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Abstract

Previous findings in rats suggest that the rostral basolateral amygdala (rBLA) and prelimbic
prefrontal cortex (pIPFC) are likely components of cue reinstatement circuitry based on bilateral
inactivation of each site alone. In the present investigation, we examined whether the rBLA and
pIPFC interact to regulate reinstatement of cocaine-seeking behavior elicited by re-exposure to a
combination of discrete and contextual cocaine-paired cues. After establishing stable baseline
responding under a second-order schedule of cocaine reinforcement and cue presentation, rats
underwent response-extinction training in which cocaine and cocaine-paired cues were withheld. To
test the interaction, rats with asymmetric cannulae placements in the rBLA and pIPFC received
vehicle or lidocaine infusions prior to reinstatement testing during which cocaine-paired cues were
presented, in the absence of cocaine availability, under a second-order schedule. Asymmetric
inactivation of the rBLA and pIPFC significantly attenuated reinstatement of cocaine-seeking
behavior relative to vehicle treatment. As expected, inactivation of the rBLA or pIPFC in rats with
unilateral cannulae placements did not disrupt reinstatement relative to vehicle treatment. Findings
propose critical intrahemispheric interaction between the rBLA and pIPFC in regulating
reinstatement of cocaine-seeking behavior elicited by re-exposure to drug-paired cues.
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1. Introduction

Past research is suggestive of an interaction between the rostral basolateral amygdala (rBLA)
and dorsomedial prefrontal cortex (dmPFC) in regulating reinstatement of cocaine-seeking
behavior elicited by re-exposure to contextual cues previously paired with cocaine (Fuchs et

© 2010 Elsevier Inc. All rights reserved.

Corr. Author: Kathleen M. Kantak, PhD, Department of Psychology, 64 Cummington St., Boston University, Boston, Massachusetts,
02215 USA, 617.353.9201 (office), 617.353.9284 (fax), kkantak@bu.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mashhoon et al.

Page 2

al., 2007). This idea, however, has never been tested directly in relation to reinstatement of
cocaine-seeking behavior elicited by re-exposure to response-contingent cocaine-paired cues
presented discretely within a specific cocaine-associated context. By combining discrete
(response-contingent) and contextual (response-independent) cocaine-paired cues in a
laboratory setting to assess reinstatement of cocaine-seeking behavior, it is possible to utilize
stimuli that are provocatively similar to drug-associated stimuli that can precede relapse in
humans (Shiffman et al., 1996; Childress et al., 1999). Indirect evidence for an interaction is
found in studies where bilateral inactivation of either the rBLA or the prelimbic PFC (pIPFC)
attenuated reinstatement of cocaine-seeking behavior elicited by re-exposure to discrete or a
combination of discrete and contextual cocaine-paired cues (Meil and See, 1997; Kantak et al.,
2002; McLaughlin and See, 2003; Di Pietro et al., 2006). The involvement of the BLA in
regulating cue reinstatement may be subregion-selective, as a recent investigation using
dopamine D, receptor ligands and a second-order schedule of drug delivery and cue
presentation elegantly demonstrated regulation of cocaine-seeking behavior by the caudal BLA
(cBLA) only during the cocaine self-administration maintenance phase of testing and by the
rBLA only during the cue reinstatement phase of testing (Mashhoon et al., 2009).

Importantly, a neuroanatomical framework for an interaction between the rBLA and pIPFC
during cue reinstatement testing exists as shown by retrograde tract tracing studies revealing
efferent projections from the rBLA to the pIPFC (Hoover and Vertes, 2007) and from the pIPFC
to the rBLA (Gabbott et al., 2005). Typically, the most efficient and effective way to show that
connections between two sites in the same hemisphere functionally interact to regulate behavior
is to use an asymmetric or interhemispheric “crossed” disconnection procedure rather than an
ipsilateral or intrahemispheric disconnection procedure (e.g., Olton et al., 1982; Seamans et
al., 1998; Warburton et al., 2000; Dunnett et al., 2005; Floresco and Ghods-Sharifi, 2007).
Ipsilateral manipulation results in intact functioning of the two sites on the contralateral side,
which generally is sufficient to maintain the behavior under study. The asymmetric
manipulation results in disruption of neural activity between the origin of a pathway in one
hemisphere and the termination of an efferent pathway in the contralateral hemisphere
(Seamans et al., 1998). Therefore, an asymmetric lidocaine inactivation procedure was used
in rats trained to self-administer cocaine under a second-order schedule for which response-
contingent drug-paired light cues were presented against a background of continuous white
noise serving as a drug-paired contextual sound cue. Lidocaine is a sodium channel blocker
that reversibly inhibits neural conductance and signaling (Catterall and Mackie, 1996). If
lidocaine inactivation of the rBLA in one hemisphere together with lidocaine inactivation of
the pIPFC in the contralateral hemisphere disrupts reinstatement of cocaine-seeking behavior
in the same way as bilateral lidocaine inactivation of each site alone (Kantak et al., 2002; Di
Pietro et al., 2006), then the two sites within each hemisphere may interact directly to regulate
cocaine-seeking rather than function independently (see Gaffan et al., 1993 and Di Ciano and
Everitt, 2004). To examine whether the effects of asymmetric inactivation were due simply to
unilateral inactivation of one or the other site, unilateral rBLA and pIPFC control groups were
also tested to observe whether cocaine-seeking behavior would, as hypothesized, remain
undisturbed following unilateral inactivation of either the rBLA or pIPFC. We predicted that
disruption of the connectivity between the rBLA and pIPFC on both sides of the brain via
asymmetric manipulation would significantly attenuate reinstatement of cocaine-seeking
behavior elicited by re-exposure to discrete and contextual drug-paired cues.

2. Materials and Methods
2.1. Subjects

Male Wistar rats [CrI(WI)BR rats; Charles River Laboratories, Portage, MI, USA],
approximately 276-300 g upon arrival, were maintained at 90% of a growth adjusted ad
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libitum body weight throughout the duration of the study by providing 16 g of food per day.
Body weights were recorded daily. Between experimental sessions, rats were allowed
unlimited access to water in their home cages. Rats were housed individually in clear plastic
cages (43 x 22 x 20 cm) in a temperature- (21-23 °C) and light- (08:00 h on, 20.00 h off)
controlled vivarium. Each experimental group consisted of 5-6 animals to permit a meaningful
statistical analysis and interpretation of the behavioral and Fos protein expression data. The
policies and procedures set forth in the “Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research” were followed, as well as specific national laws. All
protocols were approved by the Boston University Institutional Animal Care and Use
Committee.

2.2. 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, and outfitted with a single channel fluid swivel
(Instech Solomon, Plymouth Meeting, PA, USA) and spring leash assembly connected to a
counterbalanced arm assembly (Med Associates), allowing the animal to move freely in the
chamber. A white stimulus light was mounted 7 cm above each lever. A sound-attenuating
cubicle (model ENV-108 M; Med Associates) equipped with a houselight to provide general
illumination, a fan to provide ventilation, and an 8 ohm speaker to provide white noise, enclosed
each chamber. Motor-driven syringe pumps (model PHM-100, Med Associates) located within
each sound-attenuating 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.

2.3. Drugs and Intracranial Infusion Procedures

Drugs used were cocaine hydrochloride (gift from the National Institute on Drug Abuse,
Bethesda, MD, USA) and lidocaine hydrochloride (Sigma, St. Louis, MO, USA). Cocaine was
dissolved in sterile 0.9% saline solution 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, infusion
volume was adjusted for body weight, resulting in drug delivery times of 1.2 sec/100 g body
weight in individual rats. Lidocaine was dissolved in sterile 0.9% saline to make 6% (60 mg/
ml) and 20% (200 mg/ml) solutions. A total volume of 0.5 pL, resulting in lidocaine doses of
30 and 100 ng, respectively, was infused at a rate of 0.59 ulL/min. Different doses of lidocaine
were used because previous research demonstrated that 100 pug was maximally effective in
rBLA (Kantak et al., 2002) and 30 ug was maximally effective in pIPFC (Di Pietro et al.,
2006) for reducing cocaine-seeking behavior.

2.4. Surgery and Histology

Rats were anesthetized with an intraperitoneal (i.p.) injection of 90 mg/kg ketamine plus 10
mg/kg xylazine. To enable intravenous delivery of cocaine, a catheter made of silicon tubing
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). Subsequent to catheter implantation, 0.1 ml of a solution
containing 1.0 mg methohexital sodium (Brevital; King Pharmaceuticals, Briston, TN, USA)
was infused intravenously as needed to maintain anesthesia. After suturing the neck incision,
the rat was placed in a stereotaxic frame and asymmetrically or unilaterally placed 22 gauge
stainless steel guide cannulae (Plastics One) were implanted. Guide cannulae were positioned
1 mm above the intended sites and placements were based on the bregma coordinate system
provided by the atlas of Swanson (1992). For rats with unilateral rBLA placements (n=12),
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cannulae were implanted into either the right or left rBLA (anteroposterior (AP) -2.0 mm,
lateral (L) £4.5 mm, dorsoventral (DV) -7.6 mm). For rats with unilateral pIPFC placements
(n=12), cannulae were implanted into either the right or left pIPFC at 15° angles (AP +2.8 mm,
L £1.4 mm, DV - 2.9 mm). Angled placements for the pIPFC were used to avoid breach of the
medial wall of the cortex (Di Pietro et al., 2006). For rats with asymmetric rBLA/pIPFC
placements (n=12), the same stereotaxic coordinates as above for the unilateral rBLA and
pIPFC placements were used to implant a single cannula into each site on opposite sides of the
brain. Placements for each site were counterbalanced to the right and left sides. We did not
include bilateral placement groups in this study, as previous behavioral findings from our
laboratory demonstrated that bilateral lidocaine inactivation of the rBLA or the pIPFC
significantly attenuated cue-induced reinstatement of cocaine-seeking behavior in rats trained
under a second-order schedule of drug delivery and contextual and discrete cue presentation
(Kantak et al., 2002; Di Pietro et al., 2006). The guide cannulae, pedestal, and three stainless
steel anchoring screws were attached to the skull and permanently embedded in dental cement.
Two 28 gauge obturators (Plastics One) were used to occlude guide cannulae between
infusions. Wounds were treated daily with topical furazolidone powder (Veterinary Products
Laboratories, Phoenix, AZ, USA) until healed and rats were allowed one week of recovery
from surgery before initiation of the study. Catheters were maintained by daily flushing
(Monday-Friday) with 0.1 ml of 0.9% saline solution containing 3 IU heparin (Baxter
Healthcare Corporation, Deerfield, IL, USA) and 6.7 mg Timentin (GlaxoSmithKline,
Research Triangle Park, NC, USA). On Fridays, a locking solution consisting of glycerol and
undiluted (1000 1U/ml) heparin (3:1) was used to fill the catheter dead space and minimize
blockages. This solution remained in 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 weekly for patency by infusing a 1.0 mg/0.1 ml solution of Brevital
intravenously, which produces a rapid temporary loss of muscle tone. A new catheter was
implanted into either the left jugular vein or right femoral vein to replace a leaking or non-
functional catheter, and rats were allowed four days of recovery from surgery before resuming
the study.

2.5. Self-Administration Training under a Second-Order Schedule

Prior to surgery, rats underwent an overnight session for acquisition of lever pressing under an
FR1 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 as described above. After a
week of recovery from surgery, hour-long cocaine self-administration sessions began. Rats
were incrementally trained to self-administer 1.0 mg/kg cocaine under a fixed-interval (FI) 5-
min [FR5:S] second-order schedule of drug delivery, as previously described (Kantak et al.,
2002). Under the FI 5-min [FR5: S] schedule of drug delivery, every fifth response (FR5) on
the active lever during the Fl resulted in a 2-sec presentation of the stimulus light located above
the active lever. The 2-sec light presentation served as a brief cocaine-associated conditioned
stimulus (brief CS*). Responses on the inactive lever were counted separately, but produced
no scheduled consequences. Acquisition of the FI 5-min [FR5: S] schedule took approximately
six weeks (30 sessions) of training. For half the rats, the right lever was designated as the active
lever and the left lever was designated as the inactive lever. This order was reversed for the
remaining rats. Intravenous cocaine delivery was contingent upon completion of five responses
on the active lever after the 5-min FI elapsed. The light above the active lever remained
illuminated for the duration of the infusion as well as for the 20-s timeout period that followed
each infusion (prolonged CS*), while the house light was extinguished during the timeout.
White noise (70 db), initiated at the start of the session, was present for the duration of each
session and served as a response-independent cocaine-paired contextual sound cue. Baseline
training sessions were conducted five days a week during the light phase, and continued until
cocaine intake was stable (number of infusions did not deviate by more than 20%) and the
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number of responses on the inactive lever was no greater than 25 for each session over a 5-day
period. Criterion was typically reached after approximately three weeks (15 sessions) of
baseline training.

2.6. Response-Extinction Training

Following establishment of stable baseline responding, rats underwent 14 response-extinction
training sessions to extinguish lever responding. Cocaine delivery, the contextual white noise
and the response-contingent light cue were withheld during response-extinction training
sessions.

2.7. Reinstatement Testing under a Second-Order Schedule

Following response-extinction training, rats underwent a single 1-hour cue-induced
reinstatement test during which intravenous cocaine was not available for self-administration.
The contextual sound cue was restored and the response-contingent brief CS* (2-sec light) was
presented after every fifth response on the active lever during the 5-min FI and the response-
contingent prolonged CS* (20-sec light) was presented upon completion of five responses after
the 5-min FI elapsed. There was a 20-s timeout period during which the house light was
extinguished. Vehicle or lidocaine was infused either unilaterally into the pIPFC or rBLA or
asymmetrically into the pIPFC and rBLA 5-min prior to testing (n=6 for each placement/
treatment group).

2.8. Histology

Rats were given an overdose of sodium pentobarbital 30 minutes following the 1-hr
reinstatement test and then perfused intracardially with saline and 4% paraformaldehyde
solution. Brains were extracted, post-fixed in 4% paraformaldehyde for 4 hours, and stored in
30% sucrose at 4 °C for 2-3 days. Subsequently, brains were flash frozen using isopentane and
stored at -80°C. Coronal sections (40 um) targeting the pIPFC and the rBLA were collected
using a cryostat, mounted on gelatin-coated slides, and stained with thionin. Slides were
examined under a microscope to verify infusion cannulae placements.

2.9. Data Analysis

Three behavioral measures were calculated: (1) the number of active lever responses (2) the
number of inactive lever responses and (3) the number of reinforcers earned (cocaine infusions
or prolonged CS* presentations). Measures of baseline performance were based on data
averaged over the last five cocaine self-administration sessions and last five response extinction
sessions. Drug-seeking behavior on test day was operationally defined as active lever
responding maintained by drug-associated cues during the second-order schedule of cue
presentation (Spealman et al., 1999).

To ensure that there were no preexisting behavioral differences among the six groups prior to
reinstatement testing, one-factor (group) ANOVAS were used to separately analyze self-
administration and response extinction baseline data. In addition, responding across the 14
sessions of extinction training was examined to compare rates of extinction learning in the six
groups using two-factor (group X extinction session) ANOVA, with repeated measures on the
extinction session factor. Behavioral differences during reinstatement testing were determined
by two-factor ANOVAs. Factors included placement site (unilateral rBLA, unilateral pIPFC,
and asymmetric rBLA/pIPFC) and treatment (vehicle and lidocaine). Significant ANOVAs
were followed by simple main effects tests or the post-hoc Tukey test where appropriate.
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3. Results

3.1. Histology

Histological verification of placements was confirmed for all rats in the six experimental
groups; two groups with asymmetric cannulae aimed at the rBLA and pIPFC (n=12), two
groups with unilateral cannulae aimed at the pIPFC (n=12), and two groups with unilateral
cannulae aimed at the rBLA (n=12). Depiction of cannulae placements are shown in Figure 1
(left panels). Placements were within 0.6 — 0.8 mm of the intended position in the AP plane
and within the pIPFC and rBLA anatomical ranges (Swanson, 1992). A 0.5 ul volume of
lidocaine is estimated to spread spherically with a radius of 0.5 mm from the infusion site
(Tehovnik and Sommer, 1997). Representative photomicrographs of asymmetric and unilateral
cannulae tracks also are depicted in Figure 1 (right panels).

3.2. Baseline Cocaine Self-Administration Sessions

By the end of training, the six groups of rats had similar baseline levels of cocaine self-
administration, and successfully discriminated the active from the inactive lever. One-factor
ANOVA analyses comparing the six groups that would later undergo reinstatement testing
following either vehicle or lidocaine treatment revealed that active lever responses during
baseline cocaine self-administration sessions did not differ significantly between groups
(Figure 2, top panel, bars above the letter A). Like active lever responses, the number of inactive
lever responses (Figure 2, top panel, bars above the letter I) and cocaine infusions earned
(Figure 2, bottom panel) did not differ significantly between the six groups of rats.

3.3. Response-Extinction Sessions

Across the course of 14 sessions of extinction training, the six groups of rats demonstrated
significantly diminished responding on the active lever and inactive lever. Two-factor ANOVA
analyses of active lever responses revealed a significant main effect of extinction session (F
[13, 390] = 39.7, p < 0.001), but not of group or the extinction session X group interaction. As
expected, the significant main effect of session indicated that responding decreased as
extinction training progressed in all six groups (Figure 3, top and bottom panels). Overall,
group comparisons revealed similar extinction learning curves across all six groups. Additional
analysis of active lever responses averaged over the last five extinction sessions in each of the
six groups indicated that there were no significant between-group differences (data not shown).
Thus, active lever responding was attenuated to a similar level in the six groups during the last
five sessions of extinction training that immediately preceded the reinstatement test.

Regarding inactive lever responses during response-extinction training, two-factor ANOVA
analyses revealed a significant main effect of extinction session (F [13, 390] = 2.6, p < 0.01),
but not of group or the extinction session X group interaction. As expected, the significant
main effect of session indicated that inactive lever responding also decreased as extinction
training continued (from a maximum average 14.8 + 3.7 and a minimum average of 7.0 + 4.6
on Day 1 to a maximum average of 9.2 + 3.8 and a minimum average of 0.5 + 0.3 on day 14;
data not shown).

3.4. Reinstatement Testing

Asymmetric infusion of lidocaine into the rBLA and pIPFC profoundly attenuated cocaine-
seeking behavior, while unilateral infusion of lidocaine into either the rBLA or pIPFC did not
alter cocaine-seeking behavior. Analyses of active lever responses emitted during test sessions
(Figure 4) revealed significant main effects of placement (F [2, 30] = 7.6, p <0.01) and
treatment (F [1, 30] = 8.6, p <0.01), as well as a significant placement X treatment interaction
(F [2,30] = 10.1, p <0.001). Post-hoc analyses of the placement X treatment interaction
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indicated that for the asymmetric rBLA/pIPFC placements, active lever responding was
significantly less in lidocaine-pretreated rats that underwent reinstatement testing compared to
vehicle-pretreated rats that underwent reinstatement testing (p < 0.001). Further post-hoc
analysis revealed that for the unilateral rBLA and unilateral pIPFC placements, active lever
responding was not significantly different between lidocaine-and vehicle-pretreated rats that
underwent reinstatement testing. A post-hoc between-placement comparison of lidocaine-
pretreated rats that underwent reinstatement testing also indicated that active lever responses
were significantly lower in rats with asymmetric rBLA/pIPFC placements compared to rats
with unilateral rBLA or unilateral pIPFC placements (p <0.001). Similar post-hoc comparisons
of vehicle-pretreated rats that underwent reinstatement testing indicated no significant
between-placement differences in active lever responding. Inactive lever responses averaged
fewer than 10 (a maximum average of 8.5 = 5.3 and a minimum average of 1.2 + 0.7) in each
of the six groups, with no significant differences among placements, between treatments, or
for the interaction of placement X treatment.

For the number of prolonged CS* presentations earned (i.e., the 20-sec stimulus light presented
upon completion of five responses after each 5-min FI elapsed), there was a significant main
effect of placement (F [2, 30] = 32.3, p <0.001) and treatment (F [1, 30] = 23.5, p <0.001),
as well as a significant interaction of placement X treatment (F [2, 30] = 23.6, p <0.001). Post-
hoc analysis of the placement X treatment interaction revealed that for the asymmetric rBLA/
pIPFC placements, significantly (p < 0.001) fewer prolonged CS* presentations were earned
in lidocaine-pretreated rats that underwent reinstatement testing (1.7 + 0.3) compared to
vehicle-pretreated rats that underwent reinstatement testing (6.7 £ 0.6) (data not shown).
Further post-hoc analysis revealed that for the unilateral rBLA and unilateral pIPFC
placements, the number of prolonged CS* presentations earned was not significantly different
between lidocaine-pretreated (7.2 + 0.4 and 7.0 + 0.4, respectively) and vehicle-pretreated (7.0
+0.4and 7.2+ 0.3, respectively) rats that underwent reinstatement testing. A post-hoc between-
placement comparison of lidocaine-pretreated rats that underwent reinstatement testing also
revealed that the number of prolonged CS* presentations earned was significantly lower in rats
with asymmetric rBLA/pIPFC placements compared to rats with unilateral rBLA or unilateral
pIPFC placements (p < 0.001). A similar post-hoc comparison of vehicle-pretreated rats that
underwent reinstatement testing indicated no significant between-placement differences in the
number of prolonged CS* presentations earned.

4. Discussion

4.1. Interaction of the rBLA and pIPFC in Regulating Reinstatement of Cocaine-Seeking

Behavior

The present findings revealed that following a period of response-extinction training,
asymmetric inactivation of the rBLA and pIPFC, known to be densely interconnected brain
regions (Gabbott et al., 2005; Hoover and Vertes, 2007), profoundly disrupted reinstatement
of cocaine-seeking behavior studied under a second-order schedule. Results also demonstrated
a concomitant decrease in prolonged CS* presentations earned following asymmetric
inactivation of the rBLA and pIPFC. Unilateral inactivation of each site alone did not alter
either behavior. Thus, intact communication between the rBLA and pIPFC on at least one side
of the brain appears to be sufficient for the generation of cocaine-seeking behavior elicited by
re-exposure to a combination of discrete and contextual drug-paired cues. Furthermore, the
robust reinstatement following unilateral inactivation of the rBLA or pIPFC supports the idea
that the rBLA and pIPFC do not independently regulate cocaine-seeking behavior following
their asymmetric inactivation. Collectively, it appears that under a second-order schedule,
reinstatement of cocaine-seeking behavior is disrupted if this circuit is interrupted at the same
loci (bilateral rBLA or bilateral pIPFC inactivation) in both hemispheres (Kantak et al.,
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2002; Di Pietro et al., 2006) or at different loci (asymmetric rBLA and pIPFC inactivation) in
opposite hemispheres (present findings).

The relationship between the rBLA and pIPFC extends previous single-site studies
hypothesizing that these brain regions are important components of cue reinstatement circuitry
(Shalev et al., 2002; Kalivas and McFarland, 2003; McLaughlin and See, 2003; See, 2005). A
study assessing the role of the rBLA and the dmPFC (targeting the anterior cingulate and
prelimbic cortex subregions) in regulating reinstatement of cocaine-seeking elicited by re-
exposure to response-independent drug-paired contextual cues found significant impairment
following asymmetric inactivation (Fuchs etal., 2007). The present study adds to these findings
to suggest that intrahemispheric connectivity between the rBLA and pIPFC is critical for
reinstatement of cocaine-seeking behavior elicited by re-exposure to a combination of discrete
and contextual drug-paired cues.

It is unlikely that regions nearby the rBLA (i.e. the cBLA or central amygdala) or the pIPFC
(i.e. the infralimbic cortex) were inactivated while infusing lidocaine into these discrete sites.
Rats pretreated asymmetrically with lidocaine prior to the reinstatement test would not have
shown such a profound attenuation of cocaine-seeking responses if the effects of lidocaine
were due to diffusion outside the regions of interest. Notably, previous studies have shown no
involvement of the cBLA, central amygdala, and infralimbic cortex in regulating reinstatement
of cocaine-seeking behavior (Kruzich and See, 2001; Kantak et al., 2002; McLaughlin and
See, 2003; Mashhoon et al., 2009). Although the central nucleus and cBLA are close in
proximity to the rBLA, and the infralimbic cortex is close in proximity to the pIPFC, studies
measuring the spread of 0.5 pl lidocaine, which was the infusion volume used in the present
study, found that the boundaries for neural inactivation were limited to a spherical area with a
radius of approximately 0.5 mm from the infusion site (Tehovnik and Sommer, 1997). Previous
studies using microinjection procedures, infusion volumes, and rates of infusion similar to
those used in the present study have shown the spread of lidocaine, which is volume-dependent
and not concentration-dependent, to be consistent with values calculated from the spherical
volume equation (Sandkuhler and Gebhart, 1984; Martin, 1991; Tehovnik and Sommer,
1997; Martin and Ghez, 1999). Additionally, Kantak and colleagues (2002) showed distinct
differences in the regulation of cocaine-seeking behavior during maintenance and
reinstatement phases by anatomically proximal structures, the cBLA and rBLA, following
lidocaine inactivation of each nucleus, respectively. Thus, in the current experiment, it is
improbable that lidocaine spread outside the rBLA or pIPFC, but was instead confined to
specific regions of interest. It is also important to note that it is unlikely that the effects of
asymmetric inactivation of the rBLA and pIPFC were related to motor impairment (Kantak et
al., 2002; Di Pietro et al., 2006).

4.2. Connectivity between the rBLA, pIPFC, and NAcc Core

Itis highly likely that the rBLA and pIPFC interact with other elements of cue reinstatement
circuitry. Past research has shown the nucleus accumbens (NAcc) core, but not shell, to
consistently play a critical role in regulating reinstatement of cocaine-seeking behavior
(Kalivas and McFarland, 2003; Fuchs et al., 2004; Béackstrém and Hyytia, 2007).
Neuroanatomically, the NAcc core shares connections with both the rBLA (Wright et al.,
1996) and the pIPFC (Gabbott et al., 2005). As the NAcc receives excitatory synaptic input
from both the BLA and PFC (O’Donnell and Grace, 1995; Gruber and O’Donnell, 2009),
reinstatement of cocaine-seeking behavior elicited by re-exposure to discrete and contextual
drug-paired cues may be associated with neuronal activation of the NAcc core. Fos protein
expression is thought to be a marker for neuronal activation (Chaudhuri, 1997; Harlan and
Garcia, 1998). Previously, Fos protein expression was found to be greatly enhanced in the
NAcc core and enhanced to a lesser extent in the NAcc shell of rats undergoing reinstatement
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of cocaine-seeking behavior elicited by re-exposure to response-contingent drug-paired cues
(Kufahl et al., 2009). Preliminary findings from our laboratory have demonstrated enhanced
Fos protein expression in the NAcc core (basal cell counts: 39.5 + 8.3; reinstatement cell counts:
62.4 £ 6.4; t[9] = 2.2, p<0.05), but not shell (basal cell counts: 34.5 + 6.2; reinstatement cell
counts: 43.3+4.9; t[9] = 1.1, n.s.), of rats re-exposed to discrete and contextual cocaine-paired
cues under a second-order schedule (unpublished data). Findings of enhanced Fos expression
in the nucleus accumbens core, but not as greatly in the shell, coupled with previous
neuroanatomical and neurophysiological findings (O’Donnell and Grace, 1995; Wright et al.,
1996; Gabbott et al., 2005; Hoover and Vertes, 2007) suggest that a circuit involving the NAcc
core, rBLA and pIPFC may be engaged to regulate reinstatement of cocaine-seeking behavior
elicited by re-exposure to discrete and contextual drug-paired cues. The identity of potential
excitatory or inhibitory activated cells in these regions, as well as the characterization of
projection pathways between the rBLA, pIPFC, and NAcc core remains uncertain. However,
some insights into the interaction of the BLA, the pIPFC, and the NAcc core have already been
advanced. Kalivas and McFarland (2003) hypothesized that response-contingent cues
associated with cocaine self-administration activate a projection from the rBLA to the anterior
cingulate/pIPFC (i.e. dmPFC), the excitatory output of which converges onto the NAcc core
to initiate and maintain cocaine-seeking behavior. In contrast, Miller and Marshall (2005)
proposed that contextual cues associated with conditioned place preference activate BLA
projections to the pIPFC and NAcc core. The BLA projection is thought to activate inhibitory
GABA interneurons in the pIPFC (Miller and Marshall, 2004), which attenuates excitatory
output from the pIPFC to the NAcc core. They suggest that the BLA provides significant
excitatory drive to the NAcc core to initiate and maintain cocaine-seeking behavior. One
explanation for these divergent hypotheses is that the critical final pathway underlying the
initiation and maintenance of cocaine-seeking behavior (pIPFC to NAcc core or BLA to NAcc
core) may depend on whether response-contingent or contextual cues are available to elicit
cocaine-seeking behavior. Another explanation involves the conceptual and methodological
differences inherent in the self-administration and conditioned place preference procedures.
However, Fuchs et al., (2007) concluded that bilateral input from the dmPFC to the rBLA may
be required to maintain contextual cue-induced reinstatement of cocaine-seeking behavior in
rats trained to self-administer cocaine. This view is distinct from the hypothesis that the BLA
accesses relapse circuitry exclusively via the dmPFC (Kalivas and McFarland, 2003), but is
also distinct from the hypothesis that inputs from the BLA modulate pIPFC and NAcc core
activity to regulate contextual cue-induced cocaine-seeking behavior (Miller and Marshall,
2005).

4.3. Conclusions

Clearly, future investigations are needed to investigate whether the flow of information
between the pIPFC, rBLA and NAcc core during reinstatement of cocaine-seeking behavior
elicited by re-exposure to discrete and contextual drug-paired cues is top-down or bottom-up.
Nonetheless, the present investigation provides important behavioral evidence supporting
critical connectivity between the rBLA and pIPFC, as well as preliminary
immunohistochemical findings that support a potential important role of downstream signaling
mechanisms in the NAcc core, for regulating reinstatement of cocaine-seeking behavior
following re-exposure to discrete and contextual drug-paired cues. Elucidating both the
behavioral and molecular mechanisms involved in this circuitry has important implications for
developing and evaluating treatments for cocaine relapse prevention (Zavala et al., 2008).
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Figure 1.

Schematic drawings representing coronal sections of the rBLA and pIPFC subregions (left
panels). Circles indicate the diameter (1.0 mm) of the theoretical diffusion of lidocaine from
the cannulae tips of rats with unilateral rBLA (top), asymmetric rBLA/pIPFC (middle), and
unilateral pIPFC (bottom) placements. 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. Representative photomicrographs of
asymmetric and unilateral cannulae tracks also are depicted (right panels).
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Figure 2.

Behavior during cocaine self-administration baseline sessions in rats with asymmetric or
unilateral rBLA and/or pIPFC placements and designated for later pretreatment with vehicle
(left) or lidocaine (right) prior to reinstatement test sessions. Values are the mean £ SEM
number of active (A) and inactive (I) lever responses (top panel) and number of infusions
earned (bottom panel).
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Figure 3.

Behavior during the 14 response-extinction training sessions in rats with asymmetric or
unilateral rBLA and/or pIPFC placements and designated for later pretreatment with vehicle
(top panel) or lidocaine (bottom panel) prior to reinstatement test sessions. Values are the mean
+ SEM number of active lever responses.
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Figure 4.

Behavior during reinstatement test sessions in rats with asymmetric or unilateral rBLA and/or
pIPFC placements and pretreated with vehicle (left) or lidocaine (right). Values are the mean
+ SEM number of active lever responses. * p < 0.001 compared to the corresponding vehicle-
treated group that underwent reinstatement testing, and # p< 0.01 compared to the unilateral
lidocaine-treated groups that underwent reinstatement testing.
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