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Abstract

The orbitofrontal cortex (0PFC) sends substantial projections to the ventrolateral striatum and
aspects of the nucleus accumbens that are—functionally—poorly understood. This is despite
probable cortico-striatal involvement in multiple diseases such as addiction and obsessive-
compulsive disorder. Here we surgically disconnected the oPFC from the ventrolateral striatum
using unilateral asymmetric lesions in mice and classified instrumental decision-making strategies.
Mice with symmetric lesions that spared one oPFC-striatal network served as controls. As a
complementary approach, we selectively knocked down Brain-derived neurotrophic factor (Bdnf)
bilaterally in the oPFC and ascertained behavioral and neurobiological consequences within the
downstream striatum. oPFC-striatal disconnection and oPFC Bdnf knockdown blocked sensitivity
to outcome-predictive relationships in both food-reinforced and cocaine-associated settings. Bdnf
knockdown simultaneously regulated striatal BDNF expression, and striatal c-Fos predicted
sensitivity to action-outcome associative contingencies. Prior evidence strongly implicates the
dorsolateral striatum in stimulus-response habit formation. Our findings thus provide novel
evidence for functional compartmentalization within the lateral striatum, with the dorsal
compartment subserving classical stimulus-response habit systems and a ventral compartment
coordinating outcome-based decision-making via oPFC interactions. This compartmentalization
may apply to both ‘natural’—as in the case of food-reinforced behavior—and ‘pathological’—as
in the case of cocaine-seeking—contexts.
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Introduction

Considerable evidence indicates that both humans and rodents can associate specific actions
with their outcomes, but that with repeated performance, familiar actions assume automated,
stimulus-elicited, habitual qualities that are resistant to change. Converging neuroanatomical
models characterize this process as a transition from dorsomedial and dorsolateral striatal
systems (DM Sand DL S) that act in concert, to a DLS-centric circuit (Yin et al., 2008, 2009;
Kimchi et al., 2009). The DMS likely coordinates goal-directed behavior via connectivity
with the medial prefrontal cortex, while the DLS coordinates stimulus-response habits via
interactions with the sensorimotor cortices. Landmark lesion and inactivation studies
targeted the dorsal-most aspects of the DLS (Yin et al., 2004, 2006), while the cell
populations within the ventrolateral striatum have received relatively little attention, and
their functional importance in decision-making remains unknown.

This gap in current knowledge is particularly notable because the orbitofrontal prefrontal
cortex (0PFC) sends substantial topographically-organized projections to aspects of both the
caudate/putamen and nucleus accumbens in primates and rodents (Schilman et al., 2008).
Argued to play a prominent role in complex decision-making, as well as sensitivity to drugs
of abuse (Rushworth et al., 2007; Schoenbaum et al., 2009; Lucantonio et al., 2012), the
lateral oPFC projects to the ventrolateral striatum (Schilman et al., 2008). Whether oPFC
interactions with the ventrolateral striatum specifically contribute to outcome-based
decision-making has not to our knowledge been tested.

Striatal-targeted oPFC projections are organized ipsilaterally in the brain. This segregated
anatomy allows for classical disconnection experiments in which a lesion is placed in one
structure in each hemisphere. When lesions are asymmetric, one structure in each
hemisphere remains intact, but the oPFC and ventrolateral striatum are “disconnected.” The
benefit of this approach, when combined with the appropriate symmetric lesion control
group, is that it allows for the assessment of the impact of oPFC-striatal interactions on
instrumental decision-making. As a complementary approach here, we also knocked down
Bdnf bilaterally in the oPFC and ascertained both behavioral and neurobiological
consequences, namely c-Fos and BDNF expression, in the downstream striatum.

This report provides novel evidence for functional compartmentalization within the lateral
striatum: While the dorsal component is strongly associated with classical stimulus-response
habit systems (Yin et al., 2008), oPFC interactions with the ventrolateral compartment may
by contrast guide outcome-based decision-making.

Materials and Methods

Subjects

Male C57BL/6 mice (Charles River Laboratories, Kingston, NY) and transgenic mice bred
in-house and described below were maintained on a 12-hour light cycle (0700 on),
experimentally naive, and at least 10 weeks of age. Animals were provided food and water
ad libitum except during instrumental conditioning when body weights were maintained at
~90% of baseline. Procedures were approved by the Yale and Emory University IACUCs
and were compliant with National Institutes of Health guidelines regarding the care and use
of animals for experimental procedures.

Bdnf knockdown and lesion

Wild type mice or mice homozygous for a floxed allele (exon 5) encoding the Bdnf gene
(Rios et al., 2001) were anaesthetized with 1:1 2-methyl-2-butanol and tribromoethanol
(Sigma) diluted 40-fold with saline in the case of lesions or ketamine/xylazine in the case of
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viral vector infusion. With needles centered at bregma, sterotaxic coordinates were located
on the leveled skull (David Kopf Instruments, Tujunga, CA). AAV-EGFP+Cre recombinase
was infused in a volume of 0.5 ul at AP+2.6, DV-2.8, ML%1.2 (Bissonette et al., 2008;
Gourley et al., 2010) over 5 min with needles left in place for 4 additional min. Mice were
sutured and allowed to recover for at least 3 weeks, allowing for Bdnf knockdown.

Alternatively, NMDA (20 pg/ul) was infused ipsilaterally at the same coordinates in a
volume of 0.1 ul over 1 min. with the needles left in place for an additional 2 min. NMDA
infusions were then placed either ipsilaterally or contralaterally in the ventrolateral striatum
at AP+0.5, DV-3.5, ML+2.7. Control mice were infused with saline—half were infused
ipsilaterally, while half were infused contralaterally. Throughout, no differences were
observed between these groups, or between saline-infused mice and mice infused with
AAV-EGFP bilaterally into the oPFC. These three control groups were thus combined for
statistical and graphical purposes.

Instrumental conditioning and action-outcome contingency degradation

Mice were trained to nose poke for food reinforcement (20 mg grain-based pellets; Bioserv,
Frenchtown, NJ) using standard illuminated Med-Associates (Georgia, VT) conditioning
chambers with 3 nose poke recesses. Training was initiated with a continuous reinforcement
schedule; 30 pellets were available for responding on the 2 outermost recesses, resulting in a
maximum of 60 pellets/session. Sessions ended when all 60 pellets were delivered or at 135
min. Five daily sessions were conducted, during which animals acquired the response. Next,
mice were shifted to a random interval (RI) 30-second schedule of reinforcement for 2
sessions; again, 30 pellets were available for responding on each of 2 apertures.

Action-outcome contingency degradation was accomplished over two sessions, the order of
which was counter-balanced across mice. In the non-degraded session, one nose poke
aperture was occluded, and responding on the other aperture was reinforced on a variable
ratio 2 (VR2) schedule; mice were required to retrieve each pellet before earning more
during the 25 min session. In the degraded session, the opposite aperture was occluded, and
reinforcers were delivered into the magazine at a rate matched to each animal’s
reinforcement rate the previous day. Responses produced no programmed consequences
(Gourley et al., 2012a; Hammond, 1980). Response rates during these two sessions were
analyzed by 2-factor (aperture x group) analysis of variance (ANOVA).

Instrumental reversal

We next tested mice in an instrumental reversal test in which mice were required to shift
responding to a previously unreinforced center nose poke aperture. Responding on the outer-
most apertures (i.e., the previously active apertures) was un-reinforced. A VR2 schedule of
reinforcement was used, and mice were required to retrieve each pellet before acquiring
another. Sessions were 25 min. long and conducted daily for 4 days. Response rates on the
active aperture were analyzed by 2-factor (lesion x session) ANOVA with repeated
measures. Response acquisition in this task is impaired by bilateral oPFC lesions targeting
the lateral compartment, as here (Gourley et al., 2010).

Outcome devaluation

We also tested sensitivity to devaluation of the food outcome using a satiety-specific
prefeeding procedure. Here, trained mice were allowed 30 min. access to the reinforcer
pellets in a clean cage before a 15-min. test session conducted in extinction. Responding was
normalized to a non-devalued, i.e., “valued,” session—a 15-min. test session also conducted
in extinction, prior to which food pellets were not available. Devalued and “valued” sessions
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were counter-balanced, and response rates were compared by ANOVA. There were no
group differences in food intake during the prefeeding period (not shown).

Cocaine-conditioned place preference

Histology

The conditioned place preference apparatus (Med-Associates) consisted of two distinct
chambers (black with rod floor, white with mesh floor and dim lighting) connected by a
central neutral chamber with vertical sliding doors. Photobeams recorded time spent in each
compartment. Mice received a 20-min. pre-training test in which they had free access to all
three chambers to evaluate individual place preference. Next, cocaine conditioning took
place over 4 consecutive days during which each animal received cocaine immediately prior
to being placed in its non-preferred chamber [2 sessions; 10 mg/kg i.p. cocaine-
hydrochloride (Sigma) dissolved in saline], or a saline injection was paired with the
preferred chamber (2 sessions). Mice remained confined to the respective chambers for 30
min. after injection.

Place preference was the tested by placing mice in the middle neutral compartment with
both doors open. Mice were allowed to explore freely for 20 min.—this is annotated in text
as the “early test.” With 2 more cocaine-context pairings using 30 mg/kg cocaine, all mice
developed a pronounced preference for the cocaine-associated chamber, as ascertained in an
additional place preference test referred to as the “late test”. Next, the injection was
withheld, but “context pairing” sessions were otherwise identical to those used during
cocaine-context conditioning. Lastly, a final preference test was conducted. Throughout,
place preference was calculated as time spent in the cocaine-paired chamber minus time
spent in the other chambers and analyzed by ANOVA with repeated measures.

Fixed tissue was soaked in 4% PFA for 48 hours, then transferred to 30% sucrose. Tissues
were sliced into 40-pm thick sections on a microtome held at —15°C. In the case of viral
vector delivery, every third slice through the prefrontal cortex was mounted, and EGFP was
imaged. To confirm lesion sites, every third section was immunostained for NeuN
(Millipore, Billerica, MA; Rb; 1:500) and Glial Fibrillary Acidic Protein (GFAP)
(Dakocytomation, Carpinteria, CA; Ms; 1:1000). AlexaFluor goat 1gGs (Invitrogen,
Carlsbad, CA,; 1:300) served as secondary antibodies. EGFP and GFAP signals were
graphically transposed onto corresponding images from the mouse brain atlas (Paxinos and
Franklin, 2003). In figure 1, gray represents the largest lesion or virus spread, while black is
the smallest. Lesions are shown as a red stain (GFAP), while green signals EGFP or NeuN
as indicated.

BDNF quantification and immunoblotting

Bdnf knockdown experiments were conducted in 2 cohorts: In the first cohort, mice were
transcardially perfused with 4% paraformaldehyde (PFA) after deep sedation with
pentobarbital, and brains were extracted for histological analysis as described above. In the
second cohort, mice were rapidly decapitated after the last session, and fresh brains were
transected—the rostral component was submerged in 4% PFA for 48 hours for identical
histological analyses, and the caudal component was immediately frozen on dry ice for
subsequent immunoblotting and BDNF quantification by enzyme-linked immunosorbent
assay (ELISA). Frozen tissue was sliced into 1 mm-thick coronal sections, and the lateral
striatum dorsal to the nucleus accumbens and amygdala were extracted with bilateral tissue
punches (1 mm core) and homogenized in lysis buffer [200 pl: 137 mM NaCl, 20 mM tris-
Hcl (pH=8), 1% igepal, 10% glycerol, 1:100 Phosphatase Inhibitor Cocktails 1 and 2
(Sigma)] by sonication.
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Western blotting and ELISA were conducted as previously described (Gourley et al., 2008,
2009): In brief, for immunoblotting, 20 pg/sample were added to 10 pl 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 (Invitrogen, Carlsbad, CA). Primary
antibodies were anti-GAPDH (Ms; 1:20K; Advanced Immunochemical Inc., Long Beach,
CA) and anti-c-Fos (Rb; 1:500; Santa Cruz Biotechnology, Santa Cruz, CA). For antibody
detection by the Odyssey infrared imaging system (LI-COR, Lincoln, NE), membranes were
incubated with IRDye 700 Dx Anti-Rb IgG and IRDye 800 Dx Anti-Ms 1gG (1:5,000;
Rockland Immunochemicals, Gilbertsville, PA). Individual bands were quantified using
Odyssey software.

BDNF quantification was conducted using a 2-site BDNF ELISA kit in accordance with the
manufacturer’s instructions (Promega, Madison, W1), except tissue was diluted 1:1, and the
extraction procedure was excluded. Samples were run in duplicate, and BDNF
concentrations were normalized to the total protein content in each sample. BDNF was
analyzed by ANOVA.

Statistical analyses

Results

Two-tailed parametric statistical analyses with a<0.05 were performed using SigmaStat v.
3.1 and SPSS. Dependent measures were analyzed by 2- or 3-factor ANOVA as appropriate,
and Tukey’s post-hoc tests were utilized in the event of significant interaction effects;
significant post-hoc effects are indicated graphically. In some cases, only main effects were
detected; these instances are indicated textually and graphically by an asterisk in the
corresponding legend. For c-Fos analysis, infrared signal values generated by LiCor
densitometry analysis were correlated using Spearman’s correlation co-efficient with
response rates on the active apertures during the final day of instrumental conditioning.

Prefrontal cortical lesions and viral infections were largely located within the lateral
subregion of the oPFC; in some mice, lesions spread to the ventral compartment (fig. 1a).
Dorsal striatal lesions affected the lateral compartment of the dorsal striatum in all animals,
and some spread to the intermediate dorsal striatum was noted. In accordance with known
projection patterns, our lesions targeted the ventral compartment of the lateral striatum
(though some spread to the DLS was noted), and spared the nucleus accumbens.

When mice were trained to nose-pose for food reinforcers, response rates in the knockdown
and disconnection groups lagged relative to saline-infused control mice and those with

ipsilateral lesions sparing one oPFC-ventrolateral striatal network. This lag was particularly
apparent when the reinforcement schedule escalated from a fixed ratio to a random interval
in the final 2 training sessions [group x session interaction F1g 19)=2.6, p<0.001] (fig. 1b).

This profile has been previously associated with an impairment in action-outcome
associative conditioning (Corbit and Balleine, 2003), hence we next degraded the action-
outcome relationship associated with one of the two active apertures by providing food
reinforcers non-contingently (“contingency degradation™). In this case, mice with oPFC
Bdnf knockdown and oPFC-ventrolateral striatum disconnection failed to differentiate
between the degraded and non-degraded apertures [group x aperture interaction F 3 33)=4.6,
p=0.009] (fig. 1c). A comparison between fig. 1b and 1c makes clear that these animals
responded on both the degraded and nondegraded apertures at the same rate as during
instrumental conditioning when both apertures were reinforced.
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We next utilized an instrumental reversal task sensitive to oPFC lesions to further
characterize decision-making strategies. In this case, mice were required to respond on a
center, previously inactive aperture. This task does not use cues signaling either
reinforcement delivery or a failure to perform a reinforced response, and thus requires the
animal to acquire a new action-outcome, as opposed to stimulus-response or stimulus-
outcome, association. Here, mice with both Bdnf knockdown and oPFC-ventrolateral
striatum disconnection were again impaired. Restricting our analysis first to responding on
the reinforced aperture, a main effect of group indicated that mice with contralateral lesions
and oPFC Bdnf knockdown responded less than control counterparts [main effect of group
F3,31)=2.9, p<0.05] (fig. 1d).

More critically, when responding on the previously reinforced aperture was also considered
in our analysis, a 3-way group x aperture x session interaction was identified [interaction
F3,62=3.6, p=0.01] (fig. 1e, left panel). Post-hoc comparisons can be summarized as
follows (see also fig. 1e, right panel): During the first of four extinction training sessions, all
mice regardless of group responded preferentially on the previously reinforced aperture. By
the fourth session, however, control mice and mice with ipsilateral lesions preferentially
responded on the newly reinforced aperture and by comparison neglected the previously
reinforced aperture. In other words, these mice showed successful instrumental reversal and
extinction of a nonreinforced response. By contrast, mice with contralateral lesions or oPFC
Bdnf knockdown responded non-selectively on both apertures even after 4 training sessions.
This pattern of responding echoes that observed during action-outcome contingency
degradation, in which these experimental mice also failed to refine their response strategies
in response to changes in the action-outcome associative contingency.

We next measured BDNF concentrations in the downstream striatum and amygdala in
tissues collected from mice with oPFC Bdnf knockdown and found diminished BDNF
expression levels [main effect of knockdown F(y,10)=9.4, p=0.01, no interactions] (fig. 1f).
Moreover, expression of the immediate early gene c-Fos in the striatum correlated with
goal-directed decision-making [r=0.48, p<0.05]. Specifically, response rates on the active
aperture were associated with high striatal c-Fos expression levels, while low response rates
were associated with low c-Fos (fig. 1g).

Despite these deficiencies, Bdnf knockdown and oPFC-ventrolateral striatum disconnection
notably spared sensitivity to reductions in the value of the food outcome. Here, satiety-
specific outcome devaluation reduced instrumental responding in all groups regardless of
lesion or Bdnf status (main effect of devalued outcome p<0.001; interaction between
devalued outcome and group F<1) (fig. 1h).

A failure to engage in goal-directed outcome-based decision-making, relative to stimulus-
based habits, is thought to pay a causal role in addiction (Jentsch and Taylor, 1999; Everitt
and Robbins, 2005). Thus, as a final experiment, we generated mice with oPFC-selective
Bdnf deficiency and utilized a conditioned place preference model of drug-seeking, pairing
cocaine and saline with unique test environments. A probe test after only two cocaine
pairings indicated that mice with Bdnf knockdown—nbut not control mice—had already
developed cocaine-conditioned place preference [group X test interaction (including all
probe tests) F (3 31)=5.9, p=0.002] (fig. 2). In other words, BDNF-deficient mice developed
cocaine-conditioned place preference more rapidly than control counterparts. With multiple
pairings, all mice ultimately developed cocaine-conditioned place preference (fig. 2).
Importantly, when the predictive relationship between the cocaine-associated chamber and
the cocaine was degraded by withholding cocaine, place preference returned to chance levels
in control mice almost immediately, while preference was unremitting, or ‘habitual,’ in
knockdown mice (fig. 2).
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Discussion

It is now widely appreciated that instrumental decision-making can be informed by the
predictive relationship between an action and its outcome, or by the value of the outcome
(for review, Yin et al., 2008). Homologous cortico-striatal networks in humans and rodents
are thought to regulate response selection and choice behavior (Balleine and O’Doherty,
2010); hence, a firmer grasp on the neuroanatomical and neurobiological mechanisms of
outcome-based decision-making in rodent models is a fundamental research imperative that
may shed light onto diseases characterized by aberrant or deficient sensitivity to action-
outcome associative contingencies. Here we generated mice in which the oPFC was
disconnected from the downstream ventrolateral striatum by virtue of unilateral asymmetric
lesions. When mice were trained to nose poke for food reinforcers, response rates in these
mice lagged relative to control mice, as well as those with lesions that were restricted to a
single hemisphere. This pattern has been associated with impaired action-outcome
associative learning (Corbit and Balleine, 2003). Consistent with this perspective, mice with
oPFC-ventrolateral striatum disconnections failed to differentiate between a *degraded’ and
‘non-degraded’ instrumental response after action-outcome contingency degradation.
Moreover, both oPFC-selective Bdnf knockdown and oPFC-ventrolateral striatum
disconnection impaired response refinement in an instrumental reversal task that is sensitive
to oPFC lesions (Gourley et al., 2010). Specifically, these mice showed impaired response
acquisition and ultimately failed to differentiate between the nonreinforced, extinguished
apertures relative to the newly reinforced aperture. Together, this pattern suggests that oPFC
innervation of the ventrolateral striatum coordinates outcome-based decision-making, and
that BDNF is a critical molecular determinant of oPFC function.

What is the nature of oPFC innervation of the striatum? In a comprehensive analysis of
cortiostriatal projections from the rodent oPFC, Groenewegen and colleagues reported that
the oPFC projects in a topographically-organized fashion to the striatum (Schilman et al.,
2008). For example, the medial orbital cortex (lying ventral to the prelimbic cortex in the
frontal pole) innervates the medial-most DMS, and the ventral oPFC projects by contrast to
a vertical column of cells within the intermediate dorsal striatum. The lateral and
dorsolateral oPFC innervate the ventrolateral striatal compartments, targeting subregions
both within, and dorsal to, the nucleus accumbens. This pattern is in agreement with earlier
studies (Berendse et al., 1992; Reep et al., 1996, 2003) that provided initial evidence that
corticostriatal projections are organized similarly between rodents and non-human primates;
for example, there is considerable overlap between orbital and medial prefrontal terminals in
the DMS in both species. One difference, however, appears to be the patterns of innervation
of the nucleus accumbens core, which is largely devoid of oPFC projections in the rodent,
but not in the primate (discussed Schilman et al., 2008).

Our lesions here targeted the ventrolateral compartment of the oPFC and the corresponding
ventrolateral striatum and when placed in contralateral hemispheres, impaired action-
outcome associative conditioning in a contingency degradation paradigm. By contrast,
pioneering studies by Yin, Knowlton, and Balleine showed that rats with bilateral DLS
lesions or local inactivation develop outcome-based goal-directed instrumental response
strategies and in fact, are resistant to the development of stimulus-response habits (Yin et
al., 2004, 2006). This pattern — the opposite of that reported here — strikingly dissociates
subregions of the lateral striatum: Specifically, we propose a model wherein the dorsal
aspect, notably devoid of oPFC innervation (Shilman et al., 2008), regulates stimulus-
response habit formation via interactions with sensorimotor cortices (Yin et al., 2008). By
contrast, the ventral compartment, innervated by the lateral oPFC, coordinates action-
outcome associative conditioning (fig. 1i).
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Despite their behavioral deficiencies, mice with oPFC-ventrolateral striatum disconnection
retained sensitivity to reductions in the value of the food outcome, in that satiety-specific
outcome devaluation reduced instrumental responding. At the same time, sensitivity to
devaluation was qualitatively less pronounced in our comparison group of mice with
bilateral oPFC Bdnf knockdown. How might we interpret these findings? First, it is notable
that oPFC Bdnf knockdown deprives both the striatum and amydala of BDNF protein (fig.
1f), and previous work indicates that the basolateral amygdala regulates sensitivity to
outcome value in tasks in which action-outcome decision-making is measured by altering
the value of the outcome (Balleine et al., 2003). Together with substantial evidence that
BDNF plays a permissive role in activity-dependent long-term plasticity within the
basolateral amygdala (e.g., see Li et al., 2011), we posit that deprivation of the basolateral
amygdala of BDNF resulted in a modest (non-significant) deficit in sensitivity to outcome
value in the Bdnf knockdown group, but that an oPFC-ventrolateral striatal circuit is a
relatively selective determinant of action selection when the action is associated with a given
outcome, though not when that action is dependent on the value of the outcome. This is
notably distinct from sensitivity to reward prediction error or to outcomes that are signaled
by environmental stimuli; in these cases, the oPFC has been implicated in behavioral
decision-making (Rushworth et al., 2007; Sul et al., 2010).

Orbital BDNF systems as determinants of decision-making

A primary finding of this report is that oPFC Bdnf knockdown restricted to the oPFC
impaired outcome-based decision-making under both food-reinforced and cocaine-
associated conditions. How might oPFC BDNF be acting? First, cortical Bdnf knockdown
could impact decision-making strategies by retarding anterograde BDNF transport to, or
BDNF synthesis in, major projection sites (Gourley et al., 2009; further discussed Choi et
al., 2012). When we measured BDNF concentrations in the downstream lateral striatum and
amygdala after gene knockdown within the oPFC, we indeed found diminished BDNF
expression levels. Moreover, expression of the immediate early gene c-Fos in the lateral
striatum correlated with goal-directed decision-making such that high DLS c-Fos expression
levels predicted high response rates on the active apertures, while low response rates were
associated with low c-Fos. Although neuroplasticity within the lateral striatum is more
classically associated with stimulus-response habits (Yin et al., 2008), these findings are, as
discussed in the previous section, consistent with known projection patterns from prefrontal
cortical regions, including the oPFC to the ventrolateral striatum (Shilman et al., 2008), as
well as with high rates of neuronal firing in the DLS during the initiation of goal-directed
response selection in food-reinforced rats (Kimchi et al., 2009).

Drug-seeking behavior is commonly codified as habitual, stimulus-elicited behavior that is
resistant to modification, and the val66met bdnf gene variant is associated with addiction
vulnerability in humans and diminished activity-dependent BDNF secretion (Cheng et al.,
2005; Egan et al., 2003). Therefore, we also utilized a conditioned place preference model of
drug-seeking and paired cocaine and saline with unique test environments in control and
Bdnf knockdown mice. Bdnf knockdown mice developed cocaine-conditioned place
preference more rapidly, but more relevant to this report, when the predictive relationship
between the cocaine-associated chamber and the cocaine was degraded by withholding
cocaine, place preference was unremittingly stimulus-dependent, or “habitual,” in
knockdown mice. In this case, the associative structure differed from our experiments in fig.
1 in the sense that a stimulus — the cocaine-paired chamber — rather than an action predicted
a certain outcome; nonetheless, these findings are consistent with a prior report that bilateral
oPFC lesions impair decision-making that is based on stimulus-outcome associative
relationships (Ostlund and Balleine, 2007), and they extend these findings by pointing to
BDNF as a critical molecular determinant.
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Notably, there are now multiple reports of intact sensitivity to outcome devaluation in
situations in which rodents with oPFC lesions must associate a specific action (as opposed to
a stimulus) with an outcome (see for example fig. 1 here; Ostlund and Balleine, 2007;
Gourley et al., 2010). Thus, while we believe we have provided strong evidence that the
oPFC is a critical determinant of action-outcome associative learning, it is important to note
that its role is restricted relative to, for example, that of the prelimbic prefrontal cortex or the
DMS. Lesions of these structures occlude sensitivity to modifications of outcome value, as
well as the predictive value of the action, in tasks in which the animal must associate a
specific action with a specific outcome (Balleine and Dickinson, 1998; Killcross and
Coutureau, 2003; Corbit and Balleine, 2003; Yin et al., 2005). Thus, while the oPFC is
clearly involved in outcome-based decision-making (fig. 1 here; reviewed Lucantonio et al.,
2012), its role is distinct from that of the medial wall prefrontal cortical structures.

A final caveat is that the organization of oPFC projections to the medial and lateral striatum
likely results in distinct functions of discrete subregions of the oPFC. While we propose a
role for the lateral oPFC in outcomes-based decision-making here that is somewhat
redundant with that the role of the medial orbitofrontal cortex that we previously described
(Gourley et al., 2010), early evidence indicates the ventral oPFC is functionally distinct.
Specifically, Bdnf knockdown in this region, which innervates a discrete vertical column of
cells within the dorsal intermediate striatum (Schilman et al., 2008), increases instrumental
responding for food reinforcers in an un-cued instrumental conditioning task (DePoy et al.,
2013). Aberrant responding was normalized with pharmacological interventions targeting
the actin cytoskeleton, leading us to posit that BDNF-mediated modifications in dendritic
spine morphology and function resulted in increased sensitivity to non-discrete stimuli —
such as the experimenter, the conditioning chamber, etc. — which then enhanced
instrumental responding. Although further research is necessary, these findings nonetheless
suggest that the ventral oPFC is functionally distinct from the lateral oPFC.

Concluding Remarks

Previous investigations from our and others’ labs using instrumental conditioning
approaches to dissecting decision-making strategies indicate that the oPFC orchestrates
outcome-based decision-making by regulating sensitivity to: 1) action-outcome and
stimulus-outcome predictive relationships (Gourley et al., 2010; Ostlund and Balleine, 2007,
Lucantonio et al., 2012), and 2) by encoding and/or updating the value of expected outcomes
that are signaled by discrete conditioned stimuli (see for example Rushworth et al., 2007).
Our findings are in agreement with the perspective that the oPFC updates action-outcome
associations (see Sul et al., 2010), though not outcome value (see Takahashi et al., 2009).
We also provide novel evidence that oPFC BDNF is a critical substrate of oPFC-dependent
decision-making. Based on these findings, we propose a model wherein BDNF supports
neuroplasticity at cortico-cortical and cortico-striatal synapses critical to outcome-guided
decision-making (Thoenen 1995; Shen and Cowen, 2010). Moreover, given that oPFC
dendritic spine stability is required for stimulus-outcome learning (Gourley et al., 2012b),
BDNF may also act via spine-stabilizing influences in mature oPFC neurons (Vigers et al.,
2012), which both receive subcortical projections from, and in turn synapse onto, lateral
striatal medium spiny neurons (Thomas et al., 2000). In this model, BDNF is a critical
regulator of outcome-based decision-making in both ‘natural’ contexts—as in the case of
food-reinforced behavior—and “pathological’ contexts—as in the case of cocaine-associated
decision-making.
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Figure 1. oPFC BDNF and oPFC-ventrolateral striatum interactionsregulate action-outcome
associative conditioning

(a) Composites represent virus and lesion spreads in these experiments, with gray
representing the largest spread and black the smallest. At bottom left, representative viral-
mediated EGFP expression in the oPFC (green). Bottom right, excitotoxic lateral striatum
lesion (red) counterstained with NeuN (green).

(b) oPFC-targeted Bdnf knockdown and oPFC-ventrolateral striatum disconnection impaired
instrumental response acquisition, particularly when the reinforcement schedule escalated
from a fixed ratio (FR) to random interval (RI) schedule of reinforcement in the final 2
conditioning sessions.

(c) Mice with oPFC-targeted Bdnf knockdown and oPFC-ventrolateral striatum
disconnection were insensitive to action-outcome contingency degradation: While control
groups developed a preference for the non-degraded instrumental aperture after action-
outcome contingency degradation, response rates in knockdown and disconnection mice did
not vary from baseline (compare to final session in b).

(d) Moreover, response acquisition in an instrumental reversal task sensitive to oPFC lesions
was also impaired.

(e) These response patterns are shown again with the addition of responding on the
previously reinforced aperture (“extinction™). As is summarized in the right panel, all mice
initially respond preferentially on the previously reinforced aperture during the first session,
but by the fourth reversal session, control and ipsilateral mice respond preferentially on the
newly reinforced aperture, while the contralateral and Bdnf knockdown groups fail to
differentiate between the reinforced and extinguished apertures.

(f) Orbitofrontal cortical Bdnf knockdown reduced BDNF expression in the downstream
lateral striatum and amygdala, and (g) Striatal c-Fos expression predicted response rates on
the reinforced aperture at the end of instrumental training (individual mice are represented;
black=control group).
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(h) Despite these deficiencies, both Bdnf knockdown and contralateral lesions spared
sensitivity to satiety-specific outcome devaluation, which decreased response rates in all
groups.

(i) Our model is shown: We hypothesize that while the lateral striatum coordinates stimulus-
response habits as been previously reported, the ventrolateral compartment regulates, under
certain circumstances, outcome-based decision-making. Means+SEMs. *p<0.05;**p<0.001.
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Figure 2. oPFC BDNF regulates cocaine-conditioned place preference

Bdnf knockdown enhanced sensitivity to cocaine-associated stimuli, as evidenced by
increased place preference relative to baseline after only 2 cocaine-place pairings (“early
test”). All mice ultimately acquired cocaine-conditioned place preference (“late test™), but
preference failed to normalize in Bdnf-deficient mice when saline replaced cocaine
(“unpaired™). Inset; preference in 5-min bins during the unpaired test. Means+SEMS.
*p<0.05;**p<0.001.
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