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Differential Involvement of the Basolateral Amygdala and
Mediodorsal Thalamus in Instrumental Action Selection

Sean B. Ostlund and Bernard W. Balleine
Department of Psychology and the Brain Research Institute, University of California, Los Angeles, Los Angeles, California 90095-1563

Although it has been shown that the basolateral amygdala (BLA) and the mediodorsal thalamus (MD) are critical for goal-directed
instrumental performance, much remains unknown about the respective contributions of these structures to action selection. The
current study assessed the effects of post-training BLA and MD lesions on several tests of instrumental action selection. We found that MD
damage disrupted the influence of pavlovian cues over action selection but left intact rats’ ability to select actions based on either the
expected value or the discriminative stimulus properties of the outcome. In contrast, BLA lesions impaired performance on all three tests
of action selection. Because both lesion types disrupted the influence of cues that signal reward over instrumental performance, we then
investigated the involvement of these structures in pavlovian contingency learning using a task in which the predictive status of one of two
cues is degraded by delivering its outcome noncontingently during the intertrial interval. As expected, the sham group selectively
suppressed their conditioned approach performance to the cue that no longer signaled its outcome but continued to respond to the
control stimulus. In contrast, both lesioned groups were impaired on this task. Interestingly, whereas the MD group displayed a nonspe-
cificreduction in responding to both cues, the BLA group continued to show high levels of responding to both cues as if their performance
was completely insensitive to this contingency manipulation. These findings demonstrate that the BLA and MD make important yet

distinct contributions to instrumental action selection.
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Introduction

Instrumental action selection is guided by several distinct pro-
cesses. Under typical training conditions, performance is highly
flexible and shares the characteristic features of human goal-
directed action (Dickinson and Balleine, 1993); specifically, the
rate of instrumental performance depends on the contingency
between an action and its outcome and the reward value of that
outcome. For instance, rats that have recently been satiated on
one food outcome will tend to withhold an action that was re-
warded with that outcome but continue to perform an action that
produced a different outcome (Balleine and Dickinson, 1998).
Environmental cues that signal reward also play a role in action
selection by facilitating the retrieval of actions with which they
share a common outcome (Kruse et al., 1983). This effect, known
as pavlovian-instrumental transfer, is known to depend on dif-
ferent processes from those mediating the influence of outcome
devaluation on performance (Rescorla, 1994; Holland, 2004) and
is sensitive to changes in the predictive status of the eliciting
stimulus (Delamater, 1995). The reward itself also plays an im-
portant part in action selection. When tested in extinction, for
instance, the presentation of a free outcome will tend to selec-
tively reinstate the performance of an action that has been trained
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with that outcome over an action trained with a different out-
come (Delamater et al., 2003; Ostlund and Balleine, 2007a).
However, unlike outcome devaluation, which influences perfor-
mance through response—outcome learning, the outcome deliv-
ery tends to bias responding in favor of whichever action it sig-
naled during training based on an outcome-response association
(Colwill, 1994; Balleine and Ostlund, 2007).

There has been considerable progress in delineating the neural
substrates of instrumental action selection in recent years. Pre-
training lesions of the basolateral amygdala (BLA) render instru-
mental performance insensitive to manipulations of outcome
value and response—outcome contingency (Balleine et al., 2003;
Corbit and Balleine, 2005) and similar impairments have been
observed with pretraining lesions of the mediodorsal thalamus
(MD) (Corbit et al., 2003), the prelimbic cortex (Balleine and
Dickinson, 1998; Corbit and Balleine, 2003; Killcross and Coutu-
reau, 2003; Ostlund and Balleine, 2005), and the dorsomedial
striatum (Yin et al., 2005), suggesting that goal-directed perfor-
mance depends on a widely distributed neural system. Of course,
permanent pretraining lesions prevent the target structure from
contributing to either acquisition- or performance-related pro-
cesses and therefore reveal little about its pattern of involvement
over the course of training. Although post-training lesion studies
have advanced our understanding the respective contributions of
the dorsomedial striatum and prelimbic cortex to goal-directed
action selection (Ostlund and Balleine, 2005; Yin et al., 2005), it is
not known whether the MD and BLA continue to play a role in
instrumental performance after initial training.
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We investigated the effects of post-training lesions of the MD
or BLA on the selection of actions based on (1) expected reward
value, (2) cues that signal reward, and (3) noncontiguous reward
delivery. We then examined whether these structures contribute
to stimulus—outcome contingency learning. The findings indi-
cate that they play important yet distinct roles in the selection and
initiation of instrumental actions.

Materials and Methods

Subjects and apparatus. Twenty-four adult female Long—Evans rats (Harlan,
Indianapolis, IN) served as subjects. Rats were housed in pairs in transparent
plastic tubs located in a temperature- and humidity-controlled vivarium.
Behavioral training and testing was conducted during the light phase of the
12 hlight/dark cycle. The subjects were food deprived throughout behavioral
training and testing by restricting their daily food allotment to ~10-12 g of
home chow, sufficient to maintain them at ~85% of their free-feeding
weight. The behavioral procedures were performed in 24 identical Med As-
sociates (East Fairfield, VT) operant chambers enclosed in sound- and light-
attenuating shells. Each chamber was equipped with two retractable levers
that could be extend to the left and right of a recessed food magazine. At-
tached to each food magazine was a pellets dispenser, used to deliver 45 mg
grain-based food pellets (Bio-Serv, Frenchtown, NJ), and an infusion pump
fitted with a syringe, used to deliver 0.1 ml drops of 20% sucrose solution. An
infrared photobeam crossed the magazine opening, allowing for the detec-
tion of head entries. Illumination was provided by a house light (3 W, 24 V)
located on the wall opposite the magazine. Tone (2 kHz; 80 dB) and white
noise (80 dB) generators were used to produce the auditory cues. A set of
three microcomputers running the Med-PC program (Med Associates) con-
trolled all experimental events and recorded responses.

Pavlovian conditioning. All rats received eight daily sessions of pavlov-
ian conditioning. Each of the two auditory cues was consistently paired
with a different outcome. For half of the subjects, the tone was paired
with pellets and the noise was paired with sucrose, whereas the remaining
subjects received the opposite stimulus—outcome relationships. Each
stimulus presentation lasted 2 min during which the corresponding out-
come was delivered on a random time (RT) 30 s schedule. Each session
consisted of four presentations of each stimulus, presented in random
order, with individual trials separated by a variable intertrial interval
(ITT; mean, 5 min).

Instrumental training. All rats then received 11 d of instrumental con-
ditioning. The two responses (left and right lever press) were trained with
different outcomes in separate daily sessions. The order of training ses-
sions was alternated over days. For half of the subjects in each group,
pressing the left lever delivered pellets and pressing the right lever deliv-
ered sucrose, whereas the remaining subjects received the opposite re-
sponse—outcome relationships, counterbalanced with pavlovian stimu-
lus—outcome relationships. Each session was terminated after 15
outcomes were earned or 30 min had elapsed, whichever came first. For
the first two days of instrumental training, lever pressing was continu-
ously reinforced, such that each action resulted in an outcome delivery
(probability, 1.0). The reinforcement schedule was then gradually shifted
over days through a series of increasing random ratio (RR) schedules: an
RR-5 schedule (probability, 0.2) was used on days 3-5, an RR-10 sched-
ule (probability, 0.1) was used on days 6—8, and an RR-20 schedule
(probability, 0.05) was used on days 9—-11.

Surgical procedures. After the conclusion of instrumental training, all
rats were provided with unrestricted access to lab chow for two days
before and for seven days after surgery. At the time of surgery, rats were
anesthetized with pentobarbital (Nembutal, 50 mg/kg) and administered
atropine (0.1 mg) before being placed in a stereotaxic frame (Stoelting,
Wood Dale, IL). An incision was made into the scalp to expose the skull
surface and the incisor bar was adjusted to place bregma and lambda in
the same horizontal plane. Small burr holes were drilled into the skull
above the target sites. Bilateral excitotoxic lesions were made by manually
infusing NMDA (20 ng/ul in PBS) into either the BLA or MD at a rate of
0.1 pl/min using a 1 ul Hamilton syringe. For BLA lesions, 0.25 ul of
NMDA was infused into each of four sites [anteroposterior (AP) —2.3,
—3.0; mediolateral (ML) *5.2; dorsoventral (DV) —7.6; AP and ML
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coordinates relative to bregma and DV coordinates relative to dura]. For
MD lesions, 0.4 ul of NMDA was infused into each of two sites (AP —2.2;
ML = 0.7; DV —6.2; all coordinates relative to bregma). The needle was
left in place for an additional 4 min in each infusion site to allow for
diffusion of the drug. Sham lesions were made using the same procedures
except that the needle was not lowered and no drug was infused. A
recovery period of 10 d was provided between surgery and behavioral
testing. Rats were handled daily and returned to the food deprivation
schedule during the last 3 d of this period.

Outcome devaluation. Subjects were given two sessions of outcome
devaluation testing (one for each outcome). For the first test, all rats were
initially given unrestricted access to one of the two training outcomes for
1 h. One-half of the subjects in each condition were satiated on food
pellets (40 g in a glass bowl placed in their home cage) and the other half
were satiated on sucrose (40 ml in drinking bottle attached to their home
cage). Immediately after this period, the rats were placed in the behav-
ioral chambers for a 5-min choice extinction test in which both levers
were inserted but no outcomes were delivered. Forty-eight hours later,
each rat was given a second test otherwise identical to the first except that
they were satiated on the other outcome.

Cue-guided response selection. All rats were given a single pavlovian-
instrumental transfer test session 48 h after the last outcome devaluation
test. Both levers were inserted into the chamber for the duration of the
session. Lever presses were recorded but did not result in the delivery of
reward (i.e., the levers were inactive). After an initial 10 min period of
extinction, the effect of pavlovian cue presentations on instrumental
performance was then assessed over a series of eight transfer trials, four
with each stimulus, occurring in the following order: tone-noise-noise-
tone-noise-tone-tone-noise. Stimulus presentations lasted 2 min and
were separated by a 3 min fixed ITI.

Outcome-guided response selection. Forty-eight hours later, all rats were
given a single test of outcome-guided response selection modeled after
the pavlovian-instrumental transfer test described above. Both levers
were available for the duration of the session but were again inactive. As
with transfer, the rats were given 10 min of initial extinction. The effect of
free outcome deliveries on instrumental performance was then assessed
over a series of eight trials, four trials with each outcome, occurring in the
following order: sucrose-grain-grain-sucrose-grain-sucrose-sucrose-
grain. Each trial was initiated by two deliveries of the appropriate out-
come. Trials were separated by a 5-min fixed ITL.

Pavlovian contingency degradation. All rats were then given eight days
of outcome-selective pavlovian contingency degradation training using a
procedure adapted from Delamater (1995). Each rat was trained with the
same stimulus—outcome relationships that they had been presented with
during initial pavlovian training. During contingency degradation train-
ing, however, stimulus presentations lasted only 20 s and were immedi-
ately followed by the delivery of the appropriate outcome with a proba-
bility of 0.5. Each session consisted of eight trials with each stimulus,
presented in a pseudo-random order with a variable ITI (mean, 4 min).
During the ITI, one of the two outcomes was delivered noncontingently
with a probability of 0.5 in each 20 s period, such that it was equiprobable
in the presence and the absence of its corresponding stimulus. Half of the
subjects in each group received noncontingent food pellets and half re-
ceived noncontingent sucrose (counterbalanced with the stimulus—out-
come relationships).

Histology. After behavioral testing, the rats received a lethal overdose of
sodium pentobarbital and were perfused transcardially with 0.9% saline
followed by 10% buffered formalin solution. Brains were then extracted
and fixed in a 25% sucrose-formalin solution for 2-3 d. The brains were
then frozen and sliced into 50 wm coronal sections around the target
structure. These sections were mounted on glass slides and stained with
thionin. A light microscope was used to verify the placement and extent
of each lesion through comparison with a rat brain atlas (Paxinos and
Watson, 1998) and sections from sham-lesioned rats.

Results

Histology

Figure 1 presents the results of the histological analysis. NMDA
infusions were effective in producing substantial neuronal dam-
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age in each of the target structures. In gen-
eral, BLA lesions extended throughout the
rostrocaudal extent of this structure and
were primarily restricted to the basal, ac-
cessory basal and lateral nuclei of the
amygdala, although limited damage was
sometimes observed in surrounding struc-
tures in some rats. MD lesions encom-
passed the medial, central and lateral nuclei
of the MD thalamus, but also extended into
surrounding thalamic nuclei (e.g., centero-
medial, centerolateral, and intermediodor-
sal nuclei) in some subjects although,
again, this was not systematically observed
either within or between subjects. Two
subjects died during surgery. The final
group sizes for testing were as follows:
group sham, n = 8; group MD, n = 7;
group BLA, n = 7.

Initial training

Pavlovian and instrumental conditioning
proceeded without incident. The mean rate
of responding during the last session of in-
strumental training was 26.1 (*2.6) for the
sham group, 21.6 (+2.6) for the MD group
and 23.3 (*2.4) for the BLA group. An
ANOVA performed on these data found that
the rate of instrumental performance did not
significantly differ across groups (F < 1).
These data represent the presurgery baseline
response rate. No rewarded sessions were
given after surgery to prevent potential reac-
quisition in rats given post-training lesions.
We did find that group BLA displayed a sig-
nificantly lower rate of responding than the
other two groups across the tests of response
selection (see below). Because these tests were
conducted in extinction, it is possible that
this effect reflects a failure to persist in the
absence of reinforcement. Pretraining BLA
lesions, however, tend to have little if any ef-
fect on the baseline rate of responding in ei-
ther rewarded sessions or in transfer tests
conducted in extinction (Balleine et al., 2003;
Corbit and Balleine, 2005). Therefore, it
seems more likely that the response decre-
ment observed here occurred because the
BLA was functional during initial training, al-
lowing it to be incorporated into the neural
circuitry underlying the expression of instru-
mental performance. Furthermore, it should
also be carefully noted that the tests of action
selection used in the current study were de-
signed to target choice performance; i.e., we
were interested in how performance was dis-
tributed across the two actions rather than on
the overall rate of responding.

Instrumental outcome devaluation test

Ostlund and Balleine @ Involvement of BLA and MD in Action Selection

Figure1. Histological results. A-F, Photomicrographs of the MD (4, C, E) and BLA (B, D, F ). Representative excitotoxic lesions
areshown atlow (4X) (4, B) and high (10<) (€, D) magnification. Representative sham lesions are shown at high magnification
only (E, F). CL, Centrolateral thalamic nucleus; CeN, central amygdala. G, F, Schematic representation of the minimum (black
outline) and maximum (gray shading) extent of damage resulting from MD (G) and BLA (H) lesions. (Adapted from Paxinos and
Watson, 1998.)

were satiated on one of the two outcomes immediately before

The first test we conducted after surgery targeted the selection of  testing to temporarily reduce the value of that outcome. Figure 2
actions based on anticipated reward value. Although the two ac-  presents the test results in successive 1 min bins for the action that
tions were trained with outcomes of comparable value, the rats  had earned the devalued outcome (devalued) and the action that
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the distinctive sensory features of the antic-
ipated outcome. More general excitatory
effects of reward-related cues on the rate of
instrumental performance have be ob-
served, but only under conditions in which
the specific sensory properties of the pre-
dicted outcome were unlikely to form an
important part of the representational
structure controlling action selection (cf.
Corbit and Balleine, 2005; for discussion,
see Corbit et al., 2007).
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Figure 2.  Effects of MD and BLA lesions on instrumental action selection based on outcome value. Mean lever presses per

minute (== SEM) over the 5 min choice extinction test. The data are presented separately for the action paired with the devalued

outcome (devalued) and the action paired with the other outcome (nondevalued).

had earned the nondevalued outcome (nondevalued). Whereas
both the sham group and the MD group displayed a selective
suppression of responding for the devalued outcome, the BLA
group displayed generally low rates of responding on both levers.
A three-way mixed ANOVA with lesion, value (devalued and
nondevalued) and minute (1-5) as factors resulted in significant
main effects of lesion (F, oy = 6.54; p < 0.01), value (F, ;o) =
32.29; p < 0.001), and minute (F, ;5 = 6.12; p < 0.001). There
was also a significant lesion by value interaction (F, ;o) = 6.87;
p < 0.01), confirming that sensitivity to outcome devaluation
differed across groups. No other interaction reached significance
(F values < 1). Simple effects analysis revealed a significant effect
of value for group sham (F(, ;, = 22.14; p < 0.01) and group MD
(F1,6) = 11.26; p < 0.05), but not for group BLA (F, 5) = 1.66;
p > 0.05). Although these results suggest the BLA group was
impaired in using outcome value to choose between instrumental
actions, this interpretation is complicated somewhat by the fact
that this group displayed a significantly lower rate of responding
than the other two groups. It is therefore possible that our ability
to detect any further decrement their performance was hindered
by a floor effect. However, previous studies have found that un-
operated rats responding at a similarly low rate (for example,
those trained on concurrent interval schedules) are capable of
decreasing their performance in reaction to outcome devaluation
(Colwill and Rescorla, 1985). It is also important to note that
these rats failed to display any evidence of outcome devaluation at
the beginning of the test session, when their response rate was
greatest and when there was sufficient room to observe an effect.

Cue-guided response selection

We then conducted an outcome-selective pavlovian-
instrumental transfer test, which assessed the rats’ ability to use
cues that signal reward to choose between instrumental actions
based on a shared outcome representation. For instance, a cue
paired with grain pellets should selectively facilitate responding
onan action that earned pellets over an action that earned sucrose
solution. Notice that, to bias action selection one way or the
other, the eliciting cue must retrieve an outcome representation
incorporating sensory features that are unique to that outcome.
Interestingly, although the retrieval of nonspecific outcome fea-
tures might be expected to have some excitatory effect on actions
trained with a different outcome, this is rarely observed in tests of
selective transfer (Colwill and Rescorla, 1988; Ostlund and Bal-
leine, 2007b), suggesting that this effect is primarily mediated by

The results of the test are presented in
Figure 3 as the mean number of lever
presses performed per minute (collapsed
across actions) during the stimulus that
predicted the same outcome as that action
(Same), during the stimulus that predicted
the outcome earned by the other action
(Different), and during the 2 min that pre-
ceded each stimulus presentation (baseline). As expected, the
sham group displayed clear evidence of outcome-specific
pavlovian-instrumental transfer, selecting actions based on the
outcome signaled by the eliciting stimulus. This effect was not
observed in the performance of BLA- or MD-lesioned rats. The
results of a two-way mixed ANOVA using lesion and stimulus
(baseline, Same, and Different) as factors found a significant ef-
fect of lesion (F(; ;o) = 14.83; p < 0.001) and stimulus (F, 34 =
10.673; p < 0.001), and also detected a significant lesion by stim-
ulus interaction (F, 35y = 3.27; p < 0.05). A significant effect of
stimulus was observed for group sham (F, ,) = 13.82; p <
0.001), and Bonferroni post hoc analysis found that these rats
responded significantly more during stimulus Same than during
either stimulus Different ( p < 0.01) or during the baseline period
(p < 0.05), confirming that the pavlovian cues biased action
selection in an outcome-specific manner. In contrast, the stimu-
lus effect did not reach significance for group BLA (F, ;) = 2.12;
p > 0.20) or group MD (F, ;,, = 2.94; p = 0.09), suggesting that
their instrumental performance was relatively insensitive to
reward-related cues.

Outcome-guided response selection

Our next test assessed the impact of noncontiguous reward de-
livery on instrumental response selection. As with selective trans-
fer, rats are known to use the unique sensory features of freely
delivered outcomes to guide their instrumental performance;
e.g., the delivery of a grain pellet tends to selectively facilitate the
performance of an action trained with pellets, relative to another
action trained with sucrose solution (Ostlund and Balleine,
2007a). However, this effect differs from transfer in that it does
not involve stimulus—outcome learning, but instead depends on
a highly specific stimulus—response connection in which the
training outcome serves as the eliciting stimulus.

Figure 4 presents the results of the test, plotted as the mean
number of lever presses performed per minute (collapsed across
actions) during the 2 min that followed the delivery of the out-
come that had been earned by that action (Same), during the 2
min that followed the delivery of the outcome that had been
earned by the other action (Different), and during the 2 min that
preceded each outcome delivery (baseline). As expected, the per-
formance of the sham group was influenced by the discriminative
stimulus properties of the outcome, such that their tendency to
perform an action was greater after the delivery of the Same out-
come than after the delivery of the Different outcome. Although
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Figure 3.  Effects of MD and BLA lesions on cue-guided action selection. Mean lever presses

per minute (-+SEM) during the precue period (baseline), the cue that signaled the same out-
come as the action (Same) and the cue that signaled the outcome paired with the other action
(Different).
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Figure 4.  Effects of MD and BLA lesions on outcome-guided action selection. Mean lever

presses per minute (+SEM) during the preoutcome period (baseline), after the delivery of the
outcome that was paired with that action (Same) and after the delivery of the outcome was
paired with the other action (Different).

the MD group displayed a similar pattern of responding, the BLA
group failed to show this effect. A two-way mixed ANOVA using
lesion and outcome (baseline, Same, and Different) as factors
found a main effect of lesion (F, ;o) = 6.48; p < 0.01) and out-
come (F, 35, = 18.7; p < 0.001), and also found a significant
lesion by outcome interaction (F, 35y = 3.34; p < 0.05). Simple
effects analysis detected a significant effect of outcome for groups
sham (F(,, 1, = 10.28; p < 0.01) and MD (F,, ,,, = 9.29; p < 0.01)
groups, but not for group BLA (F, ,,, = 2.62; p > 0.10). Bonfer-
roni post hoc analysis revealed that both the sham group (p <
0.05) and the MD group (p < 0.05) responded more after the
delivery of outcome Same than after the delivery of outcome
Different, although we did not observe a significant increment in
responding after the delivery of outcome Same relative to the
baseline period for either group sham or group MD ( p > 0.10).
This latter finding is not surprising given that, in the cue-based
selection test, the eliciting stimulus was present throughout the
entire 2 min observation period, whereas it was delivered only at
the very beginning of the observation period in the outcome-
based test; i.e., it is possible that the weaker stimulus support for
responding in the outcome-based test was not sufficient to ele-
vate responding over baseline. Furthermore, it is worth empha-
sizing that the difference in responding observed across periods
Same and Different provides an unambiguous demonstration
that the free outcome deliveries were effective in guiding action
selection in both sham- and MD-lesioned rats.

Pavlovian contingency degradation
Pavlovian contingency degradation training was then conducted
to further explore the involvement of the MD and BLA in stimu-
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Figure5. Effects of MD and BLA lesions on pavlovian contingency degradation learning. The

left panel shows the mean number of seconds spent in the food magazine (== SEM) during the
precue period (baseline), the cue that was paired with the noncontingently delivered outcome
(degraded), and the cue that was paired with the other outcome (nondegraded). For conve-
nience, these data are presented in the right panel as a difference score (stimulus — baseline).

lus—outcome encoding. Specifically, we assessed whether le-
sioned rats would appropriately suppress their conditioned ap-
proach performance to a cue that no longer served as a reliable
signal of its outcome. The results are presented in Figure 5. The
left panels display the amount of time spent in the food magazine
during the stimulus that was paired with the noncontingently
delivered outcome (degraded), during the stimulus that was
paired with the other outcome (nondegraded), and during the
20 s that immediately preceded each stimulus presentation (base-
line). For convenience, the conditional component of these data
are presented in the right panels using a difference score (stimu-
lus — baseline). The sham group displayed normal contingency
learning, selectively withholding their approach performance
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during the degraded stimulus while continuing to approach dur-
ing the nondegraded stimulus. However, MD and BLA lesions
produced dissociable effects on pavlovian contingency learning,
whereas MD-lesioned rats exhibited a general reduction in re-
sponding to both stimuli, the approach performance of BLA-
lesioned rats appeared to be completely insensitive to the non-
contingent outcome deliveries (i.e., both stimuli continued to
evoke conditioned approach behavior). A three-way mixed
ANOVA using lesion, stimulus (degraded, nondegraded, and
baseline) and block (1-4) as factors found a significant main
effect of stimulus (F, 34y = 7.22; p < 0.01) and significant stim-
ulus by block (F4 1,4y = 4.42; p < 0.001) and lesion by stimulus
by block (F,, 4 = 1.95; p < 0.05) interactions. No other main
effect or interaction reached significance (largest F value, group
by block interaction; F4 5,y = 1.32; p > 0.25). To explore the
source of the three-way interaction, a separate stimulus by block
ANOVA was conducted for each group. For the sham group, the
ANOVA detected a marginal effect of stimulus (F, 4 = 3.71;
p = 0.05), but found no effect of block (F; ,,, = 2.28; p > 0.10).
More importantly, however, the test found a significant stimulus
by block interaction (Fs 45y = 2.90; p << 0.05). This interaction
continued to be significant with the baseline data excluded from
the analysis (i.e., degraded vs nondegraded) (F;,,,) = 3.58; p <
0.05), indicating that shams acquired differential levels of re-
sponding to the two stimuli over the course of contingency train-
ing. For the MD group, the ANOVA found no effect of stimulus
(F212) = 1.18; p > 0.10) or block (F < 1), but did detect a
significant interaction between these factors (F(,( g0, = 3.84; p <
0.001). With reference to Figure 5, it seems likely that this inter-
action reflected the convergence of performance during both the
degraded and nondegraded stimuli with the baseline perfor-
mance over trials. As support for this interpretation, the stimulus
by block interaction did not reach significance (F < 1) when
baseline data were excluded from the analysis, indicating that the
MD group responded similarly to the degraded and nondegraded
stimuli over the course of contingency training. The significant
interaction with the baseline data included therefore confirms
that the MD group exhibited a nonspecific decrease in respond-
ing to both cues relative to baseline. For the BLA group, the test
resulted in a significant main effect of stimulus (F, ;) = 3.92;
p < 0.05), but found no effect of block (F; 5y = 1.16; p > 0.10)
or stimulus by block interaction (F < 1), indicating that their
performance was unaffected by this manipulation of stimulus—
outcome contingency.

Discussion

Our aim was to investigate the involvement of the MD and BLA
in the control of action selection in instrumental conditioning.
We found that rats with post-training MD lesions showed normal
sensitivity to outcome devaluation, providing evidence that their
memory for response—outcome relationships was preserved. Ad-
ditional testing revealed that group MD was impaired in cue-
guided, but not outcome-guided, response selection, indicating a
rather specific deficit in using stimulus—outcome associations to
choose between instrumental actions. In contrast, we found that
post-training BLA lesions disrupted performance on all three
tests of instrumental control, suggesting that this structure plays
a more fundamental role in encoding and maintaining reward
representations.

The finding that post-training MD lesions failed to affect out-
come devaluation performance is noteworthy given an earlier
report that rats with pretraining MD lesions exhibit insensitivity
to manipulations of reward value and response—outcome contin-
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gency (Corbit et al., 2003). These previous findings fit nicely with
the view that response—outcome learning is mediated by a corti-
costriatal circuit involving the prelimbic region of the prefrontal
cortex and the dorsomedial striatum (Balleine, 2005). Pretrain-
ing lesions of these structures also leave instrumental perfor-
mance insensitive to outcome devaluation and response—out-
come contingency degradation (Balleine and Dickinson, 1998;
Corbit and Balleine, 2003; Killcross and Coutureau, 2003;
Ostlund and Balleine, 2005; Yin et al., 2005). Other findings in-
dicate that the dorsomedial striatum and prelimbic cortex make
distinct contributions to instrumental learning. Yin et al. (2005)
found that goal-directed instrumental performance can be dis-
rupted by permanently lesioning the dorsomedial striatum after
training or by temporarily inactivating it just before the test ses-
sion, suggesting that it is critical for the permanent storage and/or
expression of response—outcome associations. In contrast, post-
training prelimbic lesions have been shown to leave intact out-
come devaluation performance (Ostlund and Balleine, 2005), in-
dicating that its contribution is limited to acquisition. Our
findings suggest that the involvement of the MD in instrumental
learning mirrors that of the prelimbic cortex, which may not be
surprising given that it is an important relay of information from
the basal ganglia to the prefrontal cortex (Ongur and Price, 2000).
It is therefore possible that whereas the successful encoding of
response—outcome associations depends on an interaction be-
tween the dorsomedial striatum and the prelimbic cortex relayed
via the MD, the retrieval and implementation of these associa-
tions ultimately becomes independent of this thalamocortical
feedback circuit. However, additional research will be needed to
investigate this hypothesis.

There have been previous reports that pretraining BLA lesions
impair instrumental outcome devaluation performance (Balleine
et al., 2003; Corbit and Balleine, 2005). Our study demonstrates
that BLA lesions made after training have a similar effect, indi-
cating that its contribution to goal-directed performance is long
lasting. This finding is consistent with other previous findings
implicating the BLA in post-training reward evaluation (Wang et
al., 2005; Wellman et al., 2005). The BLA also appears to be im-
portant for stimulus—outcome encoding. Pretraining lesions of
this structure disrupt outcome-selective transfer performance
(Blundell et al., 2001; Corbit and Balleine, 2005) and render pav-
lovian conditioned approach performance insensitive to out-
come devaluation (Hatfield et al., 1996). However, Pickens et al.
(2003) found that BLA lesions made after initial pavlovian train-
ing left intact the effect of outcome devaluation on conditioned
approach (Pickens et al., 2003), raising the possibility that it may
be necessary for the acquisition, but not the expression, of pav-
lovian outcome expectancies. In contrast to this interpretation,
we found that post-training BLA lesions abolished outcome-
selective transfer. One explanation for this apparent discrepancy
is that the BLA is only required for the expression of stimulus—
outcome learning when these associations are needed to guide
instrumental action selection. Alternatively, it may be that selec-
tive transfer is a more sensitive assay of outcome encoding than
the single-outcome devaluation task used by Pickens et al. (2003)
because the former, but not the latter, relies on rats’ ability to
generate an outcome expectation that is detailed enough to be
discriminated from other available outcomes. According to this
account, post-training BLA lesions should disrupt the impact of
outcome devaluation on conditioned approach performance
when an outcome-selective experimental design is used (Colwill
and Motzkin, 1994; Blundell et al., 2003), a prediction that re-
mains to be assessed.
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It is also revealing that BLA damage tends to spare perfor-
mance on tests of action selection that do not rely on the use of
detailed reward representations, including discrimination per-
formance based on conventional cues (Burns et al., 1999) and the
general motivational form of transfer (Corbit and Balleine,
2005). Based on such findings, it has been suggested that the BLA
is responsible for encoding sensory-specific reward representa-
tions (Balleine and Killcross, 2006). Providing additional support
for this view, pretraining BLA lesions have been shown to impair
rats’ ability to use the identity of freely delivered rewards as the
basis for their choice between instrumental actions (Balleine et
al., 2003). We found that post-training BLA lesions were also
effective in disrupting performance on an outcome-guided re-
sponse selection task, suggesting that it is involved in the long-
term storage and/or implementation of these reward
representations.

We also found that the MD is critical for cue-based action
selection. Because MD lesions spared the rats’ capacity to choose
between actions based on either the value or the discriminative
stimulus properties of a reward, this effect does not appear to be
the result of a general impairment in response selection or reward
representation. Instead, the data support the view that the MD
plays an important role in the expression of stimulus—outcome
associations. In contrast to its role in response—outcome encod-
ing, it seem unlikely that this function of the MD depends on its
interaction with the prelimbic cortex, as lesions of this structure
have no effect on outcome-selective transfer (Corbit and Bal-
leine, 2003). However, the MD shares connections with the entire
prefrontal cortex, including the orbitofrontal region, an area
known to be involved in the expression of pavlovian outcome
expectancies (Holland and Gallagher, 2004; Schoenbaum and
Roesch, 2005). Interestingly, as with the MD, post-training or-
bitofrontal lesions impair cue-guided action selection, but pre-
serve the sensitivity of instrumental performance to outcome de-
valuation (Ostlund and Balleine, 2007b).

To further explore the role of the MD and BLA in pavlovian
learning, we assessed how lesions of these areas would affect rats’
ability to learn about a change in the predictive relationship be-
tween a pavlovian cue and its outcome. In normal rats, the mag-
nitude of conditioned approach performance tends to reflect the
contingency that exists between the cue and its outcome and not
merely the number of times these events have been paired (Pearce
and Bouton, 2001). In the current study, contingency learning
was tested by selectively degrading one of two previously trained
stimulus—outcome associations. Although both cues continued
to be paired with their respective outcomes, one outcome was
also delivered in an unpaired manner. sham-lesioned rats showed
clear and selective sensitivity to this contingency degradation
treatment, suppressing their conditioned approach to the cue
that no longer served as a valid predictor of its outcome while
continuing to respond to the control cue. Rats with MD lesions,
however, displayed a general reduction in responding to both
cues, regardless of their current predictive status. Interestingly,
we found previously that orbitofrontal lesions produce a similar
nonspecific sensitivity to stimulus—outcome contingency degra-
dation (Ostlund and Balleine, 2007b). Such an impairment could
result from a failure to generate outcome-specific pavlovian ex-
pectancies. According to this account, rats with lesions of either
the MD or orbitofrontal cortex are capable of stimulus—outcome
contingency learning but are forced to rely on generic outcome
expectations, perhaps composed of the general affective proper-
ties common to both outcomes (Balleine and Killcross, 2006). It
is reasonable to assume that this inability to form discriminable
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outcome expectancies would produce a nonspecific contingency
degradation effect; the decrement in associative strength pro-
duced by the noncontingent outcome deliveries would be as-
signed equally to both cues. Alternatively, it is possible that MD
(and orbitofrontal) lesions abolish the capacity for stimulus—
outcome contingency learning, leaving approach performance to
fall under the control of the response—outcome learning system
that supports goal-directed instrumental performance. Because
no explicit instrumental contingency was arranged during this
phase of the experiment, their approach performance should
have slowly decreased to a low rate distributed nondifferentially
across both of the cues and the intertrial interval, as was observed.

In contrast, BLA-lesioned rats displayed a complete insensi-
tivity to contingency degradation training. This pattern of results
cannot be explained by either the generic outcome encoding ac-
count or the instrumental contingency learning account, because
they predict some decrement in responding. Instead, perfor-
mance in the BLA group suggests that rats with these lesions no
long use an error-based learning rule and default to use a
contiguity-based learning rule instead (Hebb, 1949). Because the
temporal contiguity and frequency of stimulus—outcome pair-
ings remained stable and did not differ across cues during con-
tingency degradation training, any animal relying on a simple
contiguity rule should have maintained high levels of condi-
tioned approach performance to both the predictive and the non-
predictive cues, as was observed in BLA-lesioned rats.
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