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Peripheral astrocytic processes (PAPs) are highly motile structures that are strategically positioned in
close proximity to synapses. Long-lasting PAP retraction in hypothalamus is known to alter synaptic
transmission [1]. The PAP motility is likely to be actin-based because they are known to contain actin-
related proteins such as Ezrin [2]. However, the link between dynamic activity-dependent changes in
astrocytic morphology and the synaptic function has not been established experimentally, presumably
due to lack of appropriate tools. To selectively suppress activity-dependent morphological plasticity

Ilffg ;iTi)r:dS: of astrocytes, we developed a bicistronic construct that allows simultaneous tracing and manipulating
Actin the morphology of PAPs. The construct is designed for co-expression of (i) the mutant actin binding
Astrocyte protein Profilin-1 (abdProf-1) with a single amino acid substitution (H119E) that prevents its binding to

actin monomers [3] with (ii) the membrane-targeted morphological tracer LckGFP [4]. Cultured cortical
astrocytes transfected with this construct showed abdProf-1 overexpression at a 5-fold level compared to

Morphological plasticity
Peripheral processes

Filopodia the endogenous Profilin-1. The cells also expressed LckGFP at a level sufficient for precise morphological
Membrane tracing tracing. We found that photolysis of caged Ca?* induced a pronounced outgrowth of PAPs, which was
PAP. suppressed by abdProf-1 overexpression in terms of PAP number, growth rate and maximal length. In
gflloctlgll;l;sis contrast, the morphological complexity of astrocytes, basal motility of their PAPs and major cytoskeletal
Uncaging structures were not affected by abdProf-1 overexpression. In summary, we identified the actin binding

by Profilin-1 as a pivotal mechanism in activity-dependent morphological plasticity of PAPs in cultured
astrocytes.

Cytoskeleton

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction ephrin-mediated signaling [9]; (ii) postsynaptic and presynaptic

action of ATP released by astrocytes [10,11]; (iii) clearance of

Astrocytes in vivo have a very complex 3D structure (reviewed
in [5]), which is shaped by their numerous and highly ramified thin
peripheral processes [4,6]. These peripheral astrocytic processes
(PAPs) form branches of different orders and thicknesses down
to submicrometer in size. In order to detect the thinnest ones by
means of light microscopy, researchers have relied on membrane
staining that highlights PAPs more efficiently than the cytoplasmic
one [4]. It has been shown that each astrocyte occupies a distinct
spatial domain determined by the spread of its PAPs, and that these
domains show very little overlap [6,7].

The majority of PAPs are positioned in close proximity of
synapses [8] and are involved in modulation of synaptic trans-
mission and/or plasticity in a variety of ways that include: (i)

* Corresponding author. Tel.: +358 45 635 2270; fax: +358 91 915 7620.
E-mail address: leonard.khirug@helsinki.fi (L. Khiroug).
! These two authors have contributed equally to this work.

0143-4160/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.ceca.2013.03.001

glutamate by astrocytes through glutamate transporters [1]; (iv)
control of glutamate spillover from synapses and diffusion in extra-
cellular space [12]; (v) N-methyl-p-aspartate (NMDA) receptor
co-activation by glia-derived Dp-serine [13]; (vi) activation of post-
synaptic NMDA receptors by glutamate released from astrocytes
[14]; and (vii) activation of presynaptic metabotropic glutamate
receptors by astrocyte-derived glutamate [15,16].

In addition to functional interactions with pre- and post-
synaptic compartments, the perisynaptic PAPs exhibit a high
rate of morphological restructuring in a variety of preparations
including organotypic hippocampal cultures [4,17] and brain slices
[18-20]. During lactation, glial processes are subject to long-term
morphological modification in the supra-optical nucleus (SON)
of hypothalamus, where retrieval of astrocytic processes affects
synaptic properties [1] and increases glutamate spillover [12].
Based on these findings, it is plausible to hypothesize that activity-
dependent restructuring of PAPs is a key mechanism in modulation
of synaptic function by astrocytes.
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Several approaches designed to affect astrocytic morphology
have been proposed for use in both in vitro and in vivo models.
SON of the hypothalamus in lactating animals provides a classical
model for studying the effects of long-term astrocytic retrieval on
synaptic properties [1]; however, this preparation does not provide
any insight into putative short-term effects of PAP retrieval from
synapses. Application of pharmacological agents, such as Latrun-
culin B in sub-lethal concentrations [21], allows manipulating
cytoskeleton motility in an acute manner; however, pharmacolog-
ical tools lack cell type specificity and are not readily translatable
to in vivo applications. [deally, the tool for manipulating short-term
PAP plasticity should possess the following features: (i) be genet-
ically encodable, (ii) provide a possibility of selective expression
in astrocytes, (iii) allow in vivo use, and (iv) specifically affect the
activity-dependent plasticity of PAPs (e.g., stimulated outgrowth),
rather than their base-level motility.

Morphological plasticity of peripheral extremities in a vari-
ety of cell types, ranging from filopodia and lamellipodia in
keratinocytes to dendritic spines and presynaptic terminals in neu-
rons, is primarily driven by actin remodeling. Interestingly, despite
the widespread assumption that actin treadmilling underlies PAP
restructuring [2,17,19], direct evidence of actin presence in PAP
is scarce. Nevertheless, it has been shown that PAPs contain a
variety of actin-associated proteins, such as ezrin [2,22]. Exten-
sive research on cytoskeleton regulation has revealed a number
of actin-binding molecules that regulate remodeling of filopodia
and filopodia-like structures. For example, WASP, Myosin X and
Fascin are the main regulators of actin dynamics involved in forma-
tion and motility of filopodia [23]. In contrast, Profilin-1, Cofilin and
Arp2/3 control the dynamic equilibrium of motile actin throughout
the cell [24]. All these components of actin-controlling machin-
ery utilize distinct mechanisms, and their activation can shift the
dynamic equilibrium either towards net polymerization (Arp2/3
and Profilin-1) or net depolymerization (Cofilin) of actin. Taking
advantage of the dynamic nature of actin filaments, one can attempt
to selectively manipulate fine morphology and peripheral dynam-
ics without affecting significantly the static morphology of the cell
[3,25].

Physiological activation of astrocytes is universally associated
with a transient increase in intracellular Ca2* ([Ca%*];; reviewed
by [26]). To stimulate astrocytes, a variety of receptor agonists,
ionophores and other pharmacological agents have been used to
increase [Ca2*); via either CaZ* influx or release from internal stores
[27-29]. An elegant way to induce a rapid, influx-independent rise
in [CaZ*]; is offered by photolysis of caged CaZ* [30-33].

Here, we developed a genetically encoded tool allowing both
the visualization of astrocytic membrane by means of LckGFP [4]
and selective manipulation of stimulated morphological plasticity
of PAPs using the actin binding-deficient Profilin-1 (abdProf-1) [3].
By applying this tool in cultured astrocytes in combination with
Ca?* uncaging and time-lapse fluorescence microscopy, we found
that abdProf-1 expression selectively reduces Ca2*-induced PAP
outgrowth, while affecting neither the base level motility nor the
general morphology of astrocytes.

2. Results

2.1. Astrocytic fine processes are efficiently traced with LckGFP
overexpression

To visualize PAPs with high signal-to-background contrast,
we traced plasma membrane using cotransfection of membrane-
targeted Lck-EGFP [4] and simultaneously labeled F-actin in
cultured astrocytes by overexpression of Lifeact-RFP [34]. An exam-
ple of highlighted PAPs is shown in Fig. 1. Using the advantages

of tracer expression instead of the post-fixation staining (with
e.g. phalloidin), we were able to avoid the cell permeabiliza-
tion step and preserve the thin membrane structures such as
PAPs. We found that both Lifeact-RFP and Lck-EGFP allowed trac-
ing thin astrocytic processes with a high contrast and resolution
(Fig. 1A-D). By quantifying co-localization of RFP and EGFP in
peripheral processes of cultured astrocytes (Fig. 1E and F), we found
that over 95% of PAPs contained F-actin (95.2 +1.7%, n=13 cells).
These data confirm that PAPs express high levels of F-actin and
have a filopodia-like organization. They further suggest that PAP
movements are likely driven by actin-dependent mechanisms. Our
observations also demonstrate that both Lck-GFP and Lifeact-RFP
are suitable markers for morphological tracing of thin astrocytic
processes.

2.2. Simultaneous expression of abdProf-1 and LckGFP using the
bicistronic cassette

We constructed a bicistronic cassette for simultaneous expres-
sion of the mutated actin-binding protein Profilin-1 (H119E) that
contains the single amino acid substitution preventing its binding
to actin monomers (abdProf-1) [3] and of LckGFP for tracing astro-
cytic membranes [4]. Expression of both genes in the cassette is
driven by a single CMV promoter. Translation of the first open read-
ing frame encoding abdProf-1 has a Cap-dependent mechanism,
while translation of the second open reading frame encoding Lck-
GFP is operated by internal ribosome entry site (IRES) (Suppl. Fig.
1A). Since Cap-dependent translation is more efficient compared to
IRES-dependent translation, we placed abdProf-1 gene on the first
position thus facilitating its high expression, whereas the mem-
brane tracer LckGFP was placed in the second position yielding a
lower expression level. We found that even the relatively low IRES-
dependent expression of LckGFP was sufficient for precise tracing
of PAPs (Fig. 4F;-F3).

To be able to trace PAPs without affecting their motility rates, we
constructed a control vector where expression of the LckGFP mRNA
is driven by CMV promoter and has a Cap-dependent translation
mechanism (Suppl. Fig. 1B). This vector facilitates high expression
of LckGFP providing a contrast and signal to noise ratio comparable
to bicistronic vector (Fig. 4A and D), thus also allowing PAP tracing
(Fig. 4C1-C3 )

To estimate the expression level of abdProf-1 from CMV-prof-
1(H119E)-IRES-LckGFP cassette, we performed immunofluores-
cence analysis using anti-Profilin antibody on cultured astrocytes 3
days after transfection. This antibody is able to bind both endoge-
nous (non-mutated) Profilin and mutant abdProf-1, thus allowing
estimation of the total content of both proteins. By measuring
fluorescence intensity levels in transfected (positive for LckGFP)
and non-transfected (negative for LckGFP) cells using epifluoresce-
nce microscopy, we found that the anti-Profilin labeling level is
significantly higher in transfected cells compared to surrounding
non-transfected cells (p < 0.001, Mann-Whitney test, n=12 cells in
each group; Suppl. Fig. 1C-F). The anti-Profilin labeling intensity
in transfected cells was on average 6-fold higher than in non-
transfected cells (Suppl. Fig. 1F), which allows us to estimate that, in
astrocytes expressing CMV-prof-1(H119E)-IRES-LckGFP cassette,
the average molar ratio between endogenous Profilin and mutated
abdProf-1 is 1:5. This high ratio allowed us to expect that abdProf-
1 will have a clearly measurable effect on Profilin-1-dependent
mechanisms in the transfected cells.

2.3. Astrocytic morphology under resting conditions is not
affected by abdProf-1

Malfunction of actin-binding proteins potentially may lead
to severe changes in cell morphology. To evaluate the effect
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Fig. 1. Filamentous actin (F-actin) traced with LifeAct-RFP overlaps with membrane staining in peripheral astrocytic processes. The LckGFP expression allows tracing of
astrocytic membranes (A) and all thin peripheral membrane processes with a high contrast and resolution (B). The expression of LifeAct-RFP in cultured astrocytes facilitates
F-actin staining (C), and shows that filamentous actin presents within peripheral astrocytic processes (D). Merging membrane staining (green) with F-actin labeling (red) (E)
shows that almost all peripheral astrocytic process contains filamentous actin (n =13 cells) (F). Scale bars are 10 wm.

of abdProf-1 overexpression on the shape complexity of astro-
cytes, we compared the traced cell borders in control astrocytes
expressing LckGFP (Fig. 2A and C) to those expressing prof-
1(H119E)-IRES-LckGFP (Fig. 2B and D). The cell edge complexity
did not appear different between control and abdProf-1 express-
ing cells. To quantify these observations, we measured cell surface
area (Fig. 2E) and found that, even though abdProf-1 expressing
cells tended to be smaller (on average by 16%), this difference
from control cells was not statistically significant (p=0.08; n=50
cells for control, n=54 cells for abdProf-1). In addition, we cal-
culated the average perimeter length (Fig. 2F) and found that it
was reduced in abdProf-1 expressing cells by a degree (16.5%)
similar to surface area reduction (p <0.001, Student’s t-test; n=50
cells for control, n=54 cells for abdProf-1). To evaluate differences
in shape rather than size of cultured astrocytes, we normalized
perimeter length to surface area and found that the normalized
values were equal between control and abdProf-1 expressing cells
(p=0.917) (Fig. 2G). These findings demonstrate that overexpress-
ion of abdProf-1 does not affect the general complexity of cellular
morphology, but proportionally decreases both size and perimeter
length of astrocytes, thus “scaling” them down by approximately
15%.

2.4. The abdProf-1 overexpression does not affect stress fiber size

The “down-scaling” effect of abdProf-1 may suggest that over-
expression of the mutant Profilin-1 affects stress fibers, which is
the major cytoskeleton structure in cultured astrocytes. To test this
hypothesis, we performed fluorescent phalloidin staining and sub-
sequent filament tracing (Suppl. Fig. 3). Phalloidin-based tracing
method preferentially highlights the relatively thick actin strands
(Suppl. Fig. 3D and H), hence our quantification included primar-
ily the more stable stress fibers rather than the highly motile
peripheral actin network elements or microspikes. We found that
the traced actin filaments were unaffected by prof-1(H119E)-IRES-
LckGFP cassette expression (Suppl. Fig. 3E-H) as they were not
different from control astrocytes expressing only LckGFP (Suppl.
Fig. 3A-D and [; p=0.241; n=33 control cells and n=38 cells
expressing abdProf-1). This result suggests that overexpression
of abdProf-1 does not affect the size of stress fibers in cultured
astrocytes.

2.5. Base-level motility in resting astrocytes is not affected by
abdProf-1

Next, we tested whether abdProf-1 overexpression affects basal
motility of peripheral structures in primary cultured astrocytes. In
order to be able to extract fine cell movements from raw time-
lapse microscopy data (Fig. 3A and Suppl. movie 1), we applied
a set of digital filters (Fig. 3B; see Section 4 for details) and per-
formed image binarization (Fig. 3C) for each frame in time-lapse
image sequences. We calculated the movement of cell edges by
measuring the difference in the binarized cell contour between
subsequent frames, where the total amount of white pixels in the
resulting image represented the total shift of cell edge over a cer-
tain period of time (Fig. 3D-F). By using different sampling rates,
we were able to detect distinct types of cell movements. Thus, the
sampling rate of 0.2 Hz (corresponding to a 5 s inter-frame interval)
allows quantification of the relatively fast movements, whereas the
sampling rate of 0.02 Hz (50s interval) reveals the relatively slow
movements most likely associated with cell migration rather than
spontaneous cell edge fluctuations.

We found that, at both sampling rates of 0.2Hz and 0.02 Hz,
the basal movements of astrocytes expressing prof-1(H119E)-IRES-
LckGFP was statistically identical to these of control astrocytes
expressing only LckGFP (at 0.2 Hz: n=17 for abdProf-1, n=16 for
control, p=0.289; at 0.02 Hz: n=17 for abdProf-1, n = 18 for control,
p=0.880) (Fig. 3F). Interestingly, the 10-fold increase in sampling
interval did not lead to a proportional increase in the total shift of
the cell edge, suggesting that there are at least two kinds of move-
ments: (i) back-and-forth fluctuation-like movements revealed by
high frequency sampling rate and (ii) slow directional movements
detected at the low frequency sampling rate (Fig. 3F). These results
demonstrate that overexpression of abdProf-1 had no effect on the
basal motility of cultured astrocytes, including both fast and slow
rates of spontaneous movements.

2.6. Photolysis of caged Ca?* stimulates PAP outgrowth

Actin cytoskeleton motility integrates many cellular signaling
pathways that can activate or inactivate actin polymerization and
trigger peripheral process outgrowth. Since changes in [Ca2*]; may
serve as a unifying signal for cellular motility, we decided to test
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Fig. 2. Effect of abdProf-1 overexpression on morphological parameters in cultured astrocytes. Representative astrocytic cells and their highlighted outlines expressing
CMV-prof-1(H119E)-IRES-IckGFP construct (B and D), and mock CMV-LckGFP (A and C). Despite absence of statistical significance, averaged surface area of astrocytes with
abdProf-1 exhibits a tendency to decrease (E). Averaged perimeter length is statistically significant reduced in astrocytes transfected with CMV-prof-1(H119E)-IRES-IckGFP
construct (n=50 cells for control, n=54 cells for abdProf-1; p<0.001, Student’s t-test) (F). No difference in perimeter length normalized to cell surface area indicates the
balanced pattern of observed changes which do not affect cells proportion (G). Error bars indicate SEM. Scale bars are 10 wm. Significance is designated as ***p <0.001.

if the raise in [Ca2*]; will lead to rapid PAPs formation in cultured
astrocytes. Using NP-EGTA photolysis as a reliable tool for [Ca2*];
manipulation, we found that astrocytes exhibit a rapid outgrow of
peripheral processes in response to flash photolysis of caged Ca2*
(Fig. 4A-C3; Suppl. movie 2). We verified that the UV flash alone,
without NP-EGTA loading, did not lead to any significant increase
in[Ca2*]; (Suppl. Fig. 4B and C) as well as to any rapid morphological
changes.

To estimate the actual amplitude of the [Ca2*]; rise induced by
uncaging, we performed calibration of Fura-2 fluorescence signal
using a separate set of cultured astrocytes (Suppl. Fig. 4A). We
found that the average [CaZ*]; raise in our photolysis experiment
had a peak amplitude of 400-600 nM (Suppl. Fig. 4C). The resting
[Ca2*]; in our astrocytic cultures was around 200nM (Suppl. Fig.
4A), which is in line with previously reported measurements of
[Ca2*]; in cultured cortical astrocytes (reviewed by Verkhratsky
et al. [35]). Taken together, these results demonstrate that a rapid

0.4-0.6 wM increase in [Ca%*]; triggers formation of new peripheral
processes in cultured astrocytes.

2.7. Stimulated PAP outgrowth is strongly suppressed by
abdProf-1 overexpression

The main question we addressed in the next set of experiments
was whether and to what extent the overexpression of mutated
abdProf-1 affects stimulated PAP outgrowth in cultured astrocytes.
We found that astrocytes overexpressing abdProf-1 were also able
to grow PAPs in response to Ca2* elevation but to a lesser extent
than control cells (Fig. 4), even though [Ca%*]; changes caused by
uncaging were similar between abdProf-1-expressing and control
astrocytes (Suppl. Fig. 4C). Prior to Ca%* uncaging, the PAP densities
were the same in both abdProf-1 and control cells (Fig. 4C, F; and
the first data point in Fig. 4G); at 400 after the Ca%* stimulation,
the PAP density in control cells increased 2-fold (p = 0.028, Student’s
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Fig. 3. Overexpression of abdProf-1 does not affect basal kinetics of cell edge in cultured astrocytes. Epifluorescent image of control cell expressing mock CMV-prof-1(H119E)-
IRES-LckGFP (A). Application of “top hat” and “sharpen” filters allows highlighting peripheral thin structures (B). Binarization of adjusted image (C). Difference of binarized
substacks made with increment 10 (50 s) indicates dynamics of edge movements produced with frequency 0.02 Hz in cells expressing mock (D) and CMV-prof-1(H119E)-IRES-
LckGFP construct (E). Total amount of edge movements for fixed period of time (5005s), calculated as area of white pixels normalized on cell perimeter (n =35, Mann-Whitney
test), does not differ between control astrocytes and cells expressing abdProf-1 in both selected frequencies (F). Error bars indicates SEM. Scale bars are 10 pm.
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Fig. 4. The rate of Ca?*-induced peripheral astrocytic processes (PAPs) outgrowth is reduced by overexpression of abdProf-1. Representative astrocytic cells expressing CMV-
LckGFP (A, B, and C;-C3) and CMV-prof-1(H119E)-IRES-LckGFP (D, E, and F;-F3) cassettes demonstrate an ability to grow PAPs in a response to Ca2* uncaging (set as zero
time point): raw frames within time-lapse movies acquired at 10 s before Ca2* photolysis (A and D), the same images after application of “top hat” and “close” morphological
filters (B and E), and time series of filtered fragments at higher magnification taken at selected time points (C;-C3 and F;-F3). White arrows mark the newly formed PAPs
(C5 and F3). Total number of PAPs normalized to cell perimeter was an equal in both control and experimental cells prior to Ca?* uncaging; [Ca®*]; elevation at 400's after UV
flash induced 2-fold increasing in PAPs density in control cells but not in abdProf-1 expressing astrocytes (p =0.028, Student’s t-test, n=15 cells in each group) (G). Outgrowth
kinetics of PAPs in a response to Ca2* stimulation, plotted as average length of PAPs versus time, lapsed from the outgrowth initiation (H). The outgrowth rate during the
linear part of the curve (first 25s) is significantly lower in abdProf-1 expressing astrocytes (p=0.007, Student’s t-test, n=35 PAPs in 12 cells for control and n=25 PAPs in 10
cells for abdProf-1) (I) as well as their maximal length (p=0.002, Student’s t-test, n =35 process in 12 cells for control and n=25 processes in 10 cells for abdProf-1) (J). Error
bars indicate SEM. Scale bars are 10 wm. Significance is designated as *p <0.05; **p<0.01.
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(C) and abdProf-1 expressing astrocytes (D). Error bars indicate SEM.

t-test, n=15 cells in each group), whereas the abdProf-1 express-
ing astrocytes showed no increase in PAP density at all (Fig. 4Cs,
F3 and G). Since the PAP outgrowth and retraction are dynamic
processes, the images acquired at the 400s time point represent
a snapshot of the dynamic equilibrium state. Thus, the increase in
PAP density indicates a shift in the equilibrium towards outgrowth
(control cells), while the lack of change in the PAP density is indica-
tive of an unchanged dynamic equilibrium (abdProf-1 expressing
astrocytes).

2.8. The rate of Ca®*-stimulated PAP outgrowth is reduced by
abdProf-1 overexpression

Despite the dramatically lower number of newly formed periph-
eral processes in abdProf-1 expressing astrocytes, we set out to
determine whether those PAPs that were able to form in abdProf-
1 expressing cells had similar properties to those in control cells.
We quantified the kinetics of PAP outgrowth in response to Ca2*
stimulation and plotted the average length of PAPs against the
time lapsed from the outgrowth initiation (Fig. 4H). We found that
abdProf-1 expressing cells formed shorter peripheral processes and
required longer periods of time for their formation as compared to
control cells. We calculated the outgrowth rate during the linear
part of the growth curve shown in Fig. 4H (i.e., during the first
255 after growth initiation) and found that it was significantly
lower in abdProf-1 expressing astrocytes compared to control cells
(3.26 pm/min and 1.89 wm/min, respectively; p=0.007, Student’s
t-test, n=35 PAPs in 12 cells for control and n=25 PAPs in 10 cells
for abdProf-1; Fig. 41I).

Next, we measured the maximal length of newly formed PAPs
and found that it was significantly reduced to 2.66 p.m in abdProf-1
overexpressing astrocytes compared to the average control value
of 4.61 pwm (p=0.002, Student’s t-test, n=35 process in 12 cells for
control and n=25 processes in 10 cells for abdProf-1; Fig. 4]). This
result suggests that, besides reducing the PAPs number, abdProf-1

overexpression also slows down the outgrowth and shortens the
maximum length of newly formed PAPs after Ca%* stimulation.

2.9. Delayed outgrowth, but not immediate outgrowth, is affected
by abdProf-1

By further analyzing the PAP outgrowth dynamics triggered
by Ca2* stimulation, we noticed that both control and abdProf-1
expressing astrocytes initiated their PAP growth with a variable
latent period after Ca%* photolysis. Plotting the outgrowth initia-
tion delay versus the number of PAPs, we found that both in control
(Fig. 5A) and in abdProf-1 expressing astrocytes (Fig. 5B) the PAPs
could be separated into two distinct groups according to their out-
growth delay. The first group was termed “immediate” because
these PAPs started their outgrowth within the first 50s after Ca2*
uncaging. The second group was designated as “delayed” because
these PAPs started growing during the time window from 100 to
250 after Ca2* uncaging.

For both control and abdProf-1 expressing astrocytes, the his-
tograms of PAP distribution between the immediate and delayed
groups had similar bimodal patterns (Chi squared equal to 7.6,
p=0.27; Fig. 5A and B). By analyzing the outgrowth kinetics
separately for immediate and delayed PAPs, we found that the
immediate PAPs showed similar growth kinetics between control
and abdProf-1 expressing astrocytes (Fig. 5C and D). In contrast, the
kinetics of the growth of delayed PAPs was different in abdProf-1
expressing astrocytes compared to control (Fig. 5C and D). Taken
together, the results of Ca?* uncaging experiments suggest a cru-
cial and complex role for actin binding by Profilin-1 in the basic
mechanisms of PAP priming and extension.

3. Discussion

The main finding of this study is that cultured astrocytes are
able to form peripheral processes in response to [Ca2*]; elevation
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in a Profilin-1 dependent manner. Selective effect of abdProf-1 on
stimulus-dependent PAPs formation and outgrowth kinetics allow
us to propose that PAPs have filopodial nature and are driven by
actin cytoskeleton remodeling. This study also provides a novel, val-
idated molecular tool for acute manipulation of activity-dependent
peripheral processes outgrowth in astrocytes without affecting
basal morphology and motility. This tool can be further applied
in vivo by means of a proper delivery system. Combined with the
in vivo two-photon microscopy and/or electrophysiological assays,
our tool will be instrumental in elucidating the roles of actin-
mediated PAP dynamics in synaptic plasticity within a living brain.

In previous studies, cellular motility has been manipulated
primarily by targeting small GTPases known to act upstream of
actin-binding proteins. Thus, Wu et al. [36] employed overex-
pression of photo-activatable small GTPase Rac, while Nishida and
Okabe [19] expressed in astrocytes the dominant-negative Rac that
decreases PAP movements. Both of these tools rely on shifting small
GTPase cascade activation known to be a general actin remodeling
regulator that controls primarily lamellipodial rather than filopo-
dial motility [37]. To complement the GTPase-focused approach,
we have selected an actin-binding protein Profilin-1 because it
supposedly causes less-generalized changes in actin cytoskeleton
dynamics as compared to small GTPases.

Astrocytes are generally accepted as important players in synap-
tic function (reviewed in [38]), and the morphology of their
peripheral processes is subject to constant remodeling [5]. The
novel molecular tool developed here has an important advantage of
selectively affecting actin treadmilling during activity-dependent
PAP formation, thus slowing down Ca2*-induced PAP outgrowth
without affecting the astrocyte’s general morphology or base level
motility. Moreover, being genetically encoded, abdProf-1 in com-
bination with LckGFP can be delivered to a living rodent’s brain
by either postnatal electroporation [39] or virally mediated gene
transfer which offers both time flexibility and astrocyte-specific
expression (our unpublished observations). We expect this novel
tool to be instrumental in elucidating structure-functional relation-
ship in synaptic plasticity.

Under in vitro conditions, astrocytes exhibit very different
morphology from that observed in the living brain. In cell cul-
ture, these cells are flattened and their complex spongiform
three-dimensional structure is largely reduced to two dimensions.
Moreover, signal inputs and microgradients observed in cultured
conditions are incomparable to those of intact brain. Nonethe-
less, cultured astrocytes do have filopodia-like processes extending
from their peripheral edge, which makes them a suitable model
for investigation of molecular mechanisms of PAP formation and
motility. We verified that PAPs in vitro express actin (Fig. 1) and
that their appearance is similar to filopodia, which suggests that
their motility is likely based on actin cytoskeleton rearrange-
ment.

Our findings agree with previous reports on PAPs in that astro-
cytic fine processes likely have filopodial nature [2,22] and may,
therefore, share certain features with dendritic protrusions of neu-
rons. It is tempting to cautiously extend the analogy with dendritic
spines and propose that each PAP may be viewed as a separate
microdomain. As such, PAPs might provide physical constraints
for local Ca2* signaling [40], ensure spatially restricted activation
of Rho GTPases [41], and enable local RNA interference or mRNA
translation [42,43]. Furthermore, we may speculate that, similarly
to neuronal filopodia and dendritic spines, PAPs may have distinct
sub-regions (or zones) that differ in their actin filament stability
and/or regulation mechanisms [44].

Calcium transients are involved in motility regulation of axonal
growth cones [45], and local Ca?* uncaging promotes transient
extension of filopodia in the growth cone of Helisoma snail
neurons [46]. We used Ca?* uncaging in primary rat cortical

astrocytes for stimulation of PAP outgrowth because CaZ* pho-
tolysis is arguably a more reliable alternative to stimulation of
cells with bradykinin [3] or other receptor agonists. We sug-
gest that the uncaging-induced increase in [Ca2?*]; promotes
actin polymerization and PAP outgrowth via calmodulin- and
calcineurin-dependent pathways [46,47]. These pathways involve
phosphatidylinositol-4,5-bisphosphate as a second messenger for
delivering the activation signal to actin cytoskeleton (particularly,
to Profilin-1; [48]) as well as to the capping proteins such as gel-
solin and CapZ [49]. Thereby, uncaging-induced [Ca2*]; rise mimics
the integrated downstream effects of a variety of external stimuli
received by astrocytes.

Actin cytoskeleton constitutes several structures underlying cell
motility, including stress fibers, lamellipodia and filopodia. These
actin-based structures differ in their organization and mechanisms
regulating their motility [50]. Profilin-1 is one of key players in actin
remodeling [24], and its function suppression by overexpression of
a mutated abdProf-1 may, theoretically, affect the dynamics of all
types of actin filaments in astrocytes. However, our data demon-
strate that expression of the prof-1(H119E)-IRES-LckGFP cassette
affects only stimulated PAP formation/extension rates (Fig. 4), but
has no effect on basal motility of astrocytes (Fig. 3), on general
cell shape complexity (Fig. 2) and on stress fibers (Suppl. Fig. 3).
While our results are in agreement with those obtained by Take-
nawa group [3], we can only speculate as to how this specificity of
abdProf-1 action on stimulated motility is realized. Most prominent
explanation for this phenomenon is related to the fact that actin
turnover in filopodia, lamellipodia and stress fibers is regulated by
only partially overlapping pathways [37,51]. Moreover, these struc-
tures may have distinct stabilizing mechanisms. For example, stress
fibers are stabilized by such proteins as tropomyosin, non-muscle
myosins and a-actinin [52,53].

The main functions of Profilin-1 are to catalyze the ADP-to-ATP
exchange on actin monomers and to mediate shuttling of G-actin
subunits to the F-actin barbed ends [24,54]. Thus, mutant abdProf-
1 has a dual function in the disruption of actin treadmilling: on the
barbed end of actin filament it slows the de novo polymerization
of ATP-bound actin promoted by activation signals, while on the
depolymerizing end it promotes stabilization due to its inability to
sequester ADP-actin monomers. It is also worth mentioning that a
4-fold increase in Profilin-1 concentration per se has been reported
to significantly suppress actin-based motility of Listeria in an in vitro
model of actin assembly [54]. In the case of abdProf-1 overex-
pression, it is likely that the main factor restricting PAP length
and decreasing their outgrowth rates (Fig. 41 and ]) is the deficit in
ATP-bound G-actin required for rapid polymerization in response
to [CaZ*]; rise. This notion is further supported by our observation
of earlier collapse of PAPs in abdProf-1 expressing astrocytes (data
not shown), which resulted in a net decrease in their length (Fig. 4H
and J).

Filopodia building process involves the initiation step followed
by the elongation step [51]. Reduction in the number of CaZ*-
induced PAPs in abdProf-1 expressing astrocytes (Fig. 4G) allows
us to suggest that one (or both) of these steps may be affected
by abdProf-1 overexpression. Based on our observation of two
distinct populations of PAPs, namely “immediate” and “delayed”
protrusions (Fig. 5A and B), we propose that there is a certain pool
of PAPs that are committed for growth (primed, or pre-formed),
which respond rapidly to a [Ca%*]; raise. In addition to this pre-
formed PAP pool, there may be de novo initiated PAPs that start
their outgrowth after a certain delay (100-200 s) following the Ca2*
stimulation. The observed differences in the growth rate and size
between immediate and delayed PAPs, taken together with their
differential sensitivity to overexpression of abdProf-1 (Fig. 5C and
D), indicate that immediate and delayed PAPs may constitute two
distinct, fundamentally different types of astrocytic processes.
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4. Materials and methods
4.1. Plasmid construction

For PCR cloning procedures we used HF Phusion DNA poly-
merase (Finnzymes, Finland). For DNA digestion and ligation
FastDigest restriction exonucleases and Rapid DNA Ligation Kit
(Fermentas, Lithuania) were used. The LckGFP [4] sequence from
PVETL-LckGFP vector (kind gift from Dr. Steven Green) with flank-
ing restriction sites (Bglll and Notl) was cloned by PCR using
following primers: tatagatctgccaccatgggctg (forward), taaagcggce-
cgcgactctag (reverse). Obtained PCR product was cloned into
pJet1.2/blunt vector (Fermentas, Lithuania). Actin binding defi-
cient profilin-1 (H119E) coding sequence (kind gift from Dr.
Shiro Suetsugu) with flanking Clal and Xbal restriction sites
was cloned by PCR using following primers: atatcgatagccac-
catggccgggtg (forward), ctttctagaggtcagtactgggaacgecg (reverse).
EMCV internal ribosome entry site (IRES) coding sequence from
pPEGFP-IRES-KCC2 vector (kind gift from Dr. Claudio Rivera)
with flanking restriction sites (Xbal and Bglll) was cloned by
PCR using following primers: tatctagaatccgcccctctcee (forward),
tatagatcttttttcaaaggaaaaccacg (reverse). PCR products were gel-
purified and treated with Clal, Xbal and Dpnl enzymes for
prof-1(H119E) or with Xbal, Bglll and Dpnl for IRES, then frag-
ments were ligated with Bglll/Clal digested pJet1.2-LckGFP vector
and whole prof-1(H119E)-IRES-LckGFP cassette was verified by
sequencing using pJet2.1 sequencing primers (Fermentas, Lithua-
nia). The cassette was further inserted to a pShuttle-CMV vector
[55] (Addgene plasmid #16403) using Clal/NotI restriction sites in
order to obtain CMV-prof-1(H119E)-IRES-LckGFP expression cas-
sette (Suppl. Fig. 1A). Control pShuttle-CMV-LckGFP (CMV-LckGFP)
vector was obtained by cloning of LckGFP from pJet1.2-LckGFP to
pShuttle-CMV on Bglll/Notl sites (Suppl. Fig. 1B), LckGFP sequence
then was verified by sequencing. Plasmids for astrocyte trans-
fection were produced in DH5a Escherichia coli strain and were
purified using Gene Elute HP midiprep kit (Sigma, USA).

4.2. Cell culture and transfection

Primary cortical astrocyte cultures were prepared from the
cerebral cortices of 2-3-day-old Wistar rats. Briefly, cells were dis-
sociated using papain and mechanical trituration in a Ca?*- and
Mg2*-free balanced salt solution (HBSS, pH 7.4), supplemented
with 1mM sodium pyruvate and HEPES. Unless mentioned other-
wise, all chemicals were obtained from Sigma. After centrifugation
at 1000 rpm for 5 min, cells were suspended in high-glucose Dul-
becco’s modified Eagle’s medium (DMEM; Lonza, Switzerland)
supplemented with 10% fetal bovine serum and 25 pg/mL peni-
cillin/streptomycin (hereafter referred to as complete DMEM). Cells
were plated at a density 5 x 104 cells/cm? on 35 mm Petri dish with
14 mm glass bottom microwell (MatTek, USA), pre-treated with
Bovine Plasma Fibronectin at 6-6.5 wg/cm? (Invitrogen, USA) for
life cell imaging or poly-L-lysine (1-2 wg/cm?) for other applica-
tions. Cells were grown in 5% CO,/95% air atmosphere at 37 °C. The
day of plating was designated as Day-In-Vitro 0 (DIVO). Medium
was changed every 3-4 days. Neurons were preserved in these cul-
tures to maintain a more physiological and complex phenotype
of differentiated astrocytes. Cellular composition of the primary
cortical culture was characterized with triple staining on 5DIV:
anti-GFAP (astrocytes - 52%), anti-TubllI3 (neurons - 26%) and
DAPI (all nuclei) (Suppl. Fig. 2A).

Cortical astrocytes were transfected with described constructs
on DIV2-3 by lipofection according to plasmid DNA transfection
protocol. For each MatTek dish, 1 pL of Lipofectamine 2000 reagent
(1 mg/mL; Invitrogen, USA), diluted in 50 pL of Opti-MEM I with
GlutaMAX reduced serum medium (Invitrogen), was added to

0.5 g plasmid DNA diluted at the same conditions. Final mix
after 30 min incubation at room temperature (RT) was added at
the total volume of 100 wL per dish, with addition of 1mL of
antibiotics-free DMEM, and rinsed after 5h two times with com-
plete DMEM. Specificity of astrocytic expression was verified with
GFAP immunoreactivity (Suppl. Fig. 2B) in 3 separate culture dishes
where 39 out of 39, 46 out of 46 and 79 out of 79 LckGFP expressing
cells were GFAP positive cells.

4.3. Immunocytochemistry

For immunocytochemical staining, cortical astrocytes were
transfected on DIV2-3 with CMV-prof-1(H119E)-IRES-LckGFP plas-
mid DNA and mock CMV-LckGFP. After 3-5 days, cells were fixed
with 4% formaldehyde in phosphate-buffered saline (PBS) contain-
ing 4% sucrose for 20 min at RT, rinsed with PBS and permeabilized
with 0.2% Triton X-100 in PBS for 10 min at RT. Nonspecific stain-
ing was minimized by cells incubation in blocking buffer containing
4% bovine serum albumin (BSA) in PBS with 0.2% Triton X-100 for
2 h at RT. Cells were labeled with the primary and secondary anti-
bodies diluted in PBS containing 4% BSA and 0.2% Triton X-100.
For primary antibodies: anti-Profilin-1 antibody (1:200; kind gift
from Dr. P. Lappalainen), mouse anti-tubulin-III-3 antibody (1:200;
MAB1637; Millipore) and chicken anti-GFAP antibody (1:2000;
ab4674; Abcam) overnight incubation at +4 °C was used. For sec-
ondary antibodies: goat anti-Chicken (A11040, Alexa Fluor 546
conjugated, 1:400; Invitrogen) and goat anti-mouse (A11017, Alexa
Fluor 488 conjugated, 1:200; Invitrogen) 2 h incubation at RT was
used. Specimens were then mounted in 50% glycerol with DAPI or
Fluoromount (Sigma, USA).

4.4. Confocal microscopy

For calculation of the number of PAPs containing actin filaments,
cortical astrocytes were cotransfected with membrane tracer
LckGFP (kind gift from Dr. Steven Green) and filamentous actin (F-
actin) marker LifeAct-RFP ([34]; kind gift from Dr. P. Lappalainen)
on DIV2, and fixed on DIV5 as described above. To assess the pos-
sible impact of abdProf-1 overexpression on stress fiber formation,
cells were transfected with CMV-prof-1(H119E)-IRES-LckGFP and
mock CMV-LckGFP on DIV2, fixed on DIV5, permeabilized, stained
with Phalloidin-TRITC (P1951, Sigma) 1:1000 at RT for 2h, and
mounted in Fluoromount. Images were investigated using LSM 5
Pascal confocal microscope (Zeiss, Germany) with an oil immer-
sion objective Plan-Apochromat 63x/NA 1.4. The EGFP was excited
by 488 nm line of the Ar laser, the fluorescence signal was band-
pass filtered at 505-530nm. For excitation of LifeAct-RFP and
Phalloidin-TRITC, we used the 561 nm beam of the He-Ne laser.
The emission fluorescence was long-pass filtered at 575 nm.

4.5. Epifluorescence microscopy

For calculation of the perimeter/area ratio, assessment of
Profilin-1/abdProfilin-1 level, evaluation of basal cell edge motil-
ity, Ca2*-induced PAPs outgrowth and Ca2* response in astrocytes,
transfected with CMV-prof-1(H119E)-IRES-LckGFP and control
CMV-LckGFP plasmids, cells were investigated using inverted
Cell-R imaging system (Olympus, Japan), which was equipped
with automated wheels for excitation filters and the beam-
splitter/emission-filter cubes. Images were collected with a CCD
camera (Hamamatsu, Japan). Fluorescence of EGFP was excited at
450/50 nm and collected at 510/50 nm. Alexa Fluor 546 conjugated
antibodies were excited at 540 nm and detected at 605/55nm.
Images were taken using oil immersion Olympus PlanApo 60x/NA
1.45 objective. To visualize PAPs for analysis of morphological fea-
tures, basal cell edge motility, and CaZ*-induced PAPs outgrowth
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rate, images were acquired at the resolution of 1344 x 1024 pixels.
For assessment of Profilin-1/abdProfilin-1 level and Ca%* response,
a lower resolution of 672 x 512 pixels was employed.

4.5.1. Motility imaging

During all live microscopy experiments, the microscope frame
and all optical elements were maintained at 34 °C using the tem-
perature control incubator (Solent Scientific, UK). For estimation of
basal cell edge motility, astrocytes were transfected on DIV2-3 with
CMV-prof-1(H119E)-IRES-LckGFP plasmid DNA and control CMV-
LckGFP, and imaged on DIV5-8. During an imaging session, cells
were maintained in complete DMEM at 34°C and 5% CO, using
CO, enrichment (Solent Scientific, UK). From each cell, time-lapse
movies were recorded with the duration of 500s, containing 100
frames at 5-s interval.

To visualize Ca2*-induced PAPs outgrowth, fluorescence of EGFP
was excited at 500/20nm and collected at 535/30nm in order
to decrease photobleaching. Basal rate of PAPs outgrowth was
detected at sampling rate 1 image per second (totally 30 frames,
i.e. 305s), after Ca2* photolysis images were acquired every 1s dur-
ing first 200 s of time-lapse movies (totally 200 frames), and with
10-s intervals for the next 200 s (totally 20 frames).

4.5.2. Ca®* imaging

Ca?* elevations and stimulated PAPs outgrowth were recorded
separately due to rapid nature of investigated morphological
changes and CaZ* kinetics. For [Ca%*]; measurements the Fura-2
imaging technique was used. Cortical astrocytes were loaded by
30 min incubation at 34 °C with 4 WM Fura-2 AM (Invitrogen, USA)
supplemented with Pluronic F-127 (0.025%), in a solution contain-
ing (mM): NaCl 127, KCl 3, CaCl, 2, MgCl, 1.3, HEPES 20, glucose 10;
pH was adjusted to 7.4 with NaOH. After washing out Fura-2 AM,
cells were incubated 20 min for de-esterification. Fluorescence of
Fura-2 was excited at 380 nm and images were collected at 510 nm.
Basal [CaZ*]; level was assessed every 500 ms (totally 10 frames).
After Ca2* uncaging, 20 frames were recorded at 500 ms interval
and subsequent 30 frames were acquired every 3 s to minimize pho-
tobleaching. The 340-nm excitation was not used due to limitations
imposed by the Olympus PlanApo 60x/NA 1.45 objective. Changes
in [Ca%*]; were expressed as AF/F, where Fis baseline fluorescence
level, AFis therelative change from the base level. For calibration of
Fura-2 fluorescent signal F,,;, values were obtained experimentally
using 5 M ionomicine in combination with zero CaZ*, 2 mM Mg2*,
and 10 mM Na-EGTA. Mitochondrial Ca2* stores were depleted by
application of 5 wM oligomycin and 5 .M rotenone in order to get
rid of the drift in [Ca2*]; which occurred during the calibration
of Fura-2 fluorescent signal and was likely caused by mitochon-
drial Ca2* buffering. Thus, depletion of mitochondrial Ca2* stores
speeds up the [Ca2*] equilibration process and simplifies the Fura-
2 fluorescent signal calibration procedure. The Fmax values were
determined using a saturating 2mM Ca%* concentration in com-
bination with 5 wM ionomicine. A Kd of 224 nM was used for the
calculation [56].

4.5.3. Ca®* photolysis

Transfected cultured astrocytes were loaded with caged Ca2*
compound o-nitrophenyl (NP)-EGTA AM ester (10 M; Invitrogen)
and incubated with 4 uM Fura-2 AM (Invitrogen) for 30 min at
34°C in the presence of Pluronic F-127 (0.025%). After washing
out (NP)-EGTA AM and Fura-2 AM, cells were incubated 20 min for
de-esterification.

An ultraviolet (UV) beam (<400 nm) from a xenon lamp (150 W)
was focused through the oil immersion Olympus PlanApo 60x/NA
1.45 objective to fill the visual field, and the flash duration was set
to 200 ms. For each field Ca2* photolysis was applied twice with a
10-min interval: the first flash for activation of signaling cascades

and detection of filopodia outgrowth rate, and the second one for
imaging of [Ca2*]; response itself. The presence of a reliable Ca2*
response to the second UV flash was used as a criterion to deter-
mine whether the first UV flash was (i) sufficient for uncaging the
compound and (ii) did not induce any irreversible changes in the
given cell. In order to verify that the UV flash per se does not induce
[Ca%*); elevations, the transfected cells (n=4) were loaded with
Fura-2 without NP-EGTA and exposed to UV flashes of the same
intensity and duration as in uncaging experiments. No significant
changes in either [Ca2*]; (Suppl. Fig. 4C) or motility were observed.

4.6. Data analysis

Images were quantified and processed using Image] (available at
http://rsb.info.nih.gov/ij/), ImagePro 5.1 (Media Cybernetics, USA)
and Cell-R (Olympus, Japan) software.

For assessment of F-actin presence in thin peripheral processes,
we calculated the percentage of RFP-positive PAPs from the total
number of EGFP-positive processes with the width below 1 wm.

The level of Profilin-1/abdProfilin-1 in control and experimental
astrocytes was analyzed by estimation of gray value mean nor-
malized to the average level of fluorescence in cells expressing the
mock construct. Background fluorescence was subtracted prior to
calculations.

Morphological analysis of the cell coastline perimeter length (P)
and surface area (S) was performed using ImagePro 5.1. Prior to the
automatic calculation of these parameters, we applied the mask
function to the that were previously contrast-enhanced, processed
by application of “top hat” and “close” morphological filters, and
thresholded. We normalized every value of cell coastline perimeter
to the surface area, and used the average P/S ratio as an index of
complexity of the cellular morphology.

For evaluation of basal edge motility in astrocytes, each frame
within time-lapse movies was first processed by application of
morphological filters in ImagePro as described above to enhance
contrast and signal to noise ratio, then binarized and background-
reduced by removing outliers in Image]. For estimation of basal
edge movements, time-lapse images were digitally subtracted and
a differential image was calculated at two selected frequencies of
0.2Hz and 0.02 Hz (corresponding to the inter-frame intervals of
5 or 505, respectively). The resulting differential image represents
the cell edge shift during an inter-frame interval (Fig. 3D and E). The
total edge movement during the acquisition of the full time-lapse
movie (500 s) was calculated as the area of white pixels normalized
to the cell perimeter.

For measurement of PAPs outgrowth rate, each frame within
time-lapse movies was filtered in ImagePro by application of “top
hat” and “close” morphological filters, binarized and skeletonized
in Image] (as a result, every outgrowing process was represented
as a one-pixel-wide line). For every region of interest containing
one selected PAP, we measured the number of white pixels in each
frame and plotted it versus time. For measurements of outgrowth
stimulated by Ca2* uncaging, we plotted the average length of PAPs
versus time, with the zero point set at the moment of outgrowth
initiation. Linear outgrowth rate was calculated for the first 25s
after the growth initiation. Dynamic equilibrium state of PAP den-
sity was assessed by calculation of total number of PAP at selected
time points: 10's before Ca2* photolysis, 50, 200 and 400 s after the
photolysis.

For stress fibers tracing and length measurement two sets (one
representing LckGFP and another representing Phalloidine-TRITC)
of confocal images (1024 x 1024 pixels) were obtained for each
cell. Maximum projection image for each confocal z-stack was
obtained using LSM Image Browser (Zeiss, Germany). Maximum
projection images were converted to 8-bit gray scale and each
Phalloidine-TRITC image was masked by corresponding LckGFP
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image in ImagePro in order to exclude actin filaments from sur-
rounding untransfected cells. Resulted image was filtered by “top
hat”, “close” and “despeckle” filters and then binarized in Image-
Pro (Suppl. Fig. 3D and H). Total length of all bright objects was
measured in ImagePro and normalized on cell surface area.

All data are presented as mean =+ S.E.; n indicates the number of
individual cells assessed in immunocytochemical and morphologi-
cal studies, and number of PAP in the experiments on Ca2*-induced
PAPs outgrowth rate. Similar experiments were repeated at least
in three culture dishes under the same conditions. Data sets were
validated in terms of representativeness of its statistical power. Sta-
tistical differences were determined by either t-test for normally
distributed data or non-parametric Mann-Whitney U-test of vari-
ance, as specified in Section 2. Plots were constructed using MS
Excel.
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