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Selective excitotoxic lesions of the 
nucleus accumbens core and shell differentially 

affect aversive Pavlovian conditioning 
to discrete and contextual cues 

J. A PARKINSON, T. W. ROBBINS, and B. J. EVERITT 
University of Cambridge, Cambridge, England 

The nucleus accumbens (NAcc) is implicated in reward-related processes and in reinforcement 
learning. However, its precise role in associative processes is unclear and may not be related solely to 
appetitive learning. In the present study, the differential effects of selective excitotoxic lesions of the 
NAcc core and shell were studied on the acquisition of an aversive Pavlovian conditioning task that as
sessed conditioning to both discrete and contextual cues. Rats with selective lesions of the NAcc shell 
were not impaired on measures of aversive Pavlovian conditioning to either discrete or contextual 
cues. In contrast, animals with lesions of the NAcc core showed an impairment in conditioning to dis
crete cues and an enhancement in conditioning to contextual cues. The NAcc is thus implicated in as
pects of aversive Pavlovian conditioning; the significance of this finding for theories of cortico-striatal 
function is discussed. 

The nucleus accumbens (NAcc) has been strongly im
plicated in reward-related processes (Balleine & Kill
cross, 1994; Cador, Robbins, & Everitt, 1989; Everitt, 
Morris, O'Brien, & Robbins, 1991). In particular, it has 
been suggested that the mesolimbic dopamine (DA) sys
tem that innervates the NAcc mediates the reinforcing ef
fects of a variety of stimuli, including food, sex, and drugs 
of abuse, as well as the subjective hedonic effects of these 
rewards (Di Chiara, 1998; Wise & Bozarth, 1987). 

It has also been suggested that the NAcc, together with 
its DAergic innervation, may be more generally involved 
in both appetitive and aversive motivational processes (see 
Salamone, 1994, for review). For example, increased lev
els of extracellular DA in the NAcc (as measured by in 
vivo microdialysis) have been observed during the pre
sentation of aversive stimuli such as footshock (Kalivas 
& Duffy, 1997; Thierry, Tassin, Blanc, & Glowinski, 1976) 
and restraint stress {Imperato, Angelucci, Casolini, Zoc
chi, & Puglisiallegra, 1992) and also in response to con
ditioned stimuli that are predictive offootshock (Wilkinson 
et aI., 1998; Young, Ahier, Upton, Joseph, & Gray, 1998; 
Young, Joseph, & Gray, 1993). Wilkinson et al. observed 
increases in DA within the NAcc that were closely corre-
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lated with the conditioned behavioral response of freez
ing during learning and extinction, while increases in DA 
within the medial prefrontal cortex occurred on the initial 
conditioning trials and were suggested to be related more 
to the processing of novel aspects of the stimuli. However, 
significantly smaller neuronal responses to aversive events 
relative to appetitive events have also been observed 
(Mirenowicz & Schultz, 1996) and even decreases in ex
tracellular DA, within the NAcc, in response to aversively 
conditioned tastes (Mark, Blander, & Hoebel, 1991). 

Manipulations of the striatum also produce effects on 
aversive learning. For example, Riedel and colleagues 
(Riedel, Harrington, Hall, & MacPhail, 1997) found that 
electrolytic lesions restricted to the NAcc shell impaired 
aversive conditioning to contextual cues while leaving 
conditioning to distinct stimuli unaffected. Further, ani
mals with 6-hydroxydopamine (6-0HDA) lesions of the 
NAcc were impaired on a test of active avoidance requiring 
leverpresses to avoid footshock (McCullough, Sokolowski, 
& Salamone, 1993) and also on a test of passive avoidance 
(Schwarting & Carey, 1985). 

The effects of NAcc manipulations may be the result 
of altering information processing through discrete lim
bic cortico-ventral striatal loops (Alexander, Delong, & 
Strick, 1986; Pennartz, Dasilva, & Groenewegen, 1994). 
Thus, lesions of the anterior cingulate cortex in animals 
have been shown to attenuate fear conditioning (Buchanan 
& Powell, 1982; Powell, Watson, & Maxwell, 1994), while 
damage to the anterior cingulate cortex in humans has 
been reported to produce apathy, depression, and indiffer
ence to pain (see Devinsky, Morrell, & Yogt, 1995). There 
is also evidence supporting an important role for the 
amygdala (Killcross, Robbins, & Everitt, 1997a; Phillips 
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& LeDoux, 1992; Sananes & Davis, 1992; Selden, Everitt, 
Jarrard, & Robbins, 1991; and see LeDoux, Cicchetti, 
Xagotaris, & Romanski, 1990; Maren & Fanselow, 1996) 
and hippocampus (Kim & Fanselow, 1992; Phillips & 
LeDoux, 1992; Selden et aI., 1991) in fear conditioning, 
both structures projecting to the NAcc (Zahm & Brog, 
1992). For example, Selden et aI. (1991) studied the ef
fects of excitotoxic lesions to either the amygdala or the 
hippocampus on an aversive Pavlovian conditioning task. 
Animals with lesions of the amygdala showed a selective 
impairment in conditioning to a discrete conditioned 
stimulus (CS; contextual conditioning was unimpaired), 
while animals with lesions of the hippocampus showed 
a selective impairment in conditioning to the context (CS 
conditioning was unimpaired}-a double dissociation of 
these effects on CS and contextual conditioning. 

The present study therefore investigated the effects of 
pretraining lesions selectively to the NAcc core and shell 
subregions on aversive Pavlovian conditioning to both dis
crete and contextual stimuli. Because projections from 
the amygdala and hippocampus converge topographi
cally across the NAcc (Wright, Beijer, & Groenewegen, 
1996; Zahm & Brog, 1992), separate subregions of the 
NAcc may mediate distinct aspects ofCS and contextual 
conditioning. 

The procedure was similar to that used by Selden et aI. 
(1991). The CS was a 30-sec auditory clicker, while the 
unconditioned stimulus (US) was a 0.5-sec, O.5-mA foot
shock. Animals were water deprived and given five CS-+ 
US pairings in a distinct environment (context) with ei
ther a lO-sec (short trace) or 30-sec (long trace) interval 
between the termination of the CS and the onset of the 
US. Later, animals were given two tests: First, they were 
placed into a separate chamber and presented with the 
aversive CS, and aversive conditioning was assessed by 
quantifying its suppressive effect on drinking water (con
ditioned lick suppression). Second, animals were placed 
again into the chamber in which they had previously re
ceived footshock, but were allowed to move between that 
chamber and a second, neutral chamber in a conditioned 
place aversion test. The extent to which animals had con
ditioned to the context was measured by their avoidance 
of the chamber in which they had been shocked. 

In the study by Selden et aI. (1991), sham control an
imals in the short trace group conditioned to the CS and 
not to the context, while those in the long trace group con
ditioned to the context and not to the CS (Marlin, 1981). 
According to learning theory (see Dickinson, 1980), dis
tinct stimuli and configurations of contextual stimuli 
compete for associative strength during learning, and 
one of the critical elements in this form of Pavlovian as
sociative learning is the temporal contingency between 
CS and US. Consequently, animals will learn which type 
of stimuli (CS or context) best predicts the aversive shock. 
With a short interval between CS and US, animals are 
more likely to associate the discrete CS with the US. How
ever, when there is a trace interval between the CS and 
US, leading to a temporal contiguity between these stim-

uli, animals are more likely to associate the competing 
cues that make up the context with the US (Dweck & 
Wagner, 1970; Marlin, 1981; Rescorla, 1968). 

METHOD 

The subjects were 74 male hooded Lister rats (Olac, Bicester, 
U.K.) weighing between 279 and 307 g at the time of surgery. The 
animals were housed in pairs in a colony room maintained at 21 0 C 
on a reverse 12: l2-h light:dark cycle (lights off at 1000 h) and were 
tested during the dark phase. Subjects had free access to food (lab
oratory chow, Purina) at all times, but access to water was limited 
to 60 min per day at 1800 h in the home cage for 4 days prior to and 
during the experiment. All animals used in these studies were 
treated in accordance with the U.K. 1986 Animals (Scientific Pro
cedures) Act (Project License PPL 80/00668). 

Surgical Procedure 

Sham control groups were treated identically to the rats in lesion 
groups except that they received infusions of sterile phosphate
buffer (sterile PB) vehicle alone. Surgery was performed under 
Avertin anaesthesia (2,2,2-tribromoethanol, 2-Methylbutan-2-ol, 
Dulbecco "A" PBS tablets, and ddH20 in tertiary amyl alcohol 
[Sigma, U.K.]; 10 ml/kg body weight) using a stereotaxic frame 
(David Kopf, Tujunga, CA) fitted with atraumatic earbars, with the 
incisor bar set at 3.3 mm below the interauralline. A midline inci
sion was made along the skull, then skin and fascia were cleared to 
reveal the bregma. A dental drill was used to remove bone above the 
injection sites before an appropriate infusion of neurotoxin was 
made stereotaxically. Infusions were made through a single burr 
hole using a l-p.1 SGE (SGE, Baton Rouge, LA) syringe (26 gauge: 
Code lBR-OC-7/0.47) with a custom-made glass micropipette at
tached to the end. Initially, pipettes (Intracel, U.K.) measured 
1.2 mm external diameter, 0.69 mm internal diameter X 10 cm in 
length and were pulled using a Stoelting App-I All Purpose Puller 
Model 52500, giving a final tip diameter of 50-100 mm and a 
length of 12 mm. 

Micropipettes were attached to the syringe using Araldite epoxy 
resin (Ciba, U.K.) to ensure an airtight seal. Core lesions were pro
duced using 0.09 M quinolinic acid (Sigma, U.K.), injected at the 
following coordinates: AP + 1.2, L ± 1.8, skull surface -7.1. Each 
injection was 0.5 J.ll, the micropipette being left in place for 2 min 
following injections. Shell lesions were produced using 0.06 M 
ibotenic acid (Research Biochemicals, U.K.) using the following 
coordinates: AP + 1.6, L ± 1.1, skull surface -6.4, -6.9, -7.9. At 
the two most dorsal sites, a volume of 0.1 J.ll ibotenic acid was in
jected, while 0.2 J.ll was injected at the ventral site. Both quinolinic 
and ibotenic acid were infused in a solution adjusted to a pH of 
7-7.4. The micropipette was left in place for 2 min following each 
infusion. 

Behavioral Procedure 

By altering the trace delay between an auditory stimulus and 
mild footshock, it is possible to selectively condition animals to ei
ther the discrete stimulus (with a close temporal contiguity) or the 
experimental context (using a long temporal delay between CS and 
shock) in which conditioning took place. Animals are not required 
to make any response during learning, and it is generally accepted 
that conditioning is Pavlovian in nature. 

Apparatus 
The two main pieces of equipment used were an operant lick 

chamber and a place preference/aversion apparatus. The operant 
lick chamber (25 X 22 X 21 cm) consisted of a steel plate floor and 
Plexiglas walls; two opposing walls were black, one white, and the 
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fourth a clear wall that also served as a door. A 2.5-W house light 
was positioned in the center of the ceiling and remained lit through
out testing. A water spout was positioned in the center of one of the 
black walls and recorded drinking through the use of an integrated 
lickometer system operated by running a small electrical current 
through the lick tube and floor of the chamber. When animals made 
a licking response, a circuit was closed and the lickometer regis
tered one lick. On the outside of the opposite wall, a heavy-duty 
relay was used to present the clicker CS+. The chamber was entirely 
encased within a sound-attenuating box, and a loudspeaker was po
sitioned on the inside of this box in order to present a control non
conditioned stimulus. 

Contextual learning was measured in a place preference appara
tus. Two chambers, one with black walls and ceiling and the other 
white (each 25 X 35 x 39 cm), were separated by a small central 
chamber (12 X 14 X 39 cm). In each of the large chambers, two sets 
of photocell beams, parallel with the end of the apparatus, were po
sitioned 1 cm above the floor in order to measure both location and 
activity of the subject. The floor was a shock grid with bars 1 cm 
apart and 3 cm above a sawdust tray. The tray was black in the dark 
compartment and silver in the light compartment, though each was 
covered with fresh sawdust between trials. The two larger compart
ments could be divided by two Plexiglas panels (of the corre
sponding color), which allowed subjects to be restricted to the black 
side for conditioning or the central compartment prior to a place 
preference test. A heavy-duty relay, identical to the one in the op
erant lick chamber, was positioned on the outside of the central 
compartment to provide a clicker CS+, and similarly a loudspeaker 
was positioned outside the central compartment to provide a con
trol CS - stimulus. The CS+ was obtained by switching the relays 
on and off at a frequency of 4 Hz (60 dB). This CS was chosen to 
minimize stimulus generalization, which might result from differ
ences in the quality of sound generated in the separate apparatus 
used. The US was a 0.45-mA scrambled footshock (Camp
den 521 C) delivered through the grid floor of the place preference 
apparatus over a 0.5-sec period. 

Procedure 
Subjects were well handled before and during the experiment. 

The deprivation schedule involved restricted access to water and 
consisted ono min free access to fresh water at 1800 h in the home 
cage. Deprivation lasted from 4 days prior to the behavioral testing 
to the termination of the experiment. Water consumption in the 
home cage was measured throughout the experiment. Subjects were 
allowed 7 days recovery following surgery before the experimental 
procedure was initiated. 

Days 1 to 4. Each subject was placed in the operant lick cham
ber for 10 min and allowed free access to water via the lickometer 
system. The total number of licks, latency to start licking, and con
sumption of water were measured. 

Day 5. Subjects received a 20-min initial exposure to the place 
preference apparatus. Each animal was first placed into the central 
chamber and then both black and white panels were removed to 
allow the subject free access to explore both sides of the apparatus. 
The following measures were taken: latency to enter each side, ac
tivity in each compartment (as measured by photocell beams), and 
time spent in each compartment. 

Day 6. Subjects were restricted to the black side of the place pref
erence apparatus and received five clicker-footshock pairings, one 
pairing every 4 min, and also four tone-no shock pairings (60 dB) 
over a 7 -min period (in order to later measure any generalized con
ditioning or response to this stimulus). The stimuli were of 30 sec 
duration, and the shock parameters were 0.45 rnA for 0.5 sec. Half 
the subjects in both the sham and lesion groups had a trace delay be
tween the offset of the stimuli and the onset of the shock of 5 sec 

(the short trace group). The other half of the subjects had a trace 
delay between offset of stimuli and onset of shock of 30 sec (the 
long trace group). The order of clicker and tone was counterbal
anced across subjects. Following conditioning, the black panel re
stricting subjects to the black side was removed, allowing access to 
the entire place preference apparatus. Subjects were given 6 min 
access to the apparatus in order to prevent generalized freezing be
havior at test, as recommended by Odling-Smee (1975a, 1975b, 
1978). Throughout the session, general activity measures were 
taken, and also time spent in each compartment. 

Day 7. Animals were tested for conditioning to the discrete au
ditory stimulus in extinction. Each animal was given a 10-min ses
sion in the operant lick chamber. The 30-sec CS was triggered on 
the 30th lick, and lick suppression was calculated as the latency to 
complete 10 pre-CS licks divided by the latency to complete the 10 
pre-CS licks plus the latency to complete 10 post-CS licks: 

SR = (latency 20th - 30th lick)/(20th - 40th lick), 

where the CS was presented on the 30th lick. Complete suppres
sion to the CS would produce an SR tending toward 0, while no sup
pression would produce an SR of 0.5. 

Day 8. The extent to which subjects had co~ditioned to the con
text was tested. Each animal was placed in the central chamber of 
the place preference apparatus and then allowed free access to ex
plore all compartments when the two restricting panels were re
moved simultaneously. Subjects were monitored for 20 min and the 
same measures were taken as those on Day 5. The percentage change 
in the time spent outside of the black (conditioning) compartment 
before and after conditioning was calculated as a measure of aver
sive conditioning to the black chamber. This was calculated as the 
amount oftime spent outside the black compartment during the ha
bituation session (Day 5) divided by the amount of time spent out
side the black compartment during the test session (Day 8) and then 
multiplied by 100 (to get a percentage figure). 

Day 9. Generalized conditioning to the CS- was measured by 
assessing the response to the nonconditioned tone. Animals were 
placed in the operant lick chamber for 10 min and the 30th lick trig
gered the 30-sec tone stimulus. The same measures were taken as 
those on Day 7. 

Statistical Analysis 

Since the studies were run separately and at different times, the 
analysis of core lesions and their sham controls was carried out in
dependently of the analysis of shell lesions and their sham controls. 
Statistical analyses were performed using SPSS for Windows re
lease 6.1.3 (SPSS Inc., Chicago) with further post hoc analyses 
being carried out using CLR ANOVA Version 2.0 for Macintosh 
(Clear Lake Research, Houston). Between-subjects analyses were 
conducted for lesion (core and core sham and shell and shell sham) 
and trace (short and long); within-subjects analyses were conducted 
for session (during habituation). 

RESULTS 

Histological Assessment 

Figures 1 and 2 show schematic representations ofle
sions of the NAcc core and shell. Neuronal loss follow
ing NAcc core lesions extended rostrally from between 
+2.7 and +2.5 mm from Bregma to +0.5 mm caudally, 
along the anterior-posterior axis. Generally, the lesion 
did not extend into the rostral pole of the NAcc, nor was 
there damage to the ventral pallidum or olfactory tubercle. 
Following NAcc shell lesions, there was neuronal damage 
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Figure 1. Schematic representation oflesions ofthe nucleus accumbens core, taken from Paxinos and 
Watson (1998). Sections are +2.7 to +0.48 mm from bregma (AP) and show the smaUest (black) and 
largest (gray) extent of the lesion. 

typically ranging from +1.7 to +0.48 mm from Bregma 
along the anterior-posterior axis, and from the base of 
the lateral ventricle dorsally, to the ventral portions of 
the medial shell, occasionally reaching the region of the 
olfactory tubercle. There was, in some cases, unilateral 
damage to the lateral septum or to the medial NAcc core. 

Six animals in the shell group had lesions that were 
not restricted to the shell subregion of the NAcc (i.e., ex
tending in to the core, septum, or the nucleus of the ver
tical limb of the diagonal band of Broca-VDB), and the 
data from these animals were removed from further analy
sis. Similarly, 3 animals in the core group had lesions ex
tending beyond the core subregion (dorsally); the data 
from these animals were also removed. Thus final group 
numbers were (core, 15; core sham, 22; shell, 16; shell 
sham, 16). 

Behavioral Results 
Effects of Nucleus Accumbens Core Lesions 

Preexposure to the lick operant chamber. During 
habituation to the LOC, the following measures were 
taken: the number oflicks made during each 10-min ses
sion, the amount of water consumed, and the latency to 
the fifth lick. Analysis of the number oflicks per 10-min 

session over the 4 habituation days revealed a lesion X 
session interaction [F(3,78) = 3, P < .05] that was char
acterized (using Newman-Keuls post hoc test) by a higher 
number oflicks by the core lesioned animals on the first 
three sessions (p < .05), but no significant difference by 
the final habituation session (sham averages for the four 
sessions were 592, 622,567, and 776; core averages were 
864, 773, 732, and 657). There were no other significant 
effects [lesion: F(l,26) = 2.59,p = .12] . 

Finally, analysis of the latency to commence licking also 
revealed no effects oflesion [F(l,26) = 0.08,p > .05] but 
did reveal a main effect of session [F(3,78) = 5.24, P < 
.005], which reflected a general reduction in the latency 
over the four sessions (sham averages in seconds, 32, 30, 
9,4; core averages, 46, 7, 8.5, 5.9). 

Preexposure to the place preference chamber. Dur
ing a 20-min habituation session, the amount of time 
spent in the "safe area" or nonshocked side (i .e., the mid
dle passage and the white chamber) was recorded as well 
as the general level of activity as measured by photocell 
beams. Analysis ofthe time spent in the nonshocked side 
(sham average, 504 sec; core average, 512) revealed no 
significant difference between the core and sham le
sioned animals [F(l,35) = 0.06, p > .05]. Similarly, there 
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Figure 2. Schematic representation oflesions ofthe nucleus accumbens sheD, taken from Paxinos and 
Watson (1998). Sections are +2.7 to +0.48 mm from bregma (AP) and show the smaDest (black) and 
largest (gray) extent of the lesion. 

was no significant difference in activity levels (sham av
erage measured by beam breaks, 459; core average, 496) 
between the two groups [F(l ,35) = 2.58, p = .13]. 

Conditioning to the discrete stimulus (CS+) and 
control (CS-). The analysis of lick suppression to the 
CS+ revealed a main effect oflesion [F( 1,36) = 5.344, P < 
.05], characterized by less suppression in the core group 
(the larger the SR value, the less the suppression) as well 
as a main effect of trace [F( 1 ,36) = 11.66, P < .005], re
vealed as less suppression in the long trace (30-sec trace 
between CS and US) group, but also a lesion X trace 
interaction [F(I,36) = 4.57, P < .05]. Post hoc analyses 
showed that while there was a significant difference be
tween the sham short and sham long trace suppression 
ratios, characterized by a greater level of suppression in 
the sham short trace group (p < .005), there was no such 
difference in the core lesioned animals (Figure 3A). 
Thus, there was significantly less suppression in the core 
short trace group relative to the sham short trace group 
(p < .001). 

There were no significant effects of the presentation 
of the CS+ on the total number oflicks [lesion: F( 1 ,36) = 
0.26,p> .05; sham short trace, 414; sham long trace, 576; 
core short trace, 363; core long trace, 786]. There were 
also no significant effects of the lesion or trace interval on 
the latency to commence licking during the session [le
sion: F(1,36) = 0 .18,p > .05; sham short trace, 9.2; sham 

long trace, 3.2; core short trace, 9; core long trace, 8]. Fi
nally, there were no significant effects of the lesion or 
the trace on any measure (suppression, licks, or latency) 
during the presentation of the CS- (all analyses F < 2, 
p> .05). 

Conditioning to the context. The analysis of the per
centage change in time spent in the nonshocked side 
(i.e., taking into account the effects of conditioning) re
vealed a lesion X trace interaction [F(I,36) = 4.23,p < 
.05]. Newman-Keuls post hoc analysis of the interaction 
demonstrated that the shams showed a significant effect 
of trace on the change in times spent in the nonshocked 
side (p < .05), while trace had no effect in the core le
sioned group (Figure 3B). Furthermore, there was a sig
nificant difference between the values for the core and 
sham lesioned short trace groups (p < .05), but no signif
icant difference between the long trace groups. Thus an
imals in the sham long trace group spent significantly 
more time in the nonshocked side than animals in the 
sham short trace group. There was no significant differ
ence between the core lesioned short and long trace groups, 
revealing an increased level of contextual conditioning 
in the short trace core group. 

There was no significant effect of the lesion on activity 
within the place preference chamber (PPC) [lesion: 
F(1,36) = 1.12,p > .05; sham shorttrace, 333; sham long 
trace, 335; core short trace, 350; core long trace, 421]. 
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Effects of Nucleus Accumbens SheD Lesions 
Preexposure to the lick operant chamber. In relation 

to the number of licks over the four habituation sessions 
(sham average, 384, 258, 272, 214; shell average, 446, 
364, 325, 288), there were no significant effects of le
sion [F(l,26) = 1.65,p > .05], but there was a significant 
effect of session [F(3,78) = 11.38, P < .001], revealed as 
a reduction in the number oflicks during Session 4 rela
tive to Session 1 (p < .05). 

There was a main effect of session [F(3,78) = 24.3,p < 
.001] for the latency to the fifth lick, characterized by a 
general reduction in latencies over sessions (sham average 
in seconds, 61, 30,19,15; shell average, 50, 20,8.9,9.8). 
There were no effects of lesion [F(l,26) = 2.54,p = .12]. 

Preexposure to the place preference chamber. 
There was no significant difference between the shell and 
sham lesioned groups in relation to their habituation to the 
PPC: time in the nonshocked side [F(l,26) = 2.59, p = 
.12; sham average in seconds, 484; shell average, 530], 
activity [F(l,26) = 3.7,p = .07; sham average measured 
by beam breaks, 443; shell average, 487]. 

In summary, other than an initially high level of lick
ing by the core lesioned animals (which declined to sham 
levels by the end of habituation), there were no significant 
effects of either the core or the shell lesion on the preex
po sure measures to the LOC or the PPC relative to their 
sham controls. 

Conditioning to the discrete stimulus (CS+) and 
control (CS-). The shell lesion had no effect on lick 
suppression during the presentation of the CS+ [lesion: 
F( 1 ,27) = 1.1, P > .05], though there was a main effect 
of trace [F(l,27) = 7.39,p < .05], characterized by a 
greater level of suppression by animals in the short trace 
groups (Figure 3C). 

There were no other significant effects of any variable 
on responses to the CS+: total number of licks X lesion 
[F(l ,27) = 0.165, P > .05; sham short trace, 170; sham 
long trace, 246; shell short trace, 217; shell long trace, 
274]; latency to commence licking X lesion [F(l ,27) = 
2.82, P > .05; sham short trace, 51; sham long trace, 24; 
shell short trace, 31; shell long trace, 15]. 

Just as with lesions ofthe core, there were no signifi
cant effects of the shell lesion or the trace interval on any 
measure (suppression, licks, or latency) during the presen
tation of the CS - (all analyses, F < 2, p > .05). 

In summary, while short trace sham controls showed 
a significant level of suppression selectively to the pre
sentation of the CS+, long trace sham controls did not 
suppress to the discrete auditory CS+. Animals with le
sions of the NAcc shell showed a similar pattern of re
sults. In contrast, animals with lesions of the NAcc core 
were impaired in CS conditioning since the short trace 
group did not show a significant level of suppression to 
the CS+ relative to sham performance and to the long 
trace group. 

Conditioning to the context. Analysis of the percent
age change in time spent in the nons hocked side, from 
pre- to postconditioning, revealed a significant main ef
fect oftrace [F(l,26) = 4.05,p < .05], again characterized 

by an increase in the time spent in the nonshocked side 
by the long trace groups relative to the short trace groups 
(Figure 3D). There was no effect of lesion [F(l,26) = 
0.06, p > .05]. 

There was no effect of lesion [F(l,26) = 1.85, p > 
.05], but there was an almost significant effect of trace 
[F(l,26) = 4.23,p = .051] for activity scores in the ppc. 
The latter were characterized by an increase in the levels 
of activity in the short trace groups (sham short trace, 408; 
sham long trace, 350; shell short trace, 490; shell long 
trace, 373). 

In summary, the finding that long trace sham control 
animals showed a significant level of avoidance of the 
black chamber (i.e., an increased preference for the non
shocked side), while short trace sham controls did not 
significantly change their side preference, indicates that 
contextual conditioning occurred preferentially in the long 
trace groups, as expected. The behavior of shelliesioned 
animals was not significantly different from that of their 
sham controls during the tests of CS or contextual con
ditioning. Core lesioned animals showed a significant 
level of contextual conditioning in both long and short 
trace groups, the short trace group showing enhanced con
ditioning. This enhanced contextual conditioning in the 
short trace core lesioned group was mirrored by a sig
nificant impairment in conditioning to the discrete CS in 
the same animals. 

DISCUSSION 

This study examined aversive Pavlovian conditioning 
to both discrete and contextual stimuli. All animals ex
perienced the same number of CS~US pairings within 
the same context; however, the extent to which animals 
conditioned to either the CS or the context depended crit
ically on the temporal contiguity between the termination 
of the auditory CS and the onset of the footshock US. 
Thus, with a 5-sec interval between CS and US, sham
operated control animals conditioned predominantly to 
the CS at the expense of contextual conditioning, as pre
dicted by learning theory (see, e.g., Rescorla & Wagner, 
1972). However, with a 30-sec interval between CS and 
US, the lack of close temporal contiguity led to increased 
conditioning to the context (which was present all the 
time), but reduced CS conditioning. The fact that stimuli 
in the environment compete for associative strength dur
ing learning is a useful adaptive mechanism to help ani
mals determine the exact predictive relationships between 
environmental events and is recognized and encompassed 
by most theories of associative learning, though the pre
cise mechanisms through which this occurs is a matter of 
debate (Mackintosh, 1975; Pearce & Hall, 1980; Rescorla 
& Wagner, 1972). 

The Effects of Lesions 
to the Nucleus Accumbens Shell 

Animals with lesions of the NAcc shell were not sig
nificantly different from their sham controls on any mea
sure taken during the experiment. Although it is possible 
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Figure 3. (A) and (C): CS conditioning as measured by lick suppression (the lower the value, the greater the level of sup
pression). (8) and (D): Context conditioning as measured by the percentage change in time spent in the safe area calculated 
pre- to postconditioning (the greater the percentage change from baseline, the greater the level of contextual conditioning). 
(A): NAcc core lesioned animals in the short trace group showed less suppression to the CS+, relative to short trace sham 
controls. (8): Long trace sham control animals showed a significantly greater preference, relative to short trace sham con
trols, for the safe area as measured by the percentage change from preconditioning performance. However, there was no sig
nificant difference on this measure between short and long trace NAcc core lesioned animals. Further, there was a signifi
cant difference between short trace core lesioned and short trace sham control animals in their percent change in preference. 
(C): There was no significant difference between NAcc sheD and sham control animals in their level of suppression during 
the CS+ test; short trace groups showed a significantly greater level of suppression than long trace groups. (D): The long 
trace groups showed a significantly greater increase in the preference for the safe area in both NAcc sheD and sham control 
long trace groups. 

that such lesions are too discrete to produce significant ef
fects, it is worth noting that animals with NAcc shell le
sions as described in this study do show an attenuated lo
comotor response to systemic injections of d-amphetamine 
and an abolished potentiation of instrumental respond
ing for a conditioned reinforcer, by intra-NAcc d
amphetamine (Parkinson, Olmstead, Robbins, & Everitt, 
1999). 

operant chamber matched sham performance. Further, the 
short trace and the long trace shell lesion groups were no 
different from their sham lesioned controls in their level 
of conditioning to either the CS or to the context. 

This pattern of results is perhaps surprising, for two 
reasons: First, the hippocampal formation sends major 
projections predominantly to the NAcc shell, and lesions 
of the hippocampus have been shown to produce severe 
impairments on measures of contextual conditioning 
(Good & Honey, 1991; Phillips & LeDoux, 1992; Selden 

In this experiment, their initial responses and habitu
ation to the apparatus and to drinking water in the lick 
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et aI., 1991). Second, research into fear and stress re
sponses has tended to specifically implicate the NAcc shell 
(Beck & Fibiger, 1995; Kalivas & Duffy, 1995; King & 
Finlay, 1997). 

Although it might be predicted that lesions of the NAcc 
shell would result in impairments similar to those fol
lowing lesions of its cortical afferent structures such as 
the hippocampus, recent research on functional dissoci
ations within the hippocampal formation suggests that it 
is the dorsal parts of the hippocampus that are more se
lectively involved in spatial and contextual processing 
(Moser, Moser, & Andersen, 1993; Phillips & LeDoux, 
1992). Afferent projections from the dorsal subiculum, the 
major output structure of the dorsal hippocampus, con
verge primarily onto the ventrolateral shell of the NAcc, 
which was explicitly not targeted by the lesions in this 
study. Thus the lack of effect on contextual conditioning 
by the NAcc shell lesions in the present study does not rule 
out the potential involvement of circuitry encompassing 
the NAcc in contextual processing; it instead shows that 
the mediodorsal shell is not involved in such mecha
nisms. Therefore, one prediction arising from the present 
results would be that discrete lesions ofthe ventrolateral 
shell would be more likely to produce significant impair
ments in contextual conditioning, although this hypoth
esis remains to be tested, and it may prove difficult to do 
so considering the topographic position of this region of 
the NAcc shell. 

However, electrolytic lesions of the mediodorsal shell 
have been reported to produce impairments in contextual 
fear conditioning, as measured by freezing (Riedel et aI., 
1997). Lesioned animals were tested over 3 days (two 
shock pairings on the first 2 days and an extinction test 
on Day 3), and although impaired relative to controls, le
sioned subjects still showed a significant level of contex
tual conditioning. These animals were not impaired on a 
test of discrete CS conditioning. Although this study 
suggests that the mediodorsal shell is involved in contex
tual conditioning, the lack of effect on aversive condition
ing in the present study, which used excitotoxic lesions of 
a similar size and location, suggests that the results of 
Riedel et al. may have been due to damage to fibers pass
ing through the shell region rather than to the shell itself. 
In fact, electrolytic mediodorsal shell lesions are very 
likely to damage dorsal hippocampaVsubiculum projec
tions to the ventrolateral shell, which pass through this area 
(Brog, Salyapongse, Deutch, & Zahm, 1993; Groenewe
gen, Vermeulen-Van der Zee, Kortschot, & Witter, 1987). 

Changes in both extracellular DA and tissue levels of 
DA metabolites have been observed, particularly in the 
NAcc shell, in response to restraint stress and footshock 
(Deutch & Cameron, 1992; Ka1ivas & Duffy, 1995). Fur
ther, fear-associated CSs produce increases in expression 
of the immediate early gene c-fos in a number of brain 
structures, including the NAcc (Campeau et aI., 1997), 
while a fear-associated context has also been shown to in
crease c-fos expression to a relatively greater degree in 
the NAcc shell than in the core (Beck & Fibiger, 1995). 

Although these studies implicate the NAcc shell and the 
mesolimbic DA system in the response to aversive stim
ulation, the precise functions of the shell remain unclear. 
They suggest that rather than being involved in aversive 
learning per se, the NAcc shell may instead be involved 
in unconditioned responses to aversive stimuli, perhaps via 
its selective projections to the lateral hypothalamus (Zahm 
& Heimer, 1993). 

The Effects of Lesions 
to the Nucleus Accumbens Core 

Core lesioned animals showed an increased number of 
licks to the water spout during habituation in the lick op
erant chambers relative to their sham controls. However, 
this behavior declined over sessions to a level no different 
from that of shams (by Session 4). There were no other 
significant effects of the lesion on preconditioning mea
sures of responses or habituation to the apparatus. 

Animals with core lesions showed a significant impair
ment in aversive CS conditioning. Short trace animals that 
experienced CS~US pairings with an interval of 5 sec 
between the CS and US did not show suppression to that 
CS during a later test session. Sham controls trained and 
tested under the same conditions showed a significant 
level of suppression to the CS on test. Core lesioned an
imals that failed to condition to the CS did, however, go 
on to demonstrate enhanced conditioning to the context 
by showing an increased preference for the safe com
partment of the apparatus after conditioning. 

It is not clear as to whether the NAcc core therefore sub
serves associative learning or behavioral performance, 
although the two findings (described above) suggest that 
core lesioned animals failed to associate the CS with the 
US and instead associated the context with the US, sup
porting the view that the neural mechanisms underlying 
CS and contextual conditioning are to some extent distinct 
(Selden et aI., 1991). In the Selden et al. (1991) study, 
BLA lesioned animals also showed a selective impairment 
in CS conditioning, while hippocampallesioned animals 
showed a selective impairment in contextual conditioning. 
Since the BLA provides major projections to the core sub
region of the NAcc, it may be that these two structures 
function together in Pavlovian fear conditioning. 

Such reciprocity between CS and contextual condition
ing in this experiment has also been observed following 
dorsal noradrenergic bundle lesions (Selden, Robbins, & 
Everitt, 1990) and has been attributed to an overshadow
ing effect (of the context over discrete CSs) or the broad
ening of an animal's attentional span (see also Robbins 
& Everitt, 1995). Thus the NAcc may similarly be in
volved in attentional mechanisms perhaps relating to stim
ulus salience or associability (Reading, Dunnett, & Rob
bins, 1991). 

The results following NAcc core lesions may instead 
suggest that the NAcc integrates information from distinct 
learning systems and "gain amplifies" prepotent behav
ioral responses in a given situation. Thus, whereas lesions 
to limbic afferents that subserve particular forms of as-
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sociative learning might disrupt specific associative pro
cesses, lesions to the NAcc may affect the way in which 
competing responses gain access to behavioral expression. 
Alternatively, the increase in contextual conditioning seen 
after NAcc core lesions (in the short trace group) may 
instead reflect competition for associative learning be
tween environmental cues (Dickinson, 1980). Thus if the 
NAcc were involved in discrete CS-7US processing, dam
age to such a system would allow relative domination of 
contextual cues for association. Manipulations of tem
poral contiguity and probability of reinforcement offer 
behavioral means of demonstrating the existence of such 
competitive associative learning processes (Dweck & 
Wagner, 1970; Rescorla, 1968). 

In apparent contrast to the results reported here, West
brook, Good, and Kiernan (1997) reported that intra
NAcc infusions of morphine disrupted contextual fear 
conditioning but did not disrupt discrete CS condition
ing. However, it is difficult to relate directly the effects of 
intra-NAcc infusions of morphine to those of lesions of 
the NAcc itself. Infusions of morphine probably diffuse 
throughout a large area ofthe NAcc, and thus the signif
icant impairments in contextual conditioning could be 
attributable to influences on the target fields of afferent 
projections from the dorsal subiculum (see also West
brook et aI., 1997). The pattern of opiate receptor bind
ing within the NAcc is relatively heterogeneous, and in 
fact opiate receptors are predominantly found within the 
shell subregion (both the medial and the ventrolateral as
pects, the latter receiving dorsal subiculum projections; 
Jongen-Relo, Groenewegen, & Voorn, 1993). 

Implications for Cortico-Striatal Function 
The results of this experiment are consistent with a 

functional connection between the BLA and the NAcc in 
stimulus-reinforcer learning. NAcc core lesions produced 
qualitatively similar effects to those seen after BLA le
sions, on the same task (Selden et aI., 1991), although it 
should be noted that results of studies of the role of the 
amygdala in other forms of aversive learning have been 
equivocal (see, e.g., Killcross et aI., 1997a, 1997b; Nader 
& LeDoux, 1997). Lesions to the NAcc also produce im
pairments on appetitive conditioning tasks (Balleine & 
Killcross, 1994; Everitt et aI., 1991), as do lesions ofthe 
BLA (Everitt et aI., 1991; Holland, 1997). Electrophys
iological studies ofthe interaction between the NAcc and 
its major sources of afferents suggest that hippocampal 
and amygdala projections may "gate" subsequent afferent 
stimulation in qualitatively different ways (Blaha, Flo
resco, Phillips, & Yang, 1997; Mulder, Hodenpijl, & Lopes 
da Silva, 1998; ), which has been interpreted as evidence 
that the hippocampus provides general contextual control 
over behavior while the amygdala provides "event-related 
gating" enabling a rapid change in response strategies to 
biologically relevant events (Grace & Moore, 1998). 

In this study, excitotoxic lesions of the NAcc failed to 
produce any impairments in contextual conditioning. In 

fact, core lesions appeared to enhance such conditioning 
under specific experimental conditions (i.e., during short 
trace conditioning). It remains to be tested whether the 
dorsal subiculum, which projects to the NAcc, is the lim
bic afferent structure responsible for contextual condi
tioning. The ventral striatal target area for these afferents 
was not lesioned in the present study. The fact that this 
region was spared after NAcc core lesions may also offer 
an explanation as to why enhanced contextual condition
ing was observed in these animals. Thus, ifthe NAcc me
diates a form of response competition, then a disruption 
in the processing of one form of environmental stimulus 
would allow other stimuli to gain access to accumbens
dependent processes. Lesions and manipulations of the 
NAcc have previously been shown to produce deficits in 
both spatial and contextual processing (Annett, McGre
gor, & Robbins, 1989; Maldonado-Irizarry & Kelley, 
1995; Westbrook et aI., 1997), and it is therefore impor
tant to localize the subregion of the NAcc that mediates 
such contextual processing. 

The present study provides evidence for a role of the 
NAcc in aversive conditioning that is consistent with in 
vivo neurochemical and electrophysiological studies of 
the NAcc. For example, Campeau et aI. (1997) found that 
the presentation of a CS previously paired with footshock 
increased the expression of the immediate early gene c
fos in the NAcc and some of its afferents (cingulate, in
fralimbic, and perirhinal cortices). Williams, Rolls, Leo
nard, and Stern (1993) observed neurons in the monkey 
NAcc that fired in response to the presentation of aver
sive stimuli. Finally, extracellular levels ofDA have been 
shown to be closely correlated with the ability of a CS to 
elicit a conditioned response (Wilkinson et aI., 1998; 
Young et aI., 1998). Wilkinson et ai. observed a dissoci
ation between mesocortical and meso limbic DA release. 
Since increases in extracellular DA in the medial pre
frontal cortex appeared to be related to the novelty of en
vironmental stimuli (see also Burns, Annett, Kelley, 
Everitt, & Robbins, 1996; Feenstra, Botterblom, & Van
uum, 1995), DA release within the NAcc core region 
matched the extent to which animals produced a condi
tioned response (freezing). 

Young et ai. (1998; Young et aI., 1993) demonstrated 
that NAcc DA release was related not only to biologi
cally significant appetitive and aversive events but also 
more generally to stimulus-stimulus associations. Con
sequently, pairing a tone with light led to an increase in 
extracellular DA in the NAcc, while pairing tone and 
foots hock produced larger increases in NAcc DA than 
footshock alone. These authors argued that meso limbic 
DA is sensitive to associative contingencies regardless 
of the affective nature of the environmental event, a view 
consonant with the present results. 

Thus, the results of the present experiment and recent 
in vivo neurochemical and electrophysiological studies 
suggest that the NAcc and the meso limbic DA system are 
not simply a substrate for mediating reward (see Wise & 
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Rompre, 1989), but may playa more general role in both 
appetitive and aversive associative learning (see also 
Salamone, 1994). 
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