and electron microscopy analysis,
222, 224–225

Light microscopy. See Light microscope
Lipid-mediated cell transfection, 76
Lissamine rhodhamine (TRITC), 210, 262
Low temperature, 167, 180, 196
Luciferase, 38–40, 43, 45–46, 48–51, 69, 78
Luciferin, 43
Lucifer yellow, 88, 191–193, 198, 200, 263

photoconversion, 215, 218–219, 224, 231, 233
Luteinizing hormone receptor, 142
Lymphocyte precursor(s), 241
Lysosome, 212, 223

M
MAP2, 34, 36, 113
Markers, 18, 36, 39, 76, 86–89, 106, 112–113, 120,

127, 138–139, 176, 201, 208, 215–216,
222, 224, 230, 233, 236–238, 240,
245–246, 249, 253, 258, 260–261, 272

of apoptosis, 100, 103, 106, 237, 239, 242, 257
single stranded DNA monoclonal antibodies,

237, 240
of cell proliferation, 235–236, 238, 243, 246–250,

254, 257
BrdU, 174, 236, 238, 242–243, 246–250, 253,

256
Casein-kinase 2a, 238
IdU, 236, 243, 246–250
Ki67 nuclear antigen, 236, 238, 246, 248
KiS2, 238, 257
KiS5, 238
Mib-1, 238
Th-10a, 238, 256
Topoisomerase IIa, 238
transferrin receptor, 16, 238, 257

proliferating cells. See Markers of cell proliferation
MBBr, 239
MBCl, 239
Melanotrope cells, 277, 283
Meninges, 70, 152, 245
Merocyanine 450, 239
Messenger molecule(s), 139
Metabotropic glutamate receptor. See MGluR2
MGluR2, 34, 115
Mib-1, 238
Microinjection, 37–38, 43, 67, 279
Microtubule-Associated Protein2. See MAP2
Microvilli, 90
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Microwave, 135, 142
Migration, 23, 42, 157, 225, 246–247, 254,

256–257
migratory events, 247
migratory phenomena, 248

Miniature synaptic currents, 194
Mitochondria, 68, 83, 224, 229, 240
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Molecular layer. See ML
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Th-10a, 238, 256

MRNA, 86, 92, 95, 99–100, 102–103, 106, 109,
124, 127, 130, 132, 135–143, 145–147,
149, 152–159, 238, 255
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NMDAR1 subunit, 109
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Nucleic acid(s), 73, 142, 145–146, 152–154,

157–158, 237, 240, 251, 257
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Phaseolus vulgaris-leucoagglutinin. See PHA-L
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pepstatin, 4–5, 7, 12
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Ratiometric dye(s), 275, 279–280
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Retrograde tracing (continued)
with HRP conjugated to plant lectins, 176
Nuclear yellow, 205–207
PI, 205, 237
radiolabeled amino acids, 176
retrograde degeneration, 203
retrograde transport of tracers, 89, 232, 234
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monosynaptic connections, 204
polysynaptic connections, 204
retrograde transsynaptic tracers, 204
synaptic circuitry, 181, 221, 232
synaptic connection(s), 86, 89–92, 177, 179–180,
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Time lapse video microscopy. See Video microscopy
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post-injection survival, 207, 212
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Transfection (continued)
integrated sequences, 51
integrated transcriptional responses, 37
lipid-mediated cell transfection, 76
modified calcium phosphate transfection, 34–35
transfected cell lines, 51
viral transfection, 60
in vivo gene transfer, 40, 51

Transfection methods. See Transfection
Transferase-immunogold technique(s), 257
Transferrin receptor, 16, 28, 238, 257
Transganglionic tracing, 204
Transganglionic transport, 267
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141, 180
transgene expression, 38, 45, 83, 108
transgenesis, 37–38
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transgenic retina, 100

Transmembrane dye diffusion (in tracing studies),
216

TRH, 50–51
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Tungsten particles, 68
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