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Running increases neurogenesis in the dentate gyrus of the hip-
pocampus, a brain structure that is important for memory function.
Consequently, spatial learning and long-term potentiation (LTP)
were tested in groups of mice housed either with a running wheel
(runners) or under standard conditions (controls). Mice were in-
jected with bromodeoxyuridine to label dividing cells and trained
in the Morris water maze. LTP was studied in the dentate gyrus and
area CA1 in hippocampal slices from these mice. Running improved
water maze performance, increased bromodeoxyuridine-positive
cell numbers, and selectively enhanced dentate gyrus LTP. Our
results indicate that physical activity can regulate hippocampal
neurogenesis, synaptic plasticity, and learning.

New neurons are added continuously to certain areas of the
adult brain, such as the hippocampus and olfactory bulb (1 ,

2 ). The functional significance of new hippocampal cells is not
clear. In birds, food storage and retrieval experience correlate
with changes in hippocampal size and neurogenesis (3 ). In mice,
neurogenesis in the dentate gyrus increases with exposure to an
enriched environment, and it is associated with improved learn-
ing (4 ). Similarly, voluntary physical activity in a running wheel
enhances the number of new hippocampal cells (5 ). Although it
is not known whether running also affects learning, it has been
shown that physical activity facilitates recovery from injury (6 )
and improves cognitive function (7 ). Furthermore, trophic fac-
tors, associated with progenitor cell survival and differentiation
(8 ), alterations in synaptic strength (9 ), long-term potentiation
(LTP) (1 0 ), and memory function (1 1 ), are elevated after
exercise (1 2 , 1 3 ). At the cellular level, wheel running enhances
the firing rate of hippocampal cells in a manner that correlates
with running velocity (1 4 ). Thus, exercise may increase synaptic
plasticity and learning, as well as neurogenesis. We designed the
following experiments to test this hypothesis.

Materials and Methods
Subjects. Thirty-four female C5 7 BL!6 mice, 3 months old (The
Jackson Laboratory) were divided into two groups of 1 7 , the
controls and the runners. The runners had free access to a
running wheel equipped with an electronic counter. During the
first 1 0 days animals received one 1 0 -mg!ml intraperitoneal
injection of 5 -bromodeoxyuridine (BrdU; Sigma), dissolved in
0 .9 % NaCl, filtered sterile at 0 .2 !m, at 5 0 !g!g of body weight
per day to label dividing cells.

Spatial Learning. The mice were trained on a Morris water maze
(1 5 ) with either two or four trials per day for 6 days. The platform
was hidden 1 cm below the surface of water; it was made opaque
with white nontoxic paint. The starting points were changed
every day. Each trial lasted either until the mouse had found the
platform or for a maximum of 4 0 s. At the end of each trial, the
mice were allowed to rest on the platform for 1 0 s. The time to
reach the platform (latency), the length of swim path, and the
swim speed were recorded semi-automatically by a video track-
ing system (San Diego Instruments).

Electrophysiology. The animals were coded so that the experi-
menter was blind to the identity of individual mice. LTP
experiments were done in the dentate gyrus and CA1 subfields
of the hippocampus, both in the presence and in the absence of
D-2 -amino-5 -phosphonovaleric acid (APV). The sequence of the
experiments was randomized to prevent any possible order
effects. Statistical analyses were carried out between pooled,
rather than all, slices from individual mice. Data from all slices
tested in the same condition from the same mouse were averaged
to give a single value, whereas data from slices tested in different
conditions from the same mouse were considered independent
values.

Mice were anesthetized with fluorothane and decapitated, and
the brains were quickly removed into chilled artificial cerebro-
spinal f luid (1 2 5 .0 mM NaCl!2 .5 mM KCl!1 .2 5 mM NaH2 PO4 !
2 5 .0 mM NaHCO3 !2 mM CaCl2 !1 .3 mM MgCl2 !1 0 .0 mM
dextrose!0 .0 0 1 mM bicuculline methobromide, at pH 7 .4 ), and
continuously bubbled with 9 5 % O2 !5 % CO2 . One hemisphere
was immediately placed in 4 % paraformaldehyde in 0 .1 M PBS
and kept for histological analysis. The second hemisphere was
affixed to a vibratome and cut into 4 0 0 -!m slices. The slices were
heated at 3 2 °C for 3 0 min in a circulating perfusion chamber and
then maintained at room temperature. Individual slices were
transferred to the recording chamber as needed, and experi-
ments were performed in artificial cerebrospinal f luid main-
tained at 3 2 – 3 4 °C.

A sharpened tungsten, bipolar stimulating electrode and a
1 -M! recording electrode filled with 3 mM KCl or 1 mM NaCl
were used for testing LTP. For the dentate gyrus, electrodes
were positioned in the middle third of the molecular layer,
whereas for CA1 responses, a recording electrode and a stimu-
lating electrode (toward CA3 ) were positioned in the stratum
radiatum of field CA1 , aided by a microscope (Olympus
BX5 0 wi) with a "4 0 objective lens. Responses were evoked with
single biphasic current pulses (1 0 – 4 0 0 !A), adjusted to yield a
response #3 0 % of maximum. All evoked responses were initially
tested with paired-pulse stimuli (at 5 0 , 1 0 0 , 2 0 0 , and 5 0 0 ms). For
dentate recordings, only the responses that did not show paired-
pulse facilitation were used to ensure that medial perforant path
synapses were being examined (1 6 , 1 7 ). Individual synaptic
responses were elicited at 1 5 -s intervals. After at least 1 0 min of
stable baseline responses, LTP was induced by a burst of 5 0
pulses at 1 0 0 Hz; bursts were repeated four times at 3 0 -s
intervals. Recordings continued for 4 5 min after LTP induction.

Immunohistochemistry. Immunohistochemistry for BrdU and im-
munofluorescent triple labeling for BrdU, the neuronal marker
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NeuN, and the glial marker calcium-binding protein S1 0 0 ! were
performed on free-floating 4 0 -"m coronal sections that were
pretreated by denaturing DNA, as described previously (5 ). The
antibodies were mouse anti-BrdU (Boehringer Mannheim),
1 :4 0 0 ; rat anti-BrdU ascites fluid (Accurate, Harlan Sera-Lab,
Loughborough, England) for triple labeling, 1 :1 0 0 ; rabbit anti-
S1 0 0 ! (Swant, Bellinoza, Switzerland) 1 :2 5 0 0 ; and mouse anti-
NeuN (kindly provided by R. J. Mullen, University of Utah),
1 :2 0 . To determine the number of BrdU-labeled cells, we stained
for BrdU by using the peroxidase method (ABC system, with
biotinylated donkey anti-mouse IgG antibodies and diamino-
benzidine as chromogen; Vector Laboratories). The fluorescent
secondary antibodies used were FITC-labeled anti-mouse IgG,
Texas red-labeled anti-rat IgG, and Cy5 -labeled anti-rabbit IgG
(Jackson ImmunoResearch), 6 "l!ml.

Stereology. BrdU-positive cells were counted in a one-in-six
series of sections (2 4 0 "m apart) through a !4 0 objective (Leitz)
throughout the rostro caudal extent of the granule cell layer. A
one-in-six series of adjacent sections stained with 0 .5 mg!ml
Hoechst 3 3 3 4 2 in Tris-buffered saline (Molecular Probes) for 1 5
min was used to measure granule cell layer volume. We used a
semiautomatic stereology system (STEREOINVESTIGATOR, Mi-
croBrightfield) and a !1 0 objective to trace the granule cell area.
The granule cell reference volume was determined by summing
the traced granule cell areas for each section multiplied by the
distance between sections sampled. The number of BrdU-
labeled cells was then related to granule cell layer sectional
volume and multiplied by the reference volume to estimate total
number of BrdU-positive cells.

Results
Mice were assigned to either control (n " 1 7 ) or runner (n " 1 7 )
conditions. Mice in the runner group ran an average distance of
4 .7 8 # 0 .4 1 kilometers per day. During the first 1 0 days, animals
received one intraperitoneal BrdU injection per day to label
dividing cells. Thereafter, animals continued in their respective
experimental conditions for 2 to 4 months. Mice were tested on
the water maze task between day 3 0 and day 4 9 . Between day 5 4
and day 1 1 8 , mice were anesthetized with fluorothane and
decapitated. One half of the brain was used for electrophysio-
logical experiments. The other half was kept for immunocyto-
chemistry (Fig. 1 ).

To assess spatial learning, mice were tested in the Morris water
maze over 6 days. Mice were trained with four trials per day

(controls, n " 8 , and runners, n " 8 ) between days 3 0 and 3 6 ,
or two trials daily (controls, n " 9 and runners, n " 9 ) between
days 4 3 and 4 9 . When mice were trained with four trials per day,
ANOVA with repeated measures (days) showed no difference
between the groups in path length (F(1 ,1 4 ) " 0 .5 6 , P $ 0 .4 7 ),
latency (F(1 ,1 4 ) " 0 .0 8 , P $ 0 .7 9 ), or swim speed (F(1 ,1 4 ) " 1 .5 ,
P $ 0 .2 4 ). However, when mice were trained by using the more
challenging two-trials-per-day paradigm, acquisition of the task
was significantly better in the runners than in the controls,
showing decreased path length (F(1 ,1 6 ) " 4 .9 9 , P % 0 .0 4 ; Fig. 2 a)
and latency (F(1 ,1 6 ) " 4 .6 1 , P % 0 .0 4 7 ; Fig. 2 b) to the platform.
These results were not confounded by swim speed, because there
was no significant difference between the groups in this regard

Fig. 1. Flowchart of the experiment. Controls were housed in standard 30- by
18-cm cages, whereas runners had 48- by 26-cm housing with free access to a
running wheel (1). Mice in both conditions received BrdU (50 "g!g per day)
injections for the first 10 days after their housing assignment. After 1 month
in their respective environments, mice were tested in the water maze (2)
between days 30 and 36 or between days 43 and 49. Mice were anesthetized
and decapitated between days 54 and 118; one hemisphere was used for
electrophysiology; the other was used for immunocytochemistry (3).

Fig. 2. Water maze learning in controls and runners trained with two trials
per day (four-trial data are not shown here, but see description in Results).
Mice were trained over 6 days to find the hidden platform in the Morris water
maze. A significant difference developed between the groups (P % 0.04) in
path length (a) and (P % 0.047) in latency (b). Results of probe test 4 hr after
the last trial on day 6 (c).
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(F(1 ,1 6 ) ! 0 .5 9 , P " 0 .2 9 ). To test retention of the task, the
platform was removed for a 6 0 -s probe test 4 hr after the last trial
on day 6 . Mice that had been trained with four trials per day
spent more time in the platform quadrant than in all others
(controls, F(3 ,2 8 ) ! 5 7 .1 7 , P # 0 .0 0 0 1 ; runners, F(3 ,2 8 ) ! 1 6 .7 0 ,
P # 0 .0 0 0 1 ). Mice trained with two trials per day did not show
a significant preference for the platform quadrant (controls,
F(3 ,3 2 ) ! 1 .5 3 , P " 0 .2 3 ; runners, F(3 ,3 2 ) ! 2 .5 6 , P # 0 .0 7 ),
although for runners, the trend appeared stronger (Fig. 2 c).
Taken together, our results indicate that running enhances
acquisition on the water maze task.

Exercise can affect steroid hormone and stress levels, which in
turn could influence learning, LTP, and neurogenesis (1 8 –2 0 ).
Therefore, after completion of behavioral testing, blood samples
were collected retro-orbitally (controls, n ! 8 ; runners, n ! 9 )
on day 5 3 at 1 4 :0 0 hr under isoflurane (4 %) anesthesia. Radio-
immunoassay for plasma corticosterone was performed by using
the manufacturer’s protocol for a commercial kit (ICN). No
differences between the groups were observed (controls, 5 9 $
1 3 .1 ng!ml; runners, 4 9 .4 $ 7 .7 ng!ml; t(1 5 ) ! 0 .6 5 , P " 0 .5 2 ).
However, the possibility remains that running induces noncog-
nitive, affective variables that could influence behavior.

To determine whether running affects synaptic plasticity, LTP
was studied in hippocampal slices from the same 5 - to 7 -month-
old controls and runners that had received BrdU and had been
tested in the water maze. Recordings were made in the dentate
gyrus, because this is where running-induced changes in cell
proliferation and survival occur (5 ), and in area CA1 . For
dentate recordings only medial perforant path synapses were
examined (refs. 1 6 and 1 7 ; Fig. 3 a2). No differences were found
between the groups in the initial excitatory postsynaptic poten-
tial (EPSP) amplitudes, suggesting no effect of running on basal
synaptic efficacy (dentate gyrus: controls, 0 .3 9 $ 0 .0 4 mV,
runners, 0 .4 2 $ 0 .0 5 mV (t(2 2 ) ! 0 .4 5 , P " 0 .6 6 ); CA1 : controls,
0 .3 5 $ 0 .0 7 mV, runners, 0 .3 2 $ 0 .0 8 mV (t(1 2 ) ! 0 .2 9 , P " 0 .7 8 )).
The recordings in the dentate gyrus showed that EPSP ampli-
tude was significantly increased 4 5 min after the administration
of high-frequency stimuli (controls, 1 7 slices from 1 0 mice (t(9 )

Fig. 3. LTP in dentate gyrus (a) and area CA1 (b). (a1, b1) Digital images of
hippocampal slices showing the position of the stimulation and recording
electrodes. (a2, b2) Paired-pulse facilitation at 50-, 100-, 200-, and 500-ms
interpulse intervals. EPSP, excitatory postsynaptic potential. There was no
difference between slices from controls and runners (P " 0.91). (a3, b3) Time
course of LTP in slices from controls (‚) and runners (F) . In addition, repre-
sentative examples are shown of evoked responses immediately before (Pre)
and 30 min after (Post) induction of LTP. Example waveforms are the average
of 20 responses recorded over a 5-min period. Population spikes were appar-
ent in some animals in each group after LTP induction. (Scale bars under a1 and
b1 indicate 250 !m.)

Fig. 4. Confocal images of BrdU-positive cells in control (A) and runner
coronal sections (B). Sections were immunofluorescent triple-labeled for BrdU
(red), NeuN, indicating neuronal phenotype (green), and S100", selective for
glial phenotype (blue). (Scale bar indicates 50 !m.)
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(F(1 ,1 6 ) ! 0 .5 9 , P " 0 .2 9 ). To test retention of the task, the
platform was removed for a 6 0 -s probe test 4 hr after the last trial
on day 6 . Mice that had been trained with four trials per day
spent more time in the platform quadrant than in all others
(controls, F(3 ,2 8 ) ! 5 7 .1 7 , P # 0 .0 0 0 1 ; runners, F(3 ,2 8 ) ! 1 6 .7 0 ,
P # 0 .0 0 0 1 ). Mice trained with two trials per day did not show
a significant preference for the platform quadrant (controls,
F(3 ,3 2 ) ! 1 .5 3 , P " 0 .2 3 ; runners, F(3 ,3 2 ) ! 2 .5 6 , P # 0 .0 7 ),
although for runners, the trend appeared stronger (Fig. 2 c).
Taken together, our results indicate that running enhances
acquisition on the water maze task.

Exercise can affect steroid hormone and stress levels, which in
turn could influence learning, LTP, and neurogenesis (1 8 –2 0 ).
Therefore, after completion of behavioral testing, blood samples
were collected retro-orbitally (controls, n ! 8 ; runners, n ! 9 )
on day 5 3 at 1 4 :0 0 hr under isoflurane (4 %) anesthesia. Radio-
immunoassay for plasma corticosterone was performed by using
the manufacturer’s protocol for a commercial kit (ICN). No
differences between the groups were observed (controls, 5 9 $
1 3 .1 ng!ml; runners, 4 9 .4 $ 7 .7 ng!ml; t(1 5 ) ! 0 .6 5 , P " 0 .5 2 ).
However, the possibility remains that running induces noncog-
nitive, affective variables that could influence behavior.

To determine whether running affects synaptic plasticity, LTP
was studied in hippocampal slices from the same 5 - to 7 -month-
old controls and runners that had received BrdU and had been
tested in the water maze. Recordings were made in the dentate
gyrus, because this is where running-induced changes in cell
proliferation and survival occur (5 ), and in area CA1 . For
dentate recordings only medial perforant path synapses were
examined (refs. 1 6 and 1 7 ; Fig. 3 a2). No differences were found
between the groups in the initial excitatory postsynaptic poten-
tial (EPSP) amplitudes, suggesting no effect of running on basal
synaptic efficacy (dentate gyrus: controls, 0 .3 9 $ 0 .0 4 mV,
runners, 0 .4 2 $ 0 .0 5 mV (t(2 2 ) ! 0 .4 5 , P " 0 .6 6 ); CA1 : controls,
0 .3 5 $ 0 .0 7 mV, runners, 0 .3 2 $ 0 .0 8 mV (t(1 2 ) ! 0 .2 9 , P " 0 .7 8 )).
The recordings in the dentate gyrus showed that EPSP ampli-
tude was significantly increased 4 5 min after the administration
of high-frequency stimuli (controls, 1 7 slices from 1 0 mice (t(9 )

Fig. 3. LTP in dentate gyrus (a) and area CA1 (b). (a1, b1) Digital images of
hippocampal slices showing the position of the stimulation and recording
electrodes. (a2, b2) Paired-pulse facilitation at 50-, 100-, 200-, and 500-ms
interpulse intervals. EPSP, excitatory postsynaptic potential. There was no
difference between slices from controls and runners (P " 0.91). (a3, b3) Time
course of LTP in slices from controls (‚) and runners (F) . In addition, repre-
sentative examples are shown of evoked responses immediately before (Pre)
and 30 min after (Post) induction of LTP. Example waveforms are the average
of 20 responses recorded over a 5-min period. Population spikes were appar-
ent in some animals in each group after LTP induction. (Scale bars under a1 and
b1 indicate 250 !m.)

Fig. 4. Confocal images of BrdU-positive cells in control (A) and runner
coronal sections (B). Sections were immunofluorescent triple-labeled for BrdU
(red), NeuN, indicating neuronal phenotype (green), and S100", selective for
glial phenotype (blue). (Scale bar indicates 50 !m.)
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(SSRI), noradrenaline re-u ptak e inh ibitors (NRI), monoamine oxidase
inh ibitors (MAOI), tricyclic antidepressants (TCA), lith iu m, thyroxine,
electroconv u lsiv e th erapy and exercise (Table 1 ). Th e consistency of
th is finding  h as led to th e hypoth esis th at an ability to increase neu ro-
g enesis mig h t be ph armacolog ically specific to antidepressants. Th e
specificity of th is association h as been su pported by th e demonstration
th at a wide rang e of non-antidepressant psych otropics, inclu ding
h aloperidol, diazepam, morph ine and meth amph etamine, do not
increase h ippocampal neu rog enesis (Tables 1 ,2 ). Interesting ly,
sev eral molecu lar targ ets, wh ich  are being  cu rrently inv estig ated for
potential antidepressant activ ity, su ch  as su bstance P antag onists,
neu ropeptide Y and dopamine receptor ag onists, h av e been sh own
to increase h ippocampal neu rog enesis (Table 2 ).

Many of th e antidepressants in cu rrent clinical u sag e were initially
selected after sh owing  effects in animal models of depression. Th e
beh av iou ral ch ang es measu red in th ese models are now also being
correlated with  u nderlying  alterations in h ippocampal neu rog enesis.
Inescapable foot sh ock  in rodents produ ces learned h elplessness, a
beh av iou r th at is rev ersible with  antidepressant treatment.3 7  Th is
‘depression-lik e’ beh av iou r h as now been sh own to be accompanied
by a concomitant decrease in basal rates of h ippocampal neu ro-
g enesis.3 7  Flu oxetine treatment can not only rev erse learned h elpless-
ness bu t h as been sh own to also restore normal neu rog enesis.3 7

To test wh eth er antidepressant beh av iou ral effects are dependent
u pon th eir ability to increase h ippocampal neu rog enesis, a separate
stu dy block ed h ippocampal neu rog enesis v ia focal irradiation and
tested th e efficacy of flu oxetine in th e rodent latency to feed para-
dig m. Th e treatment prev ented th e ability of flu oxetine to redu ce
latency to feed (i.e. it stopped flu oxetine’s ability to allev iate th e
‘depressiv e beh av iou r’).2 0  Th is finding  su pports th e h ypoth esis th at
an ability to increase neu rog enesis mig h t be critical to antidepressant
beh av iou ral efficacy, despite th ere being  meth odolog ical reserv ations
abou t th e way proliferation was inh ibited.4

Deficits in h ippocampal neu rog enesis are u nlik ely to be th e
sing u lar cau se of th e mu ltiple and v aried path olog ical ch ang es
of depression. It remains remark able, h owev er, th at an ability to
increase h ippocampal neu rog enesis is a h allmark  featu re of com-
pou nds with  antidepressant activ ity.1  Th is raises th e h ope th at a better
u nderstanding  of th e u nderlying  molecu lar control of h ippocampal
neu rog enesis will lead to th e dev elopment of more specific and
faster-acting  antidepressants, an area of u rg ent clinical need. Recent
rev iews h av e called for fu rth er stu dies to focu s on th e role of sero-
tonin in h ippocampal neu rog enesis.3 8  Th is is inev itable considering
th e wealth  of prev iou s data sh owing  th e importance of th is monoam-
ine in both  th e path oph ysiolog y and ph armacolog ical treatment of
depression.3 9 ,4 0

ROLE OF 5 -HT IN REGULATING 
HIPPOCAMPAL NEUROGENESIS: CAN 5 -HT7  

BE A POTENTIAL TARGET?

Th e h ippocampu s h as a rich  serotonerg ic innerv ation.4 1  A g ener-
alized redu ction in 5 -h ydroxytryptamine (5 -HT), th rou g h  both
serotonerg ic denerv ation and parach loroph enylalanine (PCPA)
depletion, resu lts in a decrease in th e nu mber of div iding  cells in
th e dentate g yru s.4 2 ,4 3  Th is decrease in cell nu mbers occu rs v ia a 5 0 %
redu ction in proliferation, with ou t concomitant cell death .2 1

Non-specifically increasing  serotonin, as occu rs with  monoamine
re-u ptak e inh ibitor antidepressants, h as been sh own to increase
bromodeoxyu ridine (BrdU) -labelled cellu lar proliferation in th e
dentate g yru s by 3 5 %. Howev er, th is occu rs only after ch ronic
administration (1 4  days), with  sh ort-term administration (5  days)
h av ing  no effect.1 5  Th is is consistent with  th e expected delay of
th erapeu tic effect wh en antidepressants are u sed clinically. Despite
th ese finding s, th e av ailability of h ig h ly selectiv e SRI, su ch  as cita-
lopram, h as not resu lted in an increase in antidepressant efficacy.

Table 1 Effects of psych otropics and electroconv u lsiv e sh ock  on neu ral precu rsor proliferation (prolif.) in neu rog enic reg ions of th e brain

Compou nds Model Stu dy Hippocampu s Su bv entricu lar zone 

Prolif. Neu rog enesis Prolif. Neu rog enesis

Flu oxetine SSRI Sprag u e-Dawley adu lt rat 2 8  days in  vivo Malberg  2 0 0 0 1 5 Increase 7 5 % Neu N
Reboxetine NRI Sprag u e-Dawley adu lt rat 2 8  days in  vivo Malberg  2 0 0 0 1 5 Increase 7 5 % Neu N
Electroconv u lsiv e sh ock Sprag u e-Dawley adu lt rat 2 8  days in  vivo Malberg  2 0 0 0 1 5 Increase 7 5 % Neu N
Tranylcypromine MAOI Sprag u e-Dawley adu lt rat 2 8  days in  vivo Malberg  2 0 0 0 1 5 Increase 7 5 % Neu N
Morph ine m receptor ag onist Sprag u e-Dawley adu lt rat 2 8  days in  vivo Malberg  2 0 0 0 1 5 Decrease
Th yroxine Adu lt rat Abrog ini 2 0 0 5 1 6 Increase BrdU
Tianeptine TCA Adu lt male tree sh rews 2 8  days in  vivo Czeh  2 0 0 1 1 7 Increase BrdU
Exercise (v olu ntary ru nning ) Adu lt mice v an Praag  1 9 9 9 1 8 Increase BrdU
Lith iu m Sprag u e-Dawley adu lt rat 2 8  days in  vivo Ch en 2 0 0 0 1 9 Increase 6 0 % Neu N
Flu oxetine Adu lt mou se 2 8  days in  vivo Santarelli 2 0 0 3 2 0 Increase Increase No ch ang e
Olanzapine Adu lt Wistar 2 1  days in  vivo Wak ade 2 0 0 2 2 1 No ch ang e Increase Increase Neu N
Risperidone Adu lt Wistar 2 1  days in  vivo Wak ade 2 0 0 2 2 1 No ch ang e Increase Increase Neu N
Haloperidol Sprag u e-Dawley adu lt rat 2 8  days in  vivo Malberg  2 0 0 0 1 5 No ch ang e

Adu lt Wistar 2 1  days in  vivo Wak ade 2 0 0 2 2 1 No ch ang e No ch ang e
Adu lt rat 2 8  days in  vivo Halim 2 0 0 4 2 2 No ch ang e

Clozapine Adu lt rat 2 8  days in  vivo Halim 2 0 0 4 2 2 Increase
Qu etiapine Adu lt rat acu te in  vivo Xu  2 0 0 6 2 3 Increase Increase

SSRI, Selectiv e serotonin re-u ptak e inh ibitors; NRI, noradrenaline re-u ptak e inh ibitors; MAOI, monoamine oxidase inh ibitors; TCA, tricyclic
antidepressants; BrdU, bromodeoxyu ridine; Neu N, neu ronal nu clei.

A wide range of antidepressants share the common feature 
of increasing hippocampal neurogenesis

Novelty-suppressed feeding test: 
time required for a mouse to eat in a novel environment 
after fasting (anxiety, anti-depressant)

found, which persisted through the entire progression of this
disease (Simpson et al., 2011). However, the SVZ did not show any
significant differences pertaining to cell proliferation and differ-
entiation (Gil et al., 2005; Lazic et al., 2006; Simpson et al., 2011).

In contrast to the reduced proliferation of NPCs in the DG,
proliferation in the SVZ was found to be unchanged in R6/2 mice
(Phillips et al., 2005). Kohl et al. (2010) showed that the hostile
huntingtin-associated microenvironment in the OB interferes with
the survival and integration of new mature neurons, which
resulted in a decrease in newborn neurons. In the brains of humans
with HD, Curis et al. reported a significant increase in cell
proliferation in the subependymal later (SEL) adjacent to the
caudate nucleus by using the neuronal marker bIII-tubuliun, the
cell cycle marker proliferating cell nuclear antigen (PCNA), and the
glial cell marker GFAP. Of note, PCNA+ cells were shown to co-
express bIII-tubulin or GFAP, thus showing the generation of
neurons or glial cells in the SEL of the HD human brains (Curtis
et al., 2003).

3. Neurogenesis and psychiatric illnesses

The ‘‘neurogenesis of depression’’ has now extended to other
psychiatric illnesses such as schizophrenia and anxiety disorders
(Fig. 2). The following sections will examine the evidence that
supports the linkage between neurogenesis and psychiatric
illnesses. We hope to provide a better understanding of the roles
of neurogenesis in the pathophysiologies of severe mental
illnesses.

3.1. Neurogenesis and clinical depression

After the discovery that antidepressants were pro-neurogenic,
clinical depression was the first psychiatric disorder to be linked to
neurogenesis (Malberg et al., 2000). Intensive investigations of this
association have been carried out in the past decade, but this still
remains a matter of debate.

The potential role of decreased neurogenesis in clinical
depression has been supported by different lines of evidence.

First, several animal studies demonstrated that neurogenesis is
under negative regulation by stress, which is widely recognized as
a predisposing factor of mood disorders and a potential
exacerbating factor of psychiatric illnesses (Gould et al., 1997).
The convergence of different measures to induce stress is the stress
hormone corticosterone, which is the key mediator of depression
and anxiety-like behaviors (Murray et al., 2008 ). Suppressed
neurogenesis, especially cell survival and cell proliferation, were
usually found in animal models of clinical depression (DeCarolis
and Eisch, 2010). Second, psychiatric medications for clinical
depression (e.g. antidepressants) and activities that were sug-
gested to be antidepressive (e.g. physical exercise) were shown to
be pro-neurogenic in both stressed and healthy animals (Banasr
and Duman, 2007; Malberg et al., 2000). The antidepressant
treatment demonstrated a delay of approximately two weeks,
which is comparable to the lag time between the start of
antidepressant treatment and observation of treatment efficacy.
Third, from a traditional viewpoint, the hippocampus is a major
component of the limbic system and involved in mood regulation.
Thus the newborn neurons have been hypothesized as contribut-
ing to the role of the hippocampus in regulation emotions (Meltzer
et al., 2005). Additionally, clinical studies have observed decreased
hippocampal volumes in clinically depressed patients, which may
be caused by a decrease in neurogenesis (Fotuhi et al., 2012).

Because of these findings, an alteration in neurogenesis was
suggested as the key pathophysiological event underlying clinical
depression. The association between new neurons and depressive
disorder attracted attention from different groups by providing an
alternative biological explanation of psychiatric disorders. Later
the term ‘‘neurogenesis hypothesis of depression’’ was used to
represent the assumed causal relationship between altered
neurogenesis and depression (Drew and Hen, 2007). Owing to
the decreased production of neurons in the hippocampus,
symptoms of depression related to memory and mood distur-
bances were found. It was shown in pre-clinical studies of
antidepressants that enhanced neurogenesis could reverse the
symptoms of depression (Samuels and Hen, 2011). The speculation
that altered neurogenesis is involved in depression has initiated

Fig. 2. The neurogenesis hypothesis of psychiatric disorders. When an individual is subjected to risk factors associated with psychiatric illness, e.g. stress, neurogenesis is
suppressed and psychiatric symptoms, such as mood and memory disturbance, develop. With proper treatment of the psychiatric illness, neurogenesis can be restored and
the symptom will be alleviated.
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Adult hippocampal neurogenesis buffers stress
responses and depressive behaviour
Jason S. Snyder1, Amélie Soumier1, Michelle Brewer1, James Pickel1 & Heather A. Cameron1

Glucocorticoids are released in response to stressful experiences
and serve many beneficial homeostatic functions. However,
dysregulation of glucocorticoids is associated with cognitive
impairments and depressive illness1,2. In the hippocampus, a
brain region densely populated with receptors for stress hormones,
stress and glucocorticoids strongly inhibit adult neurogenesis3.
Decreased neurogenesis has been implicated in the pathogenesis
of anxiety and depression, but direct evidence for this role is lack-
ing4,5. Here we show that adult-born hippocampal neurons are
required for normal expression of the endocrine and behavioural
components of the stress response. Using either transgenic or radi-
ation methods to inhibit adult neurogenesis specifically, we find
that glucocorticoid levels are slower to recover after moderate
stress and are less suppressed by dexamethasone in neurogenesis-
deficient mice than intact mice, consistent with a role for the
hippocampus in regulation of the hypothalamic–pituitary–adrenal
(HPA) axis6,7. Relative to controls, neurogenesis-deficient mice
also showed increased food avoidance in a novel environment after
acute stress, increased behavioural despair in the forced swim test,
and decreased sucrose preference, a measure of anhedonia. These
findings identify a small subset of neurons within the dentate gyrus
that are critical for hippocampal negative control of the HPA
axis and support a direct role for adult neurogenesis in depressive
illness.

Functional granule neurons are generated in the hippocampus
throughout life by a multistep process that begins with glial fibrillary
acidic protein (GFAP)-expressing radial cell precursors8,9. To investi-
gate the role of adult neurogenesis in hippocampal function, we created
mice that express herpes simplex virus thymidine kinase (TK) under
control of the GFAP promoter (TK mice; Fig. 1a). Thymidine kinase
renders mitotic cells sensitive to the antiviral drug valganciclovir but
spares post-mitotic cells10. Stellate astrocytes and radial neuronal pre-
cursor cells both express GFAP, and both cell types express thymidine
kinase in the transgenic mice. However, the number of astrocytes is
unaltered by treatment with valganciclovir in TK mice (Fig. 1b, c),
consistent with a lack of cell proliferation in astrocytes in the adult
brain11. In contrast, immature neurons expressing doublecortin (DCX)
were virtually eliminated in the dentate gyrus of valganciclovir-treated
TK (v-TK) mice (Fig. 1d and Supplementary Fig. 1). One-day-old
neuronal progenitors, identified with DCX and the cell-cycle marker
bromodeoxyuridine (BrdU), were reduced in v-TK mice by 99% rela-
tive to control conditions (Fig. 1e). Transgene expression alone and
valganciclovir treatment of wild-type (WT) mice had no effect
(Fig. 1e). v-TK mice showed weight gain comparable to v-WT mice
(Supplementary Fig. 2), and histopathological examination found no
abnormalities in the small intestine or submucosal or myenteric
plexuses (not shown), indicating that the gastrointestinal effects
described in another strain expressing thymidine kinase under the
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Figure 1 | GFAP-TK mice show specific inhibition of adult neurogenesis.
a, Confocal image of endogenous GFAP and transgenic thymidine kinase
expression in a radial precursor cell in the dentate gyrus (arrow). b, Confocal
photographs of valganciclovir-treated mice show GFAP1 astrocytes in the hilus
and molecular layer in both genotypes, despite strong thymidine kinase
expression in all GFAP-expressing cells in TK mice. c, Valganciclovir treatment
did not affect numbers of GFAP1 astrocytes (genotype effect F1,20 5 1.7,
P 5 0.2; valganciclovir effect F1,20 5 1.0, P 5 0.3; interaction F1,20 5 1.5,
P 5 0.2; n 5 6 per group), confirming the expectation that valganciclovir does
not kill astrocytes, which are post-mitotic in the adult. d, Confocal photographs

of dentate gyrus doublecortin (DCX) immunostaining in mice treated with
valganciclovir (v-WT and v-TK) for 4 weeks. DCX1 young neurons are
abundant in v-WT mice but absent in v-TK mice. e, The number of BrdU1/
DCX1 young neurons was unaltered in v-WT mice but reduced by 99% in
v-TK mice (genotype effect F1,20 5 20, P 5 0.0002; valganciclovir effect
F1,20 5 19, P 5 0.0003; interaction F1,20 5 40, P , 0.0001; *P , 0.001 versus
untreated TK and v-WT; n 5 6 per group). Inset shows example of 1-day-old
BrdU1/DCX1 neuron (arrow). Error bars, s.e.m.; scale bars, 10mm in
a, e, 100mm in b, d. MOL, molecular layer; GCL, granule cell layer; HIL, hilus.
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Adult hippocampal neurogenesis buffers stress
responses and depressive behaviour
Jason S. Snyder1, Amélie Soumier1, Michelle Brewer1, James Pickel1 & Heather A. Cameron1

Glucocorticoids are released in response to stressful experiences
and serve many beneficial homeostatic functions. However,
dysregulation of glucocorticoids is associated with cognitive
impairments and depressive illness1,2. In the hippocampus, a
brain region densely populated with receptors for stress hormones,
stress and glucocorticoids strongly inhibit adult neurogenesis3.
Decreased neurogenesis has been implicated in the pathogenesis
of anxiety and depression, but direct evidence for this role is lack-
ing4,5. Here we show that adult-born hippocampal neurons are
required for normal expression of the endocrine and behavioural
components of the stress response. Using either transgenic or radi-
ation methods to inhibit adult neurogenesis specifically, we find
that glucocorticoid levels are slower to recover after moderate
stress and are less suppressed by dexamethasone in neurogenesis-
deficient mice than intact mice, consistent with a role for the
hippocampus in regulation of the hypothalamic–pituitary–adrenal
(HPA) axis6,7. Relative to controls, neurogenesis-deficient mice
also showed increased food avoidance in a novel environment after
acute stress, increased behavioural despair in the forced swim test,
and decreased sucrose preference, a measure of anhedonia. These
findings identify a small subset of neurons within the dentate gyrus
that are critical for hippocampal negative control of the HPA
axis and support a direct role for adult neurogenesis in depressive
illness.

Functional granule neurons are generated in the hippocampus
throughout life by a multistep process that begins with glial fibrillary
acidic protein (GFAP)-expressing radial cell precursors8,9. To investi-
gate the role of adult neurogenesis in hippocampal function, we created
mice that express herpes simplex virus thymidine kinase (TK) under
control of the GFAP promoter (TK mice; Fig. 1a). Thymidine kinase
renders mitotic cells sensitive to the antiviral drug valganciclovir but
spares post-mitotic cells10. Stellate astrocytes and radial neuronal pre-
cursor cells both express GFAP, and both cell types express thymidine
kinase in the transgenic mice. However, the number of astrocytes is
unaltered by treatment with valganciclovir in TK mice (Fig. 1b, c),
consistent with a lack of cell proliferation in astrocytes in the adult
brain11. In contrast, immature neurons expressing doublecortin (DCX)
were virtually eliminated in the dentate gyrus of valganciclovir-treated
TK (v-TK) mice (Fig. 1d and Supplementary Fig. 1). One-day-old
neuronal progenitors, identified with DCX and the cell-cycle marker
bromodeoxyuridine (BrdU), were reduced in v-TK mice by 99% rela-
tive to control conditions (Fig. 1e). Transgene expression alone and
valganciclovir treatment of wild-type (WT) mice had no effect
(Fig. 1e). v-TK mice showed weight gain comparable to v-WT mice
(Supplementary Fig. 2), and histopathological examination found no
abnormalities in the small intestine or submucosal or myenteric
plexuses (not shown), indicating that the gastrointestinal effects
described in another strain expressing thymidine kinase under the
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Figure 1 | GFAP-TK mice show specific inhibition of adult neurogenesis.
a, Confocal image of endogenous GFAP and transgenic thymidine kinase
expression in a radial precursor cell in the dentate gyrus (arrow). b, Confocal
photographs of valganciclovir-treated mice show GFAP1 astrocytes in the hilus
and molecular layer in both genotypes, despite strong thymidine kinase
expression in all GFAP-expressing cells in TK mice. c, Valganciclovir treatment
did not affect numbers of GFAP1 astrocytes (genotype effect F1,20 5 1.7,
P 5 0.2; valganciclovir effect F1,20 5 1.0, P 5 0.3; interaction F1,20 5 1.5,
P 5 0.2; n 5 6 per group), confirming the expectation that valganciclovir does
not kill astrocytes, which are post-mitotic in the adult. d, Confocal photographs

of dentate gyrus doublecortin (DCX) immunostaining in mice treated with
valganciclovir (v-WT and v-TK) for 4 weeks. DCX1 young neurons are
abundant in v-WT mice but absent in v-TK mice. e, The number of BrdU1/
DCX1 young neurons was unaltered in v-WT mice but reduced by 99% in
v-TK mice (genotype effect F1,20 5 20, P 5 0.0002; valganciclovir effect
F1,20 5 19, P 5 0.0003; interaction F1,20 5 40, P , 0.0001; *P , 0.001 versus
untreated TK and v-WT; n 5 6 per group). Inset shows example of 1-day-old
BrdU1/DCX1 neuron (arrow). Error bars, s.e.m.; scale bars, 10mm in
a, e, 100mm in b, d. MOL, molecular layer; GCL, granule cell layer; HIL, hilus.
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to speculation that impaired neurogenesis does not directly contribute
to the aetiology of depression in adulthood4,5. Our findings above
suggest that stress may be a key unexplored factor linking adult-born
neurons to anxiety- and depressive-like behaviours.

To probe a potential interaction between stress, neurogenesis and
depression, we first used the dexamethasone suppression test, which is
commonly used to test HPA axis feedback in depressed patients. A sub-
group of depressed patients, and mice that display depressive behaviours,
show impaired inhibition of endogenous glucocorticoids by the synthetic
glucocorticoid dexamethasone19,20. We found that dexamethasone effec-
tively suppressed the restraint-induced rise in corticosterone to near basal
levels in v-WT mice (Fig. 2d). However, the level of corticosterone in
dexamethasone-injected v-TK mice was significantly higher than that
in v-WT mice, consistent with a depressive-like phenotype.

We next examined whether adult neurogenesis regulates the beha-
vioural response to stress in the novelty-suppressed feeding (NSF) test,
which shows robust effects of antidepressants that are blocked by
irradiation12,18. In this test, food-deprived mice are introduced to a
novel open field containing a food pellet at its centre and the latency
to begin feeding is recorded12. When assessed in the NSF test under
normal conditions, v-WT and v-TK mice showed similar feeding
latencies (Fig. 4a), indicating similar levels of approach-avoidance
behaviour. Restraint stress just before testing, however, significantly
increased the feeding latency in v-TK mice while having no effect on
v-WT mice. Moreover, by the end of the 10 min test only 53% of
stressed v-TK mice had fed compared with 92% of stressed v-WT mice
(Fig. 4b). Mice from all groups consumed food upon returning to their
home cage, indicating that decreased motivation to eat was not
responsible for change in behaviour (Supplementary Fig. 6). Thus,
adult neurogenesis does not alter behaviour under baseline conditions
in this test, consistent with previous observations12,18, but buffers the
effects of stress on feeding behaviour.

Because the NSF test is associated with both anxiety- and depressive-
like behaviour, we investigated the interaction of neurogenesis and
stress in additional behavioural tests. In the elevated plus maze, a test
of anxiety-like behaviour, there was an anxiogenic effect of stress but
no significant difference between v-WT and v-TK mice (Supplemen-
tary Fig. 7). We next tested depressive-like behaviour, using the forced
swim test, in which rodents are placed in an inescapable cylinder of
water and immobility is used as a measure of behavioural despair21.
Under control conditions neurogenesis-deficient v-TK mice became
immobile more rapidly and for a greater duration than v-WT mice
(Fig. 4c, d), consistent with a depressive phenotype. In v-WT mice,
restraint stress reduced the latency to become immobile and increased
total immobility to the level of v-TK mice. Thus, neurogenesis-
deficient mice displayed a depressive phenotype at baseline, which
could be induced in intact mice by acute stress. Consistent with previous
reports16,18,22, v-WT and v-TK mice showed similar levels of immobility
during later stages of the test, when high (potentially ceiling) levels of
behavioural despair are observed21 (Supplementary Fig. 8).

Anhedonia is a hallmark symptom of depression and, in rodents,
presents as a decrease in preference for a sucrose solution compared
with water23. To assess whether adult neurogenesis is required for
hedonic behaviours, we habituated v-WT and v-TK mice to freely
available water and 1% sucrose for 3 days. Both groups similarly pre-
ferred sucrose (Supplementary Fig. 9a). Then, after water and sucrose
deprivation, the bottles were reintroduced and preference was mea-
sured during a 10 min test. To introduce an aspect of reward-based
decision making23, bottle locations were switched for the test.
Although v-WT mice showed a preference for sucrose as before,
neurogenesis-deficient v-TK mice showed no sucrose preference
during the test (Fig. 4e). The decreased sucrose preference in v-TK
mice was observed not only in the 10-min test but also during the next
night (Fig. 4f). Overall consumption levels were not different, indi-
cating that preference differences did not result from altered thirst or
motivation to drink (Supplementary Fig. 9a–d). No differences were

observed in WT and control TK mice that were not treated with
valganciclovir, indicating that anhedonic behaviour does not result
from thymidine kinase expression alone (Supplementary Fig. 9e–g).
The loss of sucrose preference in v-TK mice was observed whether or
not the mice were restrained before testing, perhaps reflecting a basic
difference between reward-related behaviours tested in this paradigm
and the stress response behaviours tested in despair and avoidance
situations. Taken together, our behavioural results suggest that adult
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Figure 4 | Mice lacking neurogenesis show increased anxiety/depression-
like behaviours. a, In the NSF test, v-TK mice showed increased latency to feed
in a novel environment after restraint stress but not under control conditions
(genotype effect F1,75 5 5.9, P 5 0.02; stress effect F1,75 5 1.9, P 5 0.17;
genotype 3 stress interaction F1,75 5 4.8, P 5 0.03; *P , 0.05 versus v-TK
control and *P , 0.01 versus v-WT stressed; n 5 13–25 per group).
b, Cumulative distribution of feeding latencies for the NSF test (log-rank test;
*P , 0.05 versus all other groups). c, Neurogenesis-deficient v-TK mice
became immobile faster in the forced swim test. Restraint stress reduced the
latency to immobility in v-WT mice but did not affect v-TK mice (genotype
effect F1,88 5 1.1, P 5 0.3; stress effect F1,88 5 2.2, P 5 0.14; genotype 3 stress
interaction F1,88 5 2.6, P 5 0.11; *T46 5 2.1, P , 0.05 versus v-WT stressed;
v-TK control versus v-TK stressed T42 5 0.1, P 5 0.9; n 5 22–26 per group).
d, Under control conditions, the total time spent immobile was greater in v-TK
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versus stressed v-WT, stressed v-WT versus stressed v-TK P . 0.05; n 5 22–26
per group). e, Neurogenesis-deficient v-TK mice showed reduced preference
for sucrose in an acute test, compared with v-WT mice, under both control and
restraint conditions (genotype effect F1,20 5 11.2, P , 0.01; stress effect
F1,20 5 3.1, P 5 0.09; genotype 3 stress interaction F1,20 5 0.2, P 5 0.7; n 5 4–8
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n 5 4–10 per group). Error bars, s.e.m.
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to speculation that impaired neurogenesis does not directly contribute
to the aetiology of depression in adulthood4,5. Our findings above
suggest that stress may be a key unexplored factor linking adult-born
neurons to anxiety- and depressive-like behaviours.

To probe a potential interaction between stress, neurogenesis and
depression, we first used the dexamethasone suppression test, which is
commonly used to test HPA axis feedback in depressed patients. A sub-
group of depressed patients, and mice that display depressive behaviours,
show impaired inhibition of endogenous glucocorticoids by the synthetic
glucocorticoid dexamethasone19,20. We found that dexamethasone effec-
tively suppressed the restraint-induced rise in corticosterone to near basal
levels in v-WT mice (Fig. 2d). However, the level of corticosterone in
dexamethasone-injected v-TK mice was significantly higher than that
in v-WT mice, consistent with a depressive-like phenotype.

We next examined whether adult neurogenesis regulates the beha-
vioural response to stress in the novelty-suppressed feeding (NSF) test,
which shows robust effects of antidepressants that are blocked by
irradiation12,18. In this test, food-deprived mice are introduced to a
novel open field containing a food pellet at its centre and the latency
to begin feeding is recorded12. When assessed in the NSF test under
normal conditions, v-WT and v-TK mice showed similar feeding
latencies (Fig. 4a), indicating similar levels of approach-avoidance
behaviour. Restraint stress just before testing, however, significantly
increased the feeding latency in v-TK mice while having no effect on
v-WT mice. Moreover, by the end of the 10 min test only 53% of
stressed v-TK mice had fed compared with 92% of stressed v-WT mice
(Fig. 4b). Mice from all groups consumed food upon returning to their
home cage, indicating that decreased motivation to eat was not
responsible for change in behaviour (Supplementary Fig. 6). Thus,
adult neurogenesis does not alter behaviour under baseline conditions
in this test, consistent with previous observations12,18, but buffers the
effects of stress on feeding behaviour.

Because the NSF test is associated with both anxiety- and depressive-
like behaviour, we investigated the interaction of neurogenesis and
stress in additional behavioural tests. In the elevated plus maze, a test
of anxiety-like behaviour, there was an anxiogenic effect of stress but
no significant difference between v-WT and v-TK mice (Supplemen-
tary Fig. 7). We next tested depressive-like behaviour, using the forced
swim test, in which rodents are placed in an inescapable cylinder of
water and immobility is used as a measure of behavioural despair21.
Under control conditions neurogenesis-deficient v-TK mice became
immobile more rapidly and for a greater duration than v-WT mice
(Fig. 4c, d), consistent with a depressive phenotype. In v-WT mice,
restraint stress reduced the latency to become immobile and increased
total immobility to the level of v-TK mice. Thus, neurogenesis-
deficient mice displayed a depressive phenotype at baseline, which
could be induced in intact mice by acute stress. Consistent with previous
reports16,18,22, v-WT and v-TK mice showed similar levels of immobility
during later stages of the test, when high (potentially ceiling) levels of
behavioural despair are observed21 (Supplementary Fig. 8).

Anhedonia is a hallmark symptom of depression and, in rodents,
presents as a decrease in preference for a sucrose solution compared
with water23. To assess whether adult neurogenesis is required for
hedonic behaviours, we habituated v-WT and v-TK mice to freely
available water and 1% sucrose for 3 days. Both groups similarly pre-
ferred sucrose (Supplementary Fig. 9a). Then, after water and sucrose
deprivation, the bottles were reintroduced and preference was mea-
sured during a 10 min test. To introduce an aspect of reward-based
decision making23, bottle locations were switched for the test.
Although v-WT mice showed a preference for sucrose as before,
neurogenesis-deficient v-TK mice showed no sucrose preference
during the test (Fig. 4e). The decreased sucrose preference in v-TK
mice was observed not only in the 10-min test but also during the next
night (Fig. 4f). Overall consumption levels were not different, indi-
cating that preference differences did not result from altered thirst or
motivation to drink (Supplementary Fig. 9a–d). No differences were

observed in WT and control TK mice that were not treated with
valganciclovir, indicating that anhedonic behaviour does not result
from thymidine kinase expression alone (Supplementary Fig. 9e–g).
The loss of sucrose preference in v-TK mice was observed whether or
not the mice were restrained before testing, perhaps reflecting a basic
difference between reward-related behaviours tested in this paradigm
and the stress response behaviours tested in despair and avoidance
situations. Taken together, our behavioural results suggest that adult
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Figure 4 | Mice lacking neurogenesis show increased anxiety/depression-
like behaviours. a, In the NSF test, v-TK mice showed increased latency to feed
in a novel environment after restraint stress but not under control conditions
(genotype effect F1,75 5 5.9, P 5 0.02; stress effect F1,75 5 1.9, P 5 0.17;
genotype 3 stress interaction F1,75 5 4.8, P 5 0.03; *P , 0.05 versus v-TK
control and *P , 0.01 versus v-WT stressed; n 5 13–25 per group).
b, Cumulative distribution of feeding latencies for the NSF test (log-rank test;
*P , 0.05 versus all other groups). c, Neurogenesis-deficient v-TK mice
became immobile faster in the forced swim test. Restraint stress reduced the
latency to immobility in v-WT mice but did not affect v-TK mice (genotype
effect F1,88 5 1.1, P 5 0.3; stress effect F1,88 5 2.2, P 5 0.14; genotype 3 stress
interaction F1,88 5 2.6, P 5 0.11; *T46 5 2.1, P , 0.05 versus v-WT stressed;
v-TK control versus v-TK stressed T42 5 0.1, P 5 0.9; n 5 22–26 per group).
d, Under control conditions, the total time spent immobile was greater in v-TK
mice than in v-WT mice. Restraint stress significantly increased total
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per group). e, Neurogenesis-deficient v-TK mice showed reduced preference
for sucrose in an acute test, compared with v-WT mice, under both control and
restraint conditions (genotype effect F1,20 5 11.2, P , 0.01; stress effect
F1,20 5 3.1, P 5 0.09; genotype 3 stress interaction F1,20 5 0.2, P 5 0.7; n 5 4–8
per group). f, Sucrose preference remained lower in v-TK mice than v-WT mice
during the subsequent dark cycle (genotype effect F1,25 5 6.8, P 5 0.01; stress
effect F1,25 5 0.8, P 5 0.4; genotype 3 stress interaction F1,25 5 0.5, P 5 0.5;
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Mice lacking neurogenesis show increased anxiety/depression- 
like behaviours �11

Alcohol disrupts 
neurogenesis in the adult 
brain

Adolescent alcohol abuse disrupts 
frontal cortical development and 
maturation of executive function

When neurogenesis encounters 
aging and disease

A reduction in neurogenesis underlies aging-related cognitive deficits and 
impairments in disorders such as Alzheimer’s disease (AD).
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Sleep deprivation/fragmentation 
inhibits neurogenesis

Sleep deprivation inhibits adult neurogenesis in the
hippocampus by elevating glucocorticoids
Christian Mirescu, Jennifer D. Peters, Liron Noiman, and Elizabeth Gould*

Department of Psychology, Princeton University, Princeton, NJ 08544

Communicated by Charles G. Gross, Princeton University, Princeton, NJ, October 10, 2006 (received for review June 12, 2006)

Prolonged sleep deprivation is stressful and has been associated
with adverse consequences for health and cognitive performance.
Here, we show that sleep deprivation inhibits adult neurogenesis
at a time when circulating levels of corticosterone are elevated.
Moreover, clamping levels of this hormone prevents the sleep
deprivation-induced reduction of cell proliferation. The recovery of
normal levels of adult neurogenesis after chronic sleep deprivation
occurs over a 2-wk period and involves a temporary increase in new
neuron formation. This compensatory increase is dissociated from
glucocorticoid levels as well as from the restoration of normal sleep
patterns. Collectively, these findings suggest that, although sleep
deprivation inhibits adult neurogenesis by acting as a stressor, its
compensatory aftereffects involve glucocorticoid-independent
factors.

dentate gyrus ! stress ! corticosterone ! cell proliferation ! adrenal steroids

S leep is important for health and survival. Extended sleep
deprivation results in the deterioration of many basic func-

tions (1 , 2 ) and induces physiological changes similar to those
seen after repeated stress, including reductions in body temper-
ature and weight, despite increased energy expenditure and
hyperphagia (3 – 6 ). Moreover, the neuroendocrine changes ob-
served after prolonged sleep deprivation parallel those observed
after stress. That is, both increase the release of corticotropin-
releasing factor (7 ) and elevate plasma levels of adrenocortico-
tropic hormone and corticosterone (CORT; ref. 8 –1 1 ), as well
as progesterone (8 , 1 2 ), while reducing those of testosterone (8 ,
1 3 ). Many behavioral paradigms have been used to induce sleep
deprivation, and these vary in the degree to which their appli-
cation is stressful. However, extended sleep loss appears to be
stressful in itself, regardless of the method used.

Recent reports have suggested that sleep facilitates adult
neurogenesis in the hippocampus, based on findings that pro-
longed sleep deprivation reduces cell proliferation and neuro-
genesis in the dentate gyrus of adult rats (1 4 –1 7 ). However,
because glucocorticoids and stress are known to inhibit adult
neurogenesis (1 8 ), it is possible that sleep deprivation effects on
this process stem from its actions as a stressor. Here we show that
sleep deprivation-induced decreases in cell proliferation are the
result of elevated glucocorticoid levels. Moreover, we examine
the long-term consequences of sleep deprivation on adult neu-
rogenesis during the recovery period and report a delayed
enhancement of this phenomenon, which appears to be disso-
ciated from glucocorticoids as well as from the restoration of
normal sleep patterns.

Results
The small-platform (SP) method is a well established protocol
for inducing sleep deprivation (1 9 –2 1 ), in which large-platform
(LP) exposure and nondeprived animals serve as controls. As
reported (1 9 , 2 0 ), telemetry-implanted animals subjected to the
SP condition had reduced overall sleep and almost complete
elimination of time spent in rapid-eye-movement sleep (REM).
In addition, nonimplanted SP animals revealed a characteristic
reduction in body weight after 7 2 h of sleep deprivation (F1 ,1 3 !
2 0 .6 0 , P ! 0 .0 0 1 ), compared with cage controls (CC), consistent

with another report (2 1 ). After recovery from sleep deprivation,
SP-exposed animals resumed normal rates of weight gain within
3 days and continued to do so after 1 wk.

Sleep Deprivation-Induced Decreases in Neurogenesis Coincide with
Elevated Plasma CORT Levels. To examine whether acute (2 4 -h) or
prolonged (7 2 -h) sleep loss affects cell proliferation and adult
neurogenesis, BrdU-labeled cell counts were determined in the
granule cell layer (GCL) of adult animals after SP, LP, or CC
conditions. Two hours after BrdU administration, the number of
BrdU-labeled cells of animals subjected to 2 4 h of sleep depri-
vation did not differ from either control group (F2 ,1 8 ! 0 .6 1 , P !
0 .5 5 2 ). However, the number of BrdU-labeled cells was signif-
icantly reduced in animals subjected to 7 2 h of sleep deprivation
compared with both control groups (CC and LP animals; F2 ,1 1 !
5 .9 3 , P ! 0 .0 1 8 ; Fig. 1 ). This difference persisted to the 1 -wk
survival time after BrdU injection, because the 7 2 -h SP animals
had fewer BrdU-labeled cells in the dentate gyrus than the CC
and LP animals (F2 ,1 5 ! 7 .2 6 , P ! 0 .0 0 6 ; Fig. 1 ). At this time, the
majority of BrdU-labeled cells were also positive for class III
!-tubulin (TuJ1 ; "7 0 %), a marker of immature and mature
neurons (Fig. 2 ). No differences in the proportion of BrdU-
labeled cells expressing this marker were noted across groups. By
3 wk after BrdU administration, when the majority of BrdU-
labeled cells expressed the mature neuronal marker neuronal
nuclei (NeuN; "8 0 %; Fig. 2 ), decreased BrdU cell counts in the
7 2 -h SP animals persisted (F2 ,1 3 ! 4 .2 4 , P ! 0 .0 3 8 ; Fig. 1 ). In
contrast to the GCL, no effect of sleep deprivation on the density
of BrdU cell counts was observed in the subventricular zone
(SVZ; F2 ,1 5 ! 2 .0 6 , P ! 0 .1 4 ; CC, 1 7 ,4 4 6 # 3 ,1 9 8 cells/mm3 ; LP,
1 5 ,7 1 0 # 1 ,1 1 4 cells/mm3 ; SP, 1 5 ,4 3 0 # 2 ,9 7 0 cells/mm3 ) 2 h after
BrdU administration, suggesting that sleep deprivation reduces
cell proliferation with some regional specificity.

Separate groups of animals were examined under SP, LP, and
CC conditions for determination of CORT levels. No differences
were observed between animals deprived of sleep for 2 4 h and
controls. However, 7 2 h of SP exposure resulted in a significant
increase in this measure compared with the other groups (F4 ,2 7 !
1 2 .5 2 , P $ 0 .0 0 1 ; Fig. 3 ). Thus, CORT levels increase after a
duration of sleep deprivation that is associated with a decrease
in adult neurogenesis.

Sleep Deprivation-Induced Suppression of Cell Proliferation Requires
Elevated Glucocorticoids. To determine whether CORT elevation
is responsible for suppressing cell proliferation after extended
sleep deprivation, we examined the effects of 7 2 h of SP exposure
in sham-operated (Sham) or adrenalectomized (ADX) animals
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receiving low-dose CORT (ADX!CORT) in the drinking water
on the number of BrdU-labeled cells in the dentate gyrus after
a 2 -h survival time. Sham animals exposed to extended sleep
deprivation demonstrated the characteristic reduction in BrdU-
labeled cells; this effect was completely eliminated in
ADX!CORT animals (F1 ,1 7 " 1 .7 9 2 , P " 0 .1 9 8 ; Fig. 4 ). These
results suggest that elevated glucocorticoids are required for the
reduction in cell proliferation associated with prolonged sleep
deprivation. No differences in CORT levels were noted among
control (2 2 .6 # 1 .2 0 ng/ml) or SP-exposed (2 7 .2 # 4 .4 9 ng/ml)
ADX animals, validating the efficacy of glucocorticoid normal-
ization by this method and dose of hormone replacement.

Recovery and Overshoot of Cell Proliferation After Sleep Deprivation.
To determine whether and when the sleep deprivation-induced
decrease in cell proliferation and neurogenesis returns to base-
line levels, animals were allowed to recover from prolonged
sleep deprivation for 6 h, 1 wk, or 2 wk before BrdU adminis-
tration. BrdU cell counts in the dentate gyrus were examined at
the 2 -h or 1 -wk survival time points and compared with CC
animals. After 6 h of unrestricted sleep, a time characterized by
excess sleep as well as REM rebound (2 2 ), fewer BrdU-labeled
cells were found in SP animals at the 2 -h but not 1 -wk survival
period (Fig. 5 ). In contrast, after 1 wk of recovery from sleep
deprivation, an overshoot in the number of BrdU-labeled cells
was observed after 2 h (F2 ,2 4 " 8 .3 2 5 , P " 0 .0 0 2 ) and 1 wk after
BrdU injection (F2 ,2 7 " 5 .2 0 6 , P " 0 .0 1 2 ). However, 2 wk after
recovery from prolonged sleep deprivation, the number of
BrdU-labeled cells appeared to return to control levels. These
data suggest that extended sleep deprivation is also associated
with a delayed temporary increase in adult neurogenesis, an

effect that appears to be temporally dissociated from the recov-
ery of normal sleep patterns.

Temporary Overshoot of Cell Proliferation After Sleep Deprivation
Does Not Require Elevated Glucocorticoids. To determine whether
glucocorticoids are involved in the increase in cell proliferation
that occurs after sleep deprivation, we examined the number of
BrdU-labeled cells in ADX!CORT and Sham animals after
sleep deprivation followed by a 1 -wk recovery period. As ex-
pected, Sham animals displayed an increase of BrdU-labeled
cells at the 2 -h post-BrdU injection time point, compared with
both control groups (Fig. 6 ). This effect was not altered in the
ADX!CORT animals; those subjected to prolonged sleep de-
privation also exhibited increased BrdU cell counts after 1 wk of
recovery compared with both control groups (F1 ,1 7 " 1 .6 7 9 , P "
0 .2 1 2 ; Fig. 6 ). These findings suggest that the overshoot in cell
proliferation is independent of elevated glucocorticoids and,
furthermore, occurs even in the absence of a sleep deprivation-
induced inhibition of cell proliferation.

Discussion
These results suggest that sleep deprivation reduces cell prolif-
eration and adult neurogenesis in the dentate gyrus by elevations
in glucocorticoids. Although 2 4 h of sleep deprivation affected
neither cell proliferation nor CORT levels, 7 2 h of sleep depri-
vation substantially lowered cell proliferation and increased
stress hormone levels. Moreover, preventing the elevation of

Fig. 1. Reduced cell proliferation and adult neurogenesis after prolonged SP
exposure. Rats subjected to 72 h of SP, LP, or CC received a single injection of
BrdU (200 mg/kg, i.p.) and were perfused 2 h, 1 wk, or 3 wk thereafter.
Compared with CC and LP rats, SP rats had fewer numbers of BrdU-positive
cells in the subgranular zone/GCL at 2 h (SP, n " 5;LP, n " 4;CC, n " 5). At 1
wk, significantly lower numbers of BrdU-positive cells were found in SP (n "
6), relative to CC (n " 7) and LP (n " 5) rats. By 3 wk, fewer BrdU-labeled cells
were evident after SP exposure (n " 6), compared with LP (n " 6) but not CC
(n " 4) rats. Error bars indicate the SEM;*, P $ 0.05, SP vs. CC, LP;!, P $ 0.05,
SP vs. LP.

Fig. 2. Sleep deprivation-induced reduction and subsequent increase in cell
proliferation and adult neurogenesis. (A and B) Compared with CC rats (A),
stereological estimates of BrdU-labeled cells in the GCL revealed a reduction
in cell counts in SP rats (B) 2 h after BrdU administration. (C and D) In contrast,
after 1 wk of unrestricted recovery from prolonged sleep deprivation, BrdU
cell counts in SP rats (D) were significantly increased compared with CC rats (C).
(E and F) By 1 wk after BrdU administration, the majority of BrdU-positive cells
showed morphological characteristics of granule cells and were colabeled
with TuJ1 (E), a marker of immature and mature neurons. By 3 wk after BrdU
administration, most BrdU-positive cells were also colabeled with NeuN (F), a
marker of mature neuronal phenotype. (Scale bars:A–D, 40 !m;E and F,
20 !m.)
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HIPPOCAMPAL NEUROGENESIS IS REDUCED BY SLEEP
FRAGMENTATION IN THE ADULT RAT
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Abstract—The adult hippocampal dentate gyrus (DG) is a site
of continuing neurogenesis. This process is influenced by a
variety of physiological and experiential stimuli including
total sleep deprivation (TSD). In humans, sleep fragmentation
(SF) is a more common sleep condition than TSD. SF is
associated with several prevalent diseases. We assessed a
hypothesis that SF would suppress adult neurogenesis in the
DG of the adult rat. An intermittent treadmill system was
used; the treadmill was on for 3 s and off for 30 s (SF). For
sleep fragmentation control (SFC), the treadmill was on for 15
min and off for 150 min. SF was conducted for three dura-
tions: 1, 4 and 7 days. To label proliferating cells, the thymi-
dine analog, 5-bromo-2-deoxyuridine (BrdU), was injected 2 h
prior to the end of each experiment. Expression of the intrin-
sic proliferative marker, Ki67, was also studied.

SF rats exhibited an increased number of non-rapid eye
movement (NREM) sleep bouts with no change in the percent
of time spent in this stage. The numbers of both BrdU-posi-
tive cells and Ki67-positive cells were reduced by !70%
(P<0.05) in the SF groups after 4 and 7 days of experimental
conditions whereas no differences were observed after 1 day.
In a second experiment, we found that the percentage of new
cells expressing a neuronal phenotype 3 weeks after BrdU
administration was lower in the SF in comparison with the
SFC group for all three durations of SF. We also examined the
effects of SF on proliferation in adrenalectomized (ADX) an-
imals, with basal corticosterone replacement. ADX SF ani-
mals exhibited a 55% reduction in the number of BrdU-posi-
tive cells when compared with ADX SFC. Thus, elevated glu-
cocorticoids do not account for most of the reduction in cell
proliferation induced by the SF procedure, although a small
contribution of stress is not excluded. The results show that
sustained SF induced marked reduction in hippocampal
neurogenesis. Published by Elsevier Ltd on behalf of IBRO.

Key words: sleep fragmentation, hippocampus, dentate gy-
rus, neurogenesis, BrdU.

The subgranular cell layer (SGZ) of the hippocampal den-
tate gyrus (DG) contains progenitor cells that have the
potential to generate new neurons throughout life, a phe-
nomenon referred to as adult neurogenesis (Kuhn et al.,
1996). Adult neurogenesis has been documented in birds,
rodents, and primates, including humans (Altman and
Das, 1965; Goldman and Nottebohm, 1983; Eriksson et
al., 1998). Adult neurogenesis comprises sequential pro-
cesses wherein proliferating cells survive, differentiate into
neurons, migrate, and generate axons and dendrites.
These processes are subject to either augmentation or
suppression by a variety of physiological and experiential
stimuli (Kempermann et al., 1998; Lledo et al., 2006).
Sustained total sleep deprivation (TSD) is a potent sup-
pressor of neurogenesis (Guzman-Marin et al., 2003,
2005b; Tung et al., 2005).

In humans, sustained TSD is rare, but several preva-
lent diseases are associated with sleep fragmentation
(SF). Severe SF is characteristic of obstructive sleep ap-
nea (OSA; Issa and Sullivan, 1986) and periodic leg move-
ments of sleep (Sforza et al., 1999), and lesser SF is
characteristic of aging (Bliwise, 1993). SF is characterized
by repetitive short interruptions of sleep. These arousals
do not result in prolonged wakefulness (Bonnet and Arand,
2003). Sleep latency values are typically reduced by 60%
or more after one night of either TSD or SF. Some physi-
ological parameters like cortisol measurements have been
shown to exhibit similar profiles following either TSD or SF
(Spath-Schwalbe et al., 1991). In human studies, it has
been shown that if sleep is fragmented by brief awaken-
ings at 1-min intervals, daytime performance and vigilance
task performance are impaired the next day to virtually the
same extent as after TSD (reviewed in Bonnet and Arand,
2003).

Given that short term SF and TSD have similar effects
in humans, we assessed a hypothesis that SF, like TSD,
would suppress adult neurogenesis in a rodent model. To
assess the effects of SF on proliferation, we used both the
exogenous marker, 5-bromo-2-deoxyuridine (BrdU), which
labels cells in the S-phase of the cells cycle, and is re-
tained for long-term labeling, and Ki67, a transient endog-
enous marker expressed in all phases of the cell cycle,
except the rest phase. Given that corticosterone (CORT)
release associated with stress is a potent negative regu-
lator of proliferation (Cameron and Gould 1994; Heine et
al., 2004), and SF could be stressful (Mirescu et al., 2006),
we also examined the effects of SF on proliferation in
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The who, where 
and when of 
neuronal death 
in age-related 
neurodegenerative 
disorders

1. As free-floating, clonally-derived neurospheres, grown in 
the presence of  EGF and/or FGF-2 

2. As adherent, immortalized NSC lines, tipically carrying an 
oncogene to facilitate continued proliferation, again 
growing in the presence of FGF2 (and/or EGF)

NSCs can be maintained in culture for expansion: 

 Human neurospheres
A neurosphere is a 
tissue-culture-generated 
clone of cells in different 
states of differentiation, 
all presumed to arise 
from a single multipotent 
stem/progenitor cell

A. Neurosphere on laminin           
(inset: semi-solid media)

B. α-nestin
C. α-vimentin
D. α-GFAP
E. α-βIII tubulin
F. α-GFAP + α-βIII tubulin
G. De novo generated 

neuron (α-β III tubulin and 
peroxidase)

Evidences of NSC plasticity
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“Having cells go where they’re supposed to go, 
connect up and become functional…is a bigger 
problem in the nervous system than anywhere else” 

Mark Mattson, NINDS, Bethesda
Brainbow mice

New neurons in these regions 
originate from a residential 
population of adult 
neural precursor cells. Neurons 
born in the adult SVZ migrate over a 
great distance 
through the rostral migratory stream 
(RMS) and become mostly granule 
interneurons 
and periglomerular interneurons in 
the 
OB, whereas neurons born in the 
adult SGZ 
migrate into the GC layer of the 
dentate gyrus (DG) and become 
glutamatergic  
dentate cells 
in the hippocampus.

NSC migration in the adult 
brain



The neurogenic niche
Niche constituents 
that support adult 
SVZ or SGZ 
neurogenesis 
include 
- endothelial cells 
- ependymal cells 
- astrocytes 
- microglia 
- mature neurons

In contrast to embryonic neurogenesis, one hallmark of adult neurogenesis 
is its dynamic regulation by neuronal activity at specific stages

The use of genetically modified mice 
to eliminate adult neurogenesis
Newborn neurons in the adult brain are required for some, but not all hippocampus or olfactory 
bulb-dependent tasks 

spatial-navigation learning 
long-term spatial memory retention 
spatial pattern discrimination 
trace conditioning 
contextual fear conditioning 
clearance of hippocampal memory traces 
reorganization of memory to extra-
hippocampal substrates

Adult hippocampal neurogenesis 
contributes to:

Adult olfactory bulb neurogenesis 
contributes to: 

long-term structural integrity of the 
olfactory bulb 
short-term olfactory memory 
olfactory fear conditioning 
long-term associative olfactory 
memory involving active learning  
pheromone-related behaviors, such as 
mating and social recognition 

Mice versus Sheep to study the functional 
role of adult neurogenesis

Sheep development (puberty at 6–8 months) and its life expectancy (10–12 years) are rather long in 
comparison to rodents and differences in life span could influence the rate of neuronal maturation in 
adulthood.

Sheep possess a gyrencephalic brain, a cortex with a laterally expanded folded pial surface similar 
to non-human and human primates, and adult neurogenesis could differ from a lissencephalic brain 
with a smooth cortical surface, like rodents, since major developmental differences exists between 
both types of brain.

Sheep is also a seasonal breeder, unlike the majority of laboratory rodents, and these seasonal 
changes are under the control of the hypothalamic region.

Sheep live under different complexity of social organization and in a more natural environment than 
laboratory rodents.

Sheep are highly social and develop selective and stable bonds.

In this species, odors play a key role in individual recognition of conspecifics either in male-female or 
mother-young interactions

DCX labels 
neuroblasts

Species-specific dynamics
In the OB of rodents, the far majority of newborn neurons are observed 
within 15 days after BrdU injections and are fully mature 15 days later

In the macaque, only a very small population of BrdU positive cells is found 
even at 3 months post-injection in the granular cell layer.

In sheep, no variation of BrdU cell density is observed across time except a 
decrease at 8-month post-injection, suggesting a slow process of apoptosis 
over this period, in contrast to rodents in which half of the newborn cells die 
within the first month after birth. Very few neuroblasts (BrdU+/DCX+ cells) 
are found at 1 month after BrdU injections in the granular layer of the sheep 
MOB. This population peaks at 3-month and decreases slowly up to 8 
months after BrdU injections. No mature neurons (BrdU+/NeuN+ cells) are 
observed before 3 months post-injections and the highest proportion of new 
neurons is found 8 months after BrdU injections. A substantial proportion of 
immature cells, evidenced by Sox2 labeling, is found both in the 
periventricular and granular layers, again supporting the hypothesis of the 
presence of stem cells that could differentiate according to physiological 
challenges.

Neuronal maturation takes longer in sheep and macaques compared to 
rodents

Decreased cell proliferation occurs in the SVZ, but not in the DG, in ewes that remain with their lambs for 
the first 2 days after parturition when compared to ewes separated from them, but maturation of the 
neuroblasts is heightened. 
Olfactory experience sculpts newborn neurons with nostril closure decreasing and odor enrichment 
increasing the arborization complexity of newborn granule cells. In the context of motherhood, olfactory 
exposure to pups induces changes in structural synaptic plasticity of newly born olfactory neurons. 
Although, the functional relevance of the plasticity occurring in the MOB remains to be determined, one can 
hypothesize that the decrease in the number of neuroblasts would reduce cell competition and 
consequently increases their maturation, allowing them to be integrated in the neural network involved in 
learning
Exposure to either own or unfamiliar lambs increases the percentage of neuroblasts activated in the 
granular layer of the MOB compared to exposure to an unfamiliar ewe, indicating that the preferential 
activation is not seen for any social odors but is specific to lamb odors.

Olphactory neurogenesis and maternal behaviour
In sheep maternal behavior at parturition depends on 
olfactory attraction toward amniotic fluids that cover the 
newborn lamb. These cues render the newborn lamb 
attractive and stimulate its licking by the mother, thus 
inducing maternal behavior. Moreover, ewes are able to 
discriminate their own young from an alien lamb by 
learning its olfactory signature within 2 h after 
parturition, which is accompanied with neurochemical 
changes occurring in the MOB.



Hypothalamic neurogenesis and food intake
In mice, hypothalamic newborn neurons acquire the identities and the functional 
phenotypes related to the control of energy homeostasis, including NPY or 
POMC.

Some of these new neurons are responsive to fasting and leptin.

Diet seems to regulate adult hypothalamic neurogenesis, although the results are 
equivocal. Opposing effects of high fat diet on neurogenesis and body weight are 
reported depending on the ages and sexes of the animals tested, as well as the 
duration of the diet and the targeted hypothalamic area.

Factors that influence neurogenesis as 
potential therapy

Commonly, following growth as EBs, cells are 
specified to adopt a neural progenitor cell (NPC) 
fate by exposure to retinoic acid (RA) or by 
maintenance in chemically-defined, minimal 
medium in the presence of FGF-2, a potent 
mitogen

Any remaining non-neural pluripotent stem 
cells could give rise to teratomas upon 
transplatation, and have been shown to do 
so in rodents

Lewis X 
PNA 
Nestin 
HAS 
Musashi1 
Sox1 
But none 100% 
specific

The different regions of the developing brain are patterned by gradients 
of different secreted and diffusible signaling molecules; the TFs 
regulated downstream of these molecules then specify positional 
identity and NPC fate. Mitogens used in vitro, particularly FGF-2, might 
be responsible for altering NSC gene expression, thus affecting their 
capacity to generate particular cell types

Neuronal pathways that 
degenerate in Parkinson’s Disease

Levodopa therapy: loss of efficacy, side effects

 - tremor 
- rigidity 
- movement loss

Cell therapy for Parkinson’s Disease 
early proof of principle from human mesencephalic tissue from 
aborted fetuses

Transplantation of dopamine-producing cells from 
patient’s own adrenal glands

1980

Dopaminergic fetal neurons can survive in the eye 
anterior chamber 
Transplantation of fetal tissue into the damaged area 
of the brains in rats and monkeys models of 
Parkinson’s Disease (MPTP)

1982

Fetal tissue (7-9 weeks) transplantation in humans1985
NIH funding for two double blind, placebo control 
clinical trials of fetal tissue transplantation

1995

Studies in patients with PD after intrastriatal transplantation of 
human fetal mesencephalic tissue (7-9 weeks), rich in post-
mitotic dopaminergic neurons, have provided proof of principle 
that neuronal replacement can work in the human brain

● The grafted neurons survive and reinnervate the striatum for as long as 10 
years, despite an ongoing disease process that destroys the patient’s own 
dopaminergic neurons (Kordower et al., NEJM 1995; Piccini et al.,  Nat 
Neurosci, 1999) 

● The grafts are able to normalize striatal dopamine release and to reverse 
akinesia, thus becoming functionally integrated into neuronal circuitries 
(Piccini at al., Ann Neurol, 2000) 

● Several open-label trials have reported clinical benefit, and some patients 
have been able to withdraw from L-dopa treatment for several years (Pongar 
at al., Brain Res Bull, 2003) 

● Two recent sham surgery-controlled trials showed only modest improvement 
(Freed et al, NEJM 2001; Olanow et al., Ann Neurol, 2003)   



No clinical improvement 
Dyskinesia (aberrant reinnervation? inflammation? contaminants?)

No new trials have 
been performed in PD 
patients in the last few 
years, as cell 
transplantation has 
turned out to be less 
effective than deep 
brain stimulation

To date, thousands of patients with Parkinson's disease 
have been treated with deep brain stimulation. The 
electricity-based technique requires the insertion of one 
or two pager-sized generators under the skin, usually 
near the collar bone. The generator emits tiny electrical 
pulses that pass along wires, also under the skin, 
through electrodes implanted in select areas of the brain. 
Some patients experience a tingling sensation, but 
typically the stimulation pulses go unnoticed.
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Importance: Recent advances in stem cell technologies have rekindled an interest in the use of cell
replacement strategies for patients with Parkinson disease. This study reports the very long-term
clinical outcomes of fetal cell transplantation in 2 patients with Parkinson disease. Such long-term
follow-up data can usefully inform on the potential efficacy of this approach, as well as the design of
trials for its further evaluation.

Observations: Two patients received intrastriatal grafts of human fetal ventral mesencephalic tissue,
rich in dopaminergic neuroblasts, as restorative treatment for their Parkinson disease. To evaluate the
very long-term efficacy of the grafts, clinical assessments were performed 18 and 15 years
posttransplantation. Motor improvements gained gradually over the first postoperative years were
sustained up to 18 years posttransplantation, while both patients have discontinued, and remained free
of any, pharmacological dopaminergic therapy.

Conclusions and Relevance: The results from these 2 cases indicate that dopaminergic cell
transplantation can offer very long-term symptomatic relief in patients with Parkinson disease and
provide proof-of-concept support for future clinical trials using fetal or stem cell therapies.
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Long-term clinical outcomes 
after fetal cell transplantation in 
parkinson disease: implications 
for the future of cell therapy

TRANSEURO is a European research consortium with the 
principal objective to develop an efficacious and safe treatment 
methodology for Parkinson’s disease suffering patients using 
fetal cell based treatments. The consortium has gathered 
international experts including leading clinicians, scientists, 
industrial partners, ethicists and patients’ representatives who 
have joined forces in a new round of experimental work and cell 
therapy trials in Parkinson's Disease.

The principal goals of Transeuro are:
To	show	that	the	consistency	and	efficacy	of	dopaminergic	cell	replacement	in	
Parkinson's	disease	can	be	improved	by	careful	a<en=on	to	=ssue	prepara=on	
and	delivery,	pa=ent	selec=on	and	immunosuppressive	treatment

To	show	that	dopaminergic	cell	replacement	can	be	clinically	efficacious	in	the	
absence	of	any	troublesome	off-state	dyskinesias	in	clinical	trials	of	fetal	ventral	
mesencephalic	transplants	in	pa=ents	with	mild	Parkinson's	disease

To	develop	a	protocol	that	can	serve	as	a	template	for	all	future	clinical	trials	in	
the	 cell	 therapy	 field	 including	 stem	 cell-based	 therapies	 and	 the	 ethical	
implica=ons	and	ramifica=ons	of	such	work.

Other sources for DA neurons

Dopamine neurons can be generated also from human ES cells 
However, chromosomal aberrations have been observed in mid-term 
cultured human ES cells

Bjorklund et al. Embryonic stem cells 
develop into functional dopaminergic 
neurons after transplantation in a 
Parkinson rat model, PNAS 2002

Kim et al. Dopamine neurons derived 
from embryonic stem cells function in 
an animal model of Parkinson’s 
disease, Nature 2002 

Chung et al. Genetic engineering of 
mouse embryonic stem cells by Nurr1 
enhances differentiation and 
maturation into dopaminergic 
neurons, Eur J Neurosci 2002

Kawasaki et al. Generation of 
dopaminergic neurons and pigmented 
epithelia from primate ES by stromal 
cell-derived inducing activity, PNAS 
2002

�43

Dopaminergic neurons generated  
from monkey embryonic stem cells function  
in a Parkinson primate model 
Yasushi Takagi et al.

Neural progenitors induced from 
primate ES cells. Spheres were 
immunoreactive for NCAM (C, green), 
Musashi-1 (D, red), and Nestin (E, 
green)



Dopamine-producing nerve cells 
(labelled red and green) made from 
iPS cells created from a Parkinson's 
patient

Working in collaboration with StemCells founders Drs. Fred Gage (The 
Salk Institute) and Irving Weissman (Stanford Medical Center), the team 
at StemCells, Inc. led by Dr. Nobuko Uchida, has succeeded for the first 
time in finding markers for human brain stem cells. Using these markers 
and state of the art cell sorting, we have been able to purify stem cells 
away from the other cells in the brain tissue. The purified stem cells 
have been expanded using proprietary cell culture systems and 
transplanted back into host mouse brains.

Purified hNSCs

Expanded hNSCs

The transplanted stem cells engrafted and differentiated into human 
neurons and glia that intermingled with host brain counterparts. 
Remarkably, after seven months, the transplanted human cells survived 
and migrated to specific functional domains of the host brain, with no 
sign of tumor formation or adverse effects on the recipients.

The dentate gyrus of the 
hippocampus is a site of 
continuing neurogenesis in 
rodents and humans. Various 
types of mature human neural 
cells (insets - brown) could be 
seen in this site of active 
neuroregeneration. 

The scientists at StemCells are 
directly testing the generation of 
dopaminergic neurons from the 
cultured neural stem cells.  The 
neural stem cells and the 
dopaminergic neurons will be tested 
side by side in preclinical animal 
models that mimic the cardinal 
features of Parkinson's disease.
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Yu-Kai Wang,1,2,3,5 Wan-Wan Zhu,1,5 Meng-Hua Wu,1,4,5 Yi-Hui Wu,1,2 Zheng-Xin Liu,1

Ling-Min Liang,1,3,4 Chao Sheng,1 Jie Hao,1,2,3 Liu Wang,1,2,3,4 Wei Li,1,2,3,4 Qi Zhou,1,2,3,4,*
and Bao-Yang Hu1,2,3,4,*
1State Key Laboratory of Stem Cell and Reproductive Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China
2Institute for Stem Cell and Regeneration, Chinese Academy of Sciences, Beijing 100101, China
3Beijing Stem Cell Bank, Chinese Academy of Sciences, Beijing 100190, China
4University of Chinese Academy of Sciences, Beijing 100049, China
5Co-first author
*Correspondence: qzhou@ioz.ac.cn (Q.Z.), byhu@ioz.ac.cn (B.-Y.H.)
https://doi.org/10.1016/j.stemcr.2018.05.010

SUMMARY

Clinical application of stem cell derivatives requires clinical-grade cells and sufficient preclinical proof of safety and efficacy, preferably in

primates. We previously successfully established a clinical-grade human parthenogenetic embryonic stem cell (hPESC) line, but the

suitability of its subtype-specific progenies for therapy is not clear. Here, we compared the function of clinical-grade hPESC-derived

midbrain dopaminergic (DA) neurons in two canonical protocols in a primate Parkinson’s disease (PD) model. We found that the grafts

did not form tumors and produced variable but apparent behavioral improvement for at least 24 months in most monkeys in both

groups. In addition, a slight DA increase in the striatum correlates with significant functional improvement. These results demonstrated

that clinical-grade hPESCs can serve as a reliable source of cells for PD treatment. Our proof-of-concept findings provide preclinical data

for China’s first ESC-based phase I/IIa clinical study of PD (ClinicalTrials.gov number NCT03119636).

INTRODUCTION

Neural progenies from human pluripotent stem cells
(PSCs) premise the cure for neural degenerative diseases
through cell replacement (Hu et al., 2010; Kriks et al.,
2011; Ma et al., 2012a). In addition to human embryonic
stem cells (ESCs) and induced pluripotent cells (iPSCs),
human PSCs can also be generated from activated
oocytes without sperm fertilization, which are called
human parthenogenetic embryonic stem cells (hPESCs).
Derivation of hPESCs does not destroy viable embryos,
which makes these cells suitable for generating clinical-
grade cell lines for therapy (Mai et al., 2007; Turovets
et al., 2011). Despite the lack of paternal genomes,
hPESCs are able to differentiate into neural stem cells
and functional neuronal cells that maintain allele-spe-
cific expression of imprinted genes (Hao et al., 2009).
These hPESC-derived neural stem cells engraft, survive,
and promote behavioral recovery in rodent and
primate models of neural degenerative diseases, such as
Parkinson’s disease (PD) (Sanchez-Pernaute et al., 2005).
Because of the nature of parthenogenesis, hPESCs
generate minimal immune complexity (major histocom-
patibility complex), and fewer hPESC lines can satisfy the
required numbers of human leukocyte antigen (HLA)
types for cell-based therapy of neurological diseases,
such as PD (Espejel et al., 2014).

PD is the secondmost common progressive neurodegen-
erative disorder, and is primarily caused by the death of
ventral mesencephalic dopaminergic (VM DA) neurons
(Yoo et al., 2013). Transplantation of fetal VM DA neurons
was beneficial in some PD patients (Freed et al., 2001; Lind-
vall et al., 1990; Olanow et al., 2003), which demonstrated
the feasibility of cell transplantation-based therapy.
Midbrain DA neurons of floor plate (FP) origin were
successfully generated from hESCs and were functional in
rodent and primate models of PD (Emborg et al., 2013b;
Grealish et al., 2014; Hallett et al., 2015; Kriks et al.,
2011; Ramos-Moreno et al., 2012), However, these cells
produced variable behavioral improvements in PD mon-
keys (Emborg et al., 2013a; Sanchez-Pernaute et al.,
2005). Likewise, DA neurons obtained from hPSCs using
an embryoid body (EB) procedure also survived after trans-
plantation in primate PD models (Emborg et al., 2013b).
However, a direct comparison of the functional outcomes
of DA neurons from these two protocols remains unavai-
lable, especially in PD monkeys. Whether hPESCs can
differentiate into subtype specialized DA neurons under
current good manufacturing practice (CGMP) conditions,
and whether such neuronal subtypes of parthenogenetic
origin are able to correct the locomotive deficits in
nonhuman primate models of PD, remain unknown.
We recently reported the derivation of clinical-grade

hPESCs under CGMP conditions (Gu et al., 2017). The

Stem Cell Reports j Vol. 11 j 171–182 j July 10, 2018 j ª 2018 The Authors. 171
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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By the end of 9 months post transplantation, one or
two monkeys from each group were euthanized for
biopsy (Table S2). No cells were found at the site of trans-
plantation in the control PD monkeys that did not

receive cell transplantation. SPIO and rhodamine-labeled
grafts were observed in the striatum in brain slices of
monkeys that received cell transplantation (Figures 2C
and 2D). A compact cell mass was surrounded by

Figure 1. In Vitro Neural Induction of Clinical-Grade hPESC Q-CTS-hESC-1
(A) Immunofluorescence images of neural markers on days 10, 15, and 42 using EB protocol. n = 3 independent experiments. Scale bars,
50 mm.
(B) Quantification of the markers presented in (A). H9 was used as a control. Error bars indicate SEM; n = 3 independent experiments.
(C) Immunofluorescence images of neural markers on days 10, 15, and 42 using the FP protocol. n = 3 independent experiments. Scale bars,
50 mm.
(D) Quantification of the markers presented in (C). In (B) and (D), data are presented as mean ± SEM (compared with H9, Student’s t test);
n = 3 independent experiments.
(E–H) Electrophysiological analyses of DA neurons on day 70; n = 12 independent experiments.
(E) A representative example of Na+ and K+ currents recorded from hPESC-derived neurons.
(F) Na+ currents were blocked by 1 mM tetrodotoxin (TTX).
(G) Representative action potentials recorded from hPESC-derived neurons in current-clamp mode.
(H) A representative trace of spontaneous action potentials sensitive to TTX treatment.
See also Figures S1 and S2; Table S1.
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Figure 2. The Long-Term Surviving Transplants of hPESC-Derived DA Neurons Exhibited No Tumorigenicity
(A) Magnetic resonance imaging (MRI) scans of monkeys #051120 (control group), #061127 (EB-DA group), and #051133 (FP-DA group)
implanted with day-42 FP-DA after MPTP lesion (left), 1 week post grafting (middle), and 9 months post grafting (right). The arrows
indicate the grafts.
(B) Changes in the graft volumes of monkeys (#051120, #061127, and #051133) after cell transplantation for 1 week and 9 months
estimated by MRI. Data are presented as mean ± SEM, n = 3. **p < 0.01 (Student’s t test).
(C) Monkey brain tissues were obtained for biopsy analysis 9 months post transplantation. The arrows indicate the injection sites.
(D) Gross appearance of brain slice. SPIO-labeled grafts can be observed in striatum. The arrows indicate the injection sites.
(E) Histological analyses of brain slices with H&E staining. Scale bars, 500 mm.

(legend continued on next page)
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Monkeys #051118 and #051119 in the control group
exhibited temporary behavioral improvement in the first
2 months post transplantation, which indicates sponta-
neous behavioral recovery following the surgery itself (Fig-
ure S4A). Therefore, the behavioral improvement during
the first 2 months may reflect the overall effects of sponta-
neous recovery, regardless of whether monkeys received
cell transplantation or not.

Dopamine Level in the Putamen or CN Is Critical for
Behavioral Improvement
To further investigate the mechanism of behavioral
improvement of cell therapy, we focused on two monkeys
that exhibited the greatest benefit from the cell transplan-
tation, #051131 and #051133. We collected tissue samples
of striatum that contained grafted DA neurons. Levels of
dopamine and 5-hydroxytryptamine (5-HT, control) were
measured using high-performance liquid chromatography
(HPLC) (Figure S5A). In all groups, dopamine was readily

detected in the putamen and caudate nucleus (CN) in brain
tissues from the control side (Figures 5A–5D, S5B, and S5C).
Dopamine was not detected in samples from the lesion side
of the brain in monkey #051120 (control group) or
#051131 (EB-DA group) (Figures 5A, 5B, S5B, and S5C).
However, an obvious increase in dopamine was observed
in the posterior site of the CN (Figure 5C) and the anterior
site of the putamen in the monkey that received FP-DA
transplantation (#051133) (Figure 5D). Notably, monkey
#051133 exhibited significant behavioral improvement
before the date of euthanasia.

Precise Targeting in the Putamen or CN Affected DA
Levels and Behavior
To find out why DA neuron transplantation generated
variable outcomes, we carefully investigated the correla-
tion ofMRI, dopamine level, and behavioral improvement.
Monkeys that exhibited significant behavioral improve-
ment and elevated dopamine levels contained grafted DA

Figure 4. Behavioral Evaluation in Monkeys after Transplantation of EB-DA and FP-DA Neurons
(A) Time course of changes in motor symptom scores of the monkeys injected with culture medium (control group, n = 3), EB-DA neurons
(EB-DA group, n = 4), and FP-DA neurons (FP-DA group, n = 3) from MPTP administration to 8 months after transplantation.
(B) Behavioral improvement rate of the three groups after transplantation (0–24 months), which revealed a significant increase in the two
groups that received EB-DA or FP-DA neurons. Dotted lines are pre-transplantation baseline scores 11 months after MPTP treatment.
Significance compared with control group (Student’s t test): *p < 0.05.
Data are represented as means ± SEM (n = 3 animals for the control and FP-DA groups, 4 animals for the EB-DA group). See also Figure S4.

Stem Cell Reports j Vol. 11 j 171–182 j July 10, 2018 177

Huntington’s disease
- chorea and progressive dementia 

- mutations in the huntingtin gene  

- the defective protein forms large 
clumps that gradually destroy the  
medium spiny projection neurons in 
the striatum

● Intrastriatal grafts of fetal striatal tissue containing projection neurons re-establish 
connections with the globus pallidus and receive inputs from host cerebral cortex, 
reversing motor and cognitive deficits in rats and monkeys. 

● Clinical trial with intrastriatal transplantation of human fetal striatal tissue showed 
that grafts survived, contained striatal projection neurons and interneurons, and 
received afferents from the patient’s brain. 

 The extent of clinical benefit is unclear.

Cell therapy for Huntington’s 
disease

10 patients 
10 fetuses per patient 
1 autoptic report



● A European trial on more than 100 patients is currently ongoing

Motoneuron 
diseases 
involve lesions in one or 
both components of a 
two-neuron pathway

Amyotrophic lateral sclerosis 
 (Lou Gehrig’s disease)

● Lower and upper motor degeneration 
● Onset at 40-50 years 
● Respiratory failure within 2-5 years 
● Deterioration can be slowed by riluzole 

(glutamate-blocking drug) and antioxidant 
vitamins - but modest/no improvement 

● 10% genetic forms: earlier onset, Lewy 
body inclusions and spinocerebellar 
degeneration

�52

Growth factors 
hold promise for 
delaying onset/
progression - no 
restoration of 
lost function

Novel therapies for 
MOTONEURON DISORDERS

In its common form, ALS is 
characterized by progressive 
dysfunction and degeneration of 
motor neurons in cerebral cortex, 
brain stem and spinal cord. Muscle 
weakness progresses rapidly and 
causes death within a few years.

To have long-term value, stem cell 
therapy must restore function of both 
upper and lower motor neurons

Stem cell therapy 
for amyotrophic 
lateral sclerosis

Directing progenitor cell along specific pathways of neuronal differentiation in a 
systematic manner has proved difficult, not least because the normal developmental 
pathways that generate most classes of CNS neurons remain poorly defined. Stem cell therapy 

for amyotrophic 
lateral sclerosis



Stem cell therapy 
for amyotrophic 
lateral sclerosis

The US company NeuralStem has received FDA approval for a clinical trial in which 12 
patients with ALS will be treated by injection of human fetal-derived NSCs into the 
lumbar region of the spinal cord, where it is hoped they will exert a neuroprotective
effect.

Eligibility Criteria: 

1) Confirmed diagnosis of ALS by a neurologist 
 
2) Has tracheostomy and is ventilator 
dependent for greater than 3 months OR a vital 
capacity greater than 60% predicted value 
 
3) Unable to walk due to ALS 
 
4) Lack of complicating medical conditions 
 
5) Live in geographic proximity to Emory 
University Hospital  
 
6) Ability to communicate vocally or with low-
tech tools (writing or letter board)  
 
7) A willing and able caregiver who is 
committed to the study.
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ABSTRACT

Advances in stem cell biology have generated intense inter-
est in the prospect of transplanting stem cells into the nerv-
ous system for the treatment of neurodegenerative diseases.
Here, we report the results of an ongoing phase I trial of
intraspinal injections of fetal-derived neural stems cells in
patients with amyotrophic lateral sclerosis (ALS). This is a
first-in-human clinical trial with the goal of assessing the
safety and tolerability of the surgical procedure, the intro-
duction of stem cells into the spinal cord, and the use of
immunosuppressant drugs in this patient population. Twelve
patients received either five unilateral or five bilateral (10
total) injections into the lumbar spinal cord at a dose of
100,000 cells per injection. All patients tolerated the treat-
ment without any long-term complications related to either

the surgical procedure or the implantation of stem cells.
Clinical assessments ranging from 6 to 18 months after
transplantation demonstrated no evidence of acceleration of
disease progression due to the intervention. One patient has
shown improvement in his clinical status, although these
data must be interpreted with caution since this trial was
neither designed nor powered to measure treatment efficacy.
These results allow us to report success in achieving the
phase I goal of demonstrating safety of this therapeutic
approach. Based on these positive results, we can now
advance this trial by testing intraspinal injections into the
cervical spinal cord, with the goal of protecting motor neu-
ron pools affecting respiratory function, which may prolong
life for patients with ALS. STEM CELLS 2012;30:1144–1151

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Disease-modifying options for patients with amyotrophic lat-
eral sclerosis (ALS) are limited to treatment with riluzole,
noninvasive positive pressure ventilation, and nutritional sup-
port, each having only a modest effect on disease progression
and survival. Advances in stem cell biology have raised the
question of whether cellular therapies may be a viable option
for the treatment of ALS, either by replacing diseased cell
populations directly or by introducing a cell population that
can be supportive to the motor neurons affected by the dis-
ease process [1]. Several cell types have been proposed for
testing in ALS, including mesenchymal stem cells (MSCs)
derived from bone marrow, glial progenitor cells, and spinal
cord-derived neural progenitor cells [2–4]. Each of these cell
types has preclinical data both in vitro and in animal models
supporting their potential as therapeutic options for ALS.

ALS patients have received implantations of MSCs into
the spinal cord with reportedly few adverse outcomes [5],
and a trial of intrathecal injections of MSCs for ALS is immi-
nent (D. Offen, personal communication and http://www.
brainstorm-cell.com).

Human spinal cord-derived stem cells (HSSCs) are neural
progenitor cells isolated from the cervico-thoracic spinal cord
of an 8-week gestation fetus [6]. These cells, expanded in
serum-free media more than many passages, have shown
therapeutic benefit when injected into the ventral horn area of
spinal cord in the G93A rat model of familial ALS [7] and in
a rat model of ischemic spinal cord injury [8]. In these motor
neuron disease paradigms, the majority of the transplanted
HSSCs differentiated into neuronal populations expressing
glutamatergic and GABAergic neurotransmitter markers [9].
Very few of the transplanted cells were shown to have char-
acteristics of alpha motor neurons. Even so, injection of
HSSCs rescued endogenous motor neurons of G93A rats,
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Advances in stem cell biology have generated intense inter-
est in the prospect of transplanting stem cells into the nerv-
ous system for the treatment of neurodegenerative diseases.
Here, we report the results of an ongoing phase I trial of
intraspinal injections of fetal-derived neural stems cells in
patients with amyotrophic lateral sclerosis (ALS). This is a
first-in-human clinical trial with the goal of assessing the
safety and tolerability of the surgical procedure, the intro-
duction of stem cells into the spinal cord, and the use of
immunosuppressant drugs in this patient population. Twelve
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total) injections into the lumbar spinal cord at a dose of
100,000 cells per injection. All patients tolerated the treat-
ment without any long-term complications related to either

the surgical procedure or the implantation of stem cells.
Clinical assessments ranging from 6 to 18 months after
transplantation demonstrated no evidence of acceleration of
disease progression due to the intervention. One patient has
shown improvement in his clinical status, although these
data must be interpreted with caution since this trial was
neither designed nor powered to measure treatment efficacy.
These results allow us to report success in achieving the
phase I goal of demonstrating safety of this therapeutic
approach. Based on these positive results, we can now
advance this trial by testing intraspinal injections into the
cervical spinal cord, with the goal of protecting motor neu-
ron pools affecting respiratory function, which may prolong
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eral sclerosis (ALS) are limited to treatment with riluzole,
noninvasive positive pressure ventilation, and nutritional sup-
port, each having only a modest effect on disease progression
and survival. Advances in stem cell biology have raised the
question of whether cellular therapies may be a viable option
for the treatment of ALS, either by replacing diseased cell
populations directly or by introducing a cell population that
can be supportive to the motor neurons affected by the dis-
ease process [1]. Several cell types have been proposed for
testing in ALS, including mesenchymal stem cells (MSCs)
derived from bone marrow, glial progenitor cells, and spinal
cord-derived neural progenitor cells [2–4]. Each of these cell
types has preclinical data both in vitro and in animal models
supporting their potential as therapeutic options for ALS.

ALS patients have received implantations of MSCs into
the spinal cord with reportedly few adverse outcomes [5],
and a trial of intrathecal injections of MSCs for ALS is immi-
nent (D. Offen, personal communication and http://www.
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Human spinal cord-derived stem cells (HSSCs) are neural
progenitor cells isolated from the cervico-thoracic spinal cord
of an 8-week gestation fetus [6]. These cells, expanded in
serum-free media more than many passages, have shown
therapeutic benefit when injected into the ventral horn area of
spinal cord in the G93A rat model of familial ALS [7] and in
a rat model of ischemic spinal cord injury [8]. In these motor
neuron disease paradigms, the majority of the transplanted
HSSCs differentiated into neuronal populations expressing
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the stem cell transplant, deteriorated from their preoperative
course of disease progression. These data were more mean-
ingful for patients 7 through 12, since this group was eval-
uated monthly for at least 3 months prior to surgery so the
individual slopes of decline could be estimated. We did not
perform these preoperative measurements for subjects 1
through 6 since these patients were nonambulatory and it was
unreasonable to expect measurable changes in lower extremity
strength, functional ability, or electrical impedance. As shown
graphically in Figure 1 and confirmed by clinical assessment
and the subjects’ personal reports, there was no evidence for
significant decline in function or acceleration of disease pro-
gression following surgical intervention and injection of the
stem cells. An important finding was that our repeated meas-
urements from HHD, ALSFRS-R, FVC, and EIM were quite
consistent, suggesting that these assessments will be useful
for future therapeutic trials of stem cell and other types of
treatments.

There was, and continues to be, a major interest in
whether the stem cell injections had any beneficial effect on
the course of disease, even though the purpose of this phase I
trial was to generate data on safety of the procedure. We can-
not report with certainty that any patient either improved or
plateaued in the rate of progression following surgery. How-
ever, the intensive and repeated monitoring of patients did
show consistent positive changes in one patient. In patient 11,
the ALSFRS-R and HHD lower extremity megascore showed
what appears to be significant improvement following surgery.
Although exciting, these data demonstrating clinical improve-
ment in one patient must be interpreted with caution. There is
certainly no control group in this trial, and explanations other
than an effect of the stem cells must be considered, including
the possibility that the immunosuppressive regimen caused
improvement. In addition, the repeated measurements of dis-
ease severity fluctuated, even prior to surgery, suggesting that
any single measure of disease severity must be interpreted in
the context of trends over several months. For example,
patient 8 showed consistent improvement of ALSFRS-R for
each of the 3 months leading up to surgery, which likely
reflects variability of the measurement rather than true disease
improvement. Each of the clinical measures, because they
require subjective interpretation of function and/or physical
effort on the part of the patient, is subjected to day to day
variability. Indeed, the use of these measures for calculation
of the rate of disease progression has only been validated for

groups of patients evaluated at intervals of !3 months, not
for individual patients monitored monthly.

The quantitative assessment that showed the least ‘‘noise’’
between evaluations was EIM. In nonambulatory subjects 3
and 6, who did not have end-stage disease affecting the lower
limb muscles, this measurement of muscle composition and
structure showed steady decline after stem cell injection that
was consistent with the other clinical measurements of disease
progression. In patients with end-stage lower limb disease
(patients 1, 2, 4, and 5), consistent, relatively unchanged data
were obtained during the entire study period. The EIM data in
the ambulatory patients reflected the clinical decline in
patients 7, 10, and 12. The remarkable improvement in
ALSFRS-R and the lower extremity HHD megascore for
patient 11 was also seen with EIM, although the improvement
in EIM lagged behind the measures of ALSFRS-R and HHD.
Since EIM is a measure of the integrity of the muscle itself
and not the input of its parent motor neurons, changes in EIM
are not expected to occur simultaneously with clinical per-
formance of a muscle. Given the relative ease of application,
the high intersession repeatability, and the lack of subjective
effort required on the part the patient, the use of EIM as an
outcome measure for future clinical trials should be consid-
ered, although EIM has not yet been validated as a marker of
disease progression in a large longitudinal cohort of ALS
patients.

The major toxicity for patients was related to the use of
the immunosuppressant drugs tacrolimus and mycophenolate
mofetil. The majority of patients either stopped one or both
drugs, or required dose reduction due to GI symptoms of nau-
sea, diarrhea, or anorexia. These toxicities are well known for
both of these medications, limiting their use for a variety of
clinical applications. One patient developed a skin cancer (ba-
sal cell carcinoma) that was cured with excision and may
have been related to the immunosuppression. We did not en-
counter any major opportunistic infections associated with the
immunosuppression, although three patients developed fungal
skin infections in the groin region (tinea cruris).

The immunosuppression protocol was designed based on a
standard protocol used for whole organ transplantation (i.e.,
kidney, heart, and liver). Since there was no previous experi-
ence with immunogenicity of transplantation of allogeneic
fetal-derived stem cells into the nervous system, we decided
to take a conservative approach at preventing rejection rather
than risking the loss of cells due to immunogenicity. It is

Figure 2. Disease progression as measured using electrical impedance myography (EIM). Average 50 kHz phase for the six muscles studied
(bilateral quadriceps, tibialis anterior, and medial gastrocnemius) in all 12 subjects. The lines represent linear fits of the data. Note again the con-
sistent improvement in EIM score for patient 11 after surgery (dotted line).
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spinal cord in the G93A rat model of familial ALS [7] and in
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Product status: 
U.S.: FDA-approved NSI-566 Phase II trials commenced in September 2013, and concluded final 
surgeries in July 2014. Phase II concludes after six-month observation period. 
Mechanism of Action: Rebuilding neural circuitry 
Route of Administration: Direct injections into the spinal cord 
- See more at: http://www.neuralstem.com/cell-therapy-for-als#sthash.TelI6aEJ.dpuf

The cervical injection procedure was well tolerated 
and disease progression did not accelerate in any sub- 
ject, verifying the safety and feasibility of cervical and 
dual-targeting approaches. Analyses on outcome data 
revealed preliminary insight into potential windows of 
stem cell biological activity and identified clinical 
assessment measures that closely correlate with ALS 
Functional Rating Scale-Revised scores, a standard 
assessment for ALS clinical trials.

Multiple Sclerosis 

Problems for a cell therapy 
approach:

• It is both an autoimmune and a 
neurological disorders: “adding 
cells may be adding fuel to the 
fire” 

• The damage sometimes extends 
beyond the myelin sheets to the 
underlying neurons



Brown: PLP 
Blue: mouse satellite DNA

O4 = oligodendrocytes, green 

GFAP = astrocytes, blue 

βIII-tubulin, MAP  = neurons, red

White matter biopsy for lobotomy, 
aneurysm or post-trauma decompression

and in v itro expansion do not alter primate SC remyelina-
tion potential of demyelinated axons of rodent spinal cord
(Koh ama and oth ers 2 0 0 1 ). In preparation for clinical stu d-
ies of au tolog ou s g raft th erapy, th ese essential properties
h ad to be confirmed in a preclinical model of demyelina-
tion. Fig u re 3  illu strates sch ematically th e different steps
th at lead to au tolog ou s g rafting  in th e macaqu e (Bach elin
and oth ers 2 0 0 5 ). Alth ou g h  th e macaqu e SC su ccessfu lly
remyelinated acu te demyelinated lesions indu ced in th e
macaqu e spinal cord, ou r preliminary data su g g est th at
th ey fail to remyelinate ch ronic lesions of th e optic nerv e
(Lach apelle and oth ers 2 0 0 5 ). Wh eth er OPC- or NT3 -
transg enized SC will be able to ov ercome th is failu re will
be cru cial for ou r u nderstanding  of th e process of myelin
repair as well as th e dev elopment of fu tu re th erapies aim-
ing  at promoting  myelin repair. Th e first clinical trial of
au tolog ou s transplant of SC in th e demyelinated area of

th e brain of MS patients was performed in 2 0 0 3 . Howev er,
no conclu siv e resu lts came ou t of th at first attempt becau se
ev idence of SC su rv iv al or remyelination was not fou nd 
in th e implanted patients. Th e recent dev elopment in
adv anced imag ing  tech nolog y to trace transplanted cells
and ev alu ate remyelination will h elp to bypass some of th e
tech nical issu es encou ntered du ring  th is first clinical trial.

Future Prospects

Th e dev elopment of stem cell research  in th e past decade
h as raised h ope for th e cu re of neu rodeg enerativ e dis-
eases. Howev er, th e u se of embryonic stem cells is still a
su bject of debate at th e eth ical lev el. With  th e discov ery
of th e existence of adu lt stem cells, a new approach  h as
emerg ed. Th e finding  of new mark ers of SC dev elop-
ment, su ch  as transcription factors, will be an important
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Fig. 3. Schematic representation of autologous Schwann cell (SC) grafting strategies in primates. Donors are adult male
macaques (Macaca fascicularis) 7 to 10 years old (D). A small biopsy of the sural nerve is performed under anesthesia
(A), and SC are purified and expanded with neu-differentiation factor β (NDFβ) SC (B). Then, SC are labeled, using the
HIV-PGK (green fluorescent protein [GFP]) vector to allow their identification in the host parenchyma (C). Acute demyeli-
nation is induced by stereotactic injection of 2 µL of a 1% solution of lysophosphatidylcholine (LPC) in saline (1 µL/mn)
into the donor’s corticospinal tract at the L1/L2 level. Forty-eight hours after demyelination, 2 µL of a cell suspension con-
taining 5.104 cells/µL is engrafted into the demyelinating lesion. Animals are sacrificed 21 days postgrafting to assess
regeneration and remyelination. Exogenous and endogenous peripheral myelin is visualized using a combination of anti-
P0 labeling and GFP detection (E). SC remyelination is confirmed by electron microscopy with a thick myelin around the
axons (Ax) (F).
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Autologous Schwann cell transplantation

Jeffrey Kocsis at Yale University is currently conducting 
a clinical trial with five MS patients to test the safety of 
injecting the patient’s own Schwann cells directly into 
brain lesions

Symptoms improvement even after paralysis onset! 
Spontaneous homing appealing for a systemic disease!

Autologous non-myeloablative haemopoietic stem cell transplantation

21 patients (11 women and 10 men) with relapsing-remitting MS

Average follow up time 37 months: 17 of the patients (80 percent) 
scored better on a standard test used to gauge their vision, muscle 
strength, motor coordination, and other aspects of neurological function 



Stem cell transplantation in multiple sclerosis: 
current status and future prospects

Nature Reviews Neurology 6, 247-255 (May 2010)

19 GIU 2010 Il Giornale Cronaca pagina 12

Taglio bassoRitaglio stampa ad uso esclusivo del destinatario, non riproducibile.

UNA DONNA MORTA A BANGKOK

Prima vittima per il turismo delle staminali
Affetta da una patologia renale, s'erajatta convincere da un annuncio sul web:fatali le iniezioni di cellule
- «Diffidare assolutamente
di chi promette vaghiegeneri-
ci trattamenti con le cellule
staminali per qualsiasi tipo di
malattia,dichinonhapubbli-
cato su riviste scientifiche im-
portanti ma magari ha scritto
libri autofinanziati e informar-
sievederebenecom'èlaclini-
ca»: sono alcuni dei consigli
che Giulio Cossu, direttore
della divisione diMedicina ri-
generativa del San Raffaele di
Milano,dàachipensadianda-
re all'estero per ricevere cure
con cellule staminali.
Un avvertimento lanciato
tante volte e che suona più

che mai attuale dopo il caso
della donna inglese, morta in
seguito ad alcune iniezioni di
cellule staminali in Thaìlan-
dia per curare una malattia re-
nale, così come riportato oggi
dal New Scientist. Secondo
l'analisi post mortem riporta-
ta sul loumal of the American
society of nephrology, si erano
formati strani noduli sul rene,
il fegato e la ghiandola surre-
nali,quasisicuramenteprovo-
cati dalla terapia di staminali.
Da tempo esperti e ricerca-
tori sono impegnati contro il
fenomeno del turismo da sta-
minali. Tanto che nel 2008 la

Società Internazionale per la
Ricerca sulle Cellule Stamìna-
li (Isscr) ha emanato delle li-
nee guida per mettere ordine
in questo campo. «Sono linee
guida importanti perché le re-
gole che i Paesi occidentali si
impongono in questo tipo di
ricerche non sempre sono os-
servate in Paesi emergenti, co-
me Cina, India oCorea», com-
menta Michele De Luca, uno
degli autoriitaliani delle linee
guida. Impegnato su questo
fronte èanche GianvitoMarti-
no, direttore della Divisione
di Neuroscienze dell'Istituto
San Raffaele diMilano. «Sono

centinaia i pazienti italiani
che ogni anno intraprendono
questi viaggi,attratti dalle pro-
messe di una cura, e che, nella
migliore delle ipotesi, torna-
no così come sono partiti, ma
con le tasche alleggerite. AI
contrario, cominciano aesse-
re frequenti i casi di infezioni
e di tumori».
Queste cliniche delle cellu-
le staminali si trovano in vari
Paesi del mondo, dalla Cina al-
laThailandia, dalla Repubbli-
ca Dominicana a Manila, a
Barbados. «Assicurano l'effi-
cacia della terapie nel 40-50%
dei casi - aggiunge il neurolo-

go - e curano ogni tipo di pro-
blema, dalla calvizie alI' Al-
zheimer, non solo la Sclerosi
Multipla, ma non dicono nul-
la circa il tipo e la qualità delle
staminali che utilizzano. Pun-
tano sull' effetto placebo per
indicare ipochissimi casiposi-
tivi, ma alla fine non si sa che
cosa fa che cosa». Martino
pensa che in molti casi si arri-
vi anche a infondere acqua in-
vece che staminali, oppure
cortisone, che dà qualche
giorno di sollievo e alimenta
l'illusione. Per evitare falsimi-
raggi e drammatici viaggi del-
la speranza di chi insegue cu-
re miracolose e costosissime,
pubblicizzate online da clini-
che con pochi scrupoli, daog-
gì c'è anche un sito (www.clo-
serlookatstemcells.org).

Quotidiano
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Stem cell therapy for CNS 
diseases: where do we stand?

Amyotroph Lateral Scler. 2010 May 3;11(3):328-30. 

No benefits from experimental treatment 
with olfactory ensheathing cells in patients 
with ALS. 
Piepers S, van den Berg LH. 

Department of Neurology, Rudolf Magnus Institute of Neuroscience, University Medical Centre Utrecht, The Netherlands. 
s.piepers-2@umcutrecht.nl 

Abstract 
Cell based therapies may be promising options for treating ALS. These therapies aim at neuronal replacement or they 
may prevent dysfunctional motor neurons from dying. Conflicting results on transplantation of olfactory 
ensheathing cells (OECs) in ALS mouse models indicate that this technique is not yet ready to progress to 
clinical trials. A Chinese group has nevertheless treated ALS patients with OECs. We carried out a prospective 
study of seven patients who underwent OEC treatment in China, following them from four months before departure 
until one year after treatment. Muscle strength, level of daily functioning and respiratory capacity were measured at 
regular intervals. Three patients reported subjective positive effects directly after treatment. No individual 
objective improvement was measured, and outcome measures gradually declined in all patients. Two patients 
had severe side-effects. Based on our findings in these ALS patients who underwent experimental OEC 
treatment, we conclude that there are no indications that this treatment is beneficial.



First case of alleged stem-cell fraud enters US courts

New Scientist, 13 July 2012

Stem Cell Tourism

Six residents of Los Angeles, California, are suing South Korean company RNL Bio and associates in a 
Californian court for alleged fraud. They claim the company convinced them to travel to clinics in South Korea, 
China or Mexico to donate fat tissue and have stem cells from it re-administered to cure diseases and even 
reverse ageing. 10/30/12 2:40 PMRNL Bio - Stem Cell Bank
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