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Abstract

This study investigated the consequence of repeated stress on actin cytoskeleton remodeling in the
nucleus accumbens (NAc) and prefrontal cortex (Pfc), and the involvement of this remodeling in
the expression of stress-induced motor cross-sensitization with cocaine. Wistar rats were
restrained daily (2 hours) for 7 days and, three weeks later, their NAc and Pfc were dissected 45
min after acute saline or cocaine (30 mg/kg i.p.). F-actin, actin-binding proteins (ABP) and GIuR1
were quantified by western blotting, and dendritic spines and PSD size measured by electron
microscopy. In the NAc from the stress plus cocaine group we observed a decrease in the
phosphorylation of two ABPs, cofilin and cortactin, and an increase in the PSD size and the
surface expression of GIuR1, consistent with a more highly branched actin cytoskeleton. The Pfc
also showed evidence of increased actin polymerization after stress as an increase was observed in
Arp2, and in the number of spines. Inhibiting actin cycling and polymerization with latrunculin A
into the NAc, but not the Pfc, inhibited the expression of cross-sensitization to cocaine (15 mg/kg
i.p.) and restored the expression of GIuRL1 to control levels. This study shows that a history of
repeated stress alters the ability of a subsequent cocaine injection to modulate dendritic spine
morphology, actin dynamics and GIuR1 expression in the NAc. Furthermore, by regulating GIuR1
expression in the NAc, elevated actin cycling contributes to the expression of cross-sensitization
between stress and cocaine, while stress-induced changes in the Pfc were not associated with
cross-sensitization.
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Introduction

It is well known that there is a high rate of co-occurrence of substance abuse disorder and
stressful life experiences (Brady & Sinha, 2005). In animal models, exposure to stress
results in long-term changes in stress and drug responses (Lu et al., 2003; Marinelli &
Piazza 2002). Behavioral sensitization is an example of experience-dependent plasticity,
induced by drug or stress, which has been suggested to involve plasticity at glutamatergic
synapses (Kauer & Malenka, 2007; Kalivas, 2009), and there is evidence for a common
mechanism triggered by stress and drugs at excitatory synapses on midbrain dopamine
neurons (Saal et al., 2003; Ungless et al., 2003).

Morphological changes in dendritic spines have been associated with behavioral adaptations
to motivationally relevant stimuli (Bhatt et al., 2009; Kalivas et al., 2009). Like repeated
drug administration, repeated exposure to stressors induces enduring adaptations in dendritic
branching, shape and the number of spines (Robinson & Kolb, 1997; 1999; 2004; Brown et
al., 2005; Shen et al., 2009), as well as in postsynaptic density (PSD) proteins (Swanson et
al., 2001; Yao et al., 2004; Szumlinski et al., 2008). Importantly, repeated stress
pretreatment increases the locomotor response to an acute cocaine injection, a phenomenon
referred to as cross-sensitization (Prasad et al., 1998). However, the role of stress-induced
changes in the neuronal architecture in the cross-sensitization between stress and cocaine is
unknown.

Dendritic spine morphology and protein insertion into the PSD are regulated by actin
cycling (Krause et al., 2003; McGee & Bredt, 2003; Matus, 2005), which is controlled by
various actin-binding proteins (ABPs) that maintain equilibrium between monomeric [G
(globular)] and filamentous [F (filamentous)] actin (dos Remedios et al., 2003). Both the
polymerization and depolymerization of F-actin are modulated, in part, by phosphorylation
of the ABPs, thereby linking actin dynamics to excitatory neurotransmission and associated
kinase signaling cascades (Carlisle & Kennedy, 2005; Cingolani & Goda, 2008).
Furthermore, (Toda et al., 2006) showed that repeated cocaine enhances actin cycling in the
nucleus accumbens (NAc). Additionally, (Boudreau & Wolf, 2005) found an upregulation of
AMPA-type glutamate receptor (AMPAR) surface expression in the NAc of behaviorally
sensitized rats after withdrawal from repeated cocaine injections.

This study investigated the consequence of repeated stress on actin cytoskeleton remodeling
in the NAc and prefrontal cortex (Pfc) and the involvement of this remodeling in the
expression of cross-sensitization to cocaine-induced locomotor activity after prior repeated
stress. Specifically, we aimed to evaluate changes in the level and/or phosphorylation state
of F-actin and the ABPs regulating actin dynamics, the surface expression of GIuR1, and the
number of dendritic spines and the size of PSD within the NAc and the Pfc. In addition,
inhibition of actin dynamics by latrunculin A in the NAc or Pfc was used to determine
whether actin rearrangement influences the expression of behavioral cross-sensitization and
the increase in GIuR1 in NAc seen after a cocaine injection in rats pretreated with repeated
stress. Finally, we extended these studies to assess the capacity of intra-accumbens AMPA
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) to alter the sensitized motor
stimulant response to cocaine following repeated stress.
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Methods and Materials

Animals

Male Wistar rats (250-350 g) were immobilized daily for 2 h in a Plexiglass restraining
device, for seven consecutive sessions between 10:00 and 14:00 h (Fig. 1A). The Plexiglass
cylinders were designed to allow the rats’ tails to emerge from the rear. The animals
appeared healthy as evidenced by their coat texture and minimal, reversible changes in body
weight (Cancela et al., 1996). Control animals remained undisturbed in their home cages for
the full 28-day period except for weekly weighing and regular husbandry. Three weeks after
the last restraint stress, the biochemical, behavioral and electron microscopic (EM) studies
were performed. All procedures were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals as approved by the Animal
Care and Use Committee of the Facultad de Ciencias Quimicas, Universidad Nacional de
Cordoba.

Biochemical Studies

Subcellular Fractionation and Immunoblotting—Animals were decapitated 45
minutes after an acute injection of saline or cocaine (30 mg/kg i.p.), three weeks after the
last restraint stress (as described above). Brains were rapidly removed and 2 mm coronal
sections containing the Pfc, or striatum and NAc were obtained using a brain matrix on an
ice-cold platform. The dissected slice of NAc tissue contained both the core and shell
subregions, although there was relatively more core tissue. The dissected slice of the
prefrontal cortex included the dorsal region. After finishing the dissections, bilateral NAc,
Pfc and striatum tissue blocks from two animals were pooled to obtain sufficient material for
western blotting. Subcellular fractionation was performed on dissected brain tissue as
described in detail previously (Toda et al., 2006). The NAc, striatum and Pfc tissues were
homogenized in cold buffer containing 0.32 M sucrose, 10 mM HEPES, 1 mM EDTA, pH
7.4 and assorted protease and phosphatase inhibitors. Homogenates were centrifuged three
times at 1,000 x g for 10 min to separate the nuclear fraction. The resulting supernatants
were concentrated twice at 10,000 x g for 15 min to obtain a crude synaptosomal fraction.
This fraction was resuspended in ice-cold water for hypoosmotic shock to release synaptic
vesicles from the membrane, then rapidly adjusted to pH 7.4 with 4 mM HEPES buffer and
incubated for 45 min with gentle rotation. After a 20 min centrifugation at 25,000 x g, the
supernatant was discarded and the resulting pellet (the synaptosomal membrane fraction)
was resuspended in buffer A (1% Triton-X, 20 mM HEPES pH 7.2, 100 mM NaCl) and
incubated at 4°C for 1 h with gentle rotation. After a 20 min centrifugation (10,000 x g, at
4°C), the pellet was resuspended in buffer B (15 mM HEPES NaOH, 0.15 mM NaCl, 1%
SDS, 10 mM EDTA, and 1 mM DTT, pH 7.5), and the supernatant collected as the non-PSD
membrane fraction (which contains the G-actin fraction). The supernatant resulting from 1 h
of the pellet incubation at 4°C and an additional 20 min centrifugation (10,000 x g, at 4°C)
was recovered as the PSD fraction (F-actin enriched fraction, approx. 0.5 ug/ul was obtained
from two animal tissues). Loaded samples containing 25 pg for the F-actin fraction and 40
ug for the G-actin fraction of protein were detected by western-blot using tubulin as a
loading control. A total of 80 animals were used in this experiment. The immunoreactivity
of actin (n=6-9/group), PSD-95 (n=7-8/group), Arp 2 (n=10/group), Homerlb/c (n=6-7/
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group), p-cortactin (n=7-8/group) and cortactin (n=5-7/group) were detected from the F-
actin fraction, and the immunoreactivity of p-cofilin (n=7/group) and cofilin (n=6-7/group)
were detected from the G-actin fraction. A recent report illustrates the relative capacity of
this subfractionation procedure to separate PSD from non-PSD proteins (Knackstedt et al.,
2010).

Surface Biotinylation

AMPAR expression in the NAc—Three weeks after discontinuing repeated stress, rats
were injected i.p. with saline, or cocaine 30 mg/kg and sacrificed 45 min later and the
expression of GIuR1 was examined (n=5/group). In another experiment, three weeks after
discontinuing repeated stress, the animals were injected intra-accumbens with Latrunculin A
(0.5 pg) or vehicle and 5 min later administered cocaine (30 mg/kg i.p.) and sacrificed 45
min later to examine the expression of GIuR1 (n=4-5/group). The NAc (including both shell
and core subcompartments, although there was relatively more core tissue) was dissected.
Bilateral NAc tissue blocks from two animals were merged to obtain enough material for
surface expression. A total of 76 animals were used in this experiment The dissected area
was transferred to ice-cold sulfo-NHS-LC-biotin (Pierce, Rockford, IL) in PBS (0.3 mg/ml)
and incubated for 1 h, then rinsed in cold Tris-glycine to quench free biotin (5 min) followed
by washes with ice-cold TBS (3%5 min). Microdissected NAc was homogenized in 300 pl of
RIPA buffer. Homogenates were centrifuged at 13,000 x g for 30 min to pellet the insoluble
fraction. For the total fraction of GIuR1 (surface plus internal), 50 pl of the supernatant was
mixed and heated with 4x SDS sample buffer. Biotinylated surface proteins in the remaining
supernatant (200 ul) were immunoprecipitated with 50 ul of 50% avidin-agarose beads
(ImmunoPure Immobilized Avidin; Pierce, Rockford, IL) for 2 h at 4°C. The beads were
pelleted, and 150 pl of the supernatant (internal fraction) was mixed and heated with 4x SDS
sample buffer. The beads were then rinsed three times with ice-cold TBS and heated in 50 pl
of 2x SDS sample buffer (surface fraction). The surface fraction and surface plus internal
were subjected to quantitative immunoblotting for AMPAR using anti-GluR1 (AB 1504),
Millipore, Billerica, MA). In the GIuR1 plasma membrane expression study, plasma
membrane-associated AMPAR was defined as the surface fraction of SDS sample buffer
eluent collected from avidin beads, normalized to the total fraction of GIuR1 (surface plus
internal, which represents total GIuR1 present prior to avidin bead addition) in each sample.

Behavioral Study

Surgery and Microinjection—Two weeks after the last restraint stress, all animals were
stereotaxically implanted with guide cannulas under ketamine/xylazine anesthesia (55 mg/kg
and 11 mg/kg, respectively) in the NAc at +0.6 mm anterior, £1.8 mm lateral (at an angle of
6° from vertical), and -4.0 mm ventral from bregma or in the Pfc at +3.2 mm anterior, 0.3
mm lateral, and -3.4 mm ventral from bregma (Paxinos & Watson, 2009). For latrunculin A
microinjection: One week after surgery, bilateral infusion cannulas were inserted to
microinfuse latrunculin A (Invitrogen, Carlsbad, CA) dissolved in DMSO (1%) in a volume
of 1 ul for 2 min (n=6-7/group). A total of 55 animals were used for latrunculin experiments
in NAc and Pfc. For CNQX microinjection: One week after surgery, bilateral infusion
cannulas were inserted to microinfuse CNQX (Sigma, St. Louis, MO) dissolved in DMSO
(10%) in a volume of 0.5 ul for 1 min. An additional 2 min were allowed for diffusion
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before the infusion cannulas were removed (n=9-10/group). A total of 34 animals were used
for CNQX experiment. For behavioral studies, 0.5 ug of latrunculin A or vehicle (DMSO
1%), or 1 nmol of CNQX or vehicle (DMSO 10%) were microinjected 5 min before a
systemic injection of either cocaine or saline, in the same conditions described above. The
dose of latrunculin employed (0.5 pg/ul) was selected in accordance with that used by Toda
et al., (Toda et al., 2006; Toda et al., 2010), who selected this dose based in part in the “in
vitro” literature (Fischer et al., 2004) but also in preliminary “in vivo” studies showing
effects of different microinjected latrunculin doses on F-actin in cocaine/saline animals.
Furthermore, (Toda et al., 2010) showed that latrunculin A (0.5 pg/ul) injected in NAc
abolished the ability of acute cocaine to increase the spine head diameter, and to
simultaneously inhibit the expression of the sensitized behavioral response to the drug. The
1 nmol CNQX dose was selected based upon studies of (Pierce et al., 1996) who showed
that a pretreatment with 0.1 nmol and 1 nmol CNQX, blocks locomotor sensitization to
cocaine , whereas a pretreatment with 0.01 nmol was ineffective. Furthermore, “in vivo”
preliminary studies from our lab show that 21 days following a single restraint stress both
0.1 and 1.0 nmol CNQX significantly inhibited the sensitized motor response to cocaine
without significantly reducing the acute response to this drug in control animals (Garcia-
Keller et al., submitted).

Cocaine-Induced Locomotion

Locomotor activity was monitored in photocell apparatus (actographs) and quantified as
total photocell counts (interruption of a beam that resulted in a photocell count). For these
sessions, animals were allowed to habituate to the activity chambers for 60 min before the
drug (latrunculin A or CNQX) or vehicle (DMSQ) microinjections, which were followed by
cocaine (15 mg/kg i.p.) or saline, and behavior recorded for 120 min over 10 min interval-
bins. It is noteworthy that 15 mg/kg cocaine rather than 30 mg/kg was used, to avoid the
manifestation of the typical stereotypic response to larger doses of cocaine.

Electron Microscopy

Three weeks after the last restraint stress session, all animals were perfused 45 min after an
acute injection of saline or cocaine (30 mg/kg i.p.). A total of 18 animals (n=3-5/group)
were fixed by perfusion with 4% wt/v paraformaldehyde plus 2.5% v/v glutaraldehyde in 0.1
M phosphate buffer, pH 7.4. Subsequently, 1 mm-thick sections of Pfc (layers 2-4) and NAc
core were postfixed with 1.5% wt/v osmium tetroxide in 0.1 mM phosphate buffer pH 7.4
for 2 h at 4°C. The sections were contrasted with 2% wt/v uranyl acetate, dehydrated and
embedded in Epon 812 resin. Ultrathin sections were obtained with an ultramicrotome
Porter Bloom MT 1 and collected in 300 mesh copper grids. These sections were contrasted
with uranyl acetate and stained with Reynolds solution, and then photographed in a Zeiss
10C Electron Microscope using 35-mm Kodak Technical Pan Professional 2415 films. Forty
neuropil fields from each area per animal were photographed at 12,500 x primary
magnification with an Electron Microscope Zeiss 10C. The films were scanned and digital
images were used for counting the dendritic spines involved in axospinous synapses.
Axospinous synapses were identified by the presence of an axon terminal with synaptic
vesicles in contact with small postsynaptic profiles, which show postsynaptic density and
spinous apparatus. EM photographs were digitally processed to measure the postsynaptic
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density thickness and length in an Image Pro image analyzer. The postsynaptic density
thickness was evaluated as the length of a perpendicular line traced from the postsynaptic
membrane to the most convex part of the synaptic complex in 50,000 x primary
magnification EM photographs. The postsynaptic density length was evaluated as the
longitude of a line traced parallel to the postsynaptic membrane in 50,000 x primary
magnification EM photographs. The experimenter was blind to the condition.

Drug and Antibodies

Cocaine was purchased from Verardo Laboratories (Buenos Aires, Argentina). The
following antibodies were used: a goat polyclonal anti-actin (1:500; Santa Cruz
Biotechnology, Santa Cruz, CA), a rabbit polyclonal antibody against phosphorylated cofilin
(1:1000; Kindly provided by Dr James Bamburg, Colorado State University, Fort Collins,
CO0), a mouse monoclonal anti-a-tubulin (1:2000, Sigma-Aldrich, St. Louis, MO), a rabbit
polyclonal anti-Arp2 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), a mouse
polyclonal anti-Homer 1b/c (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), a goat
polyclonal anti-PSD 95 (1:250; Santa Cruz Biotechnology, Santa Cruz, CA), a rabbit
polyclonal against phosphorylated cortactin (1:200; Santa Cruz Biotechnology, Santa Cruz,
CA), a rabbit polyclonal anti-cortactin (1:250; Cell Signaling, Beverly, MA), a rabbit
polyclonal anti-cofilin (1:250; Cell Signaling, Beverly, MA) and a rabbit monoclonal anti-
GluR1 (kindly provided by Dr Peter Kalivas 1:400; Millipore). Secondary antibodies were:
peroxidase conjugated anti-goat (1:2000; Jackson Laboratories, Baltimore Pike, PA),
peroxidase conjugated anti-mouse (1:2000; Jackson Laboratories, Baltimore Pike, PA), and
peroxidase conjugated anti-rabbit (1:2000; Jackson Laboratories, Baltimore Pike, PA).

Statistical Analyses

Results

A two-way ANOVA with the following factors: stress (non-stress or stress) and drug
(cocaine or saline) (Fig. 1, 2, 4A, 6, 8); or stress (non-stress or stress) and treatment
(latrunculin A or vehicle) (Fig.4B) was used to evaluate biochemical and microscopy data.
Behavioral data were statistically evaluated using a two-way ANOVA with the following
factors: stress (non-stress or stress) and treatment (latrunculin A/ vehicle or CNQX/vehicle)
with repeated measures over time (Fig. 3, 7 and 5, repectively). All ANOVA were followed
by a Tukey’s test for post hoc comparisons. The level of significance for all procedures was
p<0.05.

Repeated Immobilization Stress and Cocaine Modify Actin Dynamics

A decrease in F-actin levels was observed in the NAc 21 days after the repeated stress
exposure. Acute cocaine administration restored F-actin values to the levels observed in
non-stress animals while the levels of total actin were not altered in any treatment group
(Fig. 1B, stressxdrug F(y 2g)=6.54, p=0.016). Tukey’s post hoc test indicated that stress-
saline group shows a significant decrease of F-actin values with regard to those observed in
non-stress-saline group (p<0.05). The stress-induced decrease in F-actin levels may arise
from a pronounced decrease in p-cofilin in the stress-saline compared to the non-stress-
saline group (Fig. 1C, stress F(y 24)=4.77, p=0.039; drug F(1 24)=5.12, p=0.032) (Ono, 2003).
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However, the decrease in p-cofilin levels after cocaine in the non-stress group was not
associated with a decrease in F-actin levels, whereas in the stress group, the cocaine
injection restored F-actin to control levels without changing the stress-induced decrease in
p-cofilin. This could reflect the action of active cofilin to increase filament branching,
thereby increasing the amount of F-actin (Ono, 2003). Alternatively, other ABPs in addition
to p-cofilin may contribute to the normalization of F-actin levels. Along these lines,
cortactin is known to activate the Arp2/3 complex that also promotes the branching of new
actin filaments from F-actin, and this action of cortactin is inhibited by Src-mediated
tyrosine phosphorylation (Pollard & Borisy, 2003; Lua & Low, 2005). Thus, the cocaine-
induced reduction of p-cortactin in stress-pretreated subjects may contribute to the
restoration of F-actin and is consistent with the cocaine-induced increase in actin
polymerization in prior repeated stress animals. The total tissue content of neither cofilin nor
cortactin was altered (Fig. 1C, stressxdrug F(1 22)=4.63, p=0.042). Tukey’s post hoc test
indicates that the p-cortactin decrease in the stress-cocaine group was significantly different
compared to all the remaining groups (p<0.05). PSD-95, one marker protein of postsynaptic
density was unchanged after repeated stress or cocaine challenge (Fig. 1D). Another marker
protein for the PSD, Homer 1b/c. Although Homer1b/c is reduced in the NAc following
withdrawal from chronic cocaine (Szumlinski et al., 2004), it was not altered after prior
repeated stress or cocaine challenge (Fig. 1D).

Cocaine Increases the PSD but not the Total Number of Dendritic Spines in NAc after Prior
Repeated Stress

Figure 2 shows the results of an electron micrographic analysis of the number of dendritic
spines and the size of PSD in the NAc. Twenty-one days after repeated inmobilization
stress, an increase in the length and thickness of PSD in the NAc was observed following the
cocaine injection (Fig. 2A, PSD length, stress F(1 14y=4.38, p=0.05; drug F 1 14)=20.25,
p<0.001; PSD thickness, stress F(1 10)=5.20, p=0.045; drug F(1,10)=5.79, p=0.036). Fig. 2B,
shows that the total number of dendritic spines in the NAc were not modified in animals
administered either saline or cocaine following prior repeated stress. The lack of consistency
between F-actin and dendritic spines density has been observed following other treatments,
such as chronic morphine, which increased F-actin (Toda et al., 2006) and decreased the
number of dendritic spines (Robinson & Kolb, 2004), and changes in F-actin may be more
closely related to spine head diameter (Shen et al., 2009).

Inhibiting Actin Polymerization in the NAc Prevents Stress Cross-Sensitization with

Cocaine

We have previously demonstrated that repeated stress induces lasting cross-sensitization of
the locomotor response elicited by an acute cocaine (15 mg/kg i.p.) (Kalivas & Stewart,
1991; Sorg & Kalivas, 1991) or d-amphetamine injection (Pacchioni et al., 2007).
Latrunculin A binds to G-actin thereby preventing its polymerization into F-actin (Morton et
al., 2000), and the expression of cross-sensitization between repeated stress pretreatment
and cocaine was prevented by intra-accumbens latrunculin A (0.5 pg/ul) administered 5 min
before cocaine. Latrunculin A did not alter the motor response elicited by acute saline in
either prior repeated stress or control animals, nor did it alter the motor response elicited by
acute cocaine in control animals (Fig. 3A, time F(17,374y=21.41, p<0.001; stress
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F(1,374)=18.05, p<0.001; stressxtreatment F(; 72)=8.57, p=0.008; stressxtreatmentxtime
F(17,374)=6.03, p=0.008). Tukey's post-hoc comparisons indicated that the stress-vehicle
group shows significantly higher photocell counts at 90 and 100 min compared with the
stress-latrunculin A and all the remaining groups. These comparisons also showed that
counts at 70 and 80 min in the stress-vehicle group were significantly higher than those of
the non-stress-vehicle group. The total photocell counts over 120 min after cocaine injection
also showed the higher response of the stress-vehicle group compared to all the remaining
groups (Fig. 3B, stress F(; 22)=19.77, p<0.001; stressxtreatment F(y 22)=7.36, p=0.013).
Tukey's post-hoc comparisons indicated that a significant difference (p<0.05) in the total
cumulative counts was observed between the stress-vehicle group and all the remaining
groups after cocaine injection.

Prior Repeated Stress and Cocaine-Induced Increase in the Surface Expression of GIluR1
is Prevented by Inhibiting the Actin Polymerization in the NAc

Given that the size of PSDs is positively correlated with spine head diameter, and since
spines with large PSDs exhibit higher levels of AMPAR immunoreactivity than spines with
smaller PSDs (Harris & Stevens, 1989; Matsuzaki et al., 2001; Nakagawa et al., 2005), it is
likely that, in the Nac of the stress/cocaine group, large spines (i.e. with greater size of
PSDs) would also express a greater number of glutamate receptors. Consistently with the
increase in PSD observed in prior repeated stress animals after acute cocaine (Fig. 2A)
(Ehrlich & Malinow, 2004; Gerges et al., 2004), surface expression of the AMPA receptor
subunit GIuR1 was higher in prior repeated stress animals administered cocaine than in the
remaining groups (Fig. 4A, stressxdrug F(1,16)=4.25, p=0.05). Tukey’s post hoc test
indicated a significant difference between the stress-cocaine and the remaining groups
(p<0.05). Since PSD-95, which may help anchor GluR1-containing AMPAR in the
membrane (Ehrlich & Malinow, 2004; Gerges et al., 2004) was unchanged, it is likely that
other proteins such as stargazin, which bind both AMPAR and PSD-95 could be
participating, as has been proposed in hippocampus (Schnell et al., 2002; Santos et al.,
2009). Latrunculin A in the NAc also reversed the stress/cocaine-induced increase in surface
expression of GIuR1 (Fig. 4B, stressxtreatment F(; 14y=4.77, p=0.046). Tukey’s post hoc test
revealed that the stress-vehicle-cocaine group had significantly increased GluR1 compared
to the stress-latrunculin A-cocaine and non-stress-latrunculin A-cocaine groups (p<0.05),
indicating a potential role for actin dynamics in the increased expression of GluR1
accompanying the expression of cocaine cross-sensitization. Interestingly, latrunculin A had
no effect on GIuR1 surface expression in control animals, further supporting the possibility
of a causal linkage between the increased GIuR1, actin dynamics, and cocaine-induced
locomation in the stress/cocaine group.

Blockade of AMPAR within the NAc Prevents the Expression of Stress Cross-Sensitization
with Cocaine

Akin to latrunculin A, pretreatment with CNQX (1 nmol) into the NAc significantly
abrogated the sensitized response to cocaine following stress, without attenuating the
locomotor response to acute cocaine in non-stressed animals. The locomotor enhancement
observed after cocaine injection into the repeated stress group was prevented by a CNQX
pretreatment (Fig. 5A, time F(17510)=40.01, p<0.001; stressxtime F (17 510y=2.08, p=0.007;
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stressxtreatment F(y 30)=5.19, p=0.030; stressxtreatmentxtime F (17 510)=2.94, p<0.001).
Tukey’s post hoc test indicated that photocell counts at 80 min in the stress-vehicle group
were significantly higher than those observed in the stress-CNQX and all the non-stress
groups, and that counts at 90 min in the stress-vehicle group were significantly higher than
that of the stress-CNQX group. Consistently, the total photocell counts over 120 min after
cocaine challenge in stress-vehicle was significantly increased compared to the stress-
CNQX and all non-stress groups (Fig. 5B, treatment F(; 30)=8.36, p=0.007; treatmentxstress
F(1,30)=7-98, p=0.008). Tukey’s post hoc test comparisons indicated that the total cumulative
counts in the stress-vehicle group was significantly increased with regard to the stress-
CNQX and all non-stress-vehicle groups. This finding is consistent with the
pharmacological study of (Pierce et al., 1996) who showed that the microinjection of CNQX
into the NAc core abolished the augmented motor response to a cocaine challenge in
sensitized rats, but was without effect on cocaine-induced motor activity in nonsensitized
animals.

Actin Polymerization in the Pfc is Promoted by Stress, but Does not Regulate Cocaine
Motor Activity

Twenty-one days after repeated immobilization stress exposure, an increase in F-actin levels
in the Pfc was observed either after saline or cocaine, meanwhile the levels of total actin
were not altered in any treatment group (Fig. 6A, stress F(; 32)=5.96, p=0.020). Consistent
with the increase in F-actin, an increase in Arp2, which promotes actin filament branching
and elongation (May, 2001; Pollard, 2007), was observed in the stress group compared to
the non-stress group (Fig. 6B, stress F(; 36=7.23, p=0.010). While no differences in PSD-95
were measured between any treatment groups in the Pfc, repeated pre-stress elicited an
increase in Homer 1b/c regardless of whether the animals were administered cocaine or
saline (Fig. 6C, stress F(1 29)=7.41, p=0.013). None of the other actin-binding proteins
measured were significantly altered in the Pfc in any treatment group (Fig. 6).

Pretreatment with latrunculin A into the Pfc before a cocaine challenge did not alter the
motor response in prior repeated stress animals. Latrunculin A did not modify the motor
response elicited by acute saline or cocaine in control animals nor did it influence that after
saline in repeated pre-stress animals. The locomotor enhancement of the behavioral response
to cocaine observed in stress group was not modified by latrunculin A treatment (Fig. 7A,
stress F(1,238)=6.79, p=0.021; time F(17 23)=18.42, p<0.001; stressxtime F(17,38)=2.32,
p=0.003; Fig. 7B, time F(17,187)=19.98, p<0.001; stressxtime F(17,187)=3.42, p<0.001).
Tukey’s post-hoc comparisons indicated that the stress-vehicle group shows significantly
higher photocell counts at 80 min compared with the non-stress-vehicle group. The
enhanced motor response to cocaine at 70, 80 and 90 min in the stress-latrunculin A group
was significantly higher than that in the non-stress-latrunculin A group. The total photocell
counts over 120 min after cocaine injection also showed the higher response of the stress-
vehicle and stress-latrunculin A groups compared with the nonstress- vehicle and non-stress-
latrunculin A, respectively (Fig. 7C, stress F(; 5)=9.44, p=0.005).
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Cocaine Increases the PSD but Does not Modify the Stress-Induced Increase in the Total
Number of Dendritic Spines in the Pfc

Figure 8 shows the results of an electron micrographic analysis of the number of spines and
the size of the PSD in the Pfc. Acute cocaine increased PSD thickness and length regardless
of the pretreatment group (Fig. 8A, PSD length, drug F(; ¢)=8.10, p=0.022; PSD thickness,
drug F(1,8)=38,32, p<0.001). The density of spines was increased only in prior repeated
stress rats regardless of the administration of acute saline or cocaine (Fig. 8B, stress
F,11=7.67, p=0.018). Thus, in the Pfc, the change in spine density seems to be associated
with homeostatic changes in the stress group, whereas those in PSD are more related with
the acute effect of cocaine.

Prior Repeated Stress and Cocaine Do not Alter Actin Dynamics in the Striatum

Three weeks after the repeated immobilization stress, no influence on F-actin or p-cofilin
levels was elicited in the striatum after either a saline or cocaine injection (data not shown).
This agrees with studies showing no influence of repeated cocaine withdrawal on the actin
cytoskeleton in striatum (Toda et al., 2006).

Discussion

This study identified neuroadaptations in the NAc that contribute to the cross-sensitization
between repeated stress and acute cocaine, including increases in the PSD size, actin
dynamics and AMPAR surface expression. We observed that repeated stress exposure was
associated with long-term changes in proteins that regulate the actin cytoskeleton in the
NAc, and that disrupting actin dynamics with latrunculin A prevented the expression of
cocaine cross-sensitization with stress. Similar changes and a role for actin dynamics has
been shown for sensitization to daily cocaine injections in rats expressing behavioral
sensitization after withdrawal from daily cocaine injections (Toda et al., 2006; Toda et al.,
2010), indicating that cocaine sensitization induced by repeated stress or cocaine may share
this underlying adaptation. Moreover, the stress-related changes in actin dynamics and
cross-sensitization were associated with GIuR1 surface expression in the NAc. Thus, only in
prior repeated stress rats did acute cocaine increase GIuR1 surface expression, and the
sensitized motor response in this treatment group was abolished by intra-accumbens
blockade of AMPAR with CNQX. A similar adaptation in AMPAR has been previously
reported after cocaine withdrawal, and is thought to contribute to the expression of
behavioral sensitization after daily cocaine (Boudreau & Wolf, 2005; Ghasemzadeh et al.,
2009; Schumann & Yaka, 2009). Finally, since drugs and stress modulate the density and
morphology of spines (Kolb & Whishaw, 1998; Robinson & Kolb, 2004; Shen et al., 2009;
Christoffel et al., 2011), we measured spine density and the length and thickness of the PSD.
Although spine density was not affected by any treatment, the size of PSD was increased
only in the prior repeated stress animals injected acutely with cocaine. Taken together, the
sensitized behavioral response to acute cocaine observed in the prior repeated stress rats was
associated with increased actin dynamics, GIuR1 surface expression and PSD size in the
NACc and the causal nature of this association is supported by the fact that inhibiting actin
dynamics or AMPAR in the NAc prevents the sensitized motor response.
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Effects of Stress and Cocaine on ABPs that Regulate Actin Dynamics, Surface GIuR1, PSD
size and Dendritic Spines in the NAc

Binding of the ADF/cofilin family of proteins to F-actin promotes filament disassembly, and
actin binding by cofilin is terminated by phosphorylation (Ono, 2003). Thus, a decrease in p-
cofilin increases active cofilin and may increase F-actin depolymerization, thereby reducing
F-actin in the prior repeated stress. Chen et al., (2008) also reported a decrease in p-cofilin
in the hippocampus following stress. Decreased cofilin phosphorylation increases cofilin
binding affinity for F-actin, and the dissociation rate constant for actin subunits from the
filament’s pointed end (Bamburg, 1999). Cofilin also promotes actin nucleation due to the
cofilin-severed F-actin fragments acting as preferred substrates from which Arp2/3 builds
actin networks (Van Troys et al., 2008). In addition to reduced p-cofilin, we reported a
decrease in p-cortactin after cocaine in animals pretreated with repeated stress. Thus, the
increased availability of G-actin by cofilin-mediated depolymerization could be
preferentially routed to form lamellipodia-like protein complexes. This might lead to
enhanced levels of cortactin and, as a consequence, the Arp2/3 protein would be activated,
promoting nucleation and polymerization in the branched actin networks (Lua & Low,
2005). The decrease in both p-cofilin and p-cortactin is consistent with a simultaneous
enhancement in actin polymerization and depolymerization, which is indicative of increased
actin cycling and changes in dendritic spine morphology (Meng et al., 2003; Ono, 2003;
Pollard & Borisy, 2003; Ghosh et al., 2004), as previously demonstrated after withdrawal
from chronic cocaine (Toda et al., 2006).

The increase in AMPAR found after cocaine in prior repeated stress animals parallels the
alterations in actin dynamics, suggesting that both events may be related. Although our data
do not address the precise role for cofilin and cortactin mediated actin dynamics in GluR1
trafficking, the reduction in GIuR1 surface expression by latrunculin A appears to rule out a
simply passive role for the actin dynamics. While cofilin can break down the existing actin
filaments, it can also generate new barbed ends for further actin polymerization (Van Troys
et al., 2008). It is thus conceivable that cofilin and cortactin may produce two coordinated
effects on the actin network for AMPAR insertion: cofilin severing activity increases the
number of preferred ends for Arp2/3 nucleation (Ichetovkin et al., 2002) and cortactin can
bind to and activate the Arp2/3 complex favouring the stabilization of the actin network
(Pontrello & Ethell, 2009). As shown by Allison et al., (1998) the enhanced actin
polymerization and stabilized actin filaments (F-actin) favour surface expression of
AMPARSs. Furthermore, recent evidence shows that elevated ADF/cofilin potentiates, while
ADF/cofilin inhibition abolishes AMPAR insertion (Gu et al., 2010). Although it is
important that future studies untangle the contributions of depolymerization and
polymerization to the changes in AMPAR, this study provides a platform from which their
contribution to stress- and drug-induced sensitization to cocaine can be further investigated.

It is generally thought that receptor trafficking during plasticity is coupled to morphological
changes in postsynaptic spines. Accordingly, we found that cocaine induced an increase in
AMPAR surface expression as well as in the size of PSD in prior repeated stress animals,
without changes in F-actin levels and the total number of dendritic spines. Thus, akin to
other studies, changes in actin may be accompanied by changes in spine morphology
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without significantly altering the number of spines (Calabrese et al., 2006; Shen et al.,
2009). Consistent with the apparent association we identified, the size of the PSD is
correlated with spine head diameter (Harris & Stevens, 1989; Kasai et al., 2003), and spines
with large heads express a greater density of AMPAR (Kasai et al., 2003; Matsuzaki et al.,
2001). Together, these studies are consistent with the possibility that the increase in the size
of PSD and number of AMPAR observed in the stress-cocaine group may contribute to the
expression of stress/cocaine cross-sensitization.

The pioneering studies showing that corticosterone secretion is one of the mechanisms
underlying stress-induced cross-sensitization to amphetamine, morphine and cocaine, may
also points to a potential mechanism whereby stress may elicit changes in actin dynamics
and spine morphology (Deroche et al., 1992; Deroche et al., 1993; Deroche et al., 1995;
Rouge-Pont et al., 1995; Rouge-Pont et al., 1998; Prasad et al., 1998). It has been suggested
that the increase in glucocorticoid hormones, through action on mesolimbic dopamine
neurons, underlies the increased vulnerability to drug abuse (Marinelli & Piazza, 2002; de
Jong & de Kloet, 2004), and cold water stress exposure can enhance synaptic strength in
NAc MSNs or midbrain dopamine neurons via a glucocorticoid-dependent mechanism (Saal
et al., 2003; Campioni et al., 2009). Also, selective deletion of Nr3cl (the glucocorticoid
receptor gene) in mouse dopaminoceptive neurons expressing D1 dopamine receptors
decreased the motivation of mice to self-administer cocaine (Ambroggi et al., 2009). Recent
studies also reveal that corticosterone plays a role in generating dendritic spine plasticity in
the NAc (Morales-Medina et al., 2009) and hippocampus (Liston & Gan, 2011), as well as
in increasing AMPAR surface mobility and synaptic surface content in the latter (Martin et
al., 2009; Conboy & Sandi, 2010; Groc et al., 2008). In addition to corticosterone, several
lines of evidence indicate a critical role for corticotropin releasing factor (CRF) actions on
the dopamine system in stress-related behaviors. Neurons containing CRF project to and
make synapses within the VTA (Tagliaferro & Morales, 2008), and injection of CRF
directly into the VTA increases locomotor activity (Kalivas et al., 1987), while injection of
CRF antagonists inhibits stress-induced reinstatement of cocaine-seeking (Wang et al.,
2005; Wang et al., 2007) as well as cross-sensitization to psychostimulants (Cole et al.,
1990; Boyson et al., 2011). Moreover, electrophysiological recordings have shown that CRF
regulates excitability of VTA dopamine neurons (Korotkova et al., 2006; Wanat et al., 2008)
and synaptic inputs onto these neurons (Ungless et al., 2003). In addition, it was shown in
non-dopaminergic areas that CRF modifies the actin cytoskeleton (Swinny & Valentino,
2006). Taken together these data point to CRF and corticosterone secretion by stress as
important potential mechanisms in the stress-induced increases in actin cycling we have
identified that predispose animals to the motor stimulant effects of psychostimulants.

Inhibiting Actin Polymerization with Latrunculin A in the NAc Prevents Stress Cross-
Sensitization with Cocaine and Stress-induced Elevation in GluR1

Consistent with a causal influence of altered actin dynamics and GIuR1, treatment of the
NAc with latrunculin reversed both the expression of stress-induced cross-sensitization with
cocaine and the elevation in surface expression of GIuR1. Likewise, both AMPAR-mediated
currents following repetitive release of glutamate and the density of AMPAR in
hippocampal neurons are reduced by latrunculin (Matsuzaki et al., 2004; Allison et al.,
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1998). Moreover, blocking AMPAR with CNQX inhibited the expression of cross-
sensitization between stress and cocaine. Likewise, microdialysis data from our laboratory
indicates that glutamate is involved in the long-lasting sensitized response to
psychostimulants following stress (Pacchioni et al., 2007). These observations are consistent
with previous studies showing an involvement of AMPAR in the cocaine-induced
sensitization (Pierce et al., 1996), an increased AMPAR at twenty-one days of cocaine
withdrawal (Boudreau & Wolf, 2005; Ghasemzadeh et al., 2009; Schumann & Yaka, 2009),
and studies suggesting that increased postsynaptic responsiveness of excitatory synapses in
the NAc plays an important role in the behavioral effects of chronic cocaine (Kourrich et al.,
2007; Famous et al., 2008). Furthermore, the inhibition of calcium permeable AMPAR, a
hallmark of late-stage cocaine-evoked synaptic plasticity in the NAc (Conrad et al., 2008),
and the viral expression of a peptide that impairs GIluR1 trafficking (Anderson et al., 2008)
reduce cue-induced cocaine seeking and cocaine-primed reinstatement, respectively.
Nonetheless, although the effect of latrunculin on GIuR1 levels argues for an action in the
postsynapse, latrunculin will inhibit actin cycling in all cell types and in all regions of the
cell where actin is present. Thus, actin in other cellular compartments may contribute to the
behavioral effects. In addition, it should be noted that animals can demonstrate sensitized
behaviors after early withdrawal but do not express AMPAR upregulation (Boudreau &
Wolf, 2005; Ghasemzadeh et al., 2009; Schumann & Yaka, 2009), and that GIuR1 surface
expression in the NAc is not altered 30 min after cocaine challenge, even though the rats
expressed locomotor sensitization (Boudreau et al., 2007; Ferrario et al., 2011). Thus,
although increased AMPAR is not the only mechanism underlying behavioral sensitization
or cross-sensitization with cocaine, our current findings that CNQX and latrunculin A in the
NAC prevented the expression of cross-sensitization between cocaine and stress supports the
importance of both actin cycling and AM-PAR in stress-induced sensitized behaviors.

Effects of Prior Repeated Stress and Cocaine on the ABPs that Regulate Actin Cycling,
PSD size and Dendritic Spines in the Pfc

F-actin levels, as well as those of the polymerizing protein Arp2 and the scaffolding protein
Homer 1b/c, were increased in the Pfc of all the stress groups, while p-cofilin levels were
not altered. The increase in Homer 1b/c levels in all the stress groups is in agreement with
that observed in the Pfc from early stressed animals, submitted to a repeated restraint stress
in adulthood as well as after a cocaine self-administration paradigm (Szumlinski et al.,
2008). Usui et al., (2003) have shown long isoforms of Homer to be associated with the
formation of synaptic contacts and the synaptic accumulation of F-actin at the PSD. The
latter could be associated with increased F-actin and Arp2. Thus, the increase in Arp2 after
prior repeated stress predicts an increase in actin filament branches and an increase in
dendritic spine density (May, 2001; Pollard, 2007). There is evidence that after long
immobilization stress, atrophy takes place in the dendrites and spines in the Pfc. However,
21 days after discontinuing stress, the atrophy rebounds, as reflected by an increase in
dendritic length and density of spines (Seib & Wellman, 2003; Brown et al., 2005; Radley et
al., 2008; Goldwater et al., 2009); which is in agreement with the observations in this study.
Since an increase in the PSD (length and thickness) was observed after cocaine in both
nonstress and stress groups, it is not likely that this strongly contributes to the expression of
cross-sensitization between repeated stress and cocaine. The lack of influence of latrunculin
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A in Pfc on the sensitized response to cocaine also raises the possibility that prolonged
immobilization stress may trigger homeostatic mechanisms in the Pfc that are unrelated to
the expression of stress-induced cross-sensitization.

Summary

The main conclusion from our study is that a history of repeated stress alters the capacity of
a subsequent cocaine injection to modulate dendritic spine morphology (size of PSD), actin
dynamics and AMPAR expression in the NAc. Furthermore, the alterations in actin
dynamics regulate AMPAR surface expression in the NAc after cocaine in the prior repeated
stress group, which is a shared molecular mechanism between stress- and drug-induced
sensitization to cocaine. Also, we found that actin dynamics and spine morphology changes
in the Pfc following stress are not associated with the expression of cross-sensitization to
cocaine. These are among the first findings to demonstrate a common cellular mechanism
underpinning the expression of behavioral cross-sensitization between stress and cocaine.
Given the well-established synergism between stress and cocaine addiction, these
mechanisms pose common points of pharmacological intervention in treating cocaine
addiction and its interactions with stressful life experiences.

Acknowledgements
This work was supported by grants from FONCyT, CONICET, SECyT and MinCyT (Argentina). The authors are

grateful to Estela Salde and Lorena Mercado for her laboratory technical assistance and Joss Heywood for English
technical assistance.

Abbreviations

ABP actin-binding protein
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A, Stress treatment regimens: NS/SAL, non-stress/acute saline; NS/COC, non-stress/acute
cocaine; S/SAL, repeated stress/acute saline; S/COC repeated stress/acute cocaine. B, C, and
D, Effects of repeated stress and cocaine on levels of F-actin, ABPs (actin-bound proteins)
and PSD proteins in the NAc. Data is expressed as mean £ SEM of the number of
determinations depicted in each graphic. The results were analyzed by a two-way ANOVA
(stress x drug) and a Tukey’s test as a post hoc comparison when a significant interaction
was present. B, F-actin, stress x drug F; »8=6.54, p=0.016. * p<0.05 compared to NS/SAL.
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C, p-cofilin, stress F3 24)=4.77, p=0.039; drug F(1 24)=5.12, p=0.032. * p<0.05 compared to
NS/SAL. p-cortactin, stress x drug F(y 22)=4.63, p=0.042. * p<0.05 compared to all the
remaining groups.
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Figure?2.
Electron microscopy in the NAc. A, The length and thickness of PSD were measured in

seven different fields for each animal under a magnification of 50,000 X. The length and
thickness of PSD are expressed in nm as mean = SEM. The results were analyzed by a two-
way ANOVA (stress x drug) test. PSD length, stress F (1 14)=4.38, p=0.05; drug
F(1,14=20.25, p<0.001. *denotes p<0.05 compared to NS/SAL. PSD thickness, stress
F(1,10=5.20, p=0.045; drug F(1,10)=5.79, p=0.036. * p<0.05 compared to NS/SAL. The
electron microphotograph depicted in A, shows the ultrastructure of PSD (arrows) of the
NAc in all experimental conditions: (A) NS/SAL, (B) NS/COC, (C) S/SAL, (D) S/ICOC.
Scale bar represents 100 nm. B, Dendritic spines were counted in forty different fields for
each animal under a primary magnification of 12,500 X. Total number of dendritic spines is
expressed as mean = SEM. The electron microphotograph depicted in B shows the
ultrastructure of the NAc neuropil in all experimental conditions: (A) NS/SAL, (B) NS/
COC, (C) SISAL, (D) S/ICOC. Scale bar represents 1 um.
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Figure 3.
Locomotor activity after cocaine (15 mg/kg i.p.) in rats pretreated with latrunculin A (0.5

ug) or vehicle (DMSO 1 %) into the NAc, 3 weeks after repeated immobilization stress.
After 1 h habituation to test cages, the animals were injected with latrunculin A (n=6/group)
or vehicle (n=7/group) intra-accumbens and 5 min later with saline or cocaine i.p. after
which locomotor activity was monitored for 2 h. Values represent the mean + SEM of
horizontal photocell counts over 10 min periods. Total photocell counts over 120 min were
shown as mean £ SEM. A, Time-course of locomotor activity was analyzed by a two-way
ANOVA (non-stress/stress x latrunculin A/vehicle) with repeated measures over time: time
F(17,374)=21.41, p<0.001; stress F(1 374)=18.05, p<0.001; stress x treatment F(; 77)=8.57,
p=0.008; stress x treatment x time F(17374)=6.03, p=0.008. * p<0.05 compared with all the
remaining groups (non-stress-vehicle, non-stress-latrunculin A and stress-latrunculin A). #
p<0.05 compared with non-stress-vehicle group. Comparisons between groups were at the
same time point by the Tukey’s test. Arrow indicates 15 mg/kg cocaine i.p. injection. B,
Total horizontal photocell counts 120 min after the cocaine injection was analyzed by a two-
way ANOVA (non-stress/stress x latrunculin A/vehicle): stress F(1 22)=19.77, p<0.001;
stress x treatment F(; 72)=7.36, p=0.013. * p<0.05 compared with all the remaining groups
after cocaine injection. C, Location of the microinjection cannula tips in the NAc of rats
included in the data analyses. The line drawings are from Paxinos and Watson (Paxinos &
Watson, 2009). Numbers to the right indicate millimeters from bregma. Symbols represent
the different groups: O (non-stress + latrunculin A intra-accumbens); @ (stress + latrunculin
A intra-accumbens); O (non-stress + vehicle intra-accumbens); W (stress + vehicle intra-
accumbens).
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Figure4.

GIuR1 expression in the NAc. A, Three weeks after discontinuing repeated stress, rats were
injected i.p. with saline, or cocaine 30 mg/kg and sacrificed 45 min later and the expression
of the AMPAR subunit GIuR1 was examined. B, Inhibiting actin cycling in the NAc
prevents stress/cocaine induced elevation in AMPAR. Three weeks after discontinuing
repeated stress, the animals were injected with latrunculin A (0.5 pug) or vehicle intra-NAc
and 5 min later all animals were administered cocaine 30 mg/kg i.p. and sacrificed 45 min
later and the expression of AMPAR was examined. Data is expressed as mean + SEM of the
number of determinations depicted in each graphic. The results were analyzed by a two-way
ANOVA (stress x drug) and a Tukey’s test as a post hoc comparison when a significant
interaction was present. A, stress x drug F(; 16)=4.25, p=0.05. * p<0.05 compared to all the
remaining groups. B, stress x drug F(y 14y=4.77, p=0.046. * p<0.05 compared to stress-
latrunculin A-cocaine and non-stress-latrunculin A-cocaine groups.
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Figureb.

Locomotor activity after cocaine (15 mg/kg i.p.) in rats pretreated with CNQX (1 nmol) or
vehicle (DMSO 10 %) in the NAc, 3 weeks after repeated immaobilization stress. After 1 h
habituation to test cages, the animals were injected into the NAc with CNQX (n=9-10/
group) or vehicle (n=7-8/group) and 5 min later with saline i.p. or cocaine i.p., after which
locomotor activity was monitored for 2 h. VValues represent the means = SEM of horizontal
photocell counts over 10 min periods. Total photocell counts over 120 min were shown as
means + SEM. A, Time-course of locomotor activity was analyzed by a two-way ANOVA
(non-stress/stress x latrunculin A/vehicle) with repeated measures over time: time
F(17,510)=40.01, p<0.001; stress x time F(17,510)=2.08, p=0.007; stress x treatment
F(1,30)=5.19, p=0.030; stress x treatment x time F(17 510)=2.94, p<0.001. * indicates p<0.05
compared with all the remaining groups (non-stress-vehicle, non-stress-CNQX and stress-
CNQX). # p<0.05 compared with stress-CNQX. Comparisons between groups were at the
same time point by the Tukey’s test. Arrow indicates 15 mg/kg cocaine i.p. injection. B,
Total horizontal photocell counts 120 min after the cocaine injection was analyzed by a two-
way ANOVA (non-stress/stress x CNQX/vehicle): treatment F(y 30)=8.36, p=0.007;
treatment x stress F(1 30)=7.98, p=0.008. * p<0.05 compared with all the remaining groups
after cocaine injection. C, Location of the microinjection cannula tips in the NAc of rats
included in the data analyses. The line drawings are from Paxinos and Watson (Paxinos &
Watson, 2009). Numbers to the right indicate millimeters from bregma. Symbols represent
the differents group: O (non-stress + CNQX 1 nmol intra-accumbens); @ (stress + CNQX
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1nmol intra-accumbens); I (non-stress + vehicle intra-accumbens); B (stress + vehicle
intra-accumbens).
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Figure®6.

Effects of repeated stress and cocaine on levels of F-actin, ABPs (actin-binding proteins)
and PSD proteins in the Pfc. Data are expressed as mean + SEM of the number of
determinations depicted in each graphic. The results were analyzed by a two-way ANOVA
(stress x drug) and a Tukey’s test as a post hoc comparison when a significant interaction
was present. A, F-actin, stress F(; 37)=5.96, p=0.020. B, Arp 2, stress F; 36)=7.23, p=0.010.
C, Homer 1b/c, stress F(y 20)=7.41, p=0.013. *p<0.05 between the stress and the non-stress
groups.
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Figure7.

Locomotor activity after to cocaine (15 mg/kg i.p.) in rats pretreated with latrunculin A (0.5
ug) or vehicle (DMSO 1 %) in the Pfc, 3 weeks after repeated immobilization stress. After 1
h habituation to test cages, the animals were injected with latrunculin A (h=6-7/group) or
vehicle (n=7-9/group) intra-prefrontal cortex and 5 min later with saline or cocaine i.p. after
which locomaotor activity was monitored for 2 h. Values represent the means + SEM of
horizontal photocell counts over 10 min periods. Total photocell counts over 120 min are
shown as mean + SEM. A-B, Time-course of locomotor activity was analyzed by a two-way
ANOVA with repeated measures over time: A, stress F(; »3g)=6.79, p=0.021; time
F(17,238)=18.42, p<0.001; stress x time F(17 238)=2.32, p=0.003; B, time F(17,187)=19.98,
p<0.001; stress x time F(17,187y=3.41, p<0.001. * p<0.05 compared with non-stress-vehicle
and non-stress-latrunculin A respectively. Comparisons between groups were at the same
time point by the Tukey’s test. Arrow indicates 15 mg/kg cocaine i.p. injection. C, Total
horizontal photocell counts 120 min after the cocaine injection was analyzed by a two-way
ANOVA (non-stress/stress x latrunculin A/vehicle): stress F(1 5=9.44, p=0.005. * p<0.05
compared with non-stress groups after cocaine injection. D, Location of the microinjection
cannula tips in the Pfc of rats included in the data analyses. The line drawings are from
Paxinos and Watson (Paxinos & Watson, 2009). Numbers to the right indicate millimeters
from bregma. Symbols represent the differents groups: O (non-stress + latrunculin A
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intraprefrontal cortex); @ (stress + latrunculin A intra-prefrontal cortex); O (non-stress +
vehicle intraprefrontal cortex); B (stress + vehicle intra-prefrontal cortex).
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Figure8.
Electron microscopy in the Pfc. A, The length and thickness of PSD were measured in seven

different fields for each animal under a magnification of 50,000 X. Length and thickness of
PSD are expressed in nm as mean + SEM. The results were analyzed by a two-way ANOVA
(stress x drug) test. PSD length, drug F; 8=8.10, p=0.022; PSD thickness, drug
F(1,8=38,32, p<0.001. *denotes significant difference between the cocaine and the saline
groups. The electron microphotograph depicted in A shows the ultrastructure of PSD
(arrows) of the Pfc in all experimental conditions: (A) NS/SAL, (B) NS/COC, (C) S/SAL,
(D) SICOC. Scale bar represents 100 nm. B, Dendritic spines were counted in forty different
fields for each animal under a primary magnification of 12,500 X. Total number of dendritic
spines is expressed as mean + SEM. B, stress F(; 11)=7.67, p=0.018. *p<0.05 between the
stress and the non-stress groups. The electron microphotograph depicted in B shows the
ultrastructure of the Pfc neuropil in all experimental conditions: (A) NS/SAL, (B) NS/COC,
(C) SISAL, (D) S/ICOC. Scale bar represents 1 pm.
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