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ABSTRACT
AUDREY M. WELLS: Effects of functional disconnection of the basolateralgaiala and
dorsal hippocampus following cocaine memory reactivation on subsequent drug

context-induced cocaine-seeking behavior in rats
(Under the direction of Rita A. Fuchs-Lokensgard)

Stimulus control over instrumental drug seeking relies onrdégensolidation of
contextresponse-drug associations into long-term memory following rekilesraced
destabilization. According to previous studies, the basolateral anay@@bR) and dorsal
hippocampus (DH) regulate cocaine-related memory reconsolidation;végwe is not
known whether these brain regions interact or independently consgtanomenon. In the
present study, using the contextual rodent extinction-reinstatement paradiglamonstrate
that disruption of intrahemispheric (disconnection), but not interhemisplipsilateral
control), interactions between the BLA and DH following cocamlated memory
reactivation impaired subsequent drug context-induced cocaine-sdedtayior in rats.
Furthermore, post-reactivation BLA/DH disconnection inhibited the devedopof a time-
dependent increase, amcubation, of drug context-induced cocaine seeking following an
extended delay, despite some recovery of cocaine-seeking behakiw, the BLA and DH
interact to regulate the reconsolidation of cocaine-related mesndinereby facilitating the
ability of drug-paired contexts to trigger cocaine seekingamdributing to the incubation

of cocaine seeking.
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CHAPTER |
INTRODUCTION

Sgnificance of the Problem

Cocaine addiction continues to be a serious health and economic praibl¢he f
United States, despite a recent trend for a decline in use é8ab%ibuse and Mental Health
Service Administration 2009). In addition to the obvious health consequenceabefor
estimated 1.9 million cocaine users in the United States, accdadihg National Survey on
Drug Use and Health in 2008 (Substance Abuse and Mental HealtheSAdnanistration
2009), cocaine addiction impacts non-users by contributing to the high ecooosnh of
addiction incurred by the United States each year, a figur@agpng $193illion dollars
(National Drug Intelligence Center 2011). Unfortunately, of the 23ll®bmpeople requiring
treatment in 2007, only 2.4 million actually received specialized (Grbstance Abuse and
Mental Health Service Administration 2009), demonstrating why addiction contmbesso
problematic for our society.

In addition to the low percentage of treatment-seeking addicts,seforeduce rates
of cocaine addiction are further impeded by the high vulnerahilitglapse in former users,
even after years of abstinence (Gawin and Kleber 1986). Thectdréstic behavioral
pattern associated with cocaine addiction involves alternaticlgyf abstinence and drug
use, often including periods of excessive and compulsive cocaine comsunipe.,
“binges,” Gawin and Kleber 1986). This phenomenon can be partly attributed to the ability of
cocaine-associated conditioned stimuli (CS) and environmental cotdeltsit craving and

give rise to relapse (Childress et al. 1988; O’Brien et al. 199i8nFand Haney 2000). The



ability of cocaine-related stimuli to trigger relapse depeodsthe formation of robust
cocaine-related associative memories over the course ofmeotaing (Alleweirelt et al
2001; Fuchs et al. 2005; Kearns and Weiss 2007; Crombag280&)l as well as the
maintenance of cocaine-related associations in long-term mefbohy; Lee et al. 2005;
Miller and Marshall 2005; Milekic et al. 2006; Bernardi et al. 2006, 2009; Valjent et al. 2006;
Diergaarde et al. 2008). Preventing the reconsolidation of cocdatedreassociative
memories may inhibit their maintenance in long-term storage amgequently interfere with
relapse, as will be discussed below. Hence, a greater undergtadime neural circuitry
and mechanisms underlying cocaine-related memory reconsolidatign infam the
development of novel treatments for drug addiction (Taylor et al. 200@&n and Everitt
2010).
Memory Reconsolidation: History and Therapeutic Application

According to the memory reconsolidation theory, associative mesnargeerendered
labile during retrieval (i.e., memory reactivation; see Naaled Einarsson 2010). The
functional consequence of this memory destabilization is theahildy of an accessible, so-
called “active,” memory trace that can be readily utilizeem{is 1979). The active trace is
akin to short-term memory, which is transiently maintained byctwalent modification of
pre-existing proteins (Goelet et al. 1986) and exocytosis of tldlyealeasable pool of
neurotransmitters (Tarnow 2008). This post reactivation short-temmony must then be re-
stabilizedinto LTM storage via processes that are sensitive to anisor(dabil), including
RNA transcription, the synthesis of new proteins, and/or post-ttenmsla modification
(Nader et al. 2000b; see Gold 2008 for a review of ANI-sensitive gges® in order to be

retained over time and to exert persistent stimulus control oeeditioned behaviors



(Tronson and Taylor, 2007). The memory reconsolidation theory suggestisethié cycle
of a memory trace is dynamic, which starkly contrasts thighmore antiquated assumption
that memories are rigidly secured in neuronal networks followmitgal stabilization, or
consolidation (for review see McKenzie and Eichenbaum 2011). During memory
consolidation, a recently acquired associative memory undergodgatadn on the cellular
level and then again on the systems level. Cellular consolidataslves long-lasting
changes in gene expression and synaptic efficacy that support nieacargtorage, whereas
systems consolidation requires the recurrent activation of hippocaammabl neuronal
ensembles, which results in the so-called “transfer” of merfiony the hippocampus to the
cortex (McGaugh, 2000; Dudai 2004). Historically, these processes hwpothesized to
result in permanent memory storage, but evidence suggesting thalicatesl memories are
susceptible to disruption by amnesic agents following retriakguably has challenged this
view (Misanin et al. 1968; Lewis 1979). In 2000, Nader and colleagues deatedghat re-
exposure to a previously foot shock-paired CS in the absencefobthghock was sufficient
to destabilize the consolidated CS-foot shock aversive associaiveny lending credence
to the memory reconsolidation hypothesis. Post-reminder microinfusiotise protein
synthesis and post-translational modification inhibitor, ANI, into dhsolateral amygdala
(BLA) of rats impaired the memory for the tone-foot shock assioci, and the memory
impairment was evident as attenuated conditioned freezing behaviEspanse to the tone
24 h later in ANI-treated rats, relative to VEH-treated rats (Nadar 2000a).

This study provided significant impetus to the study of memory satwlation.
Since then, memory reconsolidation inhibition has been demonstrated acrmsnber of

different learning and memory paradigms and in a number of diffeygecies, including



rodents, chicks, zebrafish, and notably, humans (reviewed in Nader ands&Bm&010).
Furthermore, memory reconsolidation inhibition has been proposed agnaetreatrategy
for disorders characterized by pathological memories, includind-tf@asnatic stress
disorder, phobias, and drug addiction (Taylor et al. 2009; Milton and E2640). With
respect to drug addiction, the putative period of memory vulnerahilityced by retrieval
may represent a therapeutic window during which pharmacolagesment can disrupt the
re-stabilization of associative memories and prevent subsequent erefitahroontext- or
CS-induced drug relapse.
Modeling the impact of cocaine-related memory reconsolidation on cocaine relapse
Procedural modifications to several animal models of drug relapskiding the
contextual variant of the rodent extinction-reinstatement paradfmhs et al. 2009;
Ramirez et al. 2009), have made it possible to test hypothbeasthe relationship between
drug-related memory reconsolidation and addictive behavior and to exprputative
neural substrates of cocaine-related memory reconsolidations@dsiiller and Marshall
2005; Lee et al. 2006). In the contextual extinction-reinstatement paradignaye trained to
self-administer cocaine in a distinct environmental context and gm@stinction training in
a different context (see Fuchs et al. 2008 for review). Followktigation training, rats are
returned to the previously cocaine-paired context for a test w§ dontext-induced
reinstatement of cocaine-seeking behavior. Re-exposure to thénecpedred context
reliably reinstates extinguished cocaine-seeking behavior in tlen@b®f cocaine itself,
consistent with the retrieval and utilization of cocaine-relassbciative memories (Fuchs et
al. 2008). To adapt this model for the study of drug-related memaospseldation, rats are

briefly re-exposed to the cocaine-paired context (i.e., cocainedetaemory reactivation)



following extinction training. It is assumed that cocaine menreactivation triggers the
initiation of memory reconsolidation processes (Fuchs et al. 2009). Hsiealirected
pharmacological manipulations following the memory reactivati@siea (i.e., 0-2 h post
session, during the period of putative memory trace lability) allow the selective
manipulations of brain regions, receptors, or molecules that are hypotheseedritical for
cocaine-related memory re-stabilization. The effects of themg@pulations on the ability of
the drug context to reinstate extinguished cocaine-seeking behee/teisted after additional
extinction training (i.e., 72 h later). Furthermore, to examine theelotygof the putative
memory reconsolidation impairment, cocaine-seeking behavior maysdsssad after an
extended drug-free period (e.g. 21 d, present study). Research fromabouatory has
utilized this model to elucidate the neural underpinnings of drug nyeneconsolidation

(e.g., Fuchs et al. 2009; Ramirez et al. 2009).

Neural substrates of drug memory reconsolidation

So far, studies have revealed significant overlap in the neulatrates involved in
the expression of drug-seeking behaviors and in the reconsolidation of drug-redatedesn
(Miller and Marshall 2005; Fuchs et al. 2009; Ramirez et al. 2008 & the most
extensively studied brain regions in this respect is the basdlataygdala (BLA). The BLA
is integral to the expression of both CS- and context-induced atnmstnt of cocaine
seeking (Meil and See 1997; Kantak et al. 2002; Fuchs et al. 2002, 2005, 2005 pkso a
site for memory reconsolidation (Nader et al. 2000a; Milekid. @097; Mamiya et al. 2009;
Li et al. 2010). The BLA is critically involved in the reconsolidatadrconditioned stimulus

(CS)-drug associative memories that regulate drug-conditiorme pireference (Milekic et



al. 2006; Li et al. 2010; Théberge et al. 2010), conditioned reinforcement, andedkigg
behavior (Lee et al. 2005, 2006a; Milton et al. 2008; Théberge et al. 201h)erFore,
research from our laboratory has demonstrated that ANI-sensitbeegses in the BLA
control the reconsolidation of context-response-cocaine associativeoriregnand the
subsequent ability of a drug-paired context to reinstate extinguisbedine-seeking
behavior (Fuchst al., 2009).

Similar to the BLA, the dorsal hippocampus (DH) is required foretkgression of
drug context-induced cocaine-seeking behavior in rats (Fuchs et a).2Z2003, but its exact
contribution to the reconsolidation of cocaine-related associativeones remains unclear.
Tetrodotoxin-induced neuronal inactivation of, but not ANI treatmenthm,00H following
re-exposure to a cocaine-paired context inhibits subsequent drug tdodteed
reinstatement of cocaine-seeking behavior (Ramirez et al. 2008. effect is cocaine
memory reactivation-dependent, an important corollary of a genuémeory reconsolidation
deficit (Nader et al. 2000b). This suggests that while the Dibi a critical site for protein
synthesis and/or post-translational modification required for meneesyabilizationper se,
it is necessary for the utilization of memories that haven beeonsolidated elsewhere,
perhaps in the BLA.

Intrahemispheric interaction between the BLA and DH is required for hression
of drug context-induced cocaine-seeking behavior (Fuchs et al. 2007). Sitafactions
between these brain regions may also be necessary for memory recoosglideliding the
stabilization of cocaine-related associative memories that regulameaeeking behavior.
In support of this idea, neuronal populations within subregions of the BLA and DH exhibit

synchronized neural activity concomitant with the reconsolidation of remotséraories



(Narayanan et al. 2007). However, to date, it has not been investigated whetheh tduedBL
DH — or in fact any two brain regions - interact or independently regulate memor
reconsolidation. Hence, the overarching aim of the present study was to examole of

BLA/DH interactions in cocaine-related memory reconsolidation.

Hypothesis and Predictions

To test the hypothesis that intrahemispheric interaction bettheeBLA and DH at
the time of memory reconsolidation is necessary for the abiliaycocaine-paired context to
subsequently elicit cocaine-seeking behavior, the present studseditih disconnection
manipulation to bilaterally impair either intrahemispheric commatioa (i.e., BLA/DH
disconnection) or interhemispheric communication (i.e., ipsilateralralontanipulation)
between the BLA and DH immediately following re-exposure tocaxaine-paired
environmental context (experiment 1). BLA/DH disconnection followingaceerelated
memory retrieval was predicted to attenuate subsequent drug emoheséd cocaine-
seeking behavior to a greater degree than the ipsilateral mdmpuleonsistent with our
hypothesis that intrahemispheric, but not interhemispheric, interadtten et al. 1982;
Gaffan et al. 1993) between the BLA and DH regulate cocaineonyeraconsolidation.
Additionally, consistent with d@ona fide memory reconsolidation deficit, it was predicted
that the effects of BLA/DH disconnection would depend on the retraaldestabilization
of context-response-cocaine associations (Nader and Wang 2006).sTenthi BLA/DH
disconnection was carried out following exposure to an unpaired contkigt.m&nipulation
was expected to have no effect on subsequent cocaine-seeking behéneardoaine-paired

context (experiment 2). Finally, reflecting another charastteriof genuine memory



reconsolidation impairments, BLA/DH disconnection was predicted to peaallang-lasting
impairment in drug context-induced cocaine-seeking behavior. Spégjfid&lLA/DH

disconnection was expected to produce similar attenuation in cameRerg behavior
following an overnight (i.e., 0-d) or an extended (i.e., 21-d) drug-freecpéexperiment 3;

Alberini et al. 2006).



CHAPTER I
METHODS AND MATERIALS

Subjects

Male Sprague-Dawley rats (Charles-River, Wilmington, MA, UBA 61) were
maintained in a temperature- and humidity-controlled vivarium on arseddight-dark
cycle. Rats weighed between 275-300 g at the start of the experiment andaiveagned on
20-25 g of rat chow per day with water availabtelibitum. The housing and treatment of
animals used in the study followed the “Guide for the Care andotUsaboratory Rats”
(Institute of Laboratory Animal Resources on Life Sciences,oNati Research Council,
1996) and were approved by the Institutional Animal Care and Use GCmnof the

University of North Carolina at Chapel Hill.

Procedures

Food Training. To accelerate the acquisition of cocaine self-administratitswere
initially trained to press a lever under a continuous schedule ofrépaidrcement (i.e., each
press on the designated active lever resulted in the delofeey 45-mg pellet:Noyes,
Lancaster, NH, USAduring a 16-h session overnight. Food training was conducted in
standard sound-attenuated operant conditioning chambers (26 x 27 x 27 cQdutifgurn
Instruments, Allentown, PA, USA). During the session, lever presses second lever,
designated as the inactive lever, had no programmed consequencesniiehgual stimuli
that were used during cocaine self-administration and extincaonirtg were not present in

the chambers during food training.



Surgery. Forty-eight hours after food training, rats were fully sthetized with
ketamine hydrochloride and xylazine (66.6 mg/kg andl1.33 mg/kg, i.p, ctesgg).
Intravenous catheters were constructed in-house, as described pyeffaaks et al. 2007).
The catheter was inserted into the right jugular vein and waonusaneously to the back
where it exited between the scapulae. Immediately ditercatheterization surgery, rats
were placed into a stereotaxic instrument (Stoelting, Wood DihJeU$A). Twenty-six
gauge stainless steel guide cannulae (Plastics One) ivexd anilaterally at the right or left
BLA (-2.7 mm AP, £5.2 mm ML, -6.8 mm DV, relative to bregma) anthatcontralateral
or ipsilateral DH (angled rostrally by 15° to accommodate th& 8annula, -4.1 mm AP,
+2.1 ML, -2.7 mm DV, relative to bregma). Stainless steelvgci@nd cranioplastic cement
secured the guide cannulae to the skull. Styletastics One) and Tygon caps sealed the
guide cannulae and catheter, respectively, in order to prevent occlusion.

Rats were given 5 days of post-operative recovery before thefthe experiment.
To maintain catheter patency during this time, the catheters flushed through daily with
0.1 ml of an antibiotic solution of cefazolin (10.0 mg/ml; Schein Pheeoteals,
Albuquerque, NM, USA) dissolved in heparinized saline (70 U/ml; Batéaith Care Corp,
Deerfield, IL, USA) followed by 0.1 ml of heparinized saline (@0ml). During self-
administration training, catheters were flushed through with 0.1 iméérinized saline (10
U/ml) before each session and with 0.1 ml of the cefazolin saldtillowed by 0.1 ml of
heparinized saline (70 U/ml) after each session. Catheter pat&scassessed before the

first self-administration session and periodically during the mxwat, using propofol
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(Img/0.1ml, i.v. Eli Abbott Lab, North Chicago, IL, USA), which produces tempooss/df

muscle tone when administered intravenously.

Cocaine Self-administration Training. Self-administration training was conducted in
standard operant conditioning chambers configured to one of two distinctgredif
contexts. Context 1 contained a continuous red house light (0.4 fc beghopposite to the
active lever, intermittent pure tone (80 dB, 1 kHz; 2 s on, 2 s off),queeted air freshener
strip (4.5 cm x 2 cm, Car Freshener Corp., Watertown, NY, USA), anceanesh floor (26
cm x 27 cm). Context 2 contained an intermittent white stimugtg lbove the inactive
lever (1.2 fc brightness, 2 s on, 4 s off), continuous pure tone (75 dB, 2.5Jdr#)a-
scented air freshener strip (4.5 x 2 cm, Sopus Products, Moorpark, $, Bhd a slanted
ceramic tile wall that bisected a bar floor (19 cm x 27 d¢Ra)Xs were randomly assigned to
Context 1 or Context 2 and allowed to self-administer cocaineaincontext under a fixed-
ratio 1 schedule of cocaine reinforcement (cocaine hydrochlofidé& mg/0.05 ml per
infusion, i.v.; NIDA, Research Triangle Park, NC, USA). Trainiogk place during daily 2-
h sessions during the rats’ dark cycle. The rats’ cathetems ganected to an infusion
apparatus (Coulbourn Instruments, Allentown, PA, USA) via polyethylentuldfig and
liquid swivels (Instech, Plymouth Meeting, PA, USA). Active lepeesses activated an
infusion pump for 2 s. Each infusion was immediately followed by-a fthe-out period,
during which active lever presses had no programmed consequenctse lleaer presses
were recorded but had no programmed consequences. Training continuegtsingidiched a
criterion of>10 cocaine infusions per session during at least 10 sessions. Datdaoland

reinforcer delivery were controlled using Graphic State Notasioitware version 2.102
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(Coulbourn).

Extinction Training. After reaching the acquisition criterion, rats received 7 daity
extinction training sessions. Rats that had self-administecare in Context 1 were placed
into Context 2 for extinction training, and vice versa. During tttenetion sessions, active
and inactive lever presses were recorded but had no programmed consgguenc
Immediately after the fourth extinction session, rats were adapt the intracranial
microinfusion procedure. To this end, stainless steel injection cannalaeinserted into the
guide cannulae to a depth of either Imm (DH) or 2mm (BLA) belwmvtip of the guide
cannulae. The injector cannulae remained in place for 4 minutes, Bltichevas infused

during the adaptation procedure.

Experiment 1: Effects of BLA/DH disconnection on cocaine memory reconsolidation
Experiment 1 was designed to evaluate whether functional disconnectionBEA
and DH following cocaine memory reactivation would impair subseqdarg context-
induced cocaine seeking. A schematic representing the expellitmeedane is provided in
Fig. 2A.
Memory Reactivation. After the final day of extinction training, rats were re-explose
to the cocaine-paired context for 15 min in order to destabilmaine-related memories
(Lewis 1979; Nader et al. 2000b; Tronson and Taylor 2007). This session length waslselect
because it is sufficient to reactivate cocaine-related Ess@memories without producing

significant behavioral extinction (Fuchs et al. 2009). During thenomg reactivation
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session, rats were connected to the infusion apparatus, but fluidsnoterefused and

responding on the active and inactive levers had no programmed consequences.

Intracranial manipulations. Immediately after the memory reactivation session, rats
received a unilateral microinfusion of anisomycin (ANI; 62.5 pug/0)5nio the left or right
BLA plus a unilateral microinfusion of the GABA agonists baclafamscimol (B/M;
1.0/0.01 mM/0.5 pl) into the contralateral or ipsilateral DH. The ddsANI used was
selected based on our previous research demonstrating that when nmsedibflaterally
into the BLA, but not the overlying posterior caudate-putamen (pCPw),dibée was
sufficient to disrupt cocaine memory reconsolidation in our model (Fuchs et al. 2009 Whil
tetrodotoxin was used in our previous study to demonstrate the involveimiet DH, but
not the overlying trunk region of the somatosensory cortex (SStrgocaine memory
reconsolidation (Ramirez et al. 2009), B/M was used in the pressdntiection study in
order to selectively inhibit neural activity within the DH whdéearing fibers of passage (van
Duuren et al. 2007). The dose of B/M was selected based on an &irhéDH
disconnection study (Fuchs et al. 2007). Vehicle control groups receiveghpt®$uffered
saline (VEH; 0.5 pl) unilaterally into the BLA plus the contratal or ipsilateral DH.
Assignment to treatment conditions was counterbalanced based on pdause intake.
During the microinjection procedure, the injection cannulae were cathéatHamilton
Syringes (Hamilton Co., Reno, NV) that were mounted on a mie®doump (KD
Scientific, Holliston, MA). Microinfusions were delivered over 2 mimdathe injection
cannulae were left in place for 1 min before and after the micasion in order to limit drug

diffusion, as described previously (Fuchsl. 2007).
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Extinction training and Test of Drug Context-induced Cocaine Seeking. Starting on
the day following the memory reactivation session, rats receadstitional daily 2-h
extinction training sessions until they reached an extinctiberion (i.e., <25 active lever
responses per session on a minimum of 2 consecutive days). Twenhgtoarlater, rats
were returned to the cocaine-paired context for a 2-h akesiocaine-seeking behavior.
During the test session, active and inactive lever presses neeoeded, but had no

programmed consequences.

General motor activity testing. Intracranial manipulations can alter cocaine-seeking
behavior by impairing general motor activity. This was unlikelyh@ present study since
testing occurred at a minimum of 72 hours following the intracramahipulation.
Nonetheless, the possible protracted effects of contralaterabpsitateral ANI+B/M and
VEH treatments on motor activity were assessed 24 hours héiereinstatement test in
experiment 1. The general motor activity test took place in ndeglghas chambers (42 x
20 x 20 cm) that were equipped with an array of eight photodetectocemiuterized
activity system (San Diego Instruments, San Diego, CA) redomeotobeam breaks

resulting from the movement of rats in the chamber during a 2-h session.

Experiment 2: Effects of BLA/DH disconnection in the absence of explicit cocaine
memory reactivation
The memory reconsolidation theory posits that reconsolidation inhilsédestively

target memories that have been rendered labile by reactivilaate( et al. 2000b; Alberini
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et al. 2006; Tronson and Taylor 2007). Experiment 2 was designed totewahether the
effect observed in experiment 1 would be similarly observed in bisenae of explicit
cocaine memory reactivation. The experimental protocol was idémtichat in experiment
1 except that the groups were placed into a novel, unpaired coateb fmin prior to

receiving ipsilateral or contralateral ANI+B/M or VEH+YEmicroinfusions into the BLA
and DH, respectively. The unpaired context contained continuous white stimulssalgive

each lever, a continuous red house light (0.4 fc brightness) opposite &otithes lever, a
continuous complex tone (80 dB, alternating between 1, 1.5, and 2.5 kHz at Valsihter

citrus-scented air freshener strip (4.5 x 2 cm, Locasmarts,LQ8nond Beach, Fl), and
ceramic tile flooring (26 cm x 27 cm). A schematic repnéag the experimental timeline

for experiment 2 is provided ifig. 4A.

Experiment 3: Time-dependent effects of post-memory reactivation BLA/DH
disconnection on drug context-induced cocaine seeking

Genuine memory reconsolidation impairments are characterizethebyloss or
weakening of the memory trace, and in turn, long-lasting changeshavior (Nader and
Wang 2006). Experiment 3 was designed to evaluate the effeBISAMDH disconnection,
administered following re-exposure to a cocaine-paired context, @bilitg of the cocaine-
paired context to reinstate cocaine-seeking behavior after an extendedegrpgsfod.

All protocols in this experiment were identical to those usezkperiments 1 and 2,
except that rats were assigned to stay in their home cag2% flays following the memory
reactivation session and intracranial microinfusions. During the ltage stay, rats were

handled regularly. A schematic representing the experimemiealine is provided irFig.
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5A. The contralateral BLA/DH-cannulated groups from experiment 1 dease 0-d

(overnight) home cage control groups in experiment 3.

Histology. After the last experimental session, rats were overdegédketamine
hydrochloride and xylazine (66.6 and31mg/kg, i.v. or 199.8 and 3.9 mg/kg, i.p.,
respectively, depending on catheter patenthey were then transcardially perfused with
1x-phosphate-buffered saline (Fisher Scientific) and 10% formgd@elolution (Sigma).
Brains were dissected out and stored in 10% formaldehyde solutiothegtivere sectioned
in the coronal plane at a thickneds7é pm using a vibratome. The sections were mounted
onto gelatin-coated slides and stained using cresyl violet (Kdglathester, NY, USA).
Cannula placements were verified using light microscopy. Thé weosralportion of each
cannula tract was mapped onto schematics of appropriate platestie rat brain atlas

(Paxinos and Watson 1997).

Data Analysis. Separate ANOVAs were conducted to test for possible pre-existing
differences in cocaine intake as well as active and weabtver responding during cocaine
self-administration training (mean of last 3 days), extinctraming (day 1, day 7), and
during the memory reactivation session for the groups of rats imiergmes 1, 2, and 3. In
these ANOVAs, group was included as a between-subjects factdnmenfextinction day 1,
extinction day 7) was included as a within-subjects factor, asoppgte. Pearsomn
correlation coefficients were calculated to examine theioekhip between active lever
responding during the memory reactivation session and during the testigpfcontext-

induced cocaine-seeking behavior.
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Separate mixed-factorial ANOVAs were conducted to exantineeffects of post-
reactivation manipulations on the number of days required to reachtthetier criterion,
on active and inactive lever responses on the test days in the epamatk and extinction
contexts (last extinction session before the test in the copaired context), and on motor
activity. In these ANOVAs, treatment (VEH + VEH, ANI + BjMsurgery type (ipsilateral,
contralateral), and home cage condition (0 d, 21 d) were included asebetwbjects
factors, while context (extinction, cocaine-paired) and time RSxmin intervals) were
included as within-subjects factors, as appropriate. Significaimt and interaction effects
were further probed using post-hoc Tukey tests. In addition, the potaetalspheric
laterality of significant effects was examined usingstdeseparately because the variables

BLA hemisphere and DH hemisphere were not orthogonal. Alpha was set at 0.05
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CHAPTER Il
RESULTS

Histology. Schematics and photomicrographs representing cannula placengents ar
included inFig. 1. The target brain regions were defined as the lateral andabarsbinuclei
of the amygdala (BLA) and the dorsal hippocampus proper (DH). Furiepection of
neural tissue using high power microscopy revealed no indicatioissofet damage (i.e.,
extensive cell loss or gliosis). Data from rats with misgdacannulae were excluded from
subsequent statistical analyses. The resulting Ns per vé\i€ld)- and drug-treated groups
were: contralateral VEH (BLA) + VEH (DH) 0 dh= 8; contralateral VEH (BLA) + VEH
(DH) 21 d,n = 7; contralateral ANI (BLA) + B/M (DH) 0 dn = 10; contralateral ANI
(BLA) + B/M (DH) 21 d,n = 7; ipsilateral VEH (BLA) + VEH (DH)n = 8; ipsilateral ANI
(BLA) + B/M (DH), n= 7; no reactivation contralateral VEH (BLA) + VEH (DHh)= 7; and

no reactivation contralateral ANI (BLA) + B/M (DHjy,= 7.

Behavioral History. Analysis of variance (ANOVA) did not indicate any pre-
existing differences between the groups in cocaine intake, imeaocti inactive lever
responding during cocaine self-administration training, extinctiomimgg during the
memory reactivation session, or in the number of days required th tleacextinction
criterion before testing. These data are provide@able 1. Correlational analyses revealed
that active lever responding during the memory reactivationosesid not significantly
predict active lever responding during the test of drug context-iddcmeaine seeking for

the groups that had received VEHS 0.114,p = 0.604) or ANI+B/M treatment following
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the memory reactivation sessian 0.496,p = 0.495). Furthermore, none of the analyses
revealed hemisphere-dependent effects (i.e., laterality, datehownh)} Only statistically
significant effects are reported below. The eta-squaredn&s$s of effect size for all

statistically significant effects ranged between 0.015 and 0.770.

Experiment 1

Experiment 1 was designed to evaluate whether intrahemispheriadibdn between
the BLA and DH is necessary for cocaine-related memorgnsstidation and for the
subsequent ability of a cocaine-paired context to reinstate coseh@rg behavior (see
experimental timeline irFig. 2A). Contralateral BLA/DH treatment with ANI+B/M was
expected to bilaterally disrupt putative intrahemispheric interas between the BLA and
DH. Conversely, the ipsilateral manipulation was expected to elkalft disrupt
interhemispheric connections between the BLA and DH while sparimgherhispheric
interactions between these brain regions in the unmanipulated heraigpiten et al. 1982;
Gaffan et al. 1993). Thus, it was postulated that requisite imigpberic interactions
between the BLA and DH would be indicated by greater deficdbcaine seeking following
the contralateral manipulation relative to the ipsilateral manipulation.

BLA/DH disconnection following cocaine memory reactivation raitged
subsequent cocaine-seeking behavior in a context- and lever-deperaderdrnwhile the
ipsilateral ANI+B/M manipulation had no effect on responding relatovd/EH (seeFig.
2B). The 2 x 2 x 2 ANOVA of active lever responses indicatedjaifstant surgery type x
treatment x context interaction effedf(>9 = 4.679,p = 0.039), as well as significant

surgery type x context interactiofr({29) = 8.473,p = 0.007), treatment x surgery type
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interaction E129) = 5.209,p = 0.030), context mainH4,29 = 66.482,p < 0.001), and
surgery type mainH(1 29)= 8.463,p = 0.007) effects. Thus, re-exposure to the cocaine-paired
context during testing elicited an increase in active levgroreting in both VEH control
groups and in the ipsilateral ANI+B/M-treated control group, netato responding in the
extinction context (ANOVA context simple main effect, Tukey,tpst 0.05). Conversely,
the group that had received BLA/DH disconnection manipulation (i.e., catetral
ANI+B/M treatment) following cocaine memory reactivation sdugently exhibited less
active lever responding in the cocaine-paired, but not the extinaticiext, relative to all
other groups (ANOVA treatment and surgery type simple méactsf Tukey tesp < 0.05).
As a result, responding in this group was not different in the copained and extinction
contexts on the test days.

Time course analysis of active lever responding revealed Heatetfects of
contralateral ANI+B/M treatment on drug context-induced cocs@eking behavior were
independent of time interval (s€&g. 2D). The 2 x 2 x 6 ANOVA of active lever responses
across the six 20-min intervals of the test session reveakdgndicant surgery type X
treatment interaction effecFg 9= 5.196,p = 0.030), as well as time mairfr§ 145 =
10.978,p < 0.001) and surgery type maiR{29) = 8.45,p = 0.007) effects. Active lever
responding decreased during the test session (ANOVA time m#tant,einterval 1 >
intervals 2-6; Tukey tesp < 0.05). Collapsed across time interval, there was no difference in
active lever responding between the VEH control groups and the epsila&NI+B/M-
treated group. In contrast, the group that had received BLA/DH discaymecanipulation

following cocaine memory reactivation subsequently exhibiteddeBge lever responding
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relative to all other groups (ANOVA treatment and surgery sipgle main effects, Tukey
test,p < 0.05).

The 2 x 2 x 2 ANOVA for inactive lever responses indicated ¢éxaosure to the
cocaine-paired context elicited a slight increase in inactéverlresponding in all groups
relative to responding in the extinction context (Feg 2C; ANOVA context main effect
only, F(1, 290= 6.599,p = 0.016). Time course analysis of inactive lever responses during the
test of drug context-induced cocaine seeking revealed a significeatiment x time
interaction effect K 145y = 2.446,p = 0.037) and a time main effed{ 145y = 5.625,p <
0.001). Independent of surgery-type, VEH groups exhibited a decreasaciive lever
responding during the test session (ANOVA time simple mairctstfenterval 1 > intervals
2-6, Tukey test,p < 0.05). Furthermore, the groups that had received ipsilateral or
contralateral ANI+B/M treatment following memory reactieati exhibited less inactive
lever responding than VEH groups during interval 1 (ANOVA treatrsegmple main effect,

Tukey testp < 0.05).

Motor Activity. The protracted effects of intracranial manipulations on general
activity can impact instrumental cocaine-seeking behavior. To ieeathis possibility, the
effect of BLA/DH disconnection and ipsilateral manipulation on locemaetctivity was
evaluated in a novel Plexiglas chamber 24 h after the test ofcdntgxt-induced cocaine
seeking.

General motor activity gradually declined as rats habituated tohidn@ber, and this
effect was independent of treatment. These data are providem).irB. The 2 x 2 x 6

ANOVA of photobeam breaks revealed a significant time main eftety (F 145 =
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104.272,p < 0.001). Collapsed across surgery type and treatment, rats gentenatsd
photobeam breaks during intervals 2-6 relative to the first 20-marvial of the session
(Tukey test,p <0.05). Importantly, neither BLA/DH disconnection nor the ipsilateral
manipulation with ANI+B/M administered following memory reactivation adesubsequent

general motor activity relative to VEH treatment.

Experiment 2

Memory reconsolidation deficits are expected to depend on memoryvatian
(Nader et al. 2000b; Alberini et al. 2006; Tronson and Taylor 2007). Thugsyvaleated
whether the effects of BLA/DH disconnection on cocaine-seekingv@hwould depend on
re-exposure to the cocaine-paired context immediately prior h® disconnection
manipulation To this end, “no reactivation” control groups were exposed to a novel,
unpaired context prior to receiving the BLA/DH disconnection manimudatbr VEH
treatment (see experimental timelind=ig 4A).

BLA/DH disconnection in the absence of explicit cocaine memoigtixedion failed
to alter drug context-induced reinstatement of cocaine-seekingibeheelative to VEH
treatment (se€ig. 4B). The 2 x 2 ANOVA for active lever responses revealed that expos
to the cocaine-paired context produced an increase in activerésganding in the groups
that received ANI+B/M or VEH treatment following exposure to thepaired context,
relative to responding in the extinction context (ANOVA contexinnedfect only,F, 12) =
23.169,p < 0.001). Furthermore, there was no difference between these grougsven a

lever responding in the extinction or cocaine-paired context on the test days.
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The 2 x 2 ANOVA for inactive lever responses revealed that expds the cocaine-
paired context on the test day elicited a slight increase ativealever responding in both
groups, relative to responding in the extinction context (Sep 4C), and BLA/DH
disconnection following exposure to the novel context did not subsequetetlyiractive
lever responding in the extinction or cocaine-paired context, wvelat VEH treatment

(ANOVA context main effect onlyk, 12)= 9.096,p < 0.020).

Experiment 3

Memory reconsolidation inhibitors are expected to impair the tangehory trace
and, therefore, to exert an enduring effect on conditioned behavior ifAlleéral. 2006;
Nader and Wang 2006). Accordingly, we examined whether BLA/DHodisection
following cocaine memory reactivation would disrupt cocaine-seekingvlmehafter a
prolonged drug-free period (i.e., 21-day versus overnight home cage stayoléaved by a
minimum of 2 days of extinction training prior to the test of dragtext-induced cocaine-
seeking behavior; see experimental timelinEim5A). During the home cage stay, rats were

handled regularly.

BLA/DH disconnection following cocaine memory reactivation raitged
subsequent cocaine-seeking behavior in a context-dependent mannee redatVEH
treatment, and this effect was independent of home cage conditidfigséB). The 2 x 2 x
2 ANOVA for active lever responses indicated significant treatnx context interaction
(F(1,29= 29.881,p < 0.001), home cage condition maky(29)= 5.631,p = 0.010), context
main Fq,29)= 136.433p < 0.001), and treatment main effecks, bg) = 43.263,p < 0.001).

Thus, active lever responding increased following the 21-d homestageconsistent with
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the incubation phenomenon (sBmy. 5B, inset; Tran-Nguyen et al., 1998; Grimm et al.,
2001; Lu et al. 2004). Collapsed across home cage condition, re-exposhoeectucaine-
paired context on the test day elicited increased active tesponding in the VEH groups,
relative to responding in the extinction context (ANOVA contextpde main effect, Tukey
test, p < 0.05). Furthermore, the groups that had received BLA/DH disconnectien af
cocaine memory reactivation subsequently exhibited less active lesponding in the
cocaine-paired, but not in the extinction, context relative to the giips (ANOVA

treatment simple main effect, Tukey tgst, 0.05).

Time course analysis of active lever responses during theftésig context-induced
cocaine seeking indicated that responding depended on treatment, lgenwrdition, and
time (seeFig. 5D). The ANOVA of active lever responses during the six 20-nmmet
intervals of the test session indicated a significant tredtmdnome cage condition x time
interaction effect K 140) = 4.465,p = 0.001), as well as significant treatment x time
interaction Es 140)= 3.304,p = 0.008), time mainKs 140y = 19.702,p < 0.001), treatment
main F,28= 39.989,p < 0.001), and home cage condition main effeEisg)= 4.343,p =
0.046). Active lever responding declined over the course of the testrs@sshe VEH
groups; however, the rate of decline differed as a function of hcage condition.
Specifically, the 0-d VEH group exhibited less responding during al®er®-6 relative to
interval 1 (ANOVA time simple main effects, Tukey tgstg 0.05). Conversely, the 21-d
VEH group exhibited stable responding during intervals 1-3, and aetree tesponding in
this group decreased during intervals 4 and 6 relative to intetvaled 2 (ANOVA time
simple main effect, Tukey tegt,< 0.05). The 0-d ANI+B/M group exhibited low levels of

responding throughout the test session, and responding in this grougmasasitly lower
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than that in the respective 0-d VEH group during interval 1 (ANQhatment simple main
effect, Tukey testp < 0.05). On the other hand, the 21-d ANI+B/M group demonstrated high
levels of responding during interval 1 such that responding in this grosmetadifferent
than responding in the respective 21-d VEH group, but also did not ddferthat in the 0-d
VEH or 0-d ANI+B/M groups. Interestingly, however, responding in thel 2NI+B/M
group rapidly declined such that it was significantly lower ttesponding in the respective
21-d VEH group during interval 2 (ANOVA treatment simple maire&if Tukey testp <
0.05).

The 2 x 2 x 2 ANOVA for inactive lever responses indicated ¢xabsure to the
cocaine-paired context elicited a slight increase in overattirealever responding relative
to responding in the extinction context ($&g. 5C; ANOVA context main effect onlyf,
29) = 7.642,p = 0.010). Neither BLA/DH disconnection nor home cage condition altered
inactive lever responding in either context. The time coursaagdtive lever responses
during the test of drug context-induced cocaine-seeking behavioredval inactive lever
responding declined during the session independent of treatment or homeondd®n
(Fig. 5E; ANOVA time main effect onlyFs 1409)= 9.527,p < 0.001, interval 1 > intervals 2-

6, Tukey testp < 0.05).
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CHAPTER IV
DISCUSSION

Intrahemispheric interactions between the BLA and DH are critical for the reconsolidation
of cocaine-related memories that control drug context-induced cocai ne-seeking behavior

To our knowledge, the present study offers the first demonstratiorfutiiettonal
interaction between the BLA and DH is required for the reconsaidati cocaine-related
associative memories that underlie the ability of a cocaimeep@nvironmental context to
reinstate extinguished cocaine-seeking behavior. To test for furciioieadependence
between the BLA and DH, a disconnection procedure was employezhnDection of the
BLA and DH at the putative time of memory reconsolidation waseaeli by administering
unilateral microinfusions of ANI into the BLA and B/M into the catdteral DH following
cocaine memory reactivation. This manipulation was expected to tentpomhibit
intrahemispheric interaction between the BLA and DH in both h@rares. Conversely, the
ipsilateral ANI+B/M control manipulation was expected to spangrahemispheric
information sharing between these brain regions in one hemésphlkile eliminating
interhemispheric interactions in both hemispheres. Importantly, silaand contralateral
ANI+B/M treatment affected the same amount of neural tisQlter{ et al. 1982; Gaffan et
al. 1993); therefore, unilateral or additive effects of the inttA-BNI and intra-DH B/M
treatments were expected to manifest similarly following ebatteral and ipsilateral
administration. In the present study, BLA/DH disconnection with #8MM, but not the

ipsilateral manipulation with the same treatment, administeneckdiately after re-exposure
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to the cocaine-paired context, attenuated subsequent drug context-ineinstéatement of
cocaine-seeking behavior relative to VEH treatm@mng. 2B). Following cocaine memory
reactivation, bilateral ANI administration into the posterior caeidaitamen or bilateral
tetrodotoxin-induced neural inactivation of the trunk region of the soeraosy cortex (i.e.,
reconsolidation inhibitor manipulations in brain regions dorsally adjacetite BLA and
DH, respectively) fails to alter later drug context-inducadstatement (Fuchs et al. 2009;
Ramirez et al. 2009). This suggests that the intracranial mamgmslah the present study
were anatomically selective to the BLA and DH.

Attenuation in cocaine-seeking behavior observed 48-72 hours followidgDBL
disconnection did not reflect a protracted ANI+B/M-induced motor pedooa deficit. In
strong support of this, in experiment 2, BLA/DH disconnection with AMM following
exposure to an unpaired context did not alter subsequent cocaine-seddamngpbrelative to
VEH treatment (seeFig. 4B). Post-memory reactivation treatment with ANI+B/M
administered into the BLA plus the contralateral or ipsilatBidl also failed to suppress
general motor activity in a novel context (4. 3). Furthermore, ANI+B/M treatment
failed to inhibit lever responding in the extinction context or inackewer responding in
either context (seBig. 2B and 2C). These findings indicate that the attenuation in cocaine-
seeking behavior produced by BLA/DH disconnection following cocaine anem
reactivation was not due to ANI+B/M-induced hypoactivity or nonspeaifipairment in
instrumental motor behavior.

An important corollary of the memory reconsolidation hypothesisasbona fide
memory reconsolidation deficits depend on memory reactivation $L&@&r9; Sara 2000;

Nader et al. 2000b). Satisfying this requirement, BLA/DH discotime inhibited
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subsequent cocaine-seeking behavior when it was induced followingpostge to the
cocaine-paired context, but not an unpaired context (i.e., in the abseexgioit cocaine-
related memory reactivation;, sdéeg. 4B). We have also demonstrated previously that
functional disconnection of the BLA and DH at the time of reinstatg testing disrupts the
expression of drug context-induced cocaine seeking (Fuchs et al. 2@@&thdr, these
findings suggest that intrahemispheric communication between theaBdADH critically
contributes not only to the reconsolidation of reactivated cocaintedelassociative
memories into long-term memory storage, but also to the recaitilaation of cocaine-
related associative memories in general. Thus, the BLA-DHiitnyctightly regulates the
control of environmental stimuli over cocaine-seeking behavior.

While the effects of BLA/DH disconnection were specific tactevated cocaine-
related memories, implying a memory reconsolidation deficit, ratateral ANI+B/M
treatment could have directly impaired the labile, post-redivahort-term memory (PR-
STM) that was to be reconsolidated. PR-STM deficits can bermdieted by measuring
conditioned behavior during the period of putative memory lability (i.éhinv4-6 h of
memory reactivation; Nader et al. 2000a). The prolonged half-life/idf B 24 h; Martin
and Ghez 1993; 1999) prevented such assessment of PR-STM in the puelsegiven that
B/M-induced BLA/DH disconnection inhibits the expression of drug contekieed
cocaine seeking behaviper se (Fuchs et al., 2007). However, somewhat mitigating the
possibility that BLA/DH disconnection impaired memory reconsolidatswiely by
disrupting PR-STM, bilateral intra-BLA ANI treatment fatls disrupt PR-STM in the fear

conditioning paradigm (Nader et al. 2000a).
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Cocaine-related memory reconsolidation likely involves interactioetsveen the
BLA and DH, similar to initial memory consolidation (for reviesge Richter-Levin and
Akirav 2001). Communication between the BLA and DH facilitatescthesolidation of
memories that guide hippocampus-dependent behaviors, including maze pederm
(Packard et al. 1994; Packard and Teather 1998) as well as autiyeassive avoidance
(Roozendaal and McGaugh 1997; Rezayof et al. 2011). Specificall3Likeappears to
play a modulatory role in DH-dependent memory consolidation. Remarkhablyever,
BLA/DH interactions of a different nature bring about memoegonsolidation in the
contextual reinstatement paradigm. The failure of post-reactivatN| treatment in the DH
to impair cocaine-seeking behavior (Ramirez et al. 2009, also isderiRapp and Rudy,
2004) suggests that the DH is not the locus of memory re-stéibiizaer se, since ANI-
sensitive processes are considered to be necessary for nresmrgolidation (Tronson and
Taylor 2007; Nader and Einarsson 2010). Nevertheless, the pstséptdemonstrates that
intrahemispheric communication between the DH and the BLA is esyuior the
reconsolidation of context-response-cocaine associative merttataggulate drug context-
induced cocaine-seeking behavior. Accordingly, we propose that cockiteslrassociative
memories undergo ANI-sensitive re-stabilization in the BLA, goredDH may contribute to
the maintenance of PR-STM or the establishment of retrieval iimitee BLA or elsewhere
in the brain during the time of memory reconsolidation. The necesssmnunication
between the BLA and DH may occur via sparse monosynaptic conndatiovesen the BLA
and DH (Pikkarainen et al. 1999) or via multi-synaptic connectiongrthalve other brain

regions. The entorhinal cortex may serve as a relay in tlugitcas this brain region has
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reciprocal connections with both the BLA and DH (Finch et al. 1986gk\ét al. 1989, van

Groen and Wyss 1990; McDonald and Mascagni 1997; Fanselow and Dong 2010).

Time-dependent effects of post-reactivation BLA/DH disconnection on drug context-induced
cocaine-seeking behavior and implications for the treatment of drug addiction
Inhibition of memory reconsolidation is predicted to impair the menrage and,

consequently, elicit prolonged interference with conditioned behaviorgfeew, see Nader
2003; Amaral et al. 2008), and this property is desirable fromasntest perspective. In
fact, it has been suggested that disrupting the reconsolidation laflaptive associative
memories may be useful for the treatment of psychiatric disgradeiuding post-traumatic
stress disorder, phobias, obsessive-compulsive disorder, and addictive b@bigvgaarde
et al., 2008; Taylor et al., 2009; Milton and Everitt, 2010). In this résjpes encouraging
that BLA/DH disconnection attenuated overall drug context-induced remsaieking
behavior to a similar extent after a 21-day versus overnightehcage stay and
approximately 2 extinction training days, relative to VEHig( 5B). Thus, memory
reconsolidation inhibitors may open a therapeutic window by impamemory traces that
underlie the incentive motivational effects of drug-associated emaental stimuli even
though it is unlikely they prevent the resumption of drug-taking bebavif drug
reinforcement contingencies are restored.

Interestingly, the inhibitory effects of BLA/DH disconnection on dcoogtext-induced
cocaine-seeking behavior were apparent only after the firsti2@aterval of the test session
relative to VEH treatment{g. 5D). It is unlikely that cocaine-seeking behavior during the

first 20-min interval of the test session in the BLA/DH discotioacgroup reflected
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spontaneous recovery, the return of a previously extinguished respdhsime (Domjan
1998; Eisenberg et al. 2003; Bouton 2004), given that manipulations of the @ebféh et
al. 2006b; Bevilaqua et al. 2007) or BLA (Fuchs et al. 2006; McLaughlin aneis€o 2007;
Baldi and Bucherelli 2010) impair, rather than enhance, extinctiomitga Rather, it
probably signifies the maturation — thus delayed availability —tefreate memory traces
(McClelland et al. 1995; Frankland and Bontempi 2005; Frankland et al., 26@GaRlet al.
2008), or the re-strengthening of memory traces weakened by AMItf@atment in the
absence of external cue exposure during abstinence. Considierthevidea of residual
memory traces, humans exhibit impaired cue-induced fear memorinthat declarative
memory of CS-fear contingency following memory reconsolidationbihbn using beta
adrenergic receptor antagonism (Kindt et al. 2009). Similar tard¢ége memories, the
putative residual memories in the present study failed to elicit sustainactadtbehavior.
The strengthening of drug-related associative memories mag beechanism for
incubation, the well-documented augmentation of drug-seeking behavior aftencal [ér
abstinence that has been implicated in the transition from cdaugluse to compulsive
drug-seeking and drug-taking behaviors (Tran-Nguyen et al., 1998inGat al., 2001,
Thomas et al., 2008). In support of this idea, repetitive refleciodrug-related memories
predicts future increases in substance abuse symptoms in humans-Kidelssema et al.
2007). Consistent with an incubation effect, the groups that remaine€iimbme cages for
21 days following cocaine memory reactivation and were testedpproxamately post-
cocaine day 32 exhibited more robust context-induced cocaine-seeking bettanor
overnight home cage controls (d&g. 5B, inset). This incubation effect was modest relative

to that observed in other studies (see Grimm et al. 2001; Lu et al., 2@y due to
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extensive extinction training (Berglind et al. 2007; Kelamangalaith A/agner 2009).
Incubation manifested as impairment in the extinction of drug coirtdyted cocaine-
seeking behavior during the non-reinforced test session (i.e., pats@vefollowing the 21-
day versus overnight home cage stay (See 5D). Remarkably, contralateral ANI+B/M
treatment reversed the incubation-related perseveration in cewmgkimng behavior. These
data suggest that, during early withdrawal, the integrity omaorg traces that encode
context-response-cocaine associations may be necessary subgefjuent development of
incubation, consistent with the idea that incubation may involve thlengitrening of
associative memory traces over time.

In conclusion, BLA/DH disconnection at the time of cocaine memecgnisolidation
had a robust inhibitory effect on the motivational effects of aioeepaired environmental
context when evaluated 18 days after initial memory consolidation #ied extensive
memory reconsolidation during the 10-day cocaine self-admitstraiaining regimen (also
see Lee et al. 2006a). Some recovery of cocaine-seeking behasiobsexved following an
extended drug-free period (i.e., 39 days after initial memory caolasialn) likely due to the
availability of new or residual cocaine-related associativenones. However, importantly,
BLA/DH disconnection attenuated cocaine seeking behavior even ladtelevelopment of
incubation. These findings confirm that the BLA and DH interaciotarol cocaine-related
memory reconsolidation and drug context-induced cocaine-seeking behawiherfmore,
these findings support the idea that targeting memory reconsofiddd combat
environmentally induced relapse may be a worthwhile treatmemnofar recovering drug

addicts.
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Active Lever Responses
Treatment Groups Home Cocaine Extinction
cage stay | Intake (mg/kg) Self-administration | Extinction day 1 | Extinction day7 | Reactivation Latency
Contralateral 0d 12.93 +0.96 61.42 £13.49 60.25 + 12.55 9.00 +2.55 28.88 £5.58 2.50+0.27
VEH (BLA) + VEH (DH) 21 d
10.74 £ 1.12 59.38 £17.81 112.9 +43.67 5.00 £0.98 36.57 £5.70 2.43+0.30
od
Contralateral 12.45 +1.04 47.47 £4.93 69.00 £ 16.91 4.40 +£0.97 20.40+£4.10 2.00 £0.00
ANI (BLA) + B/M (DH) 21d
10.36 + 1.16 55.38 £17.71 59.43 +13.98 6.43 +2.77 13.71+4.35 2.14+0.14
Ipsilateral
VEH (BLA) + VEH (DH) 0d 13.63 +1.64 74.79 £ 16.76 39.00 £ 10.35 12.50 + 3.27 28.13+5.24 2.13+0.13
Ipsilateral
ANI (BLA) + B/M (DH) 13.45 +1.62 66.29 * 13.65 99.86 + 20.88 7.29 £2.65 19.71 £ 7.23 2.14+0.14
Contralateral VEH (BLA) +
VEH (DH), no reactivation 0d 11.40+1.41 43.52 £4.05 57.71+£22.19 6.00 +2.51 32.29 £12.46 2.29 £2.86
Contralateral ANI (BLA) +
B/M (DH), no reactivation 12.14 +2.54 48.05 +11.20 95.71 + 24.69 6.50 +1.91 13.71 +5.96 2.00 +0.00

Table 1. Cocaine intake (mean mg/kg per session + SEM), active legponses (mean + SEM), and extinction latency (mean
number of days needed to reach the extinction criterion =+ SEMiveAlever responses are reported for cocaine self-administrati
training (mean of last 3 days of training), extinction trainitige (first and last day of training), and for the 15-min memory
reactivation or novel context exposure session. The extinctionamitwas<25 active lever responses on two consecutive sessions
following an overnight (0-d) or 21-d home cage stay.
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BLA 21-d BLA unpaired

O Contra BLA/DH VEH+VEH
® Contra BLA/DH ANI+B/M
[> Ipsi BLA/DH VEH+VEH

» Ipsi BLA/DH ANI+B/M

Figure 1. Schematics and photomicrographs depicting cannula placefremtis mark the
most ventral point of injector cannula tracts for cannulae aimed at the BLA and DH on
photomicrographs of representative cresyl violet-stained sections. The syoniibke
schematics denote the most ventral point of the injector cannula tracts thatatsceived
unilateral microinfusions of vehicle (VEH) into the BLA plus VEH into the contieadd DH
(open circles), anisomycin (ANI) into the BLA plus baclofen/muscimol (B/M) into the
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contralateral DHf{lled-in, black circles), VEH into the BLA plus VEH into the ipsilateral

DH (open triangles), or ANI into the BLA plus B/M into the ipsilateral DHil{ed-in, grey
triangles). The groups were assigned to remain in their home cages overnigbtdj.er,for

21 days following the intracranial manipulations. Additionally, control groupsvexte
microinfusions following exposure to anpaired context and remained in their home cages
overnight following the intracranial manipulations. Numbers indicate the distiame
bregma in mm, according to the rat brain atlas of Paxinos and Watson (1997).
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Figure 2. BLA/DH disconnection followin cocaine memory reactivation attenue
subsequent drug contextduce( cocaineseeking behavior relative to VEH or ipsilate
ANI+B/M treatment. (A): Schematic depicting the timelifor experiment 1. Cocaine s-
administration sessions (SA) were cocted in a distinct context followed by extincti
(EXT) training in a different context. On p-cocaine day 8, rats were egposed to th
cocainepaired context (CO-CTX) for 15 min to reactivate cocaine-relateémories and
then received unilateraticrcinfusions of anisomycin (ANI, 62.5 pg/0.5 ul) irttee BLA
plus baclofen/muscimol (B/M, 1.0/0.01 mM/0.5 uljarthe contralateral or ipsilateral D
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Control rats received microinfusions of phosphate buffered saline vehicle (VEH) théoul
the corresponding brain regions. Groups then remained in their home cages overnight,
followed by additional extinction training until they reached the extinctibaron (<25
active lever responses/session on two consecutive days) and a test of drugrodmtexi
cocaine seekindB): Mean (xSEM) active lever presses during self-administration (SA;
mean of the last three training sessions) and during tests of cocaine-sebkwvigria the
extinction context (EXT; the last session preceding the test in the cocaiee-gantext) and
in the cocaine-paired context (COC-paird@). Mean (+tSEM) inactive lever press¢b):
The time course of active lever responses (mean + SEM) during the test in the-pacsed
context.(E): The time course of inactive lever responses (mean + S&X4yisks represent
significant difference relative to responding in the extinction context (ANOdhtext
simple main effectp < 0.05).Dagger represents significant difference relative to ipsilateral
ANI+B/M treatment (ANOVA surgery-type simple main effgek 0.05). Double dagger
represents significant difference relative to VEH treatment (ANO¥Atment simple main
effect,p < 0.05).Pound sign represents significant difference relative to all other time
intervals (ANOVA time simple main effectg,< 0.05).
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Figure 3. BLA/DH disconnection does not alter general motor activity relative td YE
ipsilateral ANI+B/M treatment. General motor activity was assédased on the number of
photobeam breaks (+SEM) generated by movement in a novel activity chamber. Motor
activity tests were conducted within 24 hours of testing for drug context-inducaideoc
seeking behavior (i.e., approx. 96-h after intracranial manipula#stgisk represents a
significant difference relative to all other 20-min time intervals (AMCifne simple main
effect,p < 0.05)
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Figure4. The effects of BLA/DH disconnection on subsequ&tiaine seeking are memc
reactivation-dependentA): Schematic depicting the timeline fexperiment 2. Th
procedure was identical to that used in expeririesicept that rats were exposed to a nc
unpaired context, instead of the coc-paired context, before receiving lateral
microinfusions of ANI (62.5 pg/0.5 pl) into the BLA pl&M (1.0/0.01 mM/0.5 pl) into th
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contralateral DH, or VEH microinfusions into both brain regions. As in experiment 1,
following the intracranial manipulations, rats received additional extinttaming until

they reached the extinction criteriorP&active lever responses/session on two consecutive
days).(B): Mean (xtSEM) active lever presses during self-administration (SA; meéae of

last three training sessions) and during tests for cocaine-seekigdreh the extinction
context (EXT; the last session preceding the test in the cocaine-pairexticantkin the
cocaine-paired context (COC-pairef): Mean (xSEM) inactive lever presseasterisks
represent significant difference relative to responding in the extinctionxt¢AtdOVA

context main effecip < 0.05).
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Figure 5. BLA/DH disconnection following cocaine memory reagation differentially
impairs drug contextiduced cocair-seeking behavior after a 0- or gdlhome cage stay.
(A): Schematic depicting the timeline for experimeniBe procedure was identical to tl
used in experiment 1 except that rats remainedaim home cages for O d (same groups ¢
experiment 1) or 21 ébllowing unilatera microinfusons of ANI (62.5 pug/0.5 pl) into tr
BLA plus B/M (1.0/0.01 mM/0.5 pl) into the contrédaal DH, or microinfusions of VEI
into both brain regions. Following the home cageystats received additional extincti
training until they reached the extinct criterion (<25 active lever responses/session an
consecutive days)B): Mean *SEM) active lever presses during satfministration (SA
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mean of the last three training sessions) and during tests oheaeaeking behavior in the
extinction context (EXT; the last session preceding the tedteircocaine-paired context),
and in the cocaine-paired context (COC-pairédyet: Mean active lever presses during
testing collapsed across context and treatm@)jt. Mean (xSEM) inactive lever presses.
(D): The time course of active lever responses (mean £ SEM) duerigdt in the cocaine-
paired context(E): The time course of inactive lever responses (mean + SEMjnond
represents significant difference relative to the 0-d conditio)XA home cage condition
main effectp < 0.05).Asterisks represent significant difference in responding relative to that
in the extinction context (ANOVA context simple main effert 0.05).Dagger represents
significant difference relative to VEH treatment (ANOV/A&dtment simple main effeqt,<
0.05).Pound sign represents significant difference relative to all other timervals D: 0-d
VEH and 21-d ANI+B/M groups, ANOVA time simple main effegtss 0.05;E, ANOVA
time main effectp < 0.05) or relative to intervals 4 and B:(21-d VEH group; ANOVA
time simple main effecp < 0.05).
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