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Brief Communications
Cytoskeletal Determinants of Stimulus-Response Habits

Shannon L. Gourley,' Anastasia Olevska,! Jessica Gordon,' and Jane R. Taylor'>?
'Department of Psychiatry, Division of Molecular Psychiatry, 2Interdepartmental Neuroscience Program, and *Department of Psychology, Yale University,
New Haven, Connecticut 06508

Both humans and rodents can learn to associate specific actions with their outcomes, but with repeated performance or exposure to
pathological stimuli, such as drugs of abuse, behaviors assume stimulus-elicited, or “habitual,” qualities. Psychostimulants remodel
dorsal striatal neurons, critical determinants of decision-making strategies, but cytoskeletal mechanisms associated with drug-induced
habit formation are largely unknown. We first show that cocaine can bias decision-making strategies toward stimulus-response habits by
interfering with learning about the predictive relationship between a response and its outcome. In the dorsomedial, but not ventral,
striatum, cocaine decreases PSD95 expression and phosphorylation of cortactin, a cytoskeletal regulator that interacts with, and is
phophorylated by, the Abl2 (Arg) kinase. Based on this pattern, we inhibited Abl-family kinase signaling in the dorsomedial striatum,
impairing new response-outcome learning. Consistent with evidence that the dorsomedial striatum promotes response-outcome
decision-making while the dorsolateral compartment promotes stimulus-response habits, inhibition of Abl-family kinases in the dorso-
lateral striatum reinstates goal sensitivity in over-trained “habitual” mice. These findings provide a structural mechanism by which even
acute exposure to drugs of abuse can reorganize behavioral response strategies and promote outcome-insensitive stimulus-response

habits.

Introduction

Goal-directed behaviors are defined as those sensitive to changes
in the predictive relationship between an action and the desired
outcome. Extended training, certain reinforcement schedules,
and drug and alcohol exposure induce a shift from goal-directed
to automated, or “habitual,” response strategies that are by con-
trast insensitive to changes in the relationship between behavior
and its outcome (Balleine and Dickinson, 1998; Balleine and
O’Dobherty, 2010). Converging neuroanatomical evidence char-
acterizes this process as a transition from distinct dorsomedial
and dorsolateral striatal systems (DMS and DLS, respectively)
that may act in concert to a predominantly DLS circuit that is
sensitive to projections from the sensorimotor cortex (Yin et al.,
2008, 2009; Kimchi et al., 2009). Although the brain circuits un-
derlying habit formation are becoming clearer, specific molecular
mechanisms, particularly those that regulate cellular structure
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through actions on the actin cytoskeleton, have received less
attention.

We hypothesized here that neurobiological events that impact
the structural stability of striatal neurons that receive and trans-
mit critical neurochemical signals would directly influence the
coordination of actions and habits. This hypothesis is based in
part on evidence that prolonged exposure to the stress hormone
corticosterone or environmental stressors, which increase DLS
medium spiny neuron complexity, impair response-outcome
decision-making (Dias-Ferreira et al., 2009; Gourley et al,
2012a). Likewise, psychostimulant exposure accelerates habit
formation (Schoenbaum and Setlow, 2005; Nelson and Killcross,
2006; Nordquist et al., 2007; Zapata et al., 2010) and reduces
DMS dendritic spine density while elevating DLS spine density
(Jedynak et al., 2007).

Dendritic spines are rich in filamentous actin, which stabilizes
cytoskeletal structure or reorganizes it, depending on intracellu-
lar signaling factors, such as Src- and Abl-family kinases, which
are also implicated in cocaine-seeking and cocaine-induced
psychomotor sensitization (Toda et al., 2006; Gourley et al., 2009,
2012b; Warren et al., 2012). Here we show that cocaine exposure
immediately after the modification of a familiar response-outcome
contingency occludes subsequent goal-directed decision-making
and reduces phosphorylation of the Abl-family kinase target
cortactin in the DMS. Intra-DMS inhibition of Abl-family kinase
signaling recapitulates the effects of acute cocaine, providing a
molecular mechanism by which cocaine might facilitate habit
formation. As a proof of principle, we also show that intra-
DLS inhibition of Abl-family kinase signaling promotes goal-
directed decision-making. These findings provide a novel
cytoskeletal mechanism that bidirectionally coordinates ac-
tions and habits.
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Materials and Methods

Subjects. Male C57BL/6 mice (10—12 weeks old, Charles River Laborato-
ries) were maintained on a 12 h light cycle (0700 on) and provided food
and water ad libitum, except during instrumental training when body
weights were reduced to ~90% of baseline to motivate food-reinforced
responding. Procedures were Yale University Institutional Animal Care
and Use Committee-approved.

Instrumental training. Mice were trained to nose poke for food rein-
forcement (20 mg grain-based pellets; Bioserv) using illuminated Med
Associates conditioning chambers with 3 nose poke recesses. Training
was initiated with a continuous reinforcement schedule; 30 pellets were
available for responding on the two outermost recesses, resulting in 60
pellets/session. Four daily training sessions were conducted, during
which all animals acquired the response. Next, mice were shifted to a
random interval (RI) 30 s schedule of reinforcement for two sessions;
again, 30 pellets were available for responding on each of two apertures.
This training protocol would be expected to engender goal-directed re-
sponding that is sensitive to changes in the response-outcome associative
relationship.

Extended training. In experiments in which stimulus-response habits
were developed, mice were trained for an additional three sessions using
an RI 60 s schedule of reinforcement. Again, 30 pellets were available for
responding on each of two apertures.

Response-outcome contingency degradation. To test for sensitivity to
changes in the response-outcome associative relationship, the response-
outcome contingency associated with one of the nose poke apertures was
degraded. Here, one nose poke aperture was occluded, and reinforcers
were delivered into the magazine independent of animals’ interaction
with the remaining aperture. In other words, responses on the available
aperture produced no consequences (Hammond, 1980); rather, pellets
were delivered into the magazine at a rate that was yoked to each animal’s
individual reinforcement rate from the previous session when the oppo-
site aperture had been available and nose-poking had been reinforced
(Gourley et al., 2012a). At test, both apertures were available for 10 min,
and responding was nonreinforced, as is standard practice.

To summarize, experimental events were as follows: (1) instrumental
training; (2) reinforced responding on one aperture (25 min); (3)
response-outcome contingency degradation associated with the opposite
aperture (25 min); and (4) probe test.

Injections or infusions were delivered either immediately after the last
day of instrumental training (#1 above) or immediately after response-
outcome contingency degradation (#3 above). This latter experimental
design allows us to selectively target the consolidation, rather than acqui-
sition or expression, of response-outcome learning.

Response rates on each aperture during the probe test were analyzed
by two-factor (aperture X group) ANOVA. In the event of significant
interactions, post hoc comparisons were made with Tukey’s post hoc t
tests. Results are indicated in the figure captions.

Cocaine exposure. In experiments testing the effects of acute cocaine on
response-outcome conditioning, animals were injected with cocaine hy-
drochloride (10 mg/kg, i.p., 1 ml/100 g; generously provided by National
Institute on Drug Abuse) immediately after response-outcome contin-
gency degradation and returned to the home cage; then the probe test was
conducted the following day when the animals were drug-free. For im-
munoblotting experiments, mice were injected with 10 or 30 mg/kg co-
caine or saline and killed by rapid decapitation 45 min after injection.
Brains were immediately frozen on dry ice.

Immunoblotting. Brains were sectioned into 1 mm coronal sections.
Samples were collected from the DMS (adjacent to the lateral ventricles
and including the intermediate striatum) and ventral striatum with a
1-mm-diameter tissue corer. Samples were sonicated in lysis buffer: 137
mM NaCl, 20 mm Tris-Hcl, pH 8, 1% igepal, 10% glycerol. Protein con-
centrations were determined using Bradford colorimetric assays
(Pierce), and then 20 pg/sample was added to 10 wl Laemmli buffer (20%
glycerol, 2% SDS, Bromphenol blue) and boiled for 10 min. Samples
were separated by SDS-PAGE on 8-16% gradient Tris-glycine gels (In-
vitrogen). Primary antibodies were anti-GAPDH (1:20K; Advanced Im-
munochemical), anti-PSD95 (1:1000; Cell Signaling Technology), and
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anti-phospho-cortactin (pY421; 1:750, Abcam). Membranes were incu-
bated for 1 h or overnight and then incubated with IRDye 700 Dx
Anti-Rb IgG and IRDye 800 Dx Anti-Ms IgG for 1 h (1:5000; Rockland
Immunochemicals).

Bands were quantified using densitometry analysis (LiCor Odyssey
Infrared Imaging System). Values were normalized to corresponding
GAPDH loading controls. These ratios were converted to a percentage of
the control mean from the same membrane to control for variance be-
tween gels. Variance in the control group was generated by calculating
individual values as a percentage of the mean of the control group. The
resulting datasets were analyzed by t test or ANOVA as appropriate.
Ventral striatal phospho-cortactin values were arcsin-transformed to
preserve normal variance.

Surgery. Mice were trained to nose poke before surgery; then infusions
were delivered either after instrumental response acquisition or after
response-outcome contingency degradation training. Experimental
groups were designated by matching animals based on response rates
during training. Mice were anesthetized with pentobarbital and placed in
astereotaxic frame (David KopfInstruments). The scalp was incised, skin
retracted, bregma and lamda identified, the head leveled, and coordi-
nates located using Kopf’s digital coordinate system. The Abl-family ki-
nase inhibitor STI-571 (10 mm; LC Laboratories) or sterile saline was
infused over 2 min in a volume of 0.15 ul at anteroposterior +0.74,
mediolateral 2.2, dorsoventral —3.0 for the DMS or anteroposterior
+0.5, mediolateral 2.7, dorsoventral —3.5 for the DLS. Needles were
left in place for 3 additional minutes before withdrawal and suturing.
Four days later, the experiment proceeded as described. Mice were
then killed, and brains were sectioned and needle tracks were visually
evaluated.

Eight additional mice were infused with 1% thionin in the same vol-
ume by the same surgeon to generate histological representations of the
infusion sites. After surgery, brains were extracted and submerged for
48 h in 4% paraformaldehyde, then 30% w/v sucrose. Brains were sec-
tioned into 40-wm-thick sections and imaged on a light microscope.

Results

Cocaine is a widely recognized regulator of dendritic spine den-
sity and morphology. Even acute exposure can remodel striatal
dendritic spines (Shen et al., 2009), which may in turn impact
decision-making processes. We first tested whether a single ex-
posure to cocaine was also sufficient to disrupt the consolidation
of response-outcome conditioning and thereby bias decision-
making strategies from those based on goal-directed response-
outcome associations toward those based on stimulus-response
“habit” systems. To this end, we administered cocaine immedi-
ately after modifying the response-outcome contingency associ-
ated with one of two nose poke apertures in instrumentally
trained mice. When sensitivity to this contingency degradation
was tested the next day, saline-injected control mice preferen-
tially responded on the “nondegraded” nose poke aperture,
showing goal-directed decision-making. Cocaine-exposed mice,
however, responded on both nose poke apertures nonselectively,
insensitive to modifications in the response-outcome association
(interaction F(, 5o, = 4.6,p = 0.04) (Fig. 1a). Thus, acute cocaine
obstructed new response-outcome conditioning, biasing decision-
making strategies toward those governed by familiar, habitual
response strategies.

To begin to investigate molecular mechanisms, a separate
group of mice was killed 45 min after cocaine injection, a time
point at which acute exposure, under certain circumstances, has
been shown to remodel spines (Shen et al., 2009). In the DMS,
both PSD95 and phosphorylation of the cytoskeletal regulator
cortactin were reduced (both #(,,, = 2.6, p = 0.02) (Fig. 1b), but
we identified no effects of this same behaviorally active low dose
in the ventral striatum (Fig. 1c). As a positive control, however,
we did confirm that a higher dose increased phospho-cortactin in
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Figure 1. Cocaine diminishes goal sensitivity and DMS PSD95 and cortactin phosphoryla-
tion. a, Cocaine exposure immediately after response-outcome contingency degradation dis-
rupted subsequent decision-making, as indicated by nonselective responding on degraded and
nondegraded response apertures. b, Acute cocaine also decreased DMS PSD95 and phospho-
cortactin. ¢, The same behaviorally active dose left ventral striatal phospho-cortactin unaf-
fected; only a higher dose increased phosphorylation as previously reported. Bars represent
group mean == SEM. *p << 0.05. Representative blots are loaded in the same order as above.

the ventral striatum, as has been previously reported in rats
(F2.20) = 18.5, p < 0.001) (Fig. 1¢) (Toda et al., 2006).

Cortactin is phosphorylated by Abl-family kinases, which en-
ables cortactin to remodel the actin cytoskeleton through the
Arp2/3 complex (Lapetina et al., 2009). Thus, we infused the
Abl-family kinase inhibitor STI-571 into the DMS before
response-outcome contingency degradation to ascertain whether
Abl-family kinase inhibition would recapitulate the effects of co-
caine and occlude response-outcome conditioning (Fig. 2a). At
probe test, saline-infused mice preferentially responded on the
nondegraded aperture, but as with cocaine exposure, STI-571-
infused mice responded nonselectively (interaction F; ,,) = 6.3,
p = 0.03), suggesting habit formation (Fig. 2b).

Since our initial experiments indicated that post-training co-
caine exposure was sufficient to bias decision-making strategies
toward those based on stimulus-response habits (Fig. la), we
next confirmed that post-training STI-571 infusions were also
sufficient to occlude goal-directed decision-making. Indeed,
when infusions were delayed until immediately after response-
outcome contingency degradation (i.e., during the presumptive
consolidation of new response-outcome learning), subsequent re-
sponding was nonselective, or habitual, in STI-571-infused mice at
test, whereas saline-infused mice were unaffected (interaction
Fi10) = 5.6, p = 0.04) (Fig. 2¢). Together, these findings indicate
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that, in the DMS, Abl-family kinases facilitate the consolidation
of response-outcome conditioning.

To confirm that, with extended training, both groups would
ultimately develop habits using this conditioning approach, these
mice were trained to nose poke on both apertures, further using
an RI 60 s schedule of reinforcement. During this period, STI-
571-infused mice executed more responses for the same number
of reinforcers than saline-infused mice, consistent with behav-
ioral responding that is insensitive to its outcomes (F(, ¢y = 6.6,
p = 0.03) (Fig. 2d). After extended training, however, both con-
trol and STI-571 mice showed behavioral habits (i.e., responding
was nonselective despite “degradation” of the response-outcome
contingency associated with one of the apertures; interaction
F < 1) (Fig. 2e).

Considerable evidence indicates that the DMS promotes goal-
directed decision-making, whereas the DLS coordinates stimulus-
response habits (Yin et al., 2008). In this case, STI-571 infusion
into the DLS might be expected to block the development of
habits by destabilizing critical DLS neurocircuitry. Thus, we in-
fused a separate group of highly trained mice with STI-571 in the
DLS before response-outcome contingency degradation. At test,
control mice were insensitive to response-outcome contingency
degradation as expected, and STI-571 infusion reinstated sensi-
tivity to the modification of familiar response-outcome contin-
gencies, meaning that STI-571-infused mice preferentially
responded on the nondegraded aperture (interaction F(, ;) =
4.3, p = 0.05) (Fig. 2f). Thus, STI-571 infusions mimic lesions of
the DLS and occlude habit formation (Yin et al., 2004).

In a second group of mice, we tested whether infusion imme-
diately after response-outcome contingency degradation training
was sufficient to reinstate goal-directed behavior as in our DMS-
targeted experiments. In this case, infusion after training had no
effects (interaction F < 1) (Fig. 2¢). This dissociation is discussed
below, and infusion sites for these experiments are represented in
Fig. 2 h.

Discussion
Considerable evidence indicates that both humans and rodents
learn to associate specific actions with their outcomes and that,
when action-outcome relationships are modified, as in the case of
response-outcome contingency degradation, DMS interactions
with the prefrontal cortex allow for flexible redirection of instru-
mental behavior (Balleine and O’Doherty, 2010). Insensitivity to
response-outcome associative contingencies by contrast results
in habitual behavioral patterns that are automated and
stimulus-driven. Stimulus-response habit formation is con-
sidered a fundamental etiological factor in several psychopathol-
ogies, including obsessive-compulsive disorder and addiction;
and indeed, a history of chronic psychostimulant exposure facil-
itates the formation of behavioral habits in animal models
(Schoenbaum and Setlow, 2005; Nelson and Killcross, 2006; Nor-
dquist et al., 2007; Zapata et al., 2010). Moreover, habitual re-
sponding for cocaine develops more rapidly than for food
reinforcers (Miles et al., 2003), and drug-related structural desta-
bilization of critical neurocircuits may play a causal role. For
example, psychostimulant exposure, which accelerates habit for-
mation, also reduces DMS dendritic spine density while elevating
DLS spine density (Jedynak et al., 2007). These findings are con-
sistent with evidence that the DMS coordinates goal-directed
decision-making whereas the DLS is critical for the formation of
behavioral habits (Yin et al., 2008).

Together, previous findings suggest a model wherein the
structural stability of critical DMS and DLS neurons determines
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Figure 2.  Bidirectional modification of decision-making by Abl-family kinases. a, Experi-
mental timeline with two possible infusion times indicated by arrows. b, DMS STI-571 infusions
before response-outcome contingency degradation in moderately trained mice occluded goal-
directed decision-making, as indicated by nonselective responding on degraded and nonde-
graded apertures. ¢, Infusions immediately after response-outcome contingency degradation
also resulted in nonselective responding. d, When responding was reinstated using a random
interval schedule, STI-571-infused mice responded more for the same number of reinforcers. e,
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engagement in goal-directed versus stimulus-response decision-
making strategies, but this model has not been directly tested. As
an initial step, we paired an acute cocaine exposure with food-
associated response-outcome contingency degradation because a
single cocaine exposure destabilizes striatal neurons (Shen et al.,
2009). Acute post-training cocaine exposure blocked sensitivity
to response-outcome contingency degradation, resulting in a re-
liance on familiar, habitual response strategies. Acute cocaine
also rapidly decreased phosphorylation of the cytoskeletal regu-
lator cortactin and expression of the postsynaptic marker PSD95.
Based on this pattern, we hypothesized that cocaine-induced
neuronal destabilization biases decision-making strategies. To
isolate potential mechanisms, we infused STI-571, an inhibitor of
Abl-family kinases, which orchestrate cytoskeletal motility via
substrates, such as cortactin and p190RhoGAP. Abl-family ki-
nase inhibitors block these interactions, disinhibiting the RhoA
GTPase and resulting in increased actomyosin contractility and
reduced actin polymerization-based protrusion (Bradley and
Koleske, 2009). Here, both pretraining and post-training infu-
sions occluded response-outcome conditioning, resulting in
nonselective, or “habitual,” responding. This pattern implicates
for the first time to our knowledge a specific constellation of
cytoskeletal effectors in the consolidation of response-outcome
contingency learning.

Bidirectional coordination of actions and habits by
Abl-family kinase signaling
The Abl-family kinase inhibitor STI-571 is an anti-cancer drug
that is largely selective for Abl-family kinases (Abl and Arg), al-
though it also inhibits c-KIT protein kinase and the PDGF recep-
tor (Buchdunger et al., 2000). Using this inhibitor, we blocked
Abl-family kinase signaling in the DMS before modifying a famil-
iar response-outcome contingency. STI-571-infused mice were
subsequently unable to differentiate between the “nondegraded”
and “degraded” response contingencies, indicating that mice
were unable to use new response-outcome information to guide
decision-making. To dissociate effects on response acquisition
versus response-outcome contingency consolidation, we next in-
fused STI-571 immediately after response-outcome contingency
degradation associated with one instrumental aperture; in this
case, STI-571 would be expected to impact the consolidation, but
not acquisition, of the new response-outcome contingency.
Again, STI-571 mice responded equally on both apertures during
a subsequent probe test, indicating that destabilization of DMS
neurons interfered with the consolidation of new response-
outcome associative learning. Interestingly, response rates in
general were also decreased. Although nonselective responding
nonetheless connotes habit formation, future studies should in-
vestigate the role of DMS Abl-family kinase signaling in occlud-
ing sensitivity to nonreinforcement because the probe tests here
were conducted in extinction, as is standard practice.
Compelling evidence indicates that, unlike the DMS, the DLS
is critical for the development of stimulus-response habits (Yin et
al., 2008). Thus, we also infused STI-571 into the DLS; infusions

<«

After this “extended” training, both groups had developed habits and were insensitive to
response-outcome contingency degradation. f, STI-571 infusions in the DLS after extended
training (in a separate group of mice) reinstated sensitivity to subsequent response-outcome
contingency degradation. g, DLS STI-571 infusions after response-outcome contingency degra-
dation in extensively trained mice, however, had no effects. h, Representative infusion sites
with coordinates relative to bregma for DMS (h,,h,) and DLS (hs,h,) infusions are shown. Bars
and symbols represent group mean = SEM. *p << 0.05.
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before contingency degradation training reinstated goal-directed
decision-making in highly trained mice, but notably, infusions
after response-outcome contingency degradation had no effects.
How might we account for this dissociation? Electrophysiological
studies indicate that both DMS and DLS systems are involved in
early skill learning (Kimchi et al., 2009) and that the DMS disen-
gages as behaviors become automated (Yin et al., 2008). More-
over, DLS inactivation increases sensitivity to modifications in
learned response-outcome relationships (Yin et al., 2006). We
argue that targeted destabilization of neuroplasticity or cellular
structure in the DLS of highly trained mice re-engages DMS sys-
tems by default, allowing for the acquisition of new response-
outcome contingencies. If DLS infusions are delayed until after
an opportunity to acquire new response-outcome associative in-
formation has passed, behavioral response strategies remain un-
changed because the DMS was not engaged during the critical
learning event. In this model, neuronal stability in the DMS is
critical for outcome-based decision-making, whereas stability in
the DLS contributes to the maintenance of familiar behavioral
patterns.

Involvement of cell adhesion factors in addiction
psychopathology

Our focus on Abl-family kinase signaling stems from evidence
that inhibition of Arg kinase in the brain eliminates dendritic
spines, synapses, and even dopamine D2 receptors (Sfakianos et
al., 2007; Gourley et al., 2009, 2012b). Moreover, cortactin is
implicated in cocaine-mediated structural plasticity in the ventral
striatum (Toda et al., 2006). We show here that acute cocaine
reduces cortactin phosphorylation and PSD95 expression in the
DMS. Consistent with previous reports, the opposite profile is
observed in the ventral striatum (Toda et al., 2006). Given that
cortactin phosphorylation regulates actin polymerization-based
phenomena (e.g., Lapetina et al., 2009), diminished phosphoryla-
tion in the DMS and enhanced phosphorylation in the ventral
striatum mirror anatomically selective patterns of psychostimulant-
induced structural reorganization in the striatum, that is, spine
elimination in the DMS (Jedynak et al., 2007) and spine prolifer-
ation in the ventral striatum (Robinson and Kolb, 1997). We thus
propose a model wherein these dendritic spine modifications
directly influence decision-making by biasing strategies toward
those governed by (hypertrophic) DLS circuits at the expense of
engagement in goal-directed response strategies that would oth-
erwise depend on atrophied DMS neurocircuits.

Like acute cocaine administered immediately after response-
outcome contingency degradation here, a history of repeated
psychostimulant exposure (7-21 d before instrumental training)
also results in stimulus-response habits (Schoenbaum and Set-
low, 2005; Nelson and Killcross, 2006; Nordquist et al., 2007).
Whether a history of cocaine exposure confers vulnerability to
habits by increasing the control of stimulus-response associa-
tions over behavior or by decreasing sensitivity to response-
outcome contingencies has been a topic of considerable debate
(Schoenbaum and Setlow, 2005; Zapata et al., 2010). Our find-
ings suggest that cocaine decreases sensitivity to response-
outcome learning because, unlike in previous reports, cocaine
was injected only after response-outcome contingency degrada-
tion, leaving all prior conditioning unadulterated. Our data do
not, however, preclude the possibility that a history of cocaine
exposure also increases sensitivity to reward-related cues and that
this potentiates habit formation (Jentsch and Taylor, 1999).
Moreover, it is important to note that a history of cocaine expo-
sure results in meta-plastic dendritic spine reorganization in the
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striatum in response to additional cocaine exposure (i.e.,
cocaine-induced spine reorganization is both structurally and
temporally distinct in cocaine-experienced animals relative to
animals without a history of cocaine exposure) (Shen et al,
2009). Thus, acute cocaine (as here) and repeated cocaine (as in
prior reports) may exert differential influences on DMS neural
structure and DMS-dependent decision-making, but these dis-
tinctions remain unclarified.

In conclusion, since the seminal work of Robinson and Kolb
(1997), the relationship between psychostimulant exposure and
cytoskeletal morphology in corticostriatal circuits has been in-
tensely investigated. Experiments to this end generally evaluate
the effects of repeated, sensitizing cocaine exposure on ventral
striatal spine density or morphology, whereas experiments ad-
dressing whether the instability of cytoskeletal structure triggers
or exacerbates behavioral vulnerabilities are lacking. In one ex-
ception, cytoskeletal destabilization via latrunculin A or cofilin
inhibition in the ventral striatum potentiated cocaine-primed
reinstatement, an animal model of relapse (Toda et al., 2006).
Prefrontal cortical latrunculin A infusions also potentiate
cocaine-induced psychomotor sensitization (Gourley et al,
2012b), and Arg, which is directly upstream of cortactin, regu-
lates cocaine-induced psychomotor sensitivity and cognitive re-
silience through interactions with B1 integrin (Warren et al.,
2012). Given that integrin expression is regulated by cocaine ex-
posure in mice (Wiggins et al., 2009) and implicated in cocaine
addiction in humans (Mash et al., 2007; Drgon et al., 2010), a
better understanding of the role of this and other cell adhesion
molecules may inform upon novel pharmacotherapeutic ap-
proaches to psychostimulant addiction and other disorders char-
acterized by unremitting, automated, inflexible behavioral
patterns.

References

Balleine BW, Dickinson A (1998) Goal-directed instrumental action: con-
tingency and incentive learning and their cortical substrates. Neurophar-
macology 37:407—-419. CrossRef Medline

Balleine BW, O’Doherty JP (2010) Human and rodent homologies in action
control: corticostriatal determinants of goal-directed and habitual action.
Neuropsychopharmacology 35:48—69. CrossRef Medline

Bradley WD, Koleske AJ (2009) Regulation of cell migration and morpho-
genesis by Abl-family kinases: emerging mechanisms and physiological
contexts. ] Cell Sci 122:3441-3454. CrossRef Medline

Buchdunger E, Cioffi CL, Law N, Stover D, Ohno-Jones S, Druker BJ, Lydon
NB (2000) Abl protein-tyrosine kinase inhibitor STI571 inhibits in vitro
signal transduction mediated by c-Kit and platelet-derived growth factor
receptors. ] Pharmacol Exp Ther 295:139-145. Medline

Dias-Ferreira E, Sousa JC, Melo I, Morgado P, Mesquita AR, Cerqueira JJ,
Costa RM, Sousa N (2009) Chronic stress causes frontostriatal reorga-
nization and affects decision-making. Science 325:621-625. CrossRef
Medline

Drgon T, Zhang PW, Johnson C, Walther D, Hess J, Nino M, Uhl GR (2010)
Genome wide association for addiction: replicated results and compari-
sons of two analytic approaches. PLoS One 5:8832. CrossRef Medline

Gourley SL, Swanson AM, Jacobs AM, Howell JL, Mo M, Dileone RJ, Koleske
AJ, Taylor JR (2012a) Action control is mediated by prefrontal BDNF
and glucocorticoid receptor binding. Proc Natl Acad Sci USA 109:
20714-20719. CrossRef Medline

Gourley SL, Koleske AJ, Taylor JR (2009) Loss of dendrite stabilization by
the Abl-related gene (Arg) kinase regulates behavioral flexibility and sen-
sitivity to cocaine. Proc Natl Acad Sci U S A 106:16859—-16864. CrossRef
Medline

Gourley SL, Olevska A, Warren MS, Taylor JR, Koleske A] (2012b) Arg ki-
nase regulates prefrontal dendritic spine refinement and cocaine-induced
plasticity. ] Neurosci 32:2314-2323. CrossRef Medline

Hammond L] (1980) The effect of contingency upon the appetitive condi-
tioning of free-operant behavior. ] Exp Anal Behav 34:297-304. CrossRef
Medline


http://dx.doi.org/10.1016/S0028-3908(98)00033-1
http://www.ncbi.nlm.nih.gov/pubmed/9704982
http://dx.doi.org/10.1038/npp.2009.131
http://www.ncbi.nlm.nih.gov/pubmed/19776734
http://dx.doi.org/10.1242/jcs.039859
http://www.ncbi.nlm.nih.gov/pubmed/19759284
http://www.ncbi.nlm.nih.gov/pubmed/10991971
http://dx.doi.org/10.1126/science.1171203
http://www.ncbi.nlm.nih.gov/pubmed/19644122
http://dx.doi.org/10.1371/journal.pone.0008832
http://www.ncbi.nlm.nih.gov/pubmed/20098672
http://dx.doi.org/10.1073/pnas.1208342109
http://www.ncbi.nlm.nih.gov/pubmed/23185000
http://dx.doi.org/10.1073/pnas.0902286106
http://www.ncbi.nlm.nih.gov/pubmed/19805386
http://dx.doi.org/10.1523/JNEUROSCI.2730-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22396406
http://dx.doi.org/10.1901/jeab.1980.34-297
http://www.ncbi.nlm.nih.gov/pubmed/16812191

11816 - J. Neurosci., July 17,2013 - 33(29):11811-11816

Jedynak JP, Uslaner JM, Esteban JA, Robinson TE (2007) Methamphetamine-
induced structural plasticity in the dorsal striatum. Eur ] Neurosci 25:847—
853. CrossRef Medline

Jentsch JD, Taylor JR (1999) Impulsivity resulting from frontostriatal dys-
function in drug abuse: implications for the control of behavior by
reward-related stimuli. Psychopharmacology 146:373-390. CrossRef
Medline

Kimchi EY, Torregrossa MM, Taylor JR, Laubach M (2009) Neuronal cor-
relates of instrumental learning in the dorsal striatum. ] Neurophysiol
102:475-489. CrossRef Medline

Lapetina S, Mader CC, Machida K, Mayer BJ, Koleske A] (2009) Arg inter-
acts with cortactin to promote adhesion-dependent cell edge protrusion.
] Cell Biol 185:503-519. CrossRef Medline

Mash DC, french-Mullen J, Adi N, Qin Y, Buck A, Pablo ] (2007) Gene
expression in human hippocampus from cocaine abusers identifies genes
which regulate extracellular matrix remodeling. PLoS One 2:e1187.
CrossRef Medline

Miles FJ, Everitt B], Dickinson A (2003) Oral cocaine seeking by rats: action
or habit? Behav Neurosci 117:927-938. Medline

Nelson A, Killcross S (2006) Amphetamine exposure enhances habit forma-
tion. ] Neurosci 26:3805-3812. CrossRef Medline

Nordquist RE, Voorn P, de Mooij-van Malsen JG, Joosten RN, Pennartz CM,
Vanderschuren L] (2007) Augmented reinforcer value and accelerated
habit formation after repeated amphetamine treatment. Eur Neuropsy-
chopharmacol 17:532-540. CrossRef Medline

Robinson TE, Kolb B (1997) Persistent structural modifications in nucleus
accumbens and prefrontal cortex neurons produced by previous experi-
ence with amphetamine. ] Neurosci 17:8491-8497. Medline

Schoenbaum G, Setlow B (2005) Cocaine makes actions insensitive to out-
comes but not extinction: implications for altered orbitofrontal-amygda-
lar function. Cereb Cortex 15:1162-1169. CrossRef Medline

Sfakianos MK, Eisman A, Gourley SL, Bradley WD, Scheetz AJ, Settleman J,
Taylor JR, Greer CA, Williamson A, Koleske A] (2007) Inhibition of Rho

Gourley et al. @ Cytoskeletal Determinants of Stimulus-Response Habits

via Argand p190RhoGAP in the postnatal mouse hippocampus regulates
dendritic spine maturation, synapse and dendrite stability, and behavior.
J Neurosci 27:10982-10992. CrossRef Medline

Shen HW, Toda S, Moussawi K, Bouknight A, Zahm DS, Kalivas PW (2009)
Altered dendritic spine plasticity in cocaine-withdrawn rats. ] Neurosci
29:2876-2884. CrossRef Medline

Toda S, Shen HW, Peters J, Cagle S, Kalivas PW (2006) Cocaine increases
actin cycling: effects in the reinstatement model of drug seeking. ] Neu-
rosci 26:1579-1587. CrossRef Medline

Warren MS’ Bradley WD, Gourley SL, Lin YC, Reichardt LF, Greer CF, Taylor
JR, Koleske A] (2012) Integrin 81 signaling through Argkinase regulates
dendrite arbor stability, synapse density, and behavior. ] Neurosci 32:
2824-2834. CrossRef Medline

Wiggins AT, Pacchioni AM, Kalivas PW (2009) Integrin expression is al-
tered after acute and chronic cocaine. Neurosci Lett 450:321-323.
CrossRef Medline

Yin HH, Mulcare SP, Hilario MR, Clouse E, Holloway T, Davis M1, Hansson
AC, Lovinger DM, Costa RM (2009) Dynamic reorganization of striatal
circuits during the acquisition and consolidation of a skill. Nat Neurosci
12:333-341. CrossRef Medline

Yin HH, Knowlton BJ, Balleine BW (2004) Lesions of dorsolateral striatum
preserve outcome expectancy but disrupt habit formation in instrumental
learning. Eur J Neurosci 19:181-189. CrossRef Medline

Yin HH, Knowlton BJ, Balleine BW (2006) Inactivation of dorsolateral
striatum enhances sensitivity to changes in the action-outcome contin-
gency in instrumental conditioning. Behav Brain Res 166:189-196.
CrossRef Medline

Yin HH, Ostlund SB, Balleine BW (2008) Reward-guided learning beyond
dopamine in the nucleus accumbens: the integrative functions of cortico-
basal ganglia networks. Eur ] Neurosci 28:1437-1448. CrossRef Medline

Zapata A, Minney VL, Shippenberg TS (2010) Shift from goal-directed to
habitual cocaine seeking after prolonged experience in rats. ] Neurosci
30:15457-15463. CrossRef Medline


http://dx.doi.org/10.1111/j.1460-9568.2007.05316.x
http://www.ncbi.nlm.nih.gov/pubmed/17328779
http://dx.doi.org/10.1007/PL00005483
http://www.ncbi.nlm.nih.gov/pubmed/10550488
http://dx.doi.org/10.1152/jn.00262.2009
http://www.ncbi.nlm.nih.gov/pubmed/19439679
http://dx.doi.org/10.1083/jcb.200809085
http://www.ncbi.nlm.nih.gov/pubmed/19414610
http://dx.doi.org/10.1371/journal.pone.0001187
http://www.ncbi.nlm.nih.gov/pubmed/18000554
http://www.ncbi.nlm.nih.gov/pubmed/14570543
http://dx.doi.org/10.1523/JNEUROSCI.4305-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597734
http://dx.doi.org/10.1016/j.euroneuro.2006.12.005
http://www.ncbi.nlm.nih.gov/pubmed/17275266
http://www.ncbi.nlm.nih.gov/pubmed/9334421
http://dx.doi.org/10.1093/cercor/bhh216
http://www.ncbi.nlm.nih.gov/pubmed/15563719
http://dx.doi.org/10.1523/JNEUROSCI.0793-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17928439
http://dx.doi.org/10.1523/JNEUROSCI.5638-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19261883
http://dx.doi.org/10.1523/JNEUROSCI.4132-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16452681
http://dx.doi.org/10.1523/JNEUROSCI.3942-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22357865
http://dx.doi.org/10.1016/j.neulet.2008.12.006
http://www.ncbi.nlm.nih.gov/pubmed/19073234
http://dx.doi.org/10.1038/nn.2261
http://www.ncbi.nlm.nih.gov/pubmed/19198605
http://dx.doi.org/10.1111/j.1460-9568.2004.03095.x
http://www.ncbi.nlm.nih.gov/pubmed/14750976
http://dx.doi.org/10.1016/j.bbr.2005.07.012
http://www.ncbi.nlm.nih.gov/pubmed/16153716
http://dx.doi.org/10.1111/j.1460-9568.2008.06422.x
http://www.ncbi.nlm.nih.gov/pubmed/18793321
http://dx.doi.org/10.1523/JNEUROSCI.4072-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21084602

	Cytoskeletal Determinants of Stimulus-Response Habits
	Introduction
	Materials and Methods
	Results
	Discussion
	Involvement of cell adhesion factors in addictionpsychopathology
	References


