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Abstract
Memory system circuitry may regulate how cues associated with cocaine are extinguished, and
understanding neurosubstrates of extinction may lead to the development of improved treatment
strategies for cocaine addiction. Sites within the hippocampus and amygdala were investigated for
their role in regulating cocaine cue extinction learning. Initially, rats were trained to self-
administer cocaine under a second-order reinforcement schedule (cocaine and cocaine cues
present) followed by a 2-week abstinence period. Using lidocaine, rats next underwent bilateral
inactivation of the dorsal subiculum (dSUB) or rostral basolateral amygdala (rBLA), asymmetric
inactivation of the dSUB and rBLA, unilateral inactivation of the dSUB or rBLA, or ipsilateral
inactivation of the dSUB and rBLA prior to cocaine cue extinction training sessions (only cocaine
cues present) on 2 consecutive days. Relative to vehicle, bilateral and asymmetric lidocaine
treatments in the dSUB and rBLA slowed cocaine cue extinction learning. Specifically, vehicle-
treated rats exhibited a significantly larger difference in responding from day 1 to 2 of extinction
training than lidocaine-treated rats. In comparison unilateral or ipsilateral lidocaine treatments in
the dSUB and rBLA did not slow cocaine cue extinction learning. Rats treated with lidocaine and
vehicle exhibited a similar difference in responding from day 1 to day 2 of extinction training.
These results indicate that sites within the hippocampus and amygdala need to be functionally
active simultaneously in at least one brain hemisphere for acquisition of cocaine cue extinction
learning. These results further suggest that a serial circuit within each hemisphere mediates
acquisition of cocaine cue extinction learning.
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Introduction
Drug addiction consists of several distinct phases that are modeled in animals by studying
acquisition, maintenance, extinction and reinstatement of drug-seeking and drug-taking
behavior (See et al., 2003; Kosten et al., 1997; Arroyo et al., 1998; Markou et al., 1993;
Comer et al., 1995; 1996). In cocaine self-administration studies, cues often are incorporated
into instrumental conditioning procedures to investigate how behavior during different
phases of addiction is influenced by their presence or absence (Arroyo et al., 1998;
Schindler et al., 2002; See, 2005; Deroche-Gamonet et al., 2002; Atkins et al., 2008).
Studies have identified various cortical (e.g., the orbitofrontal, anterior cingulate and
prelimbic prefrontal cortex) and subcortical (e.g., the basolateral amygdala, dorsal and
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ventral hippocampus, nucleus accumbens and dorsal striatum) sites as important
neurosubstrates for regulating behavior during the acquisition, maintenance and/or
reinstatement phases of addiction (Atkins et al., 2008; Ito et al., 2004; Everitt et al., 2007;
See, 2005; See et al., 2003; Kantak et al., 2002a, b; Di Pietro et al., 2006; Black et al., 2004;
Thomas et al., 2003; Hearing et al., 2008). However, little is known about neurosubstrates
that regulate behavior during extinction, which is of particular interest to clinicians using
cue exposure therapy for treating substance use disorders (Obrien et al., 1990; Childress et
al., 1993). Most information concerning neurosubstrates of extinction learning comes from
fear conditioning studies in animals.

Following acquisition of conditioned fear, extinction is accomplished by re-exposing
animals to the conditioned stimulus (CS; e.g., light cue) and omitting the unconditioned
stimulus (US; e.g., footshock). Neurosubstrates of extinction learning established in the fear
conditioning literature include the basolateral amygdala (BLA) and dorsal hippocampus
(DH). Pharmacological disruption of the BLA was shown to impair acquisition of fear
extinction (Herry et al., 2006; Sotres-Bayon et al., 2007), indicating the importance of the
amygdala for fear extinction learning. Likewise, pharmacological disruption of the DH also
impairs acquisition of fear extinction (Corcoran et al., 2005).

Neurosubstrates for extinction of an appetitive CS are less well studied, but the BLA has
been implicated. For example, after pharmacological inactivation of the caudal BLA, rats
displayed a resistance to extinction of a food CS (McLaughlin and Floresco, 2007).
Moreover, when the BLA was inactivated following exposure to a cocaine CS, rats exhibited
a disruption in extinction memory consolidation (Fuchs et al., 2006). In these studies,
however, the BLA was manipulated and the animals tested for cue extinction following a
period of response extinction training (CS and US omitted). As training that involves
removal of the CS and US renders animals susceptible to cue-induced reinstatement of
responding, it is unclear whether extinction or reinstatement processes were being affected
by the manipulations. Extinction training consisting of cue exposure exclusively without
prior response extinction training is a model of cue exposure therapy in people. Thus, we
investigated if sites within the amygdala and hippocampus, individually or together, could
influence cocaine cue extinction learning. This knowledge could potentially lead to
treatments that augment cue exposure therapy for substance use disorders.

Materials and methods
Subjects

Male Wistar rats [Crl(WI)BR rats; Charles River Laboratories, Portage, MI, USA], weighing
approximately 276–300 g upon arrival, were maintained at 90% of a free-feeding body
weight while adjusting for growth throughout the duration of the study by providing 16 g of
food per day. Between experimental sessions, rats were allowed unlimited access to water in
their home cages. Rats were individually housed in clear plastic cages (43 × 22 × 20 cm) in a
temperature-controlled (21–23 °C) and light-controlled (08:00 h on, 20:00 h off) vivarium.
Policies and procedures set forth in Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research (National Academy of Sciences) were followed, as
well as specific national laws. The Boston University Institutional Animal Care and Use
Committee approved all protocols.

Apparatus
Experimental chambers (model ENV-008CT; Med Associates, St Albans, VT, USA) were
each equipped with two response levers positioned 8 cm to the left and right of a center-
mounted food receptacle and 7 cm from the grid floor. Connected to the food receptacle was
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a pellet dispenser capable of delivering 45-mg food pellets (Dustless Precision Pellets; Bio-
Serv, Frenchtown, NJ, USA). A white stimulus light was mounted 7 cm above each lever.
Each chamber was outfitted with a single-channel fluid swivel (Instech Solomon, Plymouth
Meeting, PA, USA) and a spring leash assembly, which were connected to a
counterbalanced arm assembly (Med Associates) that allowed the animal to move freely in
the chamber. A sound-attenuating cubicle (model ENV-108 m; Med Associates) equipped
with a house light to provide general illumination, a fan to provide ventilation, and an 8-Ω
speaker to provide auditory stimuli, enclosed each chamber. Motor-driven syringe pumps
(model PHM-100; Med Associates) located inside each cubicle were used for intravenous
drug delivery. A standard personal computer programmed in Medstate Notation and
connected to an interface (Med Associates) controlled experimental events. An Olympus
BX51 microscope (Olympus Optical, Tokyo, Japan), a Nikon DXM 1200 digital camera
(Nikon, Tokyo, Japan) and Image Pro Plus software (version 4.5.1; Media Cybernetics,
Silver Spring, MD, USA) were used to evaluate the histology.

Drugs and Intracranial Infusion Procedures
The drugs used were cocaine hydrochloride (National Institute on Drug Abuse, Bethesda,
MD, USA), and lidocaine hydrochloride (Sigma-Aldrich, St Louis, MO, USA). Cocaine was
dissolved in sterile 0.9% saline containing 3 IU heparin/mL to a final concentration of 2.68
mg/mL. For all self-administration sessions, a 1.0 mg/kg unit infusion dose of cocaine was
used and delivered intravenously at a rate of 1.8 mL/min. To attain a dose of 1.0 mg/kg, the
infusion volume was adjusted for body weight, resulting in drug delivery times of 1.2 s/100
g body weight in individual rats.

Lidocaine was dissolved in sterile 0.9% saline to a concentration of 200mg/ml. The solution
was made fresh on testing days, immediately before intracranial infusions took place. The
pH of all infusions, including 0.9% saline, was 5.0. For infusions, 0.5 μl containing either
100μg lidocaine or 0.9% saline was delivered at a rate of 0.5 μl/min into selected brain sites
5 min prior to each of two extinction test sessions. The 28-gauge stainless steel infusion
cannula extended 1mm beyond the guide cannula tip. The infusion cannula was left in place
for 1 min following the infusion.

Surgery and Histology
Rats were anesthetized with an intraperitoneal injection of 90 mg/kg ketamine plus 10 mg/
kg xylazine. To enable intravenous delivery of cocaine or saline during self-administration
sessions, a catheter made of silicon tubing (inner diameter, 0.51 mm; outer diameter, 0.94
mm) was implanted into the right jugular vein. The catheter ran subcutaneously under the
neck, exited through an incision at the top of the head, and was attached to an L-shaped
pedestal mount (Plastics One, Roanoke, VA, USA). Subsequent to catheter implantation, 0.1
mL of a solution containing 1.0 mg of methohexital sodium (Brevital; King
Pharmaceuticals, Bristol, TN, USA) was infused intravenously as needed to maintain
anesthesia for the remainder of the surgery.

After suturing the neck incision, the rat was placed into a stereotaxic frame, and 22-gauge
stainless steel guide cannulae (Plastics One) were implanted. Within the hippocampus, the
dorsal subiculum (dSUB) was targeted (anteroposterior [AP], −5.7 mm; lateral, ± 2.5 mm;
dorsoventral, −2.3 mm) and within the amygdala, the rostral basolateral nucleus (rBLA) was
targeted (AP, −2.0 mm; lateral, ± 4.5 mm; dorsoventral, −7.6 mm). These sites were
selected because manipulation of sites within an identified discrete neural circuit may
maximize the ability to detect an interaction between the hippocampus and amygdala for
regulating cocaine cue extinction learning. Studies have shown that output from the DH
occurs mainly through the dSUB (Naber and Witter, 1998), which in turn sends direct
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projections, though sparse, to the rBLA (Kishi et al., 2006). Moreover, there is direct
innervation of the dSUB from the rBLA (Petrovich et al., 2001), and a convergence of
outputs from the dSUB and rBLA onto neurons in the lateral part of the nucleus accumbens
(Groenewegen et al., 1987; 1999). Therefore, cannulae were implanted into the dSUB of
both hemispheres (n = 15); the rBLA of both hemispheres (n = 14); the dSUB of one
hemisphere and the rBLA of the contralateral hemisphere (n=23); or the dSUB and rBLA of
the same hemisphere (n = 8). Asymmetric and ipsilateral cannulae placements were
counterbalanced to left and right sides. Guide cannulae were positioned 1 mm above the
intended sites, and placements were based on the bregma coordinate system provided by the
Swanson (1992) atlas. The guide cannulae, pedestal and three stainless steel anchoring
screws were attached to the skull, and permanently imbedded in dental cement. Two 28-
gauge stainless steel obturators (Plastics One) were used to occlude guide cannulae between
infusions. Wounds were treated daily with topical Polysporin powder (Johnson and Johnson
Consumer Products Company, Skillman NJ, USA) until healed, and rats were allowed 1
week of recovery from surgery before initiation of the study. Catheters were maintained by
daily flushing (Monday–Friday) with 0.1 mL of a 0.9% saline solution containing 3 IU of
heparin (Baxter Healthcare Corporation, Deerfield, IL, USA) and 6.7 mg of Timentin
(Glaxo-SmithKline, Research Triangle Park, NC, USA). On Fridays, a locking solution
consisting of glycerol and undiluted (1000 IU/mL) heparin (3:1) was used to fill the catheter
dead space and minimize blockages. This solution remained in the catheters until Monday,
when it was removed and replaced with the heparin/saline solution prior to the start of
behavioral sessions. Additionally, catheters were checked for patency on a weekly basis by
infusing a 1.0 mg/0.1 mL solution of Brevital intravenously, which produces a rapid
temporary loss of muscle tone when catheters are functional. A new catheter was implanted
into either the left jugular vein or right femoral vein to replace a leaking or non-functional
catheter. Upon completion of the studies, rats were given an overdose of sodium
pentobarbital and then intracardially perfused with saline and 4% paraformaldehyde
solution. Brains were extracted, post-fixed in 4% paraformaldehyde for 1–4 h, and then
stored in 30% sucrose at 4°C for 3 days. Forty-micrometer coronal sections were collected
using a cryostat. Sections were then mounted on gelatin-coated slides and stained to verify
bilateral, asymmetric and ipsilateral infusion cannulae placements.

Experimental procedures
Self-Administration Training under a Second-Order Schedule

Prior to surgery, rats were trained to press a lever under a fixed-ratio (FR) 1 schedule of
food pellet delivery. After rats learned to rapidly press the lever for 50 pellets, right jugular
vein catheters and guide cannulae were implanted. After 1 week of recovery from surgery,
1-h cocaine self-administration sessions were started. Rats were trained to self-administer
1.0 mg/kg cocaine, starting from a fixed-ratio 1 (FR 1) schedule of cocaine delivery and cue
presentation. The terminal schedule, after incremental training, was a fixed-interval (FI)-
based second-order schedule (FI 5-min [FR5:S]). Under this schedule, where S refers to the
2-s brief stimulus, each session began with the FI 5-min during which every fifth press
(FR5) on the active lever resulted in a 2-s presentation of the cocaine-conditioned light cue
located above the active lever. Intravenous cocaine delivery was contingent upon
completion of an FR 5 on the active lever after the FI 5-min had elapsed. Infusions produced
a discrete sound cue emitted by the pump motor for the duration of the infusion. In addition,
the stimulus light above the active lever remained illuminated for the duration of the
infusion as well as for the 20-s time-out period that followed each infusion, whereas the
house light was extinguished during the time-out. Following the 20-s post-infusion time-out
period, the schedule reverted to the 5-min FI component and continued as above. During the
1 hr sessions, rats could earn a maximum of 11 infusions. In addition, a 70-db contextual
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sound cue, continuous white noise, was present for the duration of each session. Thus,
cocaine cues consisted of a response-contingent discrete light cue, discrete sound cue (pump
motor) and a response-independent background contextual sound cue. Responses on the
inactive lever were counted separately, but produced no scheduled consequences.
Designation of the active and inactive lever was counterbalanced between right and left
levers. Baseline training sessions were conducted 5 days a week during the light phase, and
were continued until cocaine intake and responding were stable (number of infusions and
responding did not deviate by more than 20%) and the number of responses on the inactive
lever was no greater than 10% of active lever responses for each session over a 5-day period.

Cocaine Cue Extinction Testing
When cocaine self-administration baseline behavior was stable, rats underwent two weeks of
abstinence prior to extinction tests. As two weeks of cocaine and cocaine cue deprivation
make rats more cue reactive (Grimm et al., 2001), rats received ten 1 hr sessions in the
operant chambers during the abstinence period for which the levers were retracted and
cocaine and both types of cocaine cues were omitted. Inclusion of these sessions dampened
the association between cocaine and the experimental chamber while leaving the saliency of
the cocaine cues intact. Rats then received two extinction sessions on two consecutive days
under the FI 5-min [FR5:S] second-order schedule for which cocaine delivery was omitted.
For these 1-hr sessions, each 5 responses on the active lever during each FI resulted in
presentation of the 2-sec light cue and the completion of 5 responses after each FI
terminated resulted in the pump noise and a 20 sec presentation of the light cue with the
house light extinguished, as above. In addition, the contextual sound cue (white noise) was
present during extinction sessions. Thus, extinction consisted of sessions that evaluated the
rate of lever pressing in the absence of cocaine but in the presence of discrete and contextual
cues previously associated with cocaine. Five min prior to each extinction session, rats
received infusion of vehicle or lidocaine into the rBLA of both hemispheres (bilateral
rBLA); infusion of vehicle or lidocaine into the dSUB of both hemispheres (bilateral dSUB);
infusion of vehicle or lidocaine into the dSUB of one hemisphere and the rBLA of the
contralateral hemisphere (asymmetric dSUB/rBLA); infusion of lidocaine into the dSUB of
one hemisphere with infusion of vehicle only into the contralateral rBLA (unilateral dSUB);
infusion of lidocaine into the rBLA of one hemisphere with infusion of vehicle only into the
contralateral dSUB (unilateral rBLA); or infusion of vehicle or lidocaine into the dSUB and
rBLA of the same hemisphere (ipsilateral dSUB/rBLA). The asymmetric dSUB/rBLA
vehicle control group was used additionally as the control group for the unilateral dSUB and
unilateral rBLA lidocaine groups, as rats from these latter groups had asymmetric cannula
placements.

Data analyses
Three dependent measures were calculated: (i) number of active lever responses; (ii) number
of inactive lever responses; and (iii) number of infusions earned during self-administration
sessions. Data from the last five cocaine self-administration sessions were averaged to
establish a baseline. For extinction sessions, responses on the active lever were expressed as
the percent of baseline responses on days 1 and 2 of testing, and as the difference in the
number of responses from day 1 to day 2 of testing. Dependent measures were analyzed by
one-factor ANOVA, two-factor mixed model repeated measures ANOVA, or t-test, as
appropriate. The Tukey procedure was used for follow up testing. Data from seven rats
whose cannulae placements were outside the targeted sites were not included in the analyses
(see below). In addition, extinction responses of three rats were greater than 3 standard
deviations from the mean in their respective treatment and cannulae placement groups;
hence their data were not included in the analyses. Final group sizes for each condition
were: bilateral dSUB vehicle (n=7); bilateral dSUB lidocaine (n=8); bilateral rBLA vehicle
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(n=7); bilateral rBLA lidocaine (n=7); asymmetric dSUB/rBLA vehicle (n=8); asymmetric
dSUB/rBLA lidocaine (n=7); unilateral dSUB lidocaine (n=7); unilateral rBLA lidocaine
(n=7); ipsilateral dSUB/rBLA vehicle (n=4); and ipsilateral dSUB/rBLA lidocaine (n=4).

Results
Histology

For rats used in the bilateral inactivation studies, placements were confirmed in 15 of 19 rats
with cannulae aimed at the dSUB and in 16 of 19 rats with cannulae aimed at the rBLA.
Placements were confirmed in 15 of 15 rats used in the asymmetric dSUB/rBLA study, 7 of
7 rats used in the unilateral dSUB study, 7 of 7 rats used in the unilateral rBLA study, and 8
of 8 rats used in the ipsilateral dSUB/rBLA study. Placements were within 0.5–0.6 mm of
the intended position in the AP plane and within the dSUB and rBLA anatomical ranges
(Swanson, 1992). Histological reconstruction of all dSUB and rBLA infusion sites with the
theoretical spread of lidocaine is depicted in Fig. 1A–B. As a 0.5 μl volume of lidocaine is
estimated to spread spherically with a radius of approximately 0.5 mm from the site of
infusion (Tehovnik and Sommer, 1997), these results verify that lidocaine infusions
predominantly encompassed the region of interest. Microscopic examination failed to reveal
mechanical damage in either the dSUB or rBLA, other than that generated by insertion of
the guide and infusion cannulae. Representative low-magnification (x2) photographs of
cannulae tracks for dSUB and rBLA placements are shown in Fig. 1C. Furthermore, there
was no evidence of cell loss following 2 microinjections of lidocaine, as illustrated in
representative high-magnification (x20) photographs of the microinjection areas for the
dSUB and rBLA (Fig. 1D).

Baseline Cocaine Self-Administration
Prior to cocaine cue extinction training and testing with lidocaine or vehicle, the ten groups
of rats had similar baseline cocaine self-administration behavior (Fig. 2A–B). Separate
analysis of active lever responses (F[9,56]=1.3, p ≤ 0.27), inactive lever responses
(F[9,56]=0.84, p ≤ 0.59) and infusions earned (F[9,56]=2.0, p ≤ 0.06) during baseline
sessions showed no significant group differences, as determined by one-factor ANOVA.

Cocaine Cue Extinction Testing
Percent of Baseline Responses—In rats with bilateral dSUB cannulae placements,
analysis of active lever responses revealed a significant main effect of extinction day
(F[1,13]=11.4, p ≤ 0.01) indicative of fewer responses, overall, on day 2 than on day 1 of
extinction training (Fig 3A). The main effect of treatment was not significant (F[1,13]=0.8, p
≤ 0.38), but there was a trend for a treatment X day interaction (F[1,13]=3.2, p≤ 0.09). An
examination of Fig 3A suggests that the change in percent of baseline responses from day 1
to day 2 is more apparent in vehicle-treated than lidocaine-treated rats. In bilateral dSUB
groups, the overall number of inactive lever responses during extinction averaged 30.9±8.0
for vehicle treatment and 23.2±7.9 for lidocaine treatment, with no significant differences
between treatments (F[1,13]=0.5, p ≤ 0.51), over days (F[1,13]=0.3, p ≤ 0.62), or for the
treatment X day interaction (F[1,13]=1.5, p ≤ 0.25). In rats with bilateral rBLA cannulae
placements, analysis of active lever responses showed a significant main effect of extinction
day (F[1,12]=23.8, p<0.001) indicative of fewer responses, overall, on day 2 than on day 1
of extinction training (Fig 3B). Neither the main effect of treatment (F[1,12]=2.3, p ≤ 0.15)
nor the treatment X day interaction was significant (F[1,12]=0.63, p ≤ 0.44). In bilateral
rBLA groups, analysis of the number of inactive lever responses showed that while the both
groups averaged fewer than 30 responses, there was a significant main effect of extinction
day (F[1,12]=10.0, p<0.01), but no treatment main effect (F[1,12]=1.4, p ≤ 0.26) or
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treatment X day interaction (F[1,12]=0.03, p ≤ 0.85). Overall, inactive lever responses were
significantly lower on day 2 (13.7±5.0) than on day 1(23.3±5.7).

In rats with asymmetric cannulae placements, analysis of active lever responses revealed a
significant main effect of extinction day (F[1,13]=8.6, p<0.01) but not of treatment
(F[1,13]=0.2, p ≤ 0.69). The treatment X day interaction was significant (F[1,13]=6.0,
p<0.03) and Tukey analyses of extinction days in each treatment group revealed that the
percent of baseline responses was significantly lower on day 2 than on day 1 in rats that had
received vehicle (p<0.002) but not in rats that had received lidocaine (Fig. 4). Analysis of
the number of inactive lever responses showed that while the both groups averaged fewer
than 25 responses, there was a significant main effect of extinction day (F[1,13]=4.62,
p<0.05), but no treatment main effect (F[1,13]=0.5, p ≤ 0.49) or treatment X day interaction
(F[1,13]=2.4, p ≤ 0.15). Overall, inactive lever responses were significantly lower on day 2
(10.7±2.2) than on day 1 (19.3±5.8).

In a comparison of active lever responses between rats that received lidocaine in the dSUB
and vehicle in the contralateral rBLA (unilateral dSUB inactivation) versus rats that received
vehicle in both the dSUB and contralateral rBLA (asymmetric control), analysis showed a
significant main effect of extinction day (F[1,13]=37.7, p<0.001) indicative of fewer
responses, overall, on day 2 than on day 1 of extinction training (Fig 5A). Neither the main
effect of treatment (F[1,13]=0.9, p ≤ 0.35) nor the treatment X day interaction was
significant (F[1,13]=0.9, p ≤ 0.36). In unilateral dSUB groups, analysis of the number of
inactive lever responses showed that while the both groups averaged fewer than 25
responses, there was a significant main effect of extinction day (F[1,13]=6.1, p<0.03), but
no treatment main effect (F[1,13]=0.09, p ≤ 0.76) or treatment X day interaction
(F[1,13]=1.2, p ≤ 0.29). Overall, inactive lever responses were significantly lower on day 2
(13.5±2.2) than on day 1 (24.1±5.3).

In a comparison of active lever responses between rats that received lidocaine in the rBLA
and vehicle in the contralateral dSUB (unilateral rBLA inactivation) versus rats that received
vehicle in both the rBLA and contralateral dSUB (asymmetric control), analysis showed a
significant main effect of extinction day (F[1,13]=24.1, p<0.001) indicative of fewer
responses, overall, on day 2 than on day 1 of extinction training (Fig 5B). Neither the main
effect of treatment (F[1,13]=0.1, p ≤ 0.81) nor the treatment X day interaction was
significant (F[1,13]=1.6, p ≤ 0.23). In unilateral rBLA groups, analysis of the number of
inactive lever responses showed that while the both groups averaged fewer than 35
responses, there was a significant main effect of extinction day (F[1,13]=6.1, p<0.03), but
no treatment main effect (F[1,13]=0.8, p ≤ 0.38) or treatment X day interaction
(F[1,13]=0.2, p ≤ 0.63). Overall, inactive lever responses were significantly lower on day 2
(17.1±5.6) than on day 1(29.7±8.3).

In rats with ipsilateral cannulae placements, analysis of active lever responses revealed a
significant main effect of extinction day (F[1,6]=32.3, p<0.001) indicative of fewer
responses, overall, on day 2 than on day 1 of extinction training (Fig 6). Neither the main
effect of treatment (F[1,6]=0.9, p ≤ 0.38) nor the treatment X day interaction was significant
(F[1,6]=0.1, p ≤ 0.76). Analysis of the number of inactive lever responses showed that while
there was no main effect of extinction day, there was a significant main effect of treatment
(F[1,6]=9.3, p<0.02) and a significant treatment X day interaction (F[1,6]=7.0, p<0.04).
Tukey analyses of extinction days in each treatment group revealed that inactive lever
responses were significantly lower on day 2 than on day 1 (p<0.02) in lidocaine-treated rats
(31.3±10.3 vs. 63.8±12.5, respectively), but not in vehicle-treated rats (16.0±7.5 vs.
11.5±5.1, respectively). In addition, lidocaine-treated rats had significantly higher inactive
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lever responses than vehicle-treated rats on day 1 of extinction testing (p<0.003), but not on
day 2.

Difference in Responses—Expressing data as the difference in active lever responses
from day 1 to day 2 of extinction training complement and clarify the above findings to
reveal if cocaine cue extinction learning was slowed or if it progressed at a normal rate
(Table 1). For rats with bilateral dSUB cannulae placements, the difference in the number of
active lever responses from day 1 to day 2 of extinction training was significantly less (t
[1,13] = 2.55, p<0.02) in lidocaine-treated rats compared to vehicle-treated rats. Likewise,
for rats with bilateral rBLA cannulae placements, the difference in the number of active
lever responses from day 1 to day 2 of extinction training was significantly less (t [1,12] =
2.18, p<0.05) in lidocaine-treated rats compared to vehicle-treated rats. In rats with
asymmetric cannulae placements, the difference in the number of active lever responses
from day 1 to day 2 of extinction training was significantly less (t [1,13] = 2.97, p<0.01) in
lidocaine-treated rats compared to vehicle-treated rats as well. Importantly, rats that had
received unilateral dSUB or unilateral rBLA lidocaine treatment showed a difference in the
number of active lever responses from day 1 to day 2 of extinction training that was similar
to rats that had received asymmetric vehicle treatment (t [1,13] = 0.818, p<0.98; t [1,13] =
1.52, p< 0.15, respectively). In addition, ipsilateral lidocaine treatment of the dSUB/rBLA
resulted in a difference in the number of active lever responses from day 1 to day 2 of
extinction training that also was similar to rats that had received ipsilateral vehicle treatment
(t [1,6] = 2.19, p<0.07). Collectively, these findings indicate that cocaine cue extinction
learning was slowed by bilateral and asymmetric inactivation of the dSUB and rBLA, but
was not impaired by unilateral or ipsilateral inactivation of these sites.

Discussion
Importance of the Hippocampus and Amygdala in Cocaine Cue Extinction Learning

Neuronal inactivation made prior to extinction training can reveal which brain regions are
important neurosubstrates for the learning required to extinguish cocaine-seeking behavior.
This approach is similar to the one used to establish the DH and BLA as neurosubstrates of
fear extinction in rats (Corcoran et al., 2005; Herry et al., 2006; Falls et al., 1992). Bilateral
infusion of lidocaine into either the dSUB or rBLA deterred extinction learning as shown by
smaller reductions in cocaine-seeking behavior from day 1 to day 2 of extinction training
than in vehicle-treated rats that showed a pronounced reduction in cocaine-seeking behavior
from day 1 to day 2 of extinction training. Notably, there was no significant increase from
day 1 to day 2 of extinction training in inactive lever responses in any group. All groups
either showed no change or decreased inactive lever responses from day 1 to day 2 of
extinction training, indicating that rats were not omitting active lever responses to
accommodate pressing the inactive lever as an alternative cocaine-seeking strategy for
earning response contingent infusions of cocaine. Our findings parallel those reported in the
fear extinction literature showing that bilateral inactivation of the DH or BLA prior to
extinction training prolongs the expression of fear-conditioned responses (Corcoran et al.,
2005; Herry et al., 2006; Falls et al., 1992). However, in the present study, there are two
possible interpretations of the effects of bilateral dSUB or rBLA inactivation. One
interpretation is that each site is individually important for cocaine cue extinction learning
and the other interpretation is that each site is an essential component of a circuit that
regulates cocaine cue extinction learning. To discern between these possibilities, the effects
of asymmetric inactivation were examined.
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Insights from Asymmetric, Unilateral and Ipsilateral Inactivation
Asymmetric inactivation of the dSUB and contralateral rBLA deterred extinction from day 1
to day 2 of extinction training. While such findings suggest that the dSUB and rBLA interact
in both hemispheres rather than function independently to regulate cocaine cue extinction
learning, it is also possible that the disruption caused by lidocaine was due to an additive
influence of each site from its respective hemisphere or to unilateral inactivation of a single
site. The results of the unilateral and ipsilateral inactivation groups provide insight into these
alternative possibilities.

Since unilateral inactivation was unable to produce a slowing of extinction analogous to the
effects of bilateral or asymmetric inactivation, it can be concluded that unilateral
inactivation of the dSUB or rBLA is insufficient to disrupt cocaine cue extinction learning.
If the effects of asymmetric inactivation of the dSUB/rBLA reflected an additive influence
from each site without interaction, we would expect to see a change in responding from day
1 to day 2 of extinction training in the unilateral groups that would fall between the level of
reduction observed in rats that received vehicle and rats that received lidocaine in both
hemispheres. In addition, if there were an additive influence from individual site
inactivation, we would expect that ipsilateral dSUB/rBLA inactivation would deter
extinction comparably to the asymmetric or bilateral inactivation groups. Since no
deterrence of extinction was observed in the unilateral or ipsilateral groups, the idea that the
disruption in extinction learning caused by asymmetric inactivation was due to inactivation
of a single site or an additive influence of individual sites is not supported. Moreover, since
rats that received unilateral dSUB, unilateral rBLA and ipsilateral dSUB/rBLA inactivation
reduced responding from day 1 to day 2 to levels comparable to those observed in the
vehicle-treated rats, these findings indicate that intact communication between the dSUB
and rBLA in at least one hemisphere is sufficient for normal extinction of cocaine cues.
Taken together, the unilateral, ipsilateral, and asymmetric data support the idea that the
dSUB and rBLA interact circuit-wise in both hemispheres to regulate cocaine cue extinction
learning.

It should be noted that studies have shown that hippocampal and amygdala-dependent
learning and memory processes can be lateralized such that the hippocampus and amygdala
in the right and left hemispheres may have differential function in rats (Klur et al., 2009;
Berlau and McGaugh, 2006; Coleman-Mesches and McGaugh, 1995a, b, c). To control for
possible lateralization of function, asymmetric, unilateral and ipsilateral cannulae
placements were counterbalanced to right and left sides. If regulation of extinction learning
is accomplished predominately from either the right or left hemisphere, we would have
observed a disparity in the expression of extinction following inactivation of the right and
left sides, as the hemispheres would be disrupted differentially. Additional post-hoc analysis
of the difference in active lever responses from day 1 to day 2 of extinction training
comparing left hemisphere inactivation with right hemisphere inactivation showed no
significant differences in the asymmetric dSUB/rBLA group (56±59 vs. −42±26), unilateral
dSUB group (138±42 vs. 208±66), unilateral rBLA group (95±38 vs. 85±42) or ipsilateral
dSUB/rBLA group (305±22 vs. 221±79). From these data, it can be inferred that
lateralization of brain function was not a factor contributing to whether cocaine cue
extinction learning was acquired or deterred after asymmetric, unilateral and ipsilateral brain
site inactivation.

Complementary Role of the Hippocampus and Amygdala in Fear and Cocaine Cue
Extinction Learning

Both the DH and BLA have been shown to be important in extinction of conditioned fear,
and both sites have been shown to interact to regulate learning and memory in fear
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conditioning (Corcoran et al., 2005; Herry et al., 2006; Falls et al., 1992; Roozendaal and
McGaugh, 1997; Roozendaal et al., 1999; McIntyre et al., 2005). However, there is
conflicting evidence regarding DH and BLA interaction in regulating extinction of
conditioned fear (Berlau and McGaugh, 2006; Vianna et al., 2004). It was shown that post-
training inactivation of the DH did not block the enhancement of contextual fear extinction
induced by adrenergic activation of the ispilateral BLA (Berlau and McGaugh, 2006).
However, post-training infusions would exclusively affect consolidation of extinction rather
than acquisition of extinction. A different perspective offered by Vianna and colleagues
(2004) highlights a necessary role of the BLA and DH in regulating fear extinction learning.
These investigators found that gene expression, protein synthesis, and the extracellular
signal-regulated kinase pathway are required in both the BLA and DH for generating
extinction of conditioned fear.

The DH and BLA also have been shown to interact in behaviorally arousing associative
learning tasks (Izquierdo and Medina, 1997; Lorenzini et al.,1996). Fear conditioning
studies suggest that the hippocampus interacts with the amygdala during memory processes
by providing contextual information during conditioning (Packard and Teather, 1998).
Hence, it is possible for the DH to contribute to contextual encoding of other emotionally
evocative learned behaviors, such as drug reinforcement. For example, bilateral inactivation
of the DH and BLA with tetrodotoxin and asymmetric inactivation of the DH and
contralateral BLA with baclofen/muscimol (but not unilateral or ipsilateral inactivation)
selectively attenuated context-induced reinstatement of cocaine-seeking behavior in rats that
underwent response extinction training (Fuchs et al., 2005; Fuchs et al., 2007). However, it
is notable that these studies employed contextual reinstatement following response
extinction. Our data present the first evidence that sites within the hippocampus and
amygdala may be involved in the extinction of discrete and contextual cues formerly paired
with cocaine.

Together, the bilateral, asymmetric, unilateral and ipsilateral findings provide evidence that
the dSUB and rBLA may be components of a serial circuit within each hemisphere that
mediates acquisition of cocaine cue extinction learning. This conclusion regarding a serial
circuit is based on the fact that when this circuit was disrupted at the same loci in both
hemispheres (bilateral dSUB or bilateral rBLA inactivation) or at different loci in opposite
hemispheres (asymmetric dSUB/rBLA inactivation), cocaine cue extinction learning was
disrupted. If, however, there was intact communication between the dSUB and rBLA on at
least one side of the brain (unilateral dSUB inactivation, unilateral rBLA inactivation,
ipsilateral dSUB/rBLA inactivation or vehicle-only treatments), cocaine cue extinction
learning remained undisturbed. As anatomical studies have shown that there is no
established contralateral connectivity between the dSUB and rBLA (Pikkarainen et al.,
1999), our findings are consistent with the rationale that the dSUB and rBLA interact
serially in each hemisphere to regulate different phases of drug-related learning and memory
(Fuchs et al., 2005; Fuchs et al., 2007).

The mechanism by which the dSUB and rBLA interact to regulate cocaine cue extinction
learning is unclear. Despite sparse direct connection from the dSUB to the rBLA (Kishi et
al., 2006) and from the rBLA to the dSUB (Petrovich et al 2001), it remains possible that
these sites interact through direct connection. It also is possible that the communication
occurs via projections to downstream structures such as nucleus accumbens core where
afferent projections from the dSUB and rBLA converge (Groenewegen et al., 1987;1999;
Witter et al., 1990). Given the role of the nucleus accumbens core as a substrate for
acquisition of cocaine-seeking behavior (Ito et al., 2004), one possibility is that the dSUB
and rBLA combine respective contextual and emotional information at the level of the
nucleus accumbens core to extinguish the salience of cocaine cues. Along these lines, past

Szalay et al. Page 10

Eur J Neurosci. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



research has demonstrated an important role of the nucleus accumbens core for cocaine cue
extinction learning (Torregrossa et al., 2010).

Conclusions
The neurosubstrates of extinction learning identified in the fear conditioning literature (DH
and BLA) are complementary to the neurosubstrates of cocaine cue extinction learning
identified in the present study (dSUB and rBLA). Cocaine cue extinction learning that is
regulated by the dSUB and rBLA is intrahemispheric and is not characterized by laterality in
rats. These findings suggest that medications found useful for augmenting cue exposure
therapy for anxiety disorders also may be useful for augmenting cue exposure therapy
targeting cocaine-related cues. Preclinical findings with the cognitive enhancing drug D-
cycloserine support this idea (Nic Dhonnchadha et al., 2010).
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Abbreviations

AP anteroposterior

Asym Asymmetric

Bi bilateral

BLA basolateral amygdala

CS conditioned stimulus

DH dorsal hippocampus

dSUB dorsal subiculum

FI fixed interval

FR fixed ratio

Ipsi ipsilateral

Lido lidocaine

rBLA rostral basolateral amygdala

Uni unilateral

US unconditioned stimulus

Veh vehicle
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Figure 1.
Schematic drawings representing coronal sections of the dorsal subiculum (dSUB) and
rostral basolateral amygdala (rBLA) in all placement groups. Circles (0.5 mm radius)
indicate the location and theoretical spread of vehicle (A) and lidocaine (B), based on the
spherical volume equation for lidocaine (Tehovnik and Sommer, 1997). All drawings are
based on the atlas of Swanson (1992), with the anterior-posterior references measured from
bregma. Each placement is shown at the midpoint of its anterior-posterior extent. (C)
Representative low-magnification (X2) photographs of guide cannulae placements within
the dSUB (left) and rBLA (right); arrows indicate infusion site. (D) Representative high
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magnification (X20) photographs of lidocaine microinjection areas within the dSUB (left)
and rBLA (right).
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Figure 2.
Baseline behavior during cocaine self-administration sessions in each of the ten groups of
rats prior to any treatment. Values are the mean ± S.E.M. number of active and inactive
lever responses (A) and infusions earned (B). Bi = Bilateral; Asym = Asymmetric; Uni =
Unilateral; Ipsi = Ipsilateral; Veh = Vehicle; and Lido = Lidocaine.
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Figure 3.
Active lever responding during cocaine cue extinction tests in rats with bilateral dorsal
subiculum (dSUB) cannulae placements (A) and bilateral rostral basolateral amygdala
(rBLA) cannulae placements (B) and treated with either vehicle (Veh) or lidocaine (Lido).
Values are the mean ± S.E.M. active lever responses expressed as the percent of cocaine
self-administration baseline responses.
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Figure 4.
Active lever responses during cocaine cue extinction tests in rats with asymmetric,
placements within the dorsal subiculum (dSUB) and rostral basolateral amygdala (rBLA)
and treated with either vehicle or lidocaine. Values are the mean ± S.E.M. active lever
responses expressed as the percent of cocaine self-administration baseline responses. **p <
0.01 compared to extinction day 1 responses within the same condition.
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Figure 5.
Active lever responding during cocaine cue extinction tests in rats with unilateral
manipulation (asymmetric placements) within the (A) dorsal subiculum (dSUB) and (B)
rostral basolateral amygdala (rBLA) and treated with either vehicle or vehicle and lidocaine.
Values are the mean ± S.E.M. active lever responses expressed as the percent of cocaine
self-administration baseline responses.
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Figure 6.
Active lever responding during cocaine cue extinction tests in rats with ipsilateral
placements within the dorsal subiculum (dSUB) and rostral basolateral amygdala (rBLA)
and treated with either vehicle or lidocaine. Values are the mean ± S.E.M. active lever
responses expressed as the percent of cocaine self-administration baseline responses.
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Table 1

Difference in the Number of Active Lever Responses from Day 1 to Day 2 of Extinction Training

Placement Site Treatment Difference

Bilateral dSUB Vehicle 155 ± 34

Lidocaine 27 ± 36 a

Bilateral rBLA Vehicle 148 ± 24

Lidocaine 70 ± 25 a

Asymmetric dSUB/rBLA Vehicle 176 ± 47

Lidocaine 0.0 ± 33 a

Unilateral dSUB Vehicle 176 ± 47

Lidocaine 178 ± 41

Unilateral rBLA Vehicle 176 ± 47

Lidocaine 90 ± 26

Ipsilateral dSUB/rBLA Vehicle 157 ± 26

Lidocaine 263 ± 41

a
p < 0.05 compared to corresponding vehicle control group
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