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Abstract

Initially-neutral cues paired with rewards are thought to acquire motivational significance, as if the
incentive motivational value of the reward is transferred to the cue. Such cues may serve as
secondary reinforcers to establish new learning, modulate the performance of instrumental action
(Pavlovian-instrumental transfer, PIT), and be the targets of approach and other cue-directed
behaviors. Here we examined the effects of lesions of the ventral striatal nucleus accumbens
(ACb) and the basolateral amygdala (BLA) on the acquisition of discriminative autoshaped lever-
pressing in rats. Insertion of one lever into the experimental chamber was reinforced by sucrose
delivery, but insertion of another lever was not reinforced. Although sucrose was delivered
independently of the rats’ behavior, sham-lesioned rats rapidly came to press the reinforced but
not the nonreinforced lever. Bilateral ACb lesions impaired the initial acquisition of sign-tracking
but not its terminal levels. In contrast, BLA lesions produced substantial deficits in terminal levels
of sign-tracking. Furthermore, whereas ACb lesions primarily affected the probability of lever
press responses, BLA lesions mostly affected the rate of responding once it occurred. Finally,
disconnection lesions that disrupted communication between ACbh and BLA produced both sets of
deficits. We suggest that ACb is important for initial acquisition of consummatory-like responses
that incorporate hedonic aspects of the reward, while BLA serves to enhance such incentive
salience once it is acquired.
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1. Introduction

An important consequence of associative learning is the acquisition of emotional and
motivational responses (LeDoux, 2000; Rescorla & Holland, 1982; Rescorla & Solomon,
1967). For example, many investigators have asserted that Pavlovian conditioned stimuli
(CSs) that predict food unconditioned stimuli (USs) acquire “incentive salience” reflecting
the transfer of incentive motivational value from the US to the CS (Berridge, 2001, 2004).
Such CSs can reinforce new learning, as rats will learn to press a lever to receive CS
presentations in the absence of the US (conditioned reinforcement; Mackintosh, 1974), and
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can modulate the performance of previously-rewarded instrumental responses (Pavlovian-
instrumental transfer, PIT; Lovibond, 1983; Estes, 1948). Furthermore, certain food-paired
cues can elicit approach and consummatory behaviors directed towards that CS, sometimes
called “sign-tracking” (Jenkins & Moore, 1973; Brown & Jenkins, 1968; Boakes, 1977). For
example, rats will approach visual cues paired with food delivery (Holland, 1977; Cardinal
et al., 2002), and will approach and contact a lever whose insertion into the chamber signals
food (Boakes, 1977; Flagel et al., 2008, 2009; Kearns & Weiss, 2004). In contrast, rats may
also direct their behavior toward the site of US delivery upon CS presentation, otherwise
known as “goal-tracking” (Boakes, 1977; Flagel et al., 2008, 2009).

Considerable attention has recently been focused on rats’ sign-tracking in an autoshaping
(Brown & Jenkins, 1968) paradigm, in which the insertion of a lever into the experimental
chamber is paired with the delivery of sucrose, regardless of the rats’ behavior. After
repeated Pavlovian lever-sucrose pairings, rats come to press, grasp, and bite the lever as if
it were sucrose itself (sign-tracking), despite the absence of any response-reward
contingency (e.g., Tomie, 1996; Tomie et al., 2008). Although repeated CS-US pairings can
result in both sign-tracking and goal-tracking CRs, some investigators have asserted that the
sign-tracking (lever-directed) responses directly index the extent to which the lever CS
becomes endowed with incentive salience (e.g., Flagel et al., 2009). For example, Robinson
and Flagel (2009) reported that a lever insertion CS is more effective as a conditioned
reinforcer in rats that showed high levels of sign-tracking responses during prior lever-food
pairings than in rats that had primarily approached the food cup during lever insertions.

Many researchers have suggested that this paradigm may provide a valuable model for the
study of incentive learning in drug addiction (e.g., Mahler & Berridge, 2009; Flagel et al.,
2010; Tomie, 1996; Tomie et al., 2008). Autoshaping shares many of the behavioral
characteristics associated with drug addiction such as persistence and relapse (Tomie et al.,
2008), and high levels of sign-tracking responses have been associated with impulsivity,
drug sensitization and other traits associated with addiction vulnerability (Flagel et al., 2010;
Tomie et al., 2008). Furthermore, Flagel et al. (2011) found that sign-trackers but not goal-
trackers showed increased phasic dopamine release in the nucleus accumbens (ACb) core in
response to CS presentations, thus relating the sign-tracking response to brain systems
frequently implicated in drug abuse and addiction (e.g., Everitt & Robbins, 2005; Robinson
& Berridge, 2003).

Here we examined the roles of two brain regions known to be critical to incentive learning,
ACDb and the basolateral amygdala (BLA, Cador et al., 1989; Cardinal et al., 2002; Everitt et
al., 2003; Parkinson et al., 2000a,b), in learning and performance of discriminative
autoshaped lever pressing in rats. Because both ACb core and shell have been found to be
important for various learned incentive functions (Cardinal et al., 2002; Corbit & Balleine,
2011), we elected to lesion the entire ACb as a first step in determining its role in
autoshaped lever pressing. We found that ACb lesions impaired the initial acquisition of
sign-tracking but not its terminal levels. In contrast, BLA lesions produced substantial
deficits in terminal levels of sign-tracking. Furthermore, whereas ACb lesions primarily
affected the probability of lever press responses, BLA lesions mostly affected the rate of
responding once it occurred. Finally, disconnection lesions that disrupted communication
between ACb and BLA produced both sets of deficits.

2. Materials and methods

2.1. Animals

The subjects were male Long-Evans rats (Charles River Laboratories, Raleigh, NC, USA),
which weighed 300-325 g on arrival. Rats were individually housed in a climate controlled
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colony room that was illuminated from 7:00 A.M. to 7:00 P.M. Rats were given ad libitum
access to food and water before and continuing two weeks after surgery. They were then
placed on a food restriction schedule and maintained at 85% of their ad /ibitum weights
throughout the autoshaping procedure.

2.2 Surgical Procedures

Surgery was performed under aseptic conditions with isoflurane anesthesia, and all infusions
were made with a Hamilton 2.0-pl syringe equipped with a 26-gauge needle. ACb lesions
were made with 20 mg/ml A-methyl-D-aspartate (NMDA,; Sigma, St. Louis, MO, USA), 0.3
pl/site, using the coordinates 2.1mm anterior of bregma, 1.6mm from the midline, and
7.2mm ventral from the skull surface at the injection site. BLA lesions were made with
NMDA (10mg/ml in Dulbecco’s PBS; Sigma) using the coordinates 2.8mm posterior of
bregma, 5.1mm from the midline, and 8.7mm (0.16 pl/site) and 8.4 mm (0.08 pl/site) ventral
from the skull surface at the injection site.

In Experiment 1, bilateral ACb lesion surgery was performed on 31 rats, and bilateral sham

lesion surgeries on 12 rats. In Experiment 2, bilateral BLA lesion surgery was performed on
15 rats, and bilateral sham lesion surgeries on 9 rats. In each of these experiments, rats that

received sham lesions underwent the same surgical procedures as their lesioned cohort, but

no infusions were made once the needle was in position.

In Experiment 3, all rats received both a unilateral lesion of ACb and a unilateral lesion of
BLA. Rats in the Contra condition (n = 12) received these lesions in opposite hemispheres,
whereas rats in the Ipsi condition (n = 12) received both lesions in the same hemisphere.
Both contra- and ipsilateral lesions were completely counterbalanced by side. Because
communication between these two regions is predominantly ipsilateral, the contralateral
disconnection lesion impairs functions that require communication between ACb and BLA
but leaves other functions unaffected, relative to the ipsilateral control lesion, which
destroys equal amounts of tissue in each structure, but leaves communication between them
intact in one hemisphere.

2.3. Apparatus

The behavioral training apparatus consisted of eight individual chambers (20.5 cm x 22.0
cm x 22.5 cm) with stainless steel front and back walls, clear acrylic sides, and a floor made
of 0.48-cm stainless steel rods spaced 1.9 cm apart. An illuminated clear acrylic food cup
was recessed in an opening of the front wall, and photocells at the front of the food cup
recorded entries and time spent in the cup. Locally-fabricated retractable levers, which were
operated nearly silently by pneumatic controls, were located on either side of the food cup.
Each chamber was enclosed inside a sound attenuating shell. An infrared light was located
outside of each chamber, and cameras mounted within the shell allowed for television
viewing.

2.4. Behavioral Training Procedures

The behavioral training procedures were identical in all 3 experiments. Rats first received
two 64-minute sessions in which they were trained to eat from the food cups. In each of
these sessions, rats were given sixteen 0.1-ml deliveries of 8% (w/v) sucrose solution, with a
mean intertrial interval (ITI) of 240 s. Next, rats underwent 12 sessions of the autoshaping
procedure. Within each 64-min session, there were 25 CS+ and 25 CS- trials (mean ITI =77
s), ordered so that no more than two of same trial type occurred in sequence (after Bussey et
al., 1997). On CS+ trials, one lever was extended for 10 s and reinforced with 0.1 ml of 8%
sucrose upon retraction and on CS- trials, the other lever was extended for 10 s, but no
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sucrose was delivered. For half the rats, the CS+ lever was the left lever and the CS- lever
was the right lever and for the other half, the sides of the CS+ and CS— levers were reversed.

2.5. Data analysis

We analyzed two primary measures of autoshaping, the rate of lever pressing and the
percentage of trials on which at least one lever press occurred, to permit distinguishing
between lesion effects on the rate or persistence of responding and on the probability of an
autoshaped response. We also analyzed the rate of responding on trials on which at least one
response occurred, to provide additional information about response rate or persistence.
Finally, we analyzed the percentage of time each rat spent with its head in the food cup
during CS presentations.

To characterize the temporal distribution of responses during the CSs, we initially divided
the 10-s lever presentations into two 5-s bins. Previous experiments in our laboratory (e.g.,
Holland, 1977) showed that when visual CSs were paired with food, cue-dependent
conditioned orienting responses (ORs), such as rearing, occurred primarily in the first 5 s of
a 10-s CS, whereas food cup behavior occurred more frequently during the last half of that
interval. If autoshaped lever presses were an example of an OR, then rats might display peak
levels of responding to the lever during the first half of CS presentations. Initially, each
measure of conditioning was subjected to a 4-way mixed analysis of variance (ANOVA)
with variables of lesion condition (lesion or sham), cue type (CS+ vs. CS-), interval of the
CS (first vs. last 5-s interval), and session. Because these analyses revealed few interactions
of interval with other variables, and higher levels of autoshaped responding during the
second 5-s CS interval, we focused on this last interval in subsequent lesion x cue x sessions
ANOVA:s. In addition to ANOVAs including individual sessions, we also conducted
analogous ANOVAs that compared performance averaged over the first vs second halves of
training (sessions 1-6 and 7-12, respectively). These latter ANOVAs were especially
valuable for the measure of response rate confined to trials on which at least one response
occurred, because on CS- trials that measure was often undefined for individual rats in one
or more sessions (because response probability was zero), making ANOVA by individual
sessions inappropriate.

In all of these ANOVAs, the occurrence of discriminative autoshaping was indicated by
significant effects of cue, and the effects of lesions on autoshaping was revealed in
significant interactions of lesion with cue. Significant lesion x cue interactions were
followed by planned individual comparisons of responding of lesioned and sham-lesioned
rats during CS+ and during CS- trials.

2.6. Histological Procedures

After behavioral testing, rats were anesthetized with sodium pentobarbital (100mg/kg) and
perfused intracardially with 0.9% saline, followed by 10% (v/v) Formalin in 0.1M PBS.
Brains were removed and stored in 0.1M PBS and 20% (w/v) sucrose. Forty-pum slices were
collected and Nissl stained to verify lesion placements.

3. Results

3.1. Experiment 1

3.1.1. Histological results—Figure 1a presents a schematic representation of neuronal
damage in accepted ACb-lesioned rats (n = 11). On average, 90.0 + 4.9% (mean + SEM) of
ACb was eliminated, consisting of 93.0 + 2.8% damage to ACbC and 87.6 + 6.7% damage
to ACbS). Data of rats with less than 50% damage to ACb were discarded. Sham-lesioned
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rats (n = 12) had no observable damage other than near the needle track. Figures 1b and 1c
show sample neurotoxic and sham ACb lesions, respectively.

3.1.2. Behavioral results

3.1.2.1. Autoshaped lever pressing: In contrast to conditioned ORSs, which occur
predominantly near the time of CS onset (Holland, 1977), lever press responding peaked
during the last 5-s period of CS presentations, in both ACb-lesioned and sham-lesioned rats.
For both lever press rate and percentage trials with a lever press, initial ANOVAs that
included interval as a variable confirmed main effects of interval (Fsj »1 > 38.92, ps < .01),
with no lesion x interval interactions (Fsg 21 < 2.08, ps >.10). Thus, we focused our
subsequent analysis on responding during the last 5-s periods of CS presentations, when
responding was at its peak. The left columns of Table 1 show the mean lever press rate and
percentage of trials with a lever press of these rats during the first and second 5-s intervals of
CS+ and CS- presentations, averaged over the entire training period.

Figures 2A and 2B present the number of lever presses per minute and percentage of trials
with a lever press during the last 5-s CS interval, respectively, over the course of training.
Sham-lesioned rats quickly acquired sign-tracking behavior during CS+ presentations, in
terms of both lever press rate and probability. In contrast, for both measures, rats with
bilateral ACb lesions showed substantial deficits in lever-pressing to the CS+ during the first
half (sessions 1-6) of training. However, ACb-lesioned rats overcame this initial deficit and
reached levels of autoshaped responding that were comparable to sham-lesioned rats over
the last half (sessions 7-12) of training. Both ACb- and sham-lesioned rats responded at
minimal levels to the CS- lever.

For both measures, ANOVAs for all of training indicated main effects of cue (Fsg 21 >
58.11, ps < .01) and session (Fs11 231 > 15.96, ps < .01). Although the main effects of lesion
were only marginally significant (Fsy 21 < 4.32, ps < .10), the critical lesion x cue interaction
was significant for both measures (Fsq 21 > 4.77, ps < .05). The lesion x cue x session
interaction was marginally significant for the rate measure (F11 231 = 1.73, p <.10) and
significant for the percentage of trials measure (F11 231 = 2.72, p < .01). Separate ANOVAs
of both measures of responding during the first and last six sessions of training confirmed a
lesion deficit in discriminative autoshaped lever press responding during the first half of
training (as evidenced by significant lesion x cue interactions, Fsy o1 > 8.13, ps <.01), but
not during the second half (Fs; 21 < 1.86, ps > .10) of training sessions. An explicit contrast
of the lesion x cue interaction between the first and last halves of training was significant for
the probability measure (F1 21 = 5.30, p <.05), and marginally significant for the rate
measure (F1 21 = 3.56, p <.10).

Analysis of response rates confined to trials on which at least one response occurred (Figure
2C) suggested that the lesion’s effect on overall response rate (Figure 2A) was driven mostly
by its effect on response probability. ANOVA of lever press rates limited to trials on which
rats responded, comparing the first and second halves of training, showed significant effects
of cue (Fy 21 = 9.05, p <.01) and training (F1 21 = 13.10, p < .01), but neither the effect of
lesion nor any of its interactions was significant, ps > .20.

3.1.2.2. Food cup responding: Although bilateral ACb lesions produced substantial deficits
in initial levels of autoshaped responding, they did not impair acquisition of food cup
responding during CS presentations. Indeed, overall, ACb-lesioned rats showed more food
cup responding to the CSs than sham-lesioned rats. Figure 2D presents the percentage of
time spent in the food cup during the last 5-s of lever presentations. Whereas sham-lesioned
rats decreased the amount of time spent in the food cup during the CS+ as autoshaping
progressed (perhaps because of competition from autoshaped behavior), ACb rats acquired
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and maintained moderate levels of food cup behavior during CS+ trials. Notably, even as
AChb-lesioned rats acquired normal levels of autoshaped responding to CS+ presentations
during the last half of training, they continued to spend more time in the food cup than
sham-lesioned rats. Both groups reduced food cup responding on CS- trials over the course
of training.

ANOVA revealed main effects of lesion (Fy 21 = 4.99, p <.05), cue (F1 21 = 16.55, p <.01),
and session (F11 231 = 3.67, p <.01), but no lesion x cue interaction (F1 21 = 2.88, p > .10).
However, the lesion x cue x session interaction was significant (F11 231 = 3.83, p <.01).
ANOVA:s of performance over the first vs. last 6 sessions (as above) showed that the
facilitatory effect of lesion was significant in the last half of training (F1 21 = 8.66, p <.01)
but not the first half (F1 21 = 1.47, p > .20).

The higher levels of food cup responding maintained in ACh-lesioned rats were not related
to reduced autoshaped lever pressing in those rats (r = —.04), nor were these responses
significantly correlated in sham-lesioned rats (r = —.23). It is notable that whereas some
other investigators (e.g., Mahler & Berridge, 2009; Flagel et al., 2009) found only a portion
of their rats to acquire sign-tracking behaviors, all of our sham-lesioned rats and 9 of our 11
ACh-lesioned rats displayed significant lever pressing. Furthermore, the 2 unsuccessful
sign-trackers showed no more food cup behavior than ACh-lesioned rats that were
successful sign-trackers. Thus, we did not distinguish between subpopulations of “sign-
trackers” and “goal-trackers” in these experiments. Elsewhere (Chang et al., 2012a), we
have discussed possible accounts for the higher incidence of sign-tracking in our studies.

3.2. Experiment 2

3.2.1. Histological results—Figure 1d presents a schematic representation of neuronal
damage in BLA-lesioned rats (n = 10). On average, 77.2 + 4.0% of BLA (range = 55.1% to
97.9%) was eliminated while leaving CeA intact. Data of rats showing less than 50%
damage to BLA or substantial damage to CeA were discarded. Sham-lesioned rats (n = 9)
had no observable damage other than near the needle track. Figures 1le and 1f show sample
neurotoxic and sham BLA lesions, respectively.

3.2.2. Behavioral results

3.2.2.1. Autoshaped lever pressing: In contrast to rats with bilateral ACb lesions, which
showed initial but not terminal deficits in autoshaped lever-pressing, rats with bilateral BLA
lesions showed substantial deficits in terminal levels of autoshaped lever-pressing, but no
deficit in initial acquisition. As with ACb-lesioned rats (and those rats’ sham controls), the
rats in Experiment 2 showed higher levels of autoshaped responding during the last 5 s of
CS presentations regardless of lesion condition. ANOVAs of both rate and probability
measures confirmed main effects of interval (Fsy 17 > 25.22, ps <.01) and no lesion x
interval interactions (Fsj 17 < 1.81, ps >.20). The center columns of Table 1 show the mean
lever press rate and percentage of trials with a lever press of these rats during the first and
second 5-s intervals of CS+ and CS- presentations, averaged over the entire training period.

Figure 3A presents lever press rate during the last 5 s of CS presentations. BLA- and sham-
lesioned rats pressed the CS+ lever at comparable rates during the first half of acquisition.
However, whereas sham-lesioned rats continued to increase their level of responding over
the last half of acquisition, BLA-lesioned rats maintained lower rates of lever pressing over
the last half of training. Both BLA and sham rats pressed the CS— lever at comparable rates.
ANOVA confirmed main effects of cue (F1 17 = 46.22, p < .01) and session (F11 187 = 6.49,
p <.01). Although neither the main effect of lesion (Fy 17 = 2.44, p > .10) nor the lesion x
cue interaction (Fq 17 = 2.27, p > .10) was significant, the lesion x cue x session interaction
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was significant (F11 187 = 2.83, p < .01). Separate ANOVAs of responding during the first
and last six sessions revealed that although there was no lesion x cue interaction during the
first six sessions (F1 17 = 0.07, p >.70), that interaction was significant during the last six
sessions (F1 17 =5.12, p <.05), indicating that the lesion effects were confined to the latter
half of training. An explicit contrast of the lesion x cue interaction between the first and
second halves of training was also significant (F1 17 = 6.16, p <.05).

Although these patterns of deficits were also discernible in the percentage of trials with a
response measure (Figure 3B), on the whole they were not statistically significant. ANOVA
showed a main effect of cue (F1 17 = 97.6, p <.01) and session (F11 187 = 8.16, p <.01), but
no main effect of lesion (Fy 17 = 2.74, p >.10) nor lesion x cue x session interaction (F11 187
= 1.14, p > .30). Although the lesion x cue interaction was marginally significant (Fy 17 =
3.27, p < .10), an explicit contrast of the lesion x cue interaction between first and second
halves of training was not significant (Fy 17 = 0.84, p >.30).

The absence of a statistically significant effect of the BLA lesion on response probability
despite its large effect on response rates at the end of training suggests BLA might be
critical to the rate or persistence of autoshaped CRs, “amplifying” such response tendencies.
Analysis of response rates confined to trials on which a response occurred supported this
view. Although early in training BLA-lesioned and sham-lesioned rats did not differ in their
rates of responding once they elected to respond, by the end of training BLA-lesioned rats
displayed significantly lower rates of responding to the CS+ lever than shams (Figure 3C). A
lesion x cue x training segment (first vs second half) ANOVA showed a significant effect of
cue (F1 17 = 9.45, p <.01) and significant cue x training (F1 17 = 6.29, p <.05) and lesion x
cue x training (F1 17 = 12.35, p <.01) interactions. ANOVA confined to CS+ responding
showed an effect of training (F1 17 = 6.37, p <.05) and a lesion x training interaction (Fy 17
=7.08, p <.05). Individual comparisons showed the effect of lesion to be significant in the
last half of training (p < .05) but not the first half (p > .90).

3.2.2.2. Food cup responding: Although rats with BLA lesions showed substantial deficits
in autoshaped lever-pressing compared to rats with sham lesions during the last six sessions
of autoshaping, BLA lesions did not reduce food cup behavior during the CSs. Both BLA-
and sham-lesioned rats spent comparable amounts of time in the food cup during the first
and last 5 s of CS presentations; although the main effect of interval was marginally
significant (Fy 17 = 3.80, p <.10), the lesion x interval interaction (Fy 17 = 1.12, p >.30) was
not significant. Figure 3D presents the percentage of time spent in the food cup during the
last 5 s of CS lever presentations. The pattern of data observed resembled that seen in
Experiment 1: Although sham-lesioned rats showed a decrease in the amount of time spent
in the food cup on CS+ trials as they increased their rates of lever pressings, BLA-lesioned
rats maintained their level of food cup behavior to CS+ over the course of autoshaping.
However, due to substantial variation in food cup responding among individual BLA-
lesioned rats, that trend was not significant. ANOVA revealed a main effect of cue (Fy 17 =
6.62, p <.05) and session (F11 187 = 10.1, p <.01), but no effect of lesion (Fy 17 =2.12, p >.
10), lesion x cue interaction (F1 17 = 2.88, p >.10), or lesion x cue x session interaction
(Fll,187 =1.32, p> 20)

3.3. Experiment 3

3.3.1 Histological results—Eight rats in the Contra condition had acceptable lesions of
both ACb and BLA, averaging 91.7 + 4.8% damage to ACb (93.2 + 3.6% damage to ACbC
and 90.4 * 6.2% damage to ACbS) and 83.7 = 1.7% damage to BLA. Nine rats in the Ipsi
condition had acceptable lesions of both structures, averaging 84.6 + 3.5% damage to Acb
(82.9 + 4.4% damage to ACbC and 85.9 + 3.0% damage to ACbS), and 90.4 + 3.1% damage
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to BLA. ANOVAs confirmed that there were no significant differences between Contra and
Ipsi rats in the amount of damage to ACb, ACbC, ACbS, or BLA (Fsy 15 < 3.27, ps > .05).
Although the size of ACb lesions (ACbh, ACbC, and ACbS) in these rats did not differ
significantly from that observed in Experiment 1 (averaged across hemispheres, Fs; g6 <
1.38, ps > .20), the BLA lesions in the present experiment were significantly larger than
those of Experiment 2 (averaged across hemispheres, F1 o5 = 6.49, p <.05). In addition, in
the present experiment the damage extended beyond BLA in several rats in both lesion
conditions, including damage to the posterior amygdala central nucleus (CeA) and piriform
cortex. However, it is notable that we have shown that bilateral CeA lesions have no effect
on autoshaped responding using these same procedures (Chang, Wheeler, & Holland, 2011).

3.3.2. Behavioral results

3.3.2.1. Autoshaped lever pressing—Compared to rats with ipsilateral BLA-ACb
control lesions, rats with contralateral BLA-ACb disconnection lesions showed impaired
autoshaped responding throughout training. Thus, these rats displayed both the early-stage
deficit shown by ACb-lesioned rats in Experiment 1 and the late-stage deficit shown by the
BLA-lesioned rats in Experiment 2. As with bilateral ACb- and BLA-lesioned rats, both
Contra and Ipsi rats showed peak levels of autoshaped responding during the last 5 s of CS
presentations. Preliminary ANOVAs of both lever press rate and probability measures
confirmed main effects of interval (Fs; 15 > 18.00, ps < .01) and no lesion x interval
interaction (Fsy 15 < 2.62, ps > .10). The right columns of Table 1 show the mean lever press
rate and percentage of trials with a lever press of these rats during the first and second 5-s
intervals of CS+ and CS- presentations, averaged over the entire training period.

Figure 4A presents lever press rates during the last 5 s of CS presentations. Ipsi control rats
rapidly acquired and maintained autoshaped responding to the CS+ lever. By contrast,
although rats in the Contra condition did acquire such responding over the course of
training, their performance remained lower than that of the Ipsi control rats throughout. Both
Contra and Ipsi rats showed comparable, minimal rates of responding to the CS- lever.
ANOVA confirmed main effects of lesion (Fy 15 = 8.50, p = .01), cue (F1 15 =35.91,p <.
01), and session (F11 165 = 22.48, p < .01). Most importantly, there was a significant lesion x
cue interaction (Fy 15 = 5.65, p < .05), but no lesion x session interaction (F11 165 = 0.80, p

> .60). Unlike in Experiments 1 and 2, in which the lesion x cue interaction was confined to
either the first or second halves of training, that interaction was significant in both halves of
training, Fs(1,15) > 4.67, ps < .05, and an explicit contrast of the lesion x cue interaction
between first and second halves was not significant, F(1, 15) = 1.91, p > .10.

Although Contra rats displayed lower probabilities of responding than Ipsi rats throughout
training (Figure 4B), as with BLA-lesioned rats in Experiment 2, the deficit observed was
less pronounced than with the rate measure. ANOVA confirmed main effects of lesion (Fy 15
=7.97,p<.01), cue (F1,15 = 57.24, p < .01), and session (F11 165 = 20.17, p <.01), but the
lesion x cue interaction was only of marginal significance (Fy 15 = 3.73, p <.10.). However,
it is notable that the magnitude of that marginally significant interaction was comparable in
the first and last halves of training (F1 15 = .01, p >.90). Furthermore, ANOVA confined to
CS+ responding alone showed significant effects of lesion (F1 15 = 5.99, p <.05) and
sessions (F11 165 = 31.14, p <.01), but no difference in the size of the lesion effect in the
first vs second halves of training (F1 15 = 0.59, p > .40).

ANOVA of response rates confined to trials on which at least one response occurred (Figure
4C) showed significant effects of lesion (Fq 15 = 4.93 p <.05) and training segment (Fy 15 =
26.79, p <.01). However, unlike in Experiment 2, the lesion effect was found throughout
training; the lesion x training interaction was not significant (F 15 = .26, p > .60).
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3.3.2.2. Food cup responding—Although compared to Ipsi rats, Contra rats showed
substantial deficits in autoshaped responding to CS+ presentations throughout training, both
Contra and Ipsi rats showed comparable levels of food cup responding during CS
presentations. In contrast to lever presses/min and percentage of trials with a lever press,
both Contra and Ipsi rats spent comparable amounts of time in the food cup during the first
and last 5 s of CS presentations. Preliminary ANOVA showed only a marginal effect of
interval (F1 15 = 3.58, p <.10) and no lesion x interval interaction (F1 15 = 0.08, p >.70).
Figure 4D shows the percentage of time spent in the food cup during the last 5 s of lever
presentations. As training progressed, Contra and Ipsi rats maintained higher levels of food
cup behavior during CS+ presentations and decreased their levels of food cup behavior to
CS- presentations. Thus, Contra rats acquired the CS-US association despite showing
substantially lower levels of autoshaped responding compared to Ipsi rats. ANOVA
confirmed main effects of cue (F1 15 = 24.56, p <.01) and session (F11 165 = 3.88, p < 0.01),
but no effect of lesion (Fy 15 = 0.05, p > .80). Additionally, there was no lesion x cue (Fq 15
=0.07, p > .80) or lesion x cue x session (F11 165 = 1.24, p > .20) interaction.

4.0 Discussion

Our results show that ACb and BLA made distinct contributions to autoshaped lever
pressing. Although rats with bilateral lesions of either ACb or BLA showed impairments in
their acquisition or expression of autoshaping, they differed in both the timing and nature of
those impairments (Experiments 1 and 2). Lesions of ACb reduced the probability of
responding to the reinforced lever, but only early in training; by the end of training there was
no significant difference in the probability of lever pressing of ACb-lesioned and sham-
lesioned rats. Furthermore, despite the ACb-lesioned rats’ deficit in response probability,
they did not show significantly lower rates of responding than sham-lesioned rats on trials
on which they did respond. By contrast, lesions of BLA primarily reduced the rate of
responding once the lever was contacted, but only at later stages of training.

Although the contributions of ACb and BLA were distinct, they were not independent. In
Experiment 3, rats with contralateral disconnection lesions of ACb and BLA showed deficits
in both the probability and rate of responding, both early and late in training. Thus, rats in
which each structure was intact in one hemisphere but normal communication between them
was compromised showed deficits characteristic of both ACb and BLA lesions. Notably,
these performance impairments were relative to rats that had received equivalent unilateral
damage to ACb and BLA ipsilaterally, which preserved communication between these
regions in one hemisphere. Thus, functional connection of ACb and BLA was critical to
normal acquisition of autoshaping throughout training, in terms of both the probability and
rate of lever pressing. Furthermore, although in Experiment 3 we did not compare the
performance of ipsilaterally lesioned control rats to sham-lesioned controls, casual
comparison of the performances of those rats with that of sham-lesioned rats in Experiments
1 and 2 suggest that unilateral function and communication between ACb and BLA was
sufficient for normal autoshaping.

These data are generally consistent with prior assertions that ACb is important for the
acquisition or expression of incentive salience to cues paired with food (e.g., Kelley et al.,
2005; Parkinson et al., 2000b). By contrast, a primary role for BLA appeared to be the
enhancement or magnification of responding to lever cues that had already acquired
incentive salience. Lesions of BLA alone produced response rate deficits late in training, and
throughout training when combined with contralateral ACb lesions. Notably, using a
discrete-trial instrumental task, Ambroggi et al. (2008) found that functional disconnection
of BLA and ACb interfered with both the acquisition and asymptotic levels of discriminative
lever pressing. Furthermore, using a similar discrete-trial instrumental task, Jones et al.
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(2010) found that inactivation of BLA reduced both conditioned approach to the reward-
predictive cue and the amount of dopamine release in ACb core to in response to that cue.
Our BLA-ACD disconnection results are consistent with these findings, suggesting that
modulation of ACb dopamine by the dense glutamatergic projection from BLA to ACb
(Kelley et al., 1982), which overlaps substantially with dopamine projections originating
from the midbrain ventral tegmental area (VTA), is an important mediator of the assignment
of incentive salience to reward-predictive cues. In particular, it may be a route by which
incentive salience is enhanced.

The eventual acquisition of autoshaped responding to normal levels in ACb-lesioned rats in
Experiment 1 deserves further comment. What might be the nature of compensation for ACb
damage? It seems unlikely that surviving portions of ACb were responsible; the lesions were
very large, averaging over 90% damage to the extent of both core and shell regions. One
possibility is that BLA subsumed both acquisition and amplification roles in the absence of
normal ACb activity. Although BLA lesions had no effect on initial acquisition in
Experiment 2, those rats had intact ACb function and hence no need for ACb compensation.
In this case, rats with bilateral lesions of both ACb and BLA might show profound deficits
in autoshaping. However, if BLA function could compensate for losses in ACb function, one
might expect that rats with contralateral ACb and BLA lesions in Experiment 3 would show
at least as much compensation (if not more) than rats with ipsilateral lesions. Another
candidate region that may compensate for the lack of ACb function is the orbitofrontal
cortex (OFC), an area that is important for encoding and updating cue-outcome associations
(Gallagher et al., 1999; Pickens et al., 2003, Saddoris et al., 2005). As with ACb, OFC
receives projections from BLA (Kita & Kitai, 1990). Thus, OFC might mediate acquisition
of the autoshaping response over the second half of training, and BLA could enhance the
rate of responding to sham control levels.

The effectiveness of BLA lesions in attenuating asymptotic responding is novel and
contrasts with Blundell et al.’s (2003) observation that BLA lesions had no effect on
autoshaped lever pressing. However, this discrepancy is unsurprising if the BLA functions
as a maximum response enhancer, as appears to be the case in our Experiment 2. Blundell et
al.(2003) found that sucrose-reinforced autoshaped lever pressing was acquired slowly and
occurred only at low rates; despite double the number of training sessions as used here, their
sham-lesioned rats attained response rates only 60% of those found here. Given the
relatively weak autoshaping in their study, it is likely that the role of the BLA was minimal
in comparison to our study. Alternatively, it is also possible that lesion size is critical, as our
lesions in Experiment 2 were considerably larger than those used by Blundell et al. (2003).

The effects we observed with autoshaped lever pressing differ considerably from those
observed with other examples of cue-directed responding in appetitive conditioning. First,
responding in the present experiments did not show much in common with conditioned ORs
reported previously from this laboratory. After cue-food pairings, conditioned ORs occurred
almost exclusively near cue onset (Holland, 1977), whereas in the present studies
autoshaped lever pressing occurred throughout the CS-US interval but especially near the
end of that interval. Furthermore, the pattern of lesion effects on autoshaped lever pressing
and conditioned ORs differ considerably. Here, aspects of autoshaping were impaired by
both BLA and ACb lesions, but conditioned ORs are not specifically affected by either BLA
(e.g., Hatfield et al., 1996; Setlow et al., 2002) or ACb lesions (Chang et al., 2012b).
Conversely, although rats with lesions of CeA fail to acquire conditioned ORs (e.g.,
Gallagher et al., 1990; Groshek et al., 2005; McDannald et al., 2004), CeA lesions have no
effect on the acquisition or expression of autoshaping in procedures identical to those used
here (Chang et al., 2012a).
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Second, lesions of ACb, CeA and BLA had very different effects on autoshaped lever
pressing in our studies than have been observed in conditioned approach procedures (e.g.,
Parkinson et al., 2000a,b). Whereas those authors found that conditioned approach to visual
CSs (illuminated rectangles presented on video monitors) paired with food was disrupted by
lesions of CeA but not of BLA, we found that asymptotic levels of autoshaped lever
pressing were affected by lesions of BLA (Experiment 2) but not by lesions of CeA (Chang
et al., 2012a). Furthermore, although both conditioned approach (Parkinson et al., 2000b)
and autoshaped lever pressing were disrupted by lesions of ACb, the pattern of deficits
differed. Over extended training, our ACh-lesioned rats recovered from large initial deficits
to match the asymptotic performance levels of sham-lesioned controls, whereas Parkinson et
al.’s (2000b) rats did not display such a trend. However, we provided three times as many
training trials as those investigators; their rats might have displayed this same pattern with
additional training.

Third, the pattern of lesion effects on autoshaped responding observed here and by Chang et
al. (2012a) also differed from lesion effects on PIT, another phenomenon often attributed to
learned incentive processes. Although here we found large asymptotic effects of BLA
lesions on the rate of autoshaped lever pressing, such lesions have no effect on PIT when
training is conducted with a single reinforcer (Corbit & Balleine, 2005; Gallagher &
Holland, 2003). By contrast, although rats with CeA lesions typically fail to display PIT
when trained with a single reinforcer (e.g., Corbit & Balleine, 2005; Hall et al., 2001;
Holland & Gallagher, 2003), Chang et al. (2012a) found no significant deficit in autoshaped
lever pressing in such rats. Finally, whereas here we found that ACb lesions produced
substantial initial deficits in autoshaped lever pressing, the effects of ACb lesions on PIT are
less certain. Although lesions of ACb core have been found to affect single-reinforcer PIT
(Corbit & Balleine, 2011; de Borchgrave et al., 2002; Hall et al., 2001), no such effect has
been reported with lesions of ACb shell (Corbit & Balleine, 2011; Hall et al., 2001), and we
(Chang et al., 2012b) have found no disruption of PIT after lesions that encompassed both
shell and core regions of ACb, like those in the current study.

Given these different patterns of lesion effects on various putative sequellae of incentive
learning, and even on different examples of cue-directed responding, it is important to
consider how ACb and BLA contribute to autoshaped lever pressing in particular.
Autoshaped lever pressing differs from other examples of learned incentive because lever-
insertion CSs, unlike typical auditory or visual CSs, support acquisition of consummatory-
like behaviors, such as biting, grasping, and handling, which may reflect transfer of hedonic
properties of the US to the CS. Our data show that ACb is critical for the initial acquisition
of autoshaped responding. Notably, previous studies have shown that ACbS is particularly
important in processing the hedonic component of reward. Using a taste reactivity
procedure, Berridge and colleagues showed that microinjections of the opiate agonist
DAMGO (Pecina & Berridge, 2005) or the endogenous cannabinoid anandamide (Mahler et
al., 2007) into particular sites within the anterior medial ACbS can enhance the hedonic
impact (“liking”) of sucrose. If autoshaped lever pressing reflects the transfer of hedonic
properties from the food reinforcer to the lever CS+ (unlike in other cases of cue-directed
responding), then lesions and other manipulations of ACb shell would be expected to
influence autoshaped lever pressing (as we found with large ACb lesions), but not simple
approach to a non-manipulable visual CS. Indeed, Parkinson et al. (1999) found that the
acquisition of visual approach CRs was impaired by ACb core but not ACb shell lesions.

In this regard it is interesting to note that the pattern of lesion effects we have observed with
autoshaped lever pressing most resembles that found with conditioned reinforcement, the
ability of a food-paired cue to serve as a reinforcer in the acquisition of new learning. As
with our autoshaped lever pressing, BLA but not CeA lesions disrupt conditioned
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reinforcement in both Pavlovian (Hatfield el al., 1996; Setlow et al., 2002) and instrumental
(Burns et al., 1993; Robledo et al., 1996) training procedures. Similarly, elsewhere we
(Chang et al., 2012b) found that large ACb lesions disrupted Pavlovian conditioned
reinforcement (but see de Borchgrave et al., 2002, and Parkinson et al., 1999, who found no
effect of lesions limited to ACb core on instrumental conditioned reinforcement). In this
context, it is of special interest that Robinson and Flagel (2009) found that lever presentation
was a more powerful conditioned reinforcer of nose-poking in rats that had previously
responded to lever presentation by lever contact and pressing responses (that is, which were
sign-trackers) than in rats that had shown goal-tracking responses. Moreover, Johnson and
Gallagher (2011) found that effort-induced variations in reinforcer palatability (as measured
by patterns of lick microstructure) were correlated with variations in conditioned
reinforcement power of cues previously paired with those reinforcers, again supporting a
relation between conditioned reinforcement and transfer of hedonic properties from US to
CS.

Autoshaping shares many of the behavioral characteristics associated with drug addiction
(Tomie et al, 2008; Tomie, 1996). In particular, autoshaping has been used as a model for
drug relapse, as rats rapidly engage in sign-tracking behavior after long retention intervals,
and they show spontaneous recovery and rapid reacquisition after responding is extinguished
from presentations of the lever by itself once CS-US pairings are re-established (Tomie et
al., 2008). In addition, sign-trackers have also been shown to be more impulsive than goal-
trackers, a trait that can enhance addiction vulnerability (Flagel et al., 2010; Tomie et al.,
2008). For example, Tomie et al. (1998) found that rats that previously showed enhanced
sign-tracking behavior were more likely to choose small immediate rewards over large
delayed rewards in a two-choice lever-press operant delay-of-reward procedure than rats that
showed less sign-tracking behavior. Similarly, Flagel et al. (2010) found that rats selectively
bred for greater locomotor activity in response to a novel environment were more likely to
become sign-trackers in an autoshaping procedure and were less able to withhold responding
in a differential reinforcement of low rates of responding (DRL) task that cancelled delivery
of a reinforcer if rats failed to withhold lever pressing for a certain period of time. In
contrast, selectively bred rats that showed less locomotor activity in response to a novel
environment were more likely to became goal-trackers and lever-pressed more efficiently
than sign-trackers in the DRL task.

Sign-tracking also shares several neurobiological characteristics associated with drug
addiction (Tomie et al., 2008). Here, we found that lesions of ACb, a brain region frequently
implicated in drug addiction as well as the attribution of incentive salience to reward-paired
cues (Robinson & Berridge, 2003) interfered with the acquisition of autoshaped lever
presses to lever presentation (sign-tracking), but not food source approach (goal-tracking).
Using both outbred rats and the same selectively bred lines of rats as Flagel et al. (2010),
Flagel et al. (2011) demonstrated that sign-trackers but not goal-trackers showed increased
phasic dopamine release in ACb core in response to CS presentations. Similarly, Flagel et al.
(2011) showed that dopamine transmission is important for the acquisition of sign-tracking
but not goal-tracking, as injections of dopamine antagonist flupenthixol impaired the
development of sign-tracking but not goal-tracking in selectively bred rat lines. Finally,
sign-tracking has been shown to have stress-related effects that also occur with drug abuse,
such as the increase in corticosterone levels associated with increased alcohol intake and
self-administration of drugs of abuse (Tomie et al., 2008). Rats that show greater levels of
sign-tracking have higher corticosterone levels than rats that show lower levels of sign-
tracking (Tomie et al., 2000). Moreover, rats that receive lever-food pairings also show
higher corticosterone levels than rats that receive random presentations of those events
(Tomie et al., 2002, 2004), analogous to the increases in corticosterone levels observed with
administration of drugs of abuse (Tomie et al., 2008).
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The autoshaping preparation provides a valuable window on incentive learning processes
that may involve transfer of hedonic properties to cues through associative learning. The
extent to which subjects show genuine consummatory behavior toward a cue that is paired
with a gustatory outcome might indicate a somewhat different form of incentive transfer (or
engage different brain structures) than mere approach. This sort of mimetic transfer appears
to involve similar neural circuitry as that involved in conditioned reinforcement, in which a
cue takes on some of the reinforcing properties of the original reinforcer. Future research
will be directed toward teasing apart these potentially different forms of incentive learning,
and determining the sort of incentive learning that can best advance the understanding of
risk factors associated with drug abuse and relapse.

Highlights

» Rats with lesions of nucleus accumbens showed reduced probability of
autoshaped lever pressing but only early in training

* Rats with lesions of basolateral amygdala showed normal acquisition but
reduced terminal rates of autoshaped lever pressing

e Rats with asymmetrical disconnection lesions of both structures showed both
deficits
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Figurel.

Histological results (a) Schematic representation of bilateral nucleus accumbens (AChb)
lesions showing the minimum (black) and maximum (white) amount of neuronal damage.
Coronal sections are 2.70 mm to 0.70 mm relative to bregma. (b) Photomicrograph of a
section with a representative ACb lesion. (¢) Photomicrograph of a section with a
representative sham ACb lesion. (d) Schematic representation of bilateral basolateral
amygdala (BLA) lesions showing the minimum (black) and maximum (white) amount of
neuronal damage. Coronal sections are —1.80 mm to —3.80 mm relative to bregma. (e)
Photomicrograph of a section with a representative BLA lesion. (f) Photomicrograph of a
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section with a representative sham BLA lesion. Diagrams from Paxinos and Watson (1998);
used by permission.
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Figure2.

Effects of bilateral nucleus accumbens (ACb) lesions on autoshaped responding during the
last 5 s of CS presentations. Compared to sham-lesioned controls, ACb-lesioned rats showed
deficits in lever press response rate (A) and probability (B) across all trials during the first
half but not the second half of training. (C) The rate of lever press responding on trials on
which at least one response occurred did not differ as a function of lesion. The ordinate scale
originates at 12 responses/min, the lowest possible value. (D) ACb-lesioned rats spent more
time in the food cup during reinforced lever presentations than sham-lesioned rats. Error
bars represent £SEM.
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Figure 3.

Effects of bilateral basolateral amygdala (BLA) lesions on autoshaped responding during the
last 5 s of CS presentations. Compared to sham-lesioned controls, BLA-lesioned rats
showed significant deficits in terminal lever press rates, both across all trials (A) and on
trials on which responses occurred (C). (B) The apparent deficit in lever press probability in
lesioned rats was not significant. (D) The apparent enhancements of food cup responding in
lesioned rats was not significant. In (C), the ordinate scale originates at 12 responses/min,
the lowest possible value. Error bars represent +SEM.
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Figure 4.

Effects of unilateral lesions of both nucleus accumbens (ACb) and basolateral amygdale
(BLA) on autoshaped responding during the last 5 s of CS presentations. Rats received these
lesions in either the same (Ipsi) or contralateral (Contra) hemispheres. Contralateral lesions
disrupted communication between the two regions whereas ipsilateral lesions left it intact in
the unlesioned hemisphere. Compared to Ipsi controls, Contra rats showed deficits in both
lever press response rate (A, C) and probability (B) throughout training. (D) Ipsi and Contra
rats did not differ in their performance of food cup repsonses. In (C), the ordinate scale
originates at 12 responses/min, the lowest possible value. Error bars represent +SEM.
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