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Abstract

Although it has long been hypothesized that the nucleus accumbens (NAc) acts as an interface between limbic and motor regions,
direct evidence for this modulatory role on behavior is lacking. Using a disconnection procedure in rats, we found that basolateral
amygdala (BLA) input to the core and medial shell of the NAc separately mediate two distinct incentive processes controlling the
performance of goal-directed instrumental actions, respectively: (i) the sensitivity of instrumental responding to changes in the
experienced value of the goal or outcome, produced by specific satiety-induced outcome devaluation; and (i) the effect of reward-
related cues on action selection, observed in outcome-specific Pavlovian—instrumental transfer. These results reveal, therefore, that
dissociable neural circuits involving BLA inputs to the NAc core and medial shell mediate distinct components of the incentive

motivational processes controlling choice and decision-making in instrumental conditioning.

Introduction

It has been hypothesized that the nucleus accumbens (NAc) functions
as a limbic—motor interface, with the role of this interface being to set
the gain of behavioral output (Mogenson et al., 1980; Alexander
et al., 1986). However, more recent anatomical and functional
findings have identified specialized subregions within the NAc,
suggesting that this characterization is too general (Groenewegen
et al., 1999; Zahm, 2000; Balleine, 2005; Berridge et al., 2009;
Wheeler & Carelli, 2009). Indeed, important distinctions have been
made between core and shell subregions of the NAc based on their
involvement in emotional and motivational processes (Parkinson
et al., 1999; Di Chiara, 2002; Floresco et al., 2006; Murphy et al.,
2008; Chaudhri ef al, 2010). In the context of instrumental
conditioning, the NAc core and shell have been shown to mediate
dissociable incentive processes controlling instrumental goal-directed
action (Corbit ef al., 2001). Lesions of the NAc core impair sensitivity
of instrumental responses to changes in outcome value, as shown by
impaired performance on a choice test following outcome devaluation.
In contrast, medial shell lesions have no effect on devaluation but
impair the ability of outcome-associated cues to bias action selection,
as shown during outcome-specific Pavlovian—instrumental transfer
(PIT) (Corbit et al., 2001). Thus, in contrast to a general modulatory
role, the NAc may contain functionally separable subregions that serve
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as part of a broader set of corticolimbic striatal circuits mediating
distinct learning and decision-making processes.

The NAc receives excitatory inputs from the basolateral amygdala
(BLA), a structure known to be important for associative learning
(Everitt e al., 2003; Balleine & Killcross, 2006; Murray, 2007). BLA
lesions impair performance on outcome devaluation tests and
outcome-specific PIT (Corbit & Balleine, 2005; Ostlund & Balleine,
2008; Johnson et al., 2009). This suggests that BLA inputs to the NAc
may be required for the operation of incentive processes in guiding
instrumental behavior. To assess this possibility, we examined
instrumental performance in rats that underwent a ‘disconnection’
procedure, in which we performed excitotoxic lesions of the BLA in
one hemisphere and the caudal core or medial shell of the NAc in the
opposite hemisphere. Because the connections between BLA and NAc
are ipsilateral, this procedure results in groups of rats with disrupted
BLA-NAc circuitry in both hemispheres (McDonald, 1991; Brog
et al., 1993). Following surgery, we used selective-satiety outcome
devaluation and outcome-specific PIT to determine whether BLA
inputs to the NAc core and shell control the influence of distinct
incentive processes on the performance of instrumental actions.

Materials and methods
Subjects and apparatus

A total of 62 adult male Long Evans rats (Harlan Laboratories,
Indianapolis, IN, USA) were used in this study. Rats arrived weighing
250-275 g and were housed individually in Plexiglas tubs located in a
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temperature- and humidity-controlled vivarium. Behavioral training
and testing was conducted during the light phase of the 12-h light—
dark cycle. Rats were fed 10-15 g of home chow following each daily
training session; this was sufficient to maintain them at approximately
90% of their free-feeding body weight. Rats had free access to water in
their home cage. All procedures were approved by the UCLA Animal
Research Committee.

Behavioral testing took place in 24 operant chambers enclosed in
sound- and light-attenuating shells (Med Associates, St Albans, VT,
USA). Each chamber was equipped with two retractable levers that
could be extended to the left and right of a recessed food magazine. A
pellet dispenser was attached to the magazine and was used to deliver
a 45-mg grain pellet (Bio-Serv, Frenchtown, NJ, USA). A syringe
pump was also attached to the magazine and was used to deliver
0.1 mL of 20% sucrose solution. An infrared photobeam crossed the
magazine opening, allowing for the detection of head entries. Each
chamber was equipped with two auditory stimulus generators (3 kHz
80-db tone and 80-db white noise). Illumination of the operant
chamber was provided by a 3W 24V house light. A set of three
microcomputers running Med Associates proprietary software
(Med-PC) controlled all experimental events and recorded lever
presses and magazine entries.

Behavioral procedures
General

Following surgery, rats underwent Pavlovian training in which two
auditory stimuli were paired with delivery of two unique food
outcomes (grain pellet or sucrose solution). Rats then underwent
instrumental training in which two distinct actions (left or right lever
press) were paired with delivery of grain pellets or sucrose solution.
Sensitivity of instrumental responding to changes in outcome value
was then assessed in choice tests following devaluation of one of the
instrumental outcomes. Following these tests, rats were given one
additional instrumental and Pavlovian training session and then tested
in an outcome-specific PIT paradigm.

Pavlovian training

During Pavlovian training, two auditory stimuli (3 kHz tone and
white noise, each 80 dB) were used as conditioned stimuli (CSs).
Each stimulus was paired with delivery of grain pellets or sucrose
solution. For half the rats in each group, white noise presentations
were paired with delivery of grain pellets and tone presentations were
paired with delivery of sucrose solution, whereas the remaining
subjects received the opposite stimulus—outcome relationships. Each
stimulus was 2 min in duration, during which the appropriate
outcome was delivered according to a random-time 30-s schedule.
During each training session each stimulus type was presented four
times, with a random interval averaging 5 min between stimulus
presentations. The number of head entries into the food magazine was
measured during CS presentations and during a 2-min interval
preceding CS presentation. Rats received six Pavlovian training
sessions, one per day.

Instrumental training

During instrumental training rats were trained to associate actions on
each of the two levers with a unique outcome. For half of the subjects
in each group, pressing the left lever delivered 45-mg grain pellets
and pressing the right lever delivered 20% sucrose solution, whereas
the remaining subjects received the opposite action—outcome rela-

tionship. Rats were first trained under continuous reinforcement for
2 days, and then shifted to a random ratio (RR) schedule, consisting
of 2 days of RR-5 (each action delivered an outcome with a
probability of 0.2) and 4 days of RR-10 (probability of 0.1). The
session terminated when rats earned 20 outcomes or 30 min had
elapsed since the start of the session. Rats were trained daily on each
action—outcome pair in separate training sessions, with a 30-min
interval between sessions.

Outcome devaluation test

One of the two outcomes was devalued by specific satiety and rats’
choice performance was tested. Rats were provided with 50 g of grain
pellets or 50 mL of sucrose solution in their home cage for 1 h. Rats
were then placed in the operant chamber, the house light was
illuminated and both levers were inserted. Rats could respond on
either of the two levers, which produced no outcomes during the
session. The session terminated after 10 min and rats were returned to
their home cage. The following day the opposite outcome from the
previous session was devalued following the same procedure, after
which performance on the choice test was examined.

PIT test

In this test, rats were placed in the operant chamber, the house light
was illuminated and both levers were inserted. Rats could freely
respond on either lever; however, no pellets were delivered during the
test. After 6 min, each of the two CSs was presented four times. The
CSs were 2 min in duration, separated by a 2-min interval with no
stimulus presentation. The stimuli were presented in the following
order: (T, tone; N, noise) T-N-N-T-N-T-T-N. Responses on each lever
were recorded during stimulus presentations and during intervals with
no stimulus. The total test time was 36 min.

Surgical procedures

Rats were anesthetized with an intraperitoneal injection of sodium
pentobarbital (Nembutal, Abbot Labs; 50 mg/kg body weight). Rats
were placed in a stereotaxic instrument, the scalp was retracted and
holes were drilled in the skull to allow passage of a 26-gauge
infusion needle. To lesion the NAc core, 0.5 puL of 0.12 M NMDA
(Sigma-Aldrich) was infused at the following location (all locations
are expressed relative to Bregma, except for the dorsoventral
coordinate, which was measured relative to the surface of the brain.
A/P, anteroposterior; M/L, mediolateral; D/V, dorsoventral): +1.2
A/P; £2.1 M/L; =7.0 mm D/V. To lesion the medial shell, 0.2 uL.
of 0.015 M AMPA hydrobromide (Sigma-Aldrich) was infused in
two locations: +1.6 A/P; £0.8 M/L; —6.8, —6.0 mm D/V. To lesion
the BLA, 0.25 uL of 0.12 M NMDA was infused at two locations:
-2.3, =3.0 A/P; £52 M/L; —=7.6 mm D/V. The use of different
neurotoxins was based on previous studies which showed differential
effects of these substances in producing neural cell loss in the core
and shell (Parkinson et al., 1999; Corbit ef al., 2001). Infusate was
delivered at approximately 0.1 uL. per min via a 1-uL Hamilton
syringe. Following infusion the scalp was closed with surgical
staples and rats were returned to their home cage for 2 weeks
recovery.

For half of the animals in this study, BLA lesions were made in the
left hemisphere while for the remaining animals BLA lesions were
made in the right hemisphere. For the disconnection condition, NAc
lesions were made in the opposite hemisphere from the BLA lesion,
whereas for the ipsilateral control condition BLA and NAc lesions
were made in the same hemisphere.
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Histology

Following completion of the experiment, rats were perfused
transcardially with 0.1 M phosphate-buffered saline followed by
10% formalin. Brains were removed and prepared for microscopic
analysis following standard histological techniques. Sections were
stained with thionin and examined at 100X magnification for
lesions, which were identified by neuron loss and changes in
structure shape.

Procedures for ipsilateral control experiment

A preliminary study was carried out which examined the effect of
ipsilateral BLA and NAc lesions on PIT and devaluation. Rats
underwent ipsilateral lesions of the BLA and NAc core or BLA and
NAc shell or sham lesions using identical procedures to those
described above. The behavioral procedures were in all ways identical
to the procedures described in the main methods section, except for
small differences in the Pavlovian training procedure. This procedure
consisted of two phases. In the first phase rats were trained to associate
three CSs with three unique outcomes. In addition to the tone and
white noise, a click stimulus was paired with delivery of 20%
polycose. Rats underwent eight trials with the three CSs. In the second
phase, rats underwent an additional eight trials with the tone and white
noise CSs. After Pavlovian training was complete, a PIT test was
administered.

BLA-accumbens and motivation 1737

Results
Lesion placement

Rats in the disconnection group were administered BLA lesions in one
hemisphere and NAc core (n =7) or shell (n =7) lesions in the
opposite hemisphere. Rats in the ipsilateral control group had BLA
and NAc lesions in the same hemisphere (n = 9). As a further control,
one group of rats was given unilateral BLA lesions and sham lesions
of the contralateral NAc (n = 9). The ipsilateral control condition
consisted on animals with lesions of the BLA and NAc core (n = 5) or
BLA and NAc shell (n =4). We decided to combine these two
subgroups into a single ipsilateral control group based on the results of
a preliminary study, in which we found that ipsilateral BLA—core and
BLA-shell lesions had no effect on performance in the PIT or
devaluation tasks. Because of small differences in the training
procedures used in these animals, the results from this preliminary
study are presented separately below.

Lesion placement is depicted in Fig. 1. BLA lesions generally
spanned the rostrocaudal extent of this structure and, in some animals,
included portions of lateral amygdala. NAc shell lesions were confined
to the rostral and medial portion of the shell, and generally spanned its
dorsoventral extent. We restricted our lesion placement to the medial
shell, as any attempt to lesion lateral portions of the shell may have
resulted in damage the NAc core. NAc core lesions were confined to
the medial and caudal portion of the NAc core. No systematic
differences in lesion placement were observed across treatment groups.
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FIG. 1. Histological results. (A) Schematic of disconnection design. The ipsilateral control consisted of animals with either BLA—shell or BLA—core lesions.
(B) Representation of the minimum (black outline) and maximum (gray shading) extent of tissue damage resulting from NAc core and shell lesions and BLA lesions.
The left hemisphere represents lesions from control animals (ipsilateral BLA-NAc and unilateral BLA lesions). Lesions in the right hemisphere depict animals with
disconnection of the core or shell from the BLA. Values indicate mm from Bregma. Reproduced from Paxinos and Watson, 2005.
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Instrumental training and outcome devaluation test

In the instrumental task, rats learned in separate sessions to respond on
the left or right lever to earn unique outcomes (grain pellets or 20%
sucrose solution). There was no difference in the rate of responding for
the two types of outcomes. For statistical analyses, response rates from
each training session were averaged to derive an overall response rate
measure for each training day, and training days were combined into
four 2-day blocks. A two-factor ANOVA with training block and lesion
type revealed an overall effect of training block and a significant
interaction between lesion type and training block on instrumental
response rates (effect of training block: Fsg4 =232, P <0.01;
interaction: Fog4 = 3.93, P <0.01; Fig. 2A). Post hoc comparisons
revealed that, during the third and fourth training block, rats with
BLA-shell disconnection responded at a significantly greater rate
compared to the performance of rats with unilateral BLA lesions
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Fi1G. 2. BLA-Nac core disconnection impaired rats’ sensitivity to outcome
value during instrumental performance. We trained rats over eight sessions to
bar-press for food rewards and recorded the rate of responding across training.
(A) Rats from all groups acquired an instrumental response, as shown by an
increase in response rates across training sessions. (B) After one of the two
instrumental outcomes was devalued by specific satiety, rats performed a choice
test with both levers available for responding in extinction. Rats with unilateral
BLA lesions (uni-BLA), ipsilateral NAc and BLA lesions (ipsi) and lesions that
disconnect the NAc shell from the BLA bilaterally (disc-shell) made
significantly fewer responses on the lever that, during training, resulted in
delivery of the now devalued outcome. In contrast, disconnection of the NAc
core from the BLA (disc-core) impaired rats’ ability to use outcome value to
guide actions, as shown by the lack of a devaluation effect. *P < 0.05, non-
devalued greater than devalued; paired #-test with Bonferroni correction. Error
bars, +1 SEM (panel A) or one standard error of the difference (SED; panel B),
a measure of within-subjects variability.

(significantly different at P < 0.05, independent samples #-test with
Bonferroni correction). Overall, disconnection of the BLA from the
NAc did not impair acquisition of the instrumental task.

Following training, we examined how BLA-NAc disconnection
affects sensitivity of instrumental responding to changes in outcome
value. Normally, changes in the value of an instrumental outcome
modify both the rate of performance of instrumental actions and
choice between actions (Balleine & Dickinson, 1998). We used a
specific-satiety devaluation procedure, by providing ad libitum access
to one of the outcomes in the animal’s home cage for 1 h prior to a
choice test in which they could freely respond on both levers, although
responses during test did not produce any outcomes. The following
day the opposite outcome was devalued following the same procedure,
after which performance on the choice test was examined. Lesion type
had no effect on the amount of pellets or sucrose solution consumed
prior to the choice test. The volume of sucrose solution consumed was
converted to grams (1 mL =1 g). The average consumption for the
groups was as follows: unilateral BLA, 12.2 + 5.2; BLA-NAc shell
disconnection, 10 + 4.6; ipsilateral, 14.4 +4.3; BLA NAc core
disconnection, 13 + 4.1 (mean £ 1 SD).

Response rates on the ‘valued” and ‘devalued’ levers from the two
tests were averaged for each animal and statistical analyses performed
on these averages. We found that control lesions as well as BLA-NAc
shell disconnection spared sensitivity to changes in outcome value, as
shown by reduced responding on the lever that, during training,
resulted in the now devalued outcome (Fig. 2B). In contrast, BLA—
NAc core disconnection impaired rats’ ability to use outcome value to
guide instrumental performance in the choice test, as shown by
equivalent responding on both levers. A two-factor ANOVA revealed a
significant effect of outcome value on instrumental response rate
(F128 =46.34, P <0.01). Significantly greater rates of responding
were observed on the valued compared to the devalued lever in all
groups except rats with BLA-NAc core disconnection (paired #-tests
with Bonforroni correction, all groups P < 0.01 except BLA-NAc
core fg = 1.67, P =0.14). There was no simple effect of lesion on
instrumental response rates independent of outcome value (F < 1),
indicating that response rates by themselves were not affected by the
disconnection condition.

Pavilovian training and PIT test

In the Pavlovian task we used two different auditory cues, a tone or
white noise, as CSs and we paired their presentation with delivery of
either grain pellets or sucrose solution. We measured head entries into
the magazine during the CS and during an equivalent period prior to CS
onset (pre-CS). A three-factor ANOVA with stimulus (CS or pre-CS),
training session and lesion type revealed a significant effect of training
session (Fs 40 = 96.91, P <0.01) and stimulus (Fy 49 = 224.06,
P < 0.01) on magazine approach, and a significant interaction involv-
ing these factors (F’s 140 = 66.80, P < 0.01). There was no main effect
of lesion; however, there was a significant interaction of stimulus and
lesion type on magazine entries (Fs 140 = 4.98 P < 0.01; Fig. 3A).
Post hoc tests revealed that rats with disconnection of the BLA from the
NAc shell made significantly more head insertions during CS
presentation than did rats with unilateral BLA lesions (significantly
different at P < 0.05; independent samples #-test with Bonferroni
correction). By the final training session there was no difference in
conditioned magazine approach between the lesion groups.

We next assessed the effects of BLA-NAc disconnection on
instrumental responding during presentation of outcome-associated
stimuli. Cues can elicit goal-directed instrumental behavior by aiding
in the retrieval of actions with which the cue shares an outcome. To
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FiG. 3. BLA-NAc shell disconnection impaired outcome-specific PIT. (A) We trained rats over six sessions to associate auditory stimuli with delivery of food
pellets. During the session we measured the number of food cup entries during stimulus presentation (CS, filled symbols) and during an equivalent period prior to
stimulus onset (pre-CS, open symbols). The graph depicts the number of food cup entries per min for each of the six training sessions. Data from the two
disconnection groups are presented in the left panel and data for the two control groups in the right panel. We observed an increase in food cup entries across training
sessions. In addition, rats with BLA—shell disconnection showed a greater number of head entries during stimulus presentations than did the unilateral BLA lesion
control condition. (B) During the transfer test, two cues were presented while rats had access to both levers in extinction. Control rats (ipsi and uni-BLA) and rats
with BLA-NAc core disconnection (disc-core) increased their rate of responding above baseline on the lever whose outcome during training matched the cue,
compared to when cue and lever outcome were mismatched. In contrast, rats with BLA-NAc shell disconnection (disc-shell) showed no increase in instrumental
performance above baseline during cue presentation. Inset depicts baseline responses per min measured during intervals between cue presentations. *P < 0.05, match
greater than mismatch; paired #-test with Bonferroni correction. Error bars, +1 SEM (panel A) or 1 SED (panel B).

assess this process we used an outcome-specific PIT procedure, in
which we presented each of the two previously learned cues while rats
made instrumental responses on both levers in extinction. Responses
during the intervals between cue presentations (baseline) were
subtracted from responses during cue presentations, and are plotted
in Fig. 3B. Responses were classified as a ‘match’ when the lever
response and cue predicted the same outcome, and as a ‘mismatch’
when the lever and cue predicted opposite outcomes. We found that
control rats and rats with BLA-NAc core disconnection demonstrated
outcome-specific transfer, as shown by an increase in responses on the
lever that, during training, delivered the same outcome as was
predicted by the cue (match), as compared to mismatched responses.
In contrast, rats with BLA-NAc shell disconnection showed no
enhancement of instrumental response rates during cue presentation on
the appropriately matched lever (Fig. 3B). A two-factor ANOVA
revealed a significant main effect of stimulus (match vs. mismatch;
Fi,5 =21.16, P <0.01). Significantly greater rates of responding
were observed when the cue and lever outcome matched than when
they mismatched for all groups except BLA-NAc shell disconnection
(paired #-test with Bonferroni correction, P < 0.01 for all groups
except for NAc shell disconnection group, # = 1.08, P = 0.32). The
lack of outcome-specific PIT in the BLA-NAc shell disconnection
group is not a result of an overall response suppression in these
animals, as no differences in baseline responding was observed
between groups (F < 1). This suggests that the lack of outcome-

specific transfer is the result of an impaired ability to use cue—outcome
associations to guide instrumental behavior.

Ipsilateral NAc—BLA disconnection does not impair performance
during PIT and devaluation

We performed a preliminary experiment confirming the lack of an
effect of ipsilateral BLA-NAc lesions on devaluation and PIT. Thirty
rats (10 per group) underwent ipsilateral lesions of the BLA and NAc
core or BLA and NAc shell or sham lesions, using identical
procedures to those described in the Materials and Methods section.
Rats were trained using Pavlovian and instrumental procedures as
described above and then tested under devaluation and outcome-
specific PIT tests. Performance on PIT and devaluation tests was
analyzed using a two-factor ANOVA with both within- and between-
subjects effects. Lesions did not impair performance on either test.
During the PIT test, rats made a significantly greater number of
responses on the matched than on the mismatched lever [ANOVA:
effect of stimulus (match or mismatch) F,; =27.99, P <0.01;
Fig. 5]. There was no effect of lesion or interaction of lesion and
stimulus on instrumental performance (all 7 > 0.1). All rats regardless
of group demonstrated greater response rates for the matched lever
than for the mismatched lever (paired #-test; BLA—NAc shell lesions,
to = 2.51, P <0.05; BLA-NAc core lesions, to = 3.64, P <0.01;
sham lesions, # = 3.31, P < 0.01).
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FIG. 4. Ipsilateral lesions did not disrupt choice performance following
outcome devaluation. Rats responded at a greater rate on the lever that during
training delivered the valued outcome rather than the devalued outcome.
*P < 0.05, non-devalued greater than devalued; paired #-test with Bonferroni
correction. Error bars, =1 SEM.
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F1G. 5. Ipsilateral BLA-NAc lesions did not impair performance during
outcome-specific PIT. Rats responded at a greater rate on the lever whose
outcome matches the cue (match) than on the mismatched lever regardless of
lesion type. *P < 0.05, match greater than mismatch, paired r-test with
Bonferroni correction. Error bars, £1 SEM.

During the devaluation test, rats made a significantly greater number
of responses on the lever that during training resulted in the valued
outcome compared to the devalued outcome (ANOVA: effect of value,
Fy 57 =35.54, P <0.01; Fig. 4). There was no significant effect of
lesion, nor an interaction between lesion and value, on instrumental
response rates (all P > 0.1). All rats demonstrated greater response rates
for the valued lever than for the devalued lever regardless of group
(paired #-test; BLA-NACc shell lesions, #y = 2.75, P < 0.05; BLA-NAc
core lesions, to = 4.04, P < 0.01; sham lesions, 7y = 3.44, P < 0.01).

Discussion

Our results show that neural circuits comprised of the BLA and NAc
subregions underlie distinct components of incentive behavior. Using

asymmetrical lesions to ‘disconnect’ the BLA from the caudal core or
medial shell of the NAc, we found that BLA-NAc core disconnection
impaired rats’ ability to use outcome value to guide instrumental
actions, but had no effect on outcome-specific PIT. In contrast, BLA—
NAc shell disconnection impaired the ability of outcome-associated
stimuli to bias instrumental actions during PIT but had no effect on
choice following devaluation. Thus, NAc core and shell subregions
differentially mediate the effects of instrumental and Pavlovian
incentive processes respectively, and these effects depend on input
from the BLA. These results have important implications for
understanding the function of the BLA-NAc circuitry during
reward-seeking behavior.

The BLA and NAc form an important neural circuit underlying
reward-seeking behavior. The NAc core and shell receive excitatory
afferent input from the BLA that is topographically organized (Krettek
& Price, 1978; Christie et al., 1987; McDonald, 1991; Brog et al.,
1993; Wright et al., 1996). The importance of BLA input to the NAc
in reward-seeking behavior has been shown in tasks involving the
association of environmental stimuli with a rewarding outcome, such
as food or access to mates. In these tasks, asymmetrical BLA-NAc
disconnection lesions prevent the development of conditioned appe-
titive responses to presentations of reward-associated stimuli (Cador
et al., 1989; Everitt et al., 1989, 1991; Robbins et al., 1989; Setlow
et al., 2002; Di Ciano & Everitt, 2004; Ambroggi et al., 2008). More
recently, the BLA has been shown to be necessary for the development
of neural responses in the NAc to presentation of a reward-associated
stimulus (Ambroggi et al., 2008; Popescu et al., 2009). However, the
existence of dissociable functional ensembles within this circuit has
not been identified. Our results provide evidence for separate
functional circuits consisting of BLA inputs to the caudomedial core
and medial shell subregions of the NAc. Furthermore, our results
suggest that during reward-seeking behavior the BLA supplies
outcome information to the different NAc subregions, which use this
information to modulate instrumental actions depending on whether
the task involves a Pavlovian or instrumental incentive process.

The BLA has been recognized as having a role in forming and
maintaining representations of outcomes associated with actions or
stimuli (Schoenbaum et al., 1998; Balleine & Killcross, 2006; Paton
et al., 2006; Belova et al., 2008). Bilateral BLA lesions impair
performance on tasks that require the use of sensory-specific outcome
representations to guide instrumental performance, including out-
come-specific PIT and devaluation tasks (Hatfield et al, 1996;
Blundell ez al., 2001; Corbit & Balleine, 2005; Dwyer & Killcross,
2006; Ostlund & Balleine, 2008; Johnson et al., 2009). Accurate
performance during outcome-selective PIT and choice tests following
devaluation requires that animals use outcome representations to guide
action selection. Thus, the impaired performance that we observed on
these tasks following BLA—NAc disconnection may reflect an inability
of subjects to use outcome information associated with an action or
stimulus to direct instrumental responding. Based on this interpreta-
tion, we suggest that the BLA conveys sensory-specific outcome
information to the NAc where it is used to direct outcome-appropriate
instrumental responding. The BLA may convey this information
through direct excitatory glutamatergic projections to the NAc or by
modulating dopamine release in the NAc (Floresco ef al., 2001a,b;
Ahn & Phillips, 2002; Simmons & Neill, 2009; Jones et al., 2010).

Our results suggest that the NAc integrates BLA inputs representing
outcome information with information about the animal’s motivational
state to direct motor action. NAc subregions appear to be differentially
involved depending on whether the task relies on an instrumental
incentive process that mediates the effects of outcome value on
instrumental behavior (such as following devaluation), or a Pavlovian
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incentive process that mediates the effects of reward-related cues on
instrumental behavior (such as during outcome-selective PIT). Indeed,
previous research has shown that bilateral lesions of the medial shell
impair PIT and leave outcome devaluation intact, whereas the opposite
result is observed following lesions of the NAc core (Corbit et al.,
2001). Although it is possible that the BLA-core disconnection
rendered rats unable to discriminate the two instrumental outcomes we
think this unlikely. Both their performance in the PIT test and previous
findings from our lab using similar training procedures suggest that
rats with bilateral lesions of either the BLA or accumbens core can
discriminate the sensory properties of pellet and sucrose outcomes
normally (Balleine & Killcross, 1994; Corbit et al., 2001; Corbit &
Balleine, 2005).

Dissociations between the core and medial shell have been observed
in behavioral responses to reward-associated stimuli, and support the
functional division described here (Parkinson et al., 1999; Di Chiara,
2002; Di Ciano et al., 2007). This division may be due to differences
in connectivity between the core and shell. In particular, the NAc
core’s afferent and efferent projections are consistent with the general
pattern of corticostriatal circuitry, and in this context the core is in a
position to influence motor cortical activity through its connections
with pallidothalamic circuits (Zahm & Brog, 1992; Heimer et al.,
1997, Stratford & Kelley, 1999; Zahm, 2000). Unlike the core, the
NAc shell projects to hypothalamus and other regions of the extended
amygdala and therefore may influence behavior through a different
circuit than the NAc core (Zahm & Brog, 1992; Heimer et al., 1997;
Stratford & Kelley, 1999; Zahm, 2000). Alternatively, our results could
be due to differences in the rostrocaudal placement of our NAc lesions,
as lesions of medial shell were primarily located rostral to core lesions.
Positive and negative affective responses to stimuli have been shown
to be differentially mediated across a rostrocaudal extent of the medial
shell (Reynolds & Berridge, 2002, 2003); however, it is not entirely
clear how this rostrocaudal organization of the medial shell can explain
the effects we observed on incentive behavior. Indeed, whether
specialized regions exist within rostral or caudal regions of the medial
shell (or core) for processing incentive information is not known.

We observed normal acquisition of instrumental actions and of
Pavlovian conditioned approach responses after BLA-NAc discon-
nection suggesting, consistent with previous findings (e.g. Corbit
et al., 2001) that the disconnection treatment did not affect learning.
However, we did observe a tendency in rats with BLA-shell
disconnection for elevated response rates during instrumental and
Pavlovian training. One possibility is that BLA-NAc shell discon-
nection lesions enhance general locomotor activity, which may
increase the instrumental and Pavlovian response rates during training.
Some evidence supports this conclusion. For example, Jongen-Relo
et al., 2003 reported that, relative to core lesions and controls, shell
lesions induced locomotor hyperactivity. Furthermore, NAc shell
inactivation increased cue-induced reinstatement of food-seeking and
cocaine-seeking responses (Di Ciano et al., 2007; Floresco et al.,
2008). Certainly, the NAc shell participates in the ventral indirect
pathway through the basal ganglia, which is generally inhibitory on
motor activity, and so these lesions may have resulted in a degree of
disinhibition that increased general locomotor activity and facilitated
cue-induced reinstatement of reward-seeking responses. We believe
that these general arousing effects are likely to occur independently of
the disruptive effects that these lesions have on performance during
outcome-specific PIT used in our study; no effect of BLA-NAc shell
disconnection was observed in overall response rates during the PIT
and devaluation tests. Rather, BLA-NAc disconnection caused
specific deficits during tests that required the use of acquired
associations to guide subsequent choice performance. Overall
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response rates during the devaluation test were unaffected by
disconnection, although BLA-NAc core disconnection did appear to
reduce response rates for the valued outcome during the devaluation
test. The relatively low response rates observed on the valued action in
these animals were most probably a consequence of interference
during the choice test; i.e., when two spatially distinct actions are
equally valued, the choice between the actions must necessarily
interfere with the performance of both of them.

One limitation of the disconnection procedure used in this study is
that it does not eliminate the possibility that BLA-NAc disconnection
lesions impair behavior by interrupting indirect pathways involving
prefrontal (prelimbic and orbital) cortical regions that receive BLA
projections that in turn project to the NAc. Consistent with this
alternative, prefrontal lesions impair performance on reward-related
tasks, including PIT and devaluation (Schoenbaum et al., 1998, 2003;
Ostlund & Balleine, 2005, 2007; Floresco & Ghods-Sharifi, 2007),
and BLA control over NAc neural activity has been shown to depend
on an intact prefrontal cortex (Jackson & Moghaddam, 2001; Ishikawa
et al., 2008; McGinty & Grace, 2008). However, disconnection of the
BLA from the prelimbic cortex appears to have no effect on goal-
directed responding, suggesting that BLA-NAc connectivity may be
sufficient without prefrontal cortex input to mediate performance of
goal-directed actions. (Coutureau et al., 2009). Another possibility is
that disconnection impairs the ability of the NAc to influence BLA
activity via subcortical neuromodulatory centers (Woolf et al., 1986;
Luiten et al., 1987; Zaborszky & Cullinan, 1992), or deprives BLA
and NAc input to a common target such as the hypothalamus
(Petrovich et al., 2002, 2005). Nevertheless, whether the connections
are direct or indirect, our results show that interactions between BLA
and NAc are required for incentive motivational processes to act on
goal-directed behavior.

Conclusions

Overall, our findings contribute to a growing understanding of the
functional role that specific corticolimbic striatal circuits play in the
control of distinct components of goal-directed behavior. Our findings
support the hypothesis that the BLA functions to associate outcomes
with stimuli or actions and then relays this information to NAc
subregions where it interacts with motivational information to mediate
goal-directed behavior. Generally, therefore, our results indicate that the
limbic—motor interface, involving the BLA and NAc core and shell,
mediates two distinct incentive processes. Differences in the pattern of
afferent and efferent connectivity between the BLA and the NAc core
and shell may be responsible for this parcellation of function.
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