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Double Dissociation of Basolateral and Central Amygdala
Lesions on the General and Outcome-Specific Forms of
Pavlovian-Instrumental Transfer

Laura H. Corbit and Bernard W. Balleine
Department of Psychology and the Brain Research Institute, University of California, Los Angeles, Los Angeles, California 90095

This series of experiments compared the effects of lesions of the basolateral complex (BLA) and the central nucleus (CN) of the amygdala
onanumber of tests of instrumental learning and performance and particularly on the contribution of these structures to the specificand
general forms of pavlovian-instrumental transfer (PIT). In experiment 1, groups of BLA-, CN-, and sham-lesioned rats were first trained
to press two levers, each earning a unique food outcome (pellets or sucrose), after which they were given training in which two auditory
stimuli (tone and white noise) were paired with these same outcomes. Tests of specific satiety induced outcome devaluation, and tests of
PIT revealed that, although the rats in all of the groups performed similarly during both the instrumental and pavlovian acquisition
phases, BLA, but not CN, lesions abolished selective sensitivity to a change in the reward value of the instrumental outcome as well as to
the selective excitatory effects of reward-related cues in PIT. In experiment 2, we developed a procedure in which both the general
motivational and the specific excitatory effects of pavlovian cues could be assessed in the same animal and found that BLA lesions
abolished the outcome-specific but spared the general motivational effects of pavlovian cues. In contrast, lesions of CN abolished the
general motivational but spared the specific effects of these cues. Together, these results suggest that the BLA mediates outcome-specific
incentive processes, whereas CN is involved in controlling the general motivational influence of reward-related events.
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Introduction

In recent years, it has become clear that, in instrumental condi-
tioning, rats encode the relationship between their actions and
the consequences or outcome of those actions (for review, see
Dickinson and Balleine, 1994, 1995, 2002; Balleine, 2001, 2004).
Furthermore, recent evidence suggests that choice between ac-
tions also depends on two forms of incentive learning: instru-
mental incentive learning, through which animals encode the
value of the outcomes of their actions, and pavlovian incentive
learning, which mediates the excitatory effects of stimuli (S) as-
sociated with sensory and general motivational aspects of re-
warding events (for review, see Balleine, 2001, 2004; Dickinson
and Balleine, 2002).

Advances have also been made in our understanding of the
neural bases of incentive learning processes (Dayan and Balleine,
2002). For example, recent studies have established that the in-
fluence of reward and signals that predict reward depends on the
amygdala. Nevertheless, there has been some disagreement on
the locus of this influence within the amygdala itself. Balleine et
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al. (2003) reported evidence that lesions of the basolateral amyg-
dala (BLA) abolish the sensitivity of instrumental performance
to changes in the value of the instrumental outcome using a se-
lective devaluation protocol. Furthermore, using a pavlovian-
instrumental transfer (PIT) design, Blundell et al. (2001) found
that the sensory-specific excitatory effects of reward-related cues
on actions that earn the same outcome predicted by a stimulus
was also abolished by lesions of the BLA. In contrast, both Hall et
al. (2001) and Holland and Gallagher (2003) reported that lesions
of the BLA had no effect on PIT but, rather, that it was lesions of
the amygdala central nucleus (CN) that were effective in elimi-
nating this effect.

One critical difference between these reports lies in the train-
ing conditions, and potentially the forms of PIT, that were gen-
erated in these experiments. Both Balleine et al. (2003) and Blun-
dell et al. (2001) trained their rats on two actions rewarded by
different outcomes and assessed the effects of their devaluation
and transfer manipulations on the choice between actions medi-
ated by the sensory features of the outcomes associated with the
actions and conditioned stimuli (CSs). In contrast, both Hall et
al. (2001) and Holland and Gallagher (2003) trained their rats on
a single lever and assessed the influence of a single excitatory cue
on performance on that lever, a procedure that is likely to gener-
ate transfer based on the general motivational or affective signif-
icance of the pavlovian excitor (Dickinson and Dawson, 1987;
Balleine, 1994).
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Experiment 1 compared the effects of BLA and CN lesions on
both selective outcome devaluation and on the selective form of
PIT. In experiment 2, we modified the selective PIT protocol to
add a cue that predicted an outcome not earned by either instru-
mental action to generate, within subjects, both selective and
general PIT. If it is the form of PIT that is responsible for the
differences in reported results, lesions of the BLA should abolish
outcome-specific PIT but spare general PIT. Conversely, lesions
of CN should be expected to a spare outcome-specific PIT but
abolish general PIT.

Materials and Methods

Subjects and apparatus. A total of 84 experimentally naive male Long—
Evans rats served as subjects; 48 animals were used in experiment 1, and
36 animals were used in experiment 2. The rats were housed singly and
were handled daily for 1 week before surgery. Training and testing took
place in 24 Med Associates (East Fairfield, VT) operant chambers housed
within sound- and light-resistant shells. Each chamber was equipped
with a pump, which was fitted with a syringe that delivered 0.1 ml of a
20% sucrose solution into a recessed magazine in the chamber. Each
chamber was also equipped with a pellet dispenser that delivered one 45
mg pellet (Bio-Serve, Frenchtown, NJ) when activated. The chambers
contained two retractable levers that could be inserted to the left and
right of the magazine. The boxes also contained a white-noise generator,
a sonalert that delivered a 3 kHz tone, and a solanoid that, when acti-
vated, delivered a 5 Hz clicker stimulus. All stimuli were adjusted to 80 dB
in the presence of background noise of 60 dB provided by a ventilation
fan. A 3 W, 24 V houselight mounted on the top-center of the wall
opposite the magazine provided illumination. Microcomputers
equipped with the MED-PC program (Med Associates) controlled the
equipment and recorded the lever presses.

Surgery. At the time of surgery, the average rat weighed 540 g. The
subjects received cell-body lesions of the BLA, the CN, or sham surgery.
Rats were anesthetized using sodium pentobarbital (Nembutal; 50 mg/
kg; Abbott Laboratories, Chicago, IL) and treated with atropine (0.1 mg)
and were then placed in a stereotaxic frame (Stoelting, Wood Dale, IL)
with the incisor bar setat —3.3 mm. The scalp was retracted to expose the
skull, and small burr holes were drilled above the target regions. For
lesions of the BLA, animals received bilateral injections of 0.25 ul of 0.12
M NMDA in four sites (two per side) using a 1 ul Hamilton syringe
[coordinates relative to bregma except ventral relative to dura; antero-
posterior (AP), —2.3, —3.0; mediolateral (ML), *5.2; dorsoventral
(DV), —7.6]. Each injection was made over 2 min and allowed to diffuse
for an additional 2 min before removal of the needle. For lesions of the
CN region, animals received 0.2 ul injections of 0.01 M AMPA at two sites
(one per side: AP, —2.3; ML, =4.0; DV, —7.6). Injections were again
made over 2 min with an additional 2 min allowed before any movement
of the needle. Animals in the surgical control group underwent similar
treatment, except that no neurotoxin was injected; one-half had the nee-
dle lowered into each of the surgical placements of the other groups.

Histology. At the end of the experiment, the animals were killed using
a lethal barbiturate overdose and were perfused transcardially with 0.9%
saline followed by 10% formaldehyde solution. The brains were stored in
10% formalin solution for at least 48 h and then transferred to a 25%
sucrose—formalin solution before 40 wm coronal sections were cut
throughout the region of the amygdala. Alternate slices were stained
using thionin. Slides were examined for placement and extent of the
lesion, with the latter assessed by microscopically examining sections for
areas of marked cell loss as well as general shrinkage of a region relative to
sham controls.

Experiment 1: general behavioral procedures

Training. After recovery from surgery, subjects were placed on a food
deprivation schedule such that they received 15 g of their maintenance
diet daily to maintain them at ~85% of their free-feeding weight. The
animals were fed after the training sessions of the day. Animals had ad
libitum access to tap water while in the home cage. Each session started
with the illumination of the houselight and insertion of the levers where
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appropriate and ended with the retraction of the levers and turning off of
the houselight. All sessions were 30 min in duration unless otherwise
stated.

Magazine training. Initially, all subjects received two sessions of mag-
azine training in which the pellet and sucrose outcomes were delivered
on independent random time (RT) 60 s schedules with the levers
withdrawn.

Lever training. The animals were next trained on random ratio (RR)
schedules of reinforcement. Each lever was trained separately and for
one-half of the animals in each group; the left lever earned pellets, and the
right lever earned the sucrose solution. The remaining animals received
the opposite action—outcome pairings. The animals first received 1 d of
continuous reinforcement and were then shifted to a RR-5 schedule (i.e.,
each action delivered an outcome with a probability of 0.2). After 4 d of
training, this was changed to a RR-10 (or a probability of 0.1) schedule
for an additional 4 d. The animals received two training sessions each day,
one with each action—outcome pair. The animals had a break of at least 1 h
between sessions, and the order of sessions was alternated each day.

Experiment 1: outcome devaluation

Devaluation extinction tests. On the day after the final training session, all
of the rats were given ad libitum access to one of the two outcomes for 1 h.
One-half of the animals in each action—outcome pair assignment re-
ceived pellets (50 g placed in a bowl in the home cage), and the remaining
animals received sucrose (50 ml in a drinking bottle fixed to the front of
the home cage). Immediately after the prefeeding, the animals were
placed in the operant chambers. A 10 min choice extinction test was then
conducted, in which both levers were extended and the number of
presses was counted on each lever. No outcomes were delivered during
the test. After the first devaluation test, the animals received 1 d of re-
training (RR-10; one session for each action—outcome pair) and were
then given a second devaluation test on the following day. The second test
was identical to the first, except that those animals that had had pellets
devalued in the first test now had sucrose devalued, and those that had
had sucrose devalued previously now had pellets devalued.

Devaluation rewarded test. After the second devaluation test conducted
in extinction, the animals were retrained (RR-10; one 30 min session for
each action—outcome pair) and on the following day were tested on both
actions concurrently for their sensitivity to the devaluation manipulation
when performance was rewarded. This test was conducted in the same
manner as the extinction test, except that the outcomes were delivered as
a consequence of instrumental performance. In this 10 min session, the
two outcomes were delivered on independent ratio schedules (RR-10).

Consumption test of specific satiety. To assess the ability of the rats to
distinguish between the two outcomes, they were given a consumption
version of the specific-satiety devaluation test. One of the two outcomes
was devalued in the same manner as in the tests described above, but now
the dependent measure used was consumption of either that same out-
come or a different outcome. Normal performance on this test (i.e.,
decreased consumption of the same food item relative to a different food)
requires that the animals can distinguish between the two food items.
The animals received two tests. In each test, they received 1 h of ad libitum
access to one of the foods, either pellets or sucrose, in the home cage. The
prefed food was removed, and then the animals were presented with the
test food, either the sucrose or pellets, for an additional 20 min, and their
consumption in that test period was recorded. In the first test, one-half of
the animals received the same food as that which they had just had access
to and for the remaining animals, the different food was presented. In the
second test, the animals were prefed the same food as in the first test;
however, the food item presented in the test period was the opposite to
that of the first test. As a result, animals that had received the same food
during the prefeeding and testing in the first test now received the differ-
ent food during the consumption test. Those that had previously received
the different food during the first test now received the same food during
the prefeeding and consumption test.

Experiment 1: pavlovian-instrumental transfer—selective

transfer test

Pavlovian training. After the instrumental training and tests described
above, the rats received eight sessions of pavlovian conditioning. Two
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auditory stimuli [tone (T) and white noise (N)]
served as CSs and were paired with either pellet
or sucrose delivery. For one-half of the rats in
each lesion condition, the tone was paired with
pellet delivery, and the noise was paired with
sucrose delivery. The remaining half received
the reverse pairings. Four presentations of each
stimulus were given in each session in random
order interspersed with periods in which no
stimuli were present. The length of the intertrial
intervals varied, but on average, these intervals
were 5 min. The stimuli presentations were 2
min long, during which the appropriate out-
come was delivered on a RT-30 s schedule. The
number of magazine entries during the stimuli
as well as in a prestimulus interval of equal
length (2 min) was measured.

Transfer test. The animals received two ex-
tinction tests (one on each lever), 1 d apart.
During each test, one of the levers was available,
and each stimulus was presented four times in-
terspersed with intervals of no stimulus ().
Each test was 40 min in duration. In the first 8
min, the levers were available, but no stimuli
were presented. This period was followed by 16,
2 min bins and contained a total of eight stim-
ulus trials (four tone trials and four noise trials
intermixed with eight J trials in the following
order: T, N, N, T, N, T, T, N).

Figure 1.
smallest area of damage in dark gray. Lesions of the CN are displayed i the left column, and lesions of the BLA are displayed in the
right column. Sections are from —1.88, —2.30, —2.80, and —3.30 mm relative to bregma, from top to bottom, respectively, in
the anteroposterior plane (adapted from Paxinos and Watson, 1998).

Experiment 2: pavlovian-instrumental

transfer—general and selective transfer test

Instrumental training. In experiment 2, the sur-

gical procedures were as described above; again, rats were given either
sham, BLA, or CN lesions (36 rats total; 12 per group). After recovery
from surgery, the rats received training in the same manner as outlined
above, except that there were three possible earned outcomes: pellets,
20% sucrose, and 20% polycose plus 0.9% sodium chloride. Any given
animal earned two of these outcomes, one by performance of the left
lever response and one after performance of the right lever response.
These assignments were counterbalanced within each lesion condition.
Rats received 1 d of training on continuous reinforcement, 3 d of RR-5,
and 3 d of RR-10 schedules of reinforcement.

Pavlovian training. After instrumental training, the animals received
10 sessions of pavlovian conditioning. The three auditory stimuli (tone,
white noise, and clicker) served as CSs and were paired with either pellet,
sucrose, or polycose delivery (counterbalanced). Four presentations of
each stimulus were given in each session in random order interspersed
with periods in which no stimuli were presented. The length of the inter-
trial intervals varied, but on average, these intervals were 5 min. The
stimuli presentations were 2 min long, during which the appropriate
outcome was delivered on a RT-30 s schedule. The number of magazine
entries during the stimuli as well as in a prestimulus interval of equal
length (2 min) was measured.

Transfer test. The animals received two extinction tests (one on each
lever), 1 d apart. During each test, one of the levers was available, and
each of the three stimuli was presented three times interspersed with
intervals of no stimulus (). Each test was 44 min in duration. In the first
8 min, the levers were available, but no stimuli were presented. This
period was followed by 18 X 2 min bins that contained a total of nine
stimulus trials (three trials for each stimulus) intermixed with & trials.
The order of the trials was randomly determined by the computer
program.

Results

Histology

No recovery problem or weight loss was observed after surgery.
Figure 1 displays the maximum and minimum damage resulting
from the lesions for the rats included in the behavioral analyses
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Schematic representation of excitotoxic lesions of the amygdala, with largest area of damage in light gray and

for the CN (left) and BLA (right) based on the stereotaxic atlas of
the rat brain by Paxinos and Watson (1998). Rats with unilateral
damage or damage outside the target region were excluded from
the behavioral analyses. In experiment 1, two animals were ex-
cluded from each the BLA and CN groups for such damage. Ad-
ditionally, two animals from each the BLA and sham groups were
excluded for biased responding in instrumental acquisition (i.e.,
these animals responded on one but not both levers in training).
After these exclusions, the subject totals were as follows: CN, 10;
BLA, 20; sham, 10. In experiment 2, two animals from each the
CN and BLA groups were excluded for unilateral damage of the
target nucleus resulting in the following group sizes: CN, 10; BLA,
10; sham, 12. BLA lesions typically created damage throughout
the majority of the rostro-caudal extent of the BLA with some
sparing of tissue in the caudal BLA and included the basal, acces-
sory basal, and lateral divisions of the region. CN lesions generally
included damage to the central, medial, and lateral divisions of
this nucleus. No damage to the BLA was seen in this group. Figure
2 shows photomicrographs of representative lesions from each
lesion condition.

Experiment 1: effect of BLA and CN lesions on tests of
instrumental conditioning

Instrumental training

The number of lever presses per minute across days of training is
displayed in the left panel of Figure 3. Rats in each of the groups
acquired the instrumental responses, and their response rates
increased across days. ANOVA conducted on the training data
revealed no effect of group (F, ;,) = 1.04; p > 0.05) but a signif-
icant effect of training day (Fg 06, = 64.11; p < 0.01) and no
interaction between group and day (F(,4,0¢ = 1.13; p > 0.05),
suggesting that all groups acquired instrumental conditioning at
a similar rate.
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Figure 2.  Low-power photomicrograph showing, in g, a sham brain on which the major
boundaries of the basolateral complex [comprising the basolateral and lateral amygdala (LA)]
and of the CN have been marked along with the optic tract (opt) and external capsule (ec) as
general landmarks, in b, a representative cell-body lesion of the basolateral complex, andin ¢, a
representative cell-body lesion of the central nucleus. These coronal sections are all approxi-
mately —2.8 mm posterior to bregma.

Devaluation extinction tests

The mean number of lever presses per minute during the choice
extinction test is presented in the right panel of Figure 3. As this
figure makes clear, a devaluation effect was found in both the
sham-lesioned rats and rats with CN lesions; these rats performed
fewer of the action that in training had delivered the now deval-
ued outcome than the other action. In contrast, the BLA-lesioned
rats responded at similar rates on the two levers and failed to
show a selective devaluation effect. This description was con-
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firmed by the statistical analysis, which revealed no effect of
group [F, ;) = 1.46; p > 0.05; mean squared error (MSE) =
5630.1] but a significant effect of outcome (valued vs devalued)
(F(1,37) = 43.26; p < 0.01) and an interaction between outcome
and group (F, 3, = 6.0; p < 0.01). Simple effects analysis re-
vealed that, whereas a significant devaluation effect was present
in the sham (F, ) = 17.06; p < 0.01) and CN rats (F(, oy = 8.15;
p <0.05), the response rates on the two levers did not differ in the
BLA rats (F(, 9, = 2.79 p > 0.05).

Rewarded test

Performance in the rewarded test is shown in Figure 4. As in the
extinction test, a robust devaluation effect was observed in the sham
and CN rats; both groups performed fewer responses on the lever
that delivered the devalued outcome. Again, even when the out-
comes were delivered during the test, the BLA animals appeared
to show less selective responding than the other groups, although,
clearly, their performance improved when the outcomes were
delivered relative to their performance in the extinction test. Ad-
ditional analysis of the data established that this effect emerged
across minutes of the session, suggesting that feedback from
outcome delivery was an important factor in directing the per-
formance of the BLA animals. The statistical analysis mostly con-
firmed this description. Whereas there was no main effect of
group (F(, 5, = 2.43; p > 0.05; MSE = 334515.4), there was a
significant effect of outcome (F, 5,y = 39.75; p < 0.01). Al-
though, in this test, the interaction between group and outcome
was only marginally significant (F, ;,) = 3.17; p = 0.054), there
was a significant effect of minute, suggesting that performance
increased across minutes of the test (Fy 333 = 6.56; p < 0.01),
and, although minute did not interact with group, there was a
significant interaction between minute and outcome, suggesting
that the devaluation effect increased across minutes of the test
(F(9,333) = 2.14; p < 0.05). Thus, although the performance of the
BLA rats was reduced relative to the other groups, their perfor-
mance appeared to improve across the test and by the final
minute of the session, evidence of a significant devaluation effect
emerged (F(, 1oy = 13.35; p < 0.01).

Consumption test of specific satiety

The data from the rewarded devaluation test suggest that, even
when the outcomes were present during the test, the BLA rats did
not show immediate sensitivity to the selective devaluation ma-
nipulation; their performance only became selective over the
course of the session. It is possible, therefore, that this effect
emerged because of new learning during the test. This may be
because these animals have some trouble distinguishing between
the two outcomes based on their sensory properties or because
the devaluation treatment has a more general effect in these rats
and acts to depress both responses. To further examine the ability
of rats with BLA lesions to discriminate between the two out-
comes and the effects of the selective devaluation procedure, in-
dependent of its effects on lever-press performance, we tested the
rats’ consumption of the two outcomes after devaluation by spe-
cific satiety.

The data for this test are presented in Figure 5. For the purpose
of analysis and presentation, the amount of each type of food that
the rats consumed (either grams of pellets or milliliters of su-
crose) was converted to the equivalent number of outcomes (i.e.,
every 45 mg of pellets is equivalent to one pellet outcome,
whereas every 0.1 ml of sucrose solution is equivalent to one
sucrose outcome).

The results in Figure 5 suggest that, after prefeeding of one of
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the food outcomes, the rats ate more of a
different food than the one that they had
just eaten. Importantly, the magnitude of
this effect was similar in all three groups,
suggesting that the BLA rats could indeed
distinguish between the two outcomes and
showed a selective devaluation effect when
measured in consumption. The statistical
analysis supported this claim revealing no
effect of group (F(,;,= 0.20; p > 0.05;
MSE = 1888.1), a significant effect of out-
come (same vs different, F; 5,y = 35.3;p <
0.01), and no interaction between group
and outcome (F, 5,,= 0.67; p > 0.05).

Pavlovian training

To assess whether the animals learned the
relationship between the stimuli and food
deliveries, the number of magazine entries
during the stimuli (CS) was compared
with entries during a prestimulus interval
of equal length. The training data are pre-
sented in the left panel of Figure 6, inspec-
tion of which suggests that pavlovian con-
ditioning was similar in the three groups;
all of the animals made more magazine en-
tries during the CS presentations than dur-
ing the prestimulus intervals. Preliminary
analysis suggested that there was no effect
of stimulus type (tone vs noise, F value <
1), and so the data are presented collapsed
across stimulus type in 2 d blocks. ANOVA
revealed no effect of group (F, 3,y = 0.97;
p > 0.05; MSE = 2897.0) but a main effect
of training block, suggesting that more
magazine entries were made as training
progressed (F5 .,y = 15.87; p < 0.01),
and of interval (CS vs pre-CS), which, as
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Figure3. Experiment 1.4, Mean lever presses per minute (== 1 SEM) across sessions of instrumental training averaged across

the two instrumental actions for each of the lesion groups. B, Mean lever presses per minute in the 10 min extinction test (%1 SE
of the difference of the means) conducted after selective devaluation of one of the instrumental outcomes. Devaluation was
achieved using a specific-satiety procedure. Data are presented separately for the action that, in training, had delivered the now
devalued outcome (Dev) and for the other action (Non) and for each of the lesioned groups.
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Figure4. Experiment 1. Mean lever presses per minute in the 10 min rewarded devaluation test for each of the lesion groups

(=1 SE of the difference of the means). Devaluation was achieved using a specific-satiety procedure as in the extinction test;
however, performance of the two responses was rewarded with the outcomes that those responses had earned in training. Dev,
Devalued; Non, nondevalued.

suggested by Figure 6, indicates that more

entries were made during the CS than during the pre-CS interval
(F(137) = 568.815 p < 0.01; MSE = 393.6). There was also an
interaction between block and interval, suggesting that the differ-
ence in magazine entries between the CS and pre-CS intervals
increases across blocks of training (F; ;,,, = 71.80; p < 0.01).
None of the other within-subject effects or interactions were sig-
nificant (F values < 1; MSE = 393.6).

Pavlovian-instrumental transfer test
The objective of this test was to assess the impact of pavlovian
cues for reward on instrumental performance and so for the pur-
pose of analysis, the number of lever presses during the baseline
or no-stimulus interval was subtracted from the number of lever
presses during each of the stimuli. Positive numbers indicate,
therefore, positive transfer (i.e., enhancement of responding
above baseline), whereas numbers close to, or below, zero are
indicative of reduced positive transfer. The data from the transfer
tests are presented for each group in the right panels of Figure 6.
It is clear from the figure that the different lesions had very
different effects on outcome-specific PIT. The sham rats show
evidence of outcome-specific PIT increasing responding on the
lever that, in training, delivered the same outcome as that pre-
dicted by the stimulus. Rats with CN lesions show a similar pat-
tern of responding despite somewhat lower response rates. In
contrast, rats with BLA lesions showed no evidence of any exci-
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Figure5.  Experiment 1. Consumption test of specific-satiety induced devaluation (= 1 SE of

the difference of the means). Results are presented separately for consumption of the outcome
that was the same as [devalued (Dev)] and different from [nondevalued (Non)] that outcome
consumed immediately before the test phase and for each of the lesion groups.

tatory effect of the stimulus presentations. The statistical analysis
confirmed this description; analysis of the test data revealed no
main effect of group (F, 5,y = 1.88; p > 0.05; MSE = 385.7), but
there was a significant effect of stimulus (same vs different)
(F1,37) = 38.14; p < 0.01). Importantly, there was an interaction
between stimulus and group (F, ;) = 4.46; p < 0.05). As sug-
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Figure 6.  Experiment 1. Pavlovian conditioning and outcome-specific transfer. The left panel displays the mean number of
magazine entries during the CS presentations and during the pre-CS intervals across days of pavlovian training for the three
lesioned groups. The right panels display the mean number of lever presses per minute during the pavlovian-instrumental transfer
test (=1 SE of the difference of the means). The number of responses during the baseline period was subtracted from the number
of responses during the stimulus presentations to reveal the net excitatory effect of the stimuli. Same refers to the stimulus that
predicts the same outcome as that delivered by the lever, whereas Different refers to the stimulus paired with the other outcome.
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Figure7.  Experiment 2. General versus outcome-specific transfer. The design of experiment 2 is presented at the top: 1, S2,
S3 refer to the clicker, tone, and white noise stimuli; RT and R2 refer to the left and right lever press actions; and 01, 02, and 03
refer to the pellet, 20% sucrose, and 20% polycose outcomes. The identity of the stimuli, actions, and outcomes was counterbal-
anced across subjects in each group. The bottom left panel displays the mean number of magazine entries during the CS presen-
tations and during the pre-CS intervals across days of pavlovian training for the three lesioned groups. The right panels display the
mean number of lever presses per minute during the pavlovian-instrumental transfer test separately for the outcome-specific CSs
(i.e, STand S2 = 1 SE of the difference of the means) and for the general excitatory stimulus (53 = 1 SEM). The number of
responses during the baseline period was subtracted from the number of responses during the stimulus presentations to reveal
transfer (i.e., the net excitatory effect of the stimuli over baseline). Same refers to the stimulus that predicts the same outcome as
that delivered by the lever, Different refers to the stimulus paired with the other outcome, and General refers to the stimulus
paired with the outcome that was not earned during instrumental training.

8 CN & BLA & Sham

gested by the figure, simple effects analyses revealed that whereas
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Experiment 2: effect of BLA and CN
lesions on the general and specific forms
of PIT

When examining the excitatory effects of
reward-related stimuli on instrumental
performance, there are two aspects that
should be considered. First, a stimulus
may produce a general enhancement in re-
sponding as a result of any generally arous-
ing or motivational effects that the stimu-
lus has acquired through its association
with reward generally. Additionally, a
stimulus may generate outcome-specific
enhancement of a particular response as a
result of a specific relationship with the
unique sensory properties of a particular
outcome. Data and resultant theories can
be found to support both of these pro-
cesses (Rescorla and Solomon, 1967; Trap-
old and Overmier, 1972; Overmier and
Lawry, 1979; Colwill and Motzkin, 1994;
Corbit and Balleine, 2003), and lesions of
the amygdala could affect either or both of
them.

However, understanding the difference
between the generally arousing and the se-
lective cuing properties of excitatory stim-
uli may be particularly important in un-
derstanding both the performance of the
CN rats and in relating the current results
to those of previous studies. As such, we
implemented a procedure that allowed us
to examine both the specific cuing and
more generally arousing properties of
stimuli concurrently. In the pavlovian
training phase, two stimuli were paired
with the two outcomes earned through
instrumental performance. In addition,
a third stimulus was paired with a third
appetitive outcome that was distinct
from the other outcomes with the aim
that any excitatory effects of this third
stimulus on instrumental performance
would allow us to assess the contribution
of any generally arousing impact of the
pavlovian cues separately from the spe-
cific cuing function of the other stimuli.
The design of this experiment is illus-
trated in the top panel of Figure 7.

Instrumental training
All groups acquired the lever-press re-
sponses, regardless of the outcomes used to

rats with sham (F, o) = 17.60; p < 0.01) or CN (F(, o) = 5.26;p <
0.05) lesions showed evidence of outcome-specific PIT, rats with
BLA lesions did not show an elevation in performance and did
not respond differentially during presentation of the same and
different stimuli (F(, ;) = 0.10; p > 0.05). Finally, these group
differences arose during the stimuli and were not present during
the baseline periods. The averaged responses per minute in the
absence of the CS in experiment 1 were the following: group
sham = 2.62, group BLA = 2.43, and group CN = 3.16. These
levels of responding did not differ significantly (F values < 1).

reward this performance (outcome effect, F values < 1). Analysis
revealed no effect of group (F, 5oy = 0.94; p > 0.05), a significant
effect of day, suggesting that response rates increased across days of
training (F(s 174y = 62.4; p < 0.01), and no interaction between day
and group (F(,,,,74) = 1.75; p > 0.05).

Pavlovian training

The left panel of Figure 7 displays the data from the pavlovian
training sessions. There was no effect of stimulus or of outcome
type (Fvalues < 1), and so the data are presented collapsed across
these factors in two-session blocks. As indicated by the figure, all
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groups acquired the magazine entry response; all of the rats in
each of the groups made more magazine entries during the CS
presentations than during the pre-CS intervals. ANOVA revealed
no effect of group (F, ,9) = 0.48; p > 0.05; MSE = 1213.8) buta
main effect of training block, suggesting that more magazine en-
tries were made as training progressed (F, 5 = 78.14; p <
0.01), and of interval (CS vs pre-CS) (F(, ,o, = 242.8; p < 0.01),
which, as suggested by Figure 7, confirms that more entries were
made during the CS than during the pre-CS interval. There was
also an interaction between block and interval, suggesting that
the difference in magazine entries between the CS and pre-CS
intervals increases across blocks of training (F, ;) = 92.14; p <
0.01). None of the within-subjects effects or interactions involv-
ing the group factor were significant (F values < 1; MSE = 425.5).

Pavlovian-instrumental transfer test
The effect of the outcome-selective transfer (i.e., responding dur-
ing S1 vs S2) and of general transfer (i.e., responding during S3)
during the transfer test in experiment 2 is shown separately in the
right panels of Figure 7. For the purposes of analyses, the number
of responses in the absence of any stimuli (i.e., the intertrial in-
terval) was subtracted from the responses during each of the
stimuli to establish the net elevation above baseline produced by
each of the pavlovian CSs. As the top panel of this figure shows,
and as was found in experiment 1, both the sham and the CN
groups showed strong evidence of outcome-selective transfer. In
contrast, no evidence of selective transfer was observed in the
BLA group. In marked contrast to this pattern, however, re-
sponding during S3, the test of general transfer, found clear evi-
dence of this form of transfer in both the sham and the BLA
groups, whereas no clear general transfer was observed in the CN
group.

The overall ANOVA found no effect of group (F, 9y = 0.57;
p > 0.05; MSE = 385.7) but revealed a significant effect of stim-
ulus (same, different, and general; F, 55, = 4.16; p < 0.05) and,
importantly, a significant interaction between group and stimu-
lus (F(y 55) = 2.68; p < 0.05). Simple effects analysis revealed that
whereas responding during the same versus different stimuli dif-
fered in group sham (¢, ;, = 2.58; p < 0.05) and group CN (¢4 =
2.47; p < 0.05), there was no reliable effect in group BLA () =
—0.38; p > 0.05). In contrast, using Fishers PLSD post hoc tests
conducted on mean responding during stimulus S3, whereas re-
sponding did not differ between the sham and the BLA groups
(p > 0.05), responding differed significantly between the sham
and the CN groups (p < 0.38). The group effects were not a
product of any differences in responding during the baseline pe-
riods. The averaged responses per minute in the absence of the CS
in experiment 2 were the following: group sham = 2.51, group
BLA = 3.06, and group CN = 3.55. These levels of responding did
not differ significantly (F value < 1). Experiment 2 revealed,
therefore, evidence of a double dissociation between BLA and CN
lesions with respect to their effects on the different forms of PIT.
Whereas lesions of the CN spared outcome-selective transfer but
abolished general transfer, lesions of the BLA abolished outcome-
selective transfer but had no effect on general transfer.

Discussion

The results of these experiments establish that the BLA and CN
play distinct roles in the way reward-related processes control
instrumental performance. Specifically, these data suggest that,
in instrumental conditioning, the BLA, rather than the CN, is the
more critical substrate for controlling the selective cuing effects
related to the identity of a particular outcome, whereas the CN

Corbit and Balleine « Amygdala and Instrumental Conditioning

appears to be more generally involved in appetitive arousal. Ex-
periment 1 demonstrated that the selective effects of outcome
devaluation and of pavlovian CSs on instrumental performance
were abolished by lesions of the BLA but were spared by lesions of
the CN. In experiment 2, we developed a procedure using which
we were able to generate both outcome-specific and general PIT
in the same animal using two CSs (S1 and S2) to predict the
outcomes earned by the actions in training and a third CS (S3) to
predict an outcome that was not earned by either of the actions.
In sham rats, S1 and S2 produced outcome-selective PIT, elec-
tively elevating one or other instrumental response, whereas S3
was found to generally increase the performance of both actions
above baseline. Importantly, whereas lesions of the BLA abol-
ished outcome-specific PIT, they did not affect the general in-
crease in performance produced by S3. In contrast, lesions of the
CN spared outcome-specific PIT but abolished the general exci-
tatory effect of S3 on instrumental performance. Hence, this
study provides evidence that the specific and the general forms of
PIT can be doubly dissociated at the level of the amygdala. Hence,
experiment 2 established that the source of the difference be-
tween the reported effects of BLA and CN lesions on PIT (Blun-
delletal.,2001; Hall etal., 2001; Holland and Gallagher, 2003) lies
in the form of transfer induced by the distinct instrumental train-
ing protocols used in the different series of experiments.

The influence of pavlovian cues on instrumental performance
The double dissociation observed in experiment 2 suggests that
what were previously only descriptively distinct forms of transfer
(cf. Dickinson and Balleine, 2002) are in fact mediated by inde-
pendent processes and point to the fact that pavlovian cues can
influence instrumental performance through two routes. One of
these involves the ability of stimuli associated with rewarding
outcomes to influence performance indirectly by increasing mo-
tivational arousal. The other involves the ability of CSs to activate
the memory of the sensory-specific features of the outcome or
reward used in instrumental conditioning. But, as the current
evidence makes clear, it cannot be that these features serve merely
to gate what is otherwise general motivational arousal as has
sometimes been claimed (Dickinson and Dearing, 1979). Rather,
it appears that retrieval of the sensory features of an outcome
influences instrumental performance by retrieving the action as-
sociated with that outcome, something that experiment 2 sug-
gests results in the inhibition of other actions. The presentation of
a stimulus paired with an outcome that was different from that
earned by a response failed to enhance performance, although it
was clearly an appetitive CS. At present, this inhibitory influence
on action selection is not well understood although, as Colwill
and Rescorla (1990), Rescorla (1994), and, recently, Holland
(2004) have all shown, outcome devaluation does not affect se-
lective transfer, suggesting that selective PIT may depend on the
information conveyed by a stimulus rather than on its motiva-
tional effects.

The role of the amygdala in instrumental conditioning

The current series of experiments found that lesions of the BLA
eliminate the selective excitatory effect of reward-related stimuli
on instrumental responding but left the acquisition of pavlovian
and instrumental conditioning otherwise intact. This finding is
consistent with other data. For example, BLA lesions have been
shown to impair second-order conditioning, and this impair-
ment has often been interpreted as evidence that the BLA is re-
quired in order for stimuli to acquire incentive value by virtue of
their associations with the motivational properties of primary
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reward (Hatfield et al., 1996; Setlow et al., 2002). Similarly, BLA
lesions have been shown to produce impairments in conditioned
reinforcement, a situation in which the motivational value of a
CS, acquired through pairings with a primary reward, is able to
reinforce and maintain instrumental performance (Cador et al.,
1989; Burns et al., 1993; Whitelaw et al., 1996).

Also consistent with previous reports (Hatfield et al., 1996;
Balleine et al., 2003), the current study found that lesions of the
BLA, but not the CN, reduced the rats’ sensitivity to the selective
devaluation of an instrumental outcome, although Balleine et al.
(2003) found that their BLA lesioned rats were generally unaf-
fected by devaluation, whereas, in experiment 1, responding ap-
peared to be more generally reduced. The fact that the rats were
tested in a choice situation, however, makes it difficult to com-
pare individual actions between groups; for example, the overall
operant rate of the BLA, but not sham, group in the current
experiment could have been reduced by interference produced by
the changeover between actions. Nevertheless, as observed by
Balleine et al. (2003), the data from the rewarded test (compare
Fig. 5) suggest that performance can be rescued somewhat if the
outcomes are delivered during the test and, likewise, that BLA
rats were similar to shams when consumption was used as a mea-
sure of sensitivity to the devaluation treatment. The effect of BLA
lesions on devaluation cannot, therefore, be attributable simply
to insensitivity to the devaluation manipulation or an inability to
discriminate between the instrumental actions or outcomes.
Rather, it is possible that, although able to form associations be-
tween their responses and specific outcomes, BLA rats do not
form associations between their responses and the specific affec-
tive or incentive properties of those outcomes.

Alternatively, it has been suggested that BLA lesions may force
animals to acquire responses based on stimulus-response (S-R)
rather than on CS—unconditioned stimulus or response—out-
come associations (Setlow et al., 2002; Balleine et al., 2003). Re-
sponses governed by S-R associations are generally thought to be
impervious to devaluation manipulations, because the outcome
itself is not represented within the associative structure control-
ling responding, and so changes in its value have no immediate
effect on performance (Adams, 1982; Dickinson and Balleine,
1994). To the extent that S-R associations are guiding perfor-
mance, specific satiety-induced devaluation should be predicted
to produce a general decrease in response rates caused by the
reduction in hunger, and hence drive, resulting from the prefeed-
ing treatment (Dickinson et al., 1995), which is exactly what was
observed in the devaluation test in the BLA group. The S-R
account can also help to explain why the performance of the
BLA group improved when the outcomes were delivered dur-
ing the rewarded test. For example, the performance in the
rewarded test could reflect new learning; the strength of exist-
ing S-R associations being alternatively strengthened by the
nondevalued outcome and weakened by the devalued out-
come (Balleine et al., 2003).

The characterization of the function of the CN is made diffi-
cult because, generally, rats with these lesions seemed able to
perform reasonably well in most of the tasks examined here. That
is not to say, however, that their performance was entirely nor-
mal. Although rats in the CN group showed evidence of selective
responding in both of the PIT tests, the magnitude of the effects
observed was always numerically attenuated relative to sham rats.
And, of course, the CN rats failed to show evidence of a general
transfer effect. The CN has strong projections to the hypothala-
mus, reticular formation, and brainstem nuclei, and so it is often
argued to be involved in the arousal of behavioral, autonomic,
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and endocrine responses (Cardinal et al., 2002). This is consistent
with other reports that CN lesions produce deficits in attentional
tasks (Holland et al., 2000, 2001; McDannald et al., 2004), CS
processing or associability (Holland and Gallagher, 1993a,b), and
tasks that have assessed arousal (Merali et al., 1998; Wilhelmi et
al., 2001).

The CN has also been argued to exert control over the mid-
brain dopaminergic afferents of the nucleus accumbens (Hall et
al., 2001) and, in this way, to modulate the reward and
performance-related functions of the ventral striatum. Indeed,
Hall etal. (2001) reported that lesions of the accumbens core, but
not the accumbens shell, had quite similar effects to those of the
CN on nonselective, general PIT. It contrast, in a previous report
(Corbitetal., 2001), we found, in apparently direct opposition to
Hall et al. (2001), that outcome-specific transfer is abolished by
lesions of shell but spared by lesions of core. Given the results of
the current study, however, it would seem likely that resolution to
this conflict also lies in the distinct forms of transfer generated in
the two studies. Generally, therefore, this dissociation between
the general excitatory effects and the more specific cuing func-
tions of reward-related stimuli in instrumental conditioning may
help reconcile not only the inconsistencies in previous reports of
amygdala lesions but also those involving lesions of the nucleus
accumbens and specifically the distinct functions associated with
the core and shell subregions of that structure.
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