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ABSTRACT
COURTNEY CAMERON: Cocaine abstinence alters nucleus accumbens fimagnitys
during goal-directed behaviors for cocaine and sucrose
(Under the direction of Regina M. Carelli)

Distinct subsets of nucleus accumbens (NAc) neurons differentiatlgde goal-
directed behaviors for natural versus drug rewards, and the egadduocaine-seeking
is altered following cocaine abstinence. Here, electrophysadbgecordings were made
to determine if NAc selective encoding of natural versus oecaeward is: (1)
maintained when the natural reinforcer is highly palatable andlte@ by cocaine
abstinence. Rat®€£14) were trained on a sucrose/intravenous cocaine multiple schedule
and NAc activity was recorded before and after 30 days cocaitmeatze. Before
abstinence, the majority of NA neurons displayed nonoverlapping patteractiaty
during the task. After abstinence, this pattern was largely awaéd; however, more
neurons became selectively activated during cocaine- versus- ssesideg. The
results indicate that although the selective encoding of cocamhenaural rewards is

maintained even with a highly palatable substance, 30 days of coabst@ence

dynamically alters overall population encoding of natural and drug rewards.
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CHAPTER 1

INTRODUCTION

The ability to seek and acquire natural rewards such as foodaiadig/essential
for survival. As such, the brain evolved a highly dynamic systemaweps information
about natural reinforcers. It is often hypothesized that drugs of &xesetheir effects
by ‘tapping into’ this system, causing aberrant reward [@iog and, ultimately,
addiction (Wise, 1997). The nucleus accumbens (NAc) is a criticapa@oemt of this
system and has been implicated in processing information about bothl reatdrdrug
rewards (Robinson & Berridge, 2000; Kelley, 2004). This structure s p key role
in addiction, as the dopaminergic projection from the ventral tegmental area tA¢he N
a crucial substrate for the reinforcing properties of abdsegs (DiChiara, 1995; Koob
& Nestler, 1997; Kalivas & McFarland, 2003; Carlezon & Thomas, 2009).

Electrophysiological recordings show that NAc neurons display rpatte
discharges (increases or decreases in firing rate)veeslat operant responding for both
natural and drug reinforcers (Carelli & Deadwyler, 1994; Pedplégest, 1996; Carelli
et al., 2000; Carelli, 2002; Nicolat al., 2004). However, different populations of NAc
neurons selectively encode information about goal-directed behaviorattoal rewards
(food/water) versus intravenous cocaine (Castllal., 2000; Carelli & ljames, 2001).
Conversely, natural reinforcers activate largely the same papulaf neurons in the

NAc (Carelliet al., 2000), even when one is highly palatable (Retog., 2002). These



findings suggest that drugs and natural rewards activate aatepaural circuit in the
NAc (Carelliet al., 2000).

However, the precise manner in which NAc neurons encode goal-directed
behaviors for drug and natural rewards can be influenced by metaysfaincluding the
type of reinforcer and also the pattern of drug exposure (Holland€a&lli, 2005;
Hollander & Carelli, 2007). In human cocaine addicts, drug-takingviimhes often
characterized by binges followed by periods of drug abstinencesased craving, and
relapse (Gawin, 1991). Further, animal studies revealed that c@tmheence leads to
neuroadaptations in brain regions important for reward processingdimglthe NAc
(Robinsonet al., 2001; Luet al., 2003; Conradet al., 2008; Pickenset al., 2011).
Importantly, the percentage of NAc neurons that encode goalatirdsthaviors for
cocaine, and cocaine-associated cues, is dramatically iadréakowing 30 days of
cocaine abstinence (Hollander & Carelli, 2005; Hollander & Carg2iQ7). It is
therefore possible that drug abstinence may alter the differgmticessing of natural
versus drug rewards by NAc neurons.

The present study was completed with two primary objectivest, Rive
determined if the selective encoding by NAc neurons of naveralis cocaine reward is
maintained when the former is a highly palatable sweet tas&ntsucrose), as opposed
to less palatable food/water used in prior studies (Catedli., 2000; Carelli & ljames,
2001). Second, we examined if the selective encoding by NAc neuraosalhe- and
natural reward-seeking is altered by 30 days cocaine abstinehoethis end, NAc
neurons were recorded during a sucrose/cocaine multiple schedote batl after 30

days of cocaine abstinence.



CHAPTER 2

METHODS

Animals

Male Sprague-Dawley rats (Harlan Sprague Dawley, IndianapdlisUSA;
n=14) aged 90-120 days and weighing 260-350g were used as subjects and iihdividua
housed with a 12/12-h light-dark cycle. Body weights were maintaheth less than
85% of pre-experimental levels by food restriction (10-15g of Pudbaratory chow
each day). Water was availalalé libitum. This regimen was in place for the duration of
the experiment, except during the post-operative recovery period when fogd/eraad
libitum. All procedures were approved by the UNC Institutional AnimakeGard Use
Committee.
Surgery and behavioral training

All training was conducted in custom-made experimental chamharsdnsisted
of a 43 x 43 x 53cm Plexiglass chamber housed within a commeatiab-attenuated
cubicle (Med Associates Inc., St. Albans, VT, USA). One sidehef dhamber was
equipped with two retractable levers, a corresponding cue lighiqgmesi above each
lever, and a reward receptacle positioned between the two levers.

Rats were first trained to press one lever for sucroseg(pgitet) on a fixed ratio
1 (FR1) schedule of reinforcement. The start of the sucrastyasession was signaled

by the onset of the cue light positioned above the active lever agrsext of the lever



into the chamber. Lever depression resulted in delivery of a syosetise to the reward
receptacle, onset of a tone (65db, 2900Hz, 20s), and retraction of th€é2@serRats
underwent daily 30 min training sessions until they reached crit@idaast 50 presses
per session).

Rats were then prepared for extracellular recording in theeviAimplantation of
microwire electrode arrays during the same surgery as eatimplantation using
established procedures (Caredlial., 2000; Hollander & Carelli, 2005). Each array was
custom-designed (consisting of eight microwires each with 50ameder and arranged
in a 2 x 4 configuration), purchased from a commercial sourceL@B, Denison, TX).
Arrays were permanently implanted bilaterally into the NAcecor shell (AP: +1.7mm,
ML: £1.3mm for core and £0.8mm for shell, DV:-6.2mm from brain, reé&atd bregma,
level skull; Paxinos & Watson, 2007).

Following recovery from surgery, rats were trained toahifinister cocaine on
an FR1 schedule of reinforcement during daily 2h sessions. Theoftdine self-
administration session was signaled by the onset of the cuepbgittoned above the
active lever and extension of the lever into the chamber. The cexsspeiated lever
was spatially distinct from the lever previously used during saectcsning. Lever
depression resulted in intravenous cocaine delivery (0.33 mg/infusionaGsemputer
controlled syringe pump, onset of a different tone (65db, 800Hz, 20s), aacticet of
the lever (20s). The tones associated with cocaine versussweere counterbalanced
across animals.

Following acquisition of cocaine self-administration (2-3 weels} underwent

electrophysiological recording (described below) during a tiplel schedule of



reinforcement for sucrose and cocaine. Specifically, rats hags@do the sucrose-
reinforced lever (FR1; 15min) followed by a 20s time out periodéwmerlextended; dark
chamber) and extension of the second cocaine-reinforced lever (FRIiuRmnation of
a cue light above each lever signaled the phase (sucrose amegoschthe multiple
schedule. The order of reinforcer availability (sucrose omio@} was varied across
animals and recording days such that the same reinforcer wasmvagts given first. In
addition, the lever and tone associated with each reinforcer wasedmlahced across
animals. Rats then underwent a 30 day abstinence period during whicacdaess was
interrupted (rats remained in their home cages). After 30 déyabstinence, rats
underwent a second recording session while performing an identid@blenschedule
session for sucrose and cocaine. A timeline of the experindgdagn is shown in Fig.
la. Fig. 1b shows an example of a multiple schedule session wherelphmasdved
sucrose reward and phase 2 incorporated cocaine self-administration.
Electrophysiological recordings

Electrophysiological procedures have been described in detail prigviQaselli
& Deadwyler, 1994; Carellet al., 2000; Hollander & Carelli, 2005; Roitmaa al.,
2005). Briefly, before the start of the session rats were cathéuta flexible recording
cable attached to a commutator (Med Associates Inc., St. ABan,USA) which
allowed virtually unrestrained movement within the chamber. NAwigcivas recorded
differentially between each active and the inactive (referemtegtrode from the
permanently implanted microwires. The inactive electrode wasimed before the start
of the session to verify the absence of neuronal spike activitysanded as the

differential electrode for other electrodes with cell activignline isolation and



discrimination of neuronal activity was accomplished using a neusggbgical system
commercially available (multi-channel acquisition processor, M&ytem, Plexon,
Dallas, TX). Multiple window-discrimination modules and high-speedognrt-digital
signal processing in conjunction with computer software enabledi@olat neuronal
signals based on waveform analysis. The neurophysiological systmrporated an
array of digital signal processors (DSPs) for continuous smkegnition. The DSPs
provided a continuous parallel digital output of neuronal spike events tamtaurRe
computer. Another computer controlled behavioral events of the experififeat
Associates) and sent digital outputs corresponding to each evémt MAP box to be
time-stamped along with the neural data. Principal component sealCA) of
recorded waveforms was performed prior to each session ardliaitlee separation of
multiple neuronal signals from the same electrode. A projectiomavieform clusters
was presented in a three-dimensional space, enabling manualosel&cindividual
waveforms. Before each session, an individual template made up rof saanpled
waveforms was created for each cell isolated using PCA. Dthingpehavioral session,
waveforms that matched this template were collected as dahee sneuron. Cell
recognition and sorting was finalized after the experiment udiegQffline Sorter
program (Plexon), when neuronal data were further assessed basedAoof Phe
waveforms, cell firing characteristics, and interspike intervals.
Data analysis

Changes in neuronal firing patterns relative to sucrose- or conferced
lever press responses were analyzed by constructing rasteaydisgphd peri-event

histograms (bin width, 250 ms) surrounding each lever press responsg usi



commercially available software (Neuroexplorer, Plexon). fratlg was classified into
one of three well-defined types of phasic neuronal firing pegténat occurred within
seconds of the reinforced lever press response (Carelli & Déagi994; Carellet al.,
2000; Hollander & Carelli, 2005; Joneisal., 2008). Specifically, cells were classified as
type preresponse (PR) if they displayed an anticipatory isen@aactivity preceding the
lever press. Cells were classified as type reinforcemanitagion (RFe) if they displayed
an increase in firing rate immediately following a reinfarceesponse. Cells were
classified as type reinforcement-inhibition (RFi) if they digptha decrease in firing rate
surrounding a reinforced response. Cells that showed no signifltange in firing rate
(increase and/or decrease) relative to a reinforced respamseclassified as nonphasic
(NP).

Individual units were classified as either type PR, RFe,ForifRhe firing rate was
greater than or less than the 99.9% confidence interval projectedhedbaseline period
(10s before lever response) for at least two 250 ms time bBims confidence interval
was selected such that only robust responses were classifipdsas. Some cells in this
analysis exhibited low baseline firing rates, and the 99.9% cowckdererval included
zero. When this was the case, inhibitions were assigned only if the numberexfutomes
0 spike/s time bins surrounding the reinforced lever response wasthaor double the
number of consecutive 0 spike/s time bins in the baseline period.v@gilextremely
low firing rates (<0.1 spikes/s) or relatively high firingest(>15 spikes/s) were likely
not medium spiny neurons and were excluded from further analysis.

Cells were then classified based on their phasic actieryss both reinforcers

(sucrose and cocaine) during performance of the multiple sché&tklls.that displayed



one of the three types of well-defined patterned discharges RigyeRFe, or RFi)
relative to sucrose-reinforced responding, but nonphasic activityveeta the cocaine-
reinforced response were classified as ‘Sucrose-Selectivis.tbat displayed one of the
three types of patterned discharges relative to cocaine-redforesponding, but
nonphasic activity relative to the sucrose-reinforced response were etassifiCocaine-
Selective’. Cells that displayed the same type of phasic tyctiviboth reinforcers (for
example, type PR to both cocaine- and sucrose-reinforced respaeses)lassified as
‘Overlapping’. Finally, cells showing different phasic patterns aaftivity during
responding for cocaine versus sucrose were classified aseréntfally Phasic’.
Comparisons of the number of cells in each category were maakss aeicording days
using Fisher’'s exact test. Comparisons of behavioral respondiagsa@cording days
were accomplished with paired t-tests.
Histology

Histological reconstruction of electrode positions was accomplisisdg
established procedures (Caretti al., 2000; Hollander & Carelli, 2005). After the
experiment, rats were deeply anesthetized with a ketamineysmine mixture (100 and
20mg/kg, respectively) and a 13.5pA current was passed for 5s thatluggtording
wires. Rats were perfused with 10% formalin and 3% potassiuacfemide and brains
were removed, blocked, and sectioned (40um) throughout the rostral-caetaloéxhe
NAc. Sections were stained with thionin to aid with identificatidnswuctures and
location of the blue dot reaction product corresponding to the location ahanieed
electrode tip. To reconstruct electrode positions, serial seatiers examined under a

light microscope and the locations of all marked electrode tip® \pkotted for all



subjects on coronal sections taken from the stereotaxic atlBsvahos and Watson
(Paxinos & Watson, 2007). Only neurons recorded from wires positiondte iNAC

were used in the present study.



CHAPTER 3

RESULTS

Behavior

An example of behavioral responding during the multiple schedule for one
representative animal is shown in Fig. 1c. Before abstinencel(thg rat completed 36
sucrose-reinforced responses with an average inter-responselififdiaof 23.60 +
1.11s and 24 cocaine-reinforced responses with an average INT of 4.99 + 8.4nmi
Day 30 the same rat made 42 sucrose-reinforced responses aitarage INT of 21.55
+ 0.32s and 30 cocaine-reinforced responses with an average INT of 4.07 4n0.32m
Similar response patterns were observed across all aninadld)( Specifically, during
sucrose self-administration on Day 1, rats exhibited 37.14 + 1.99 peesses with an
average INT of 30.50 + 4.89s. On Day 30, the same animals exhibited 32.29 tever
presses with an average INT of 45.40 + 13.69s. Cocaine self-admiorstresponding
on Day 1 was characterized by 22.43 + 1.82 lever presses with ageWdfaof 6.00 +
0.40 min. On Day 30, animals completed 22.54 * 2.22 lever presses with agealT
of 5.68 = 0.43 min. Importantly, behavioral response patterns during thépleult
schedule were not altered by cocaine abstinence. Specificatbydisplayed a similar
number of lever press responses during the first day of the raudtpkedule (Day 1) and
following 30 days of abstinence (Day 30) for both sucrdge=1.861; p>0.05) and

cocaine {(12=0.075;p>0.05; Fig. 1d). Further, there was no significant difference in the



average INT from Day 1 to Day 30 for either sucragg®1.471;p>0.05) or cocaine
(t12~0.9195;p>0.05).

NAc neurons exhibit 3 types of neuronal firing patterns relative to reinforced responding
for sucrose reinforcement or intravenous cocaine

Independent of abstinence conditions, three types of neuronal fiatigrns
(types PR, RFe & RFi) were recorded in the NAc during theiphellschedule relative to
reinforced responding for either cocaine or sucrose. The rastepe@lent histograms
(PEHSs) in Fig. 2 show examples of the activity of represemtgbhasically active
neurons recorded during the cocaine self-administration phase of thplensthedule.
The raster displays and PEHs encompass a 20s time intenalirgling the cocaine-
reinforced response (represented by dashed line at time RheDran (left) exhibited an
anticipatory increase in firing rate immediately before rdgponse, classified as a type
PR cell. Another neuron (middle) displayed an increase in fidbg immediately after
the reinforced response, termed type RFe activity. The thircbneaxhibited type RFi
activity (right) showing a decrease in firing surrounding thefoeted response for
intravenous cocaine.

Other neurons showed similar types of neuronal firing pattetatvwe to sucrose
reinforced responding. The rasters and PEHSs in Fig. 3 show eesmipfepresentative
phasically active neurons recorded during the sucrose self-adatioistphase of the
multiple schedule. In this case, a neuron classified as a typeelPReft) exhibited an
anticipatory increase in firing rate immediately beforegherose-reinforced lever press,
while another cell exhibited type RFe activity (middle) chamaoed by an increase in
firing rate after the response. A third neuron displayed tygiec@l activity (right) with

a decrease in firing rate relative to the reinforced response.
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Of all neurons recorded on Day 1, 63% (82 of 130 cells) displayed otte of
three types of phasic activity described above, regardlessnédnegr condition. On Day
30, 62% of recorded neurons (70 of 113 cells) exhibited one of the three dfpe
patterned discharges noted above. Thus, there was no differencewerthk percentage
of phasic cells from Day 1 to Day 30 independent of reinforcer type.

Populations of NAc neurons exhibit differential firing properties relative to goal-directed
behaviors for sucrose versus cocaine prior to abstinence

In prior studies we showed that distinct subsets of NAc neuroreratitially
encode information about goal-directed behavior for a natural rffeetté) reward versus
cocaine self-administration using our multiple schedule design I{Cateal., 2000;
Carelli & ljames, 2001; Carelli & Wondolowski, 2003). One goal of pinesent study
was to extend those findings and examine if the majority A¢ Neurons continued to
selectively encode goal-directed behaviors for cocaine versusu@lnagward prior to
abstinence when the later consisted of a highly palatable testamse. Consistent with
previous findings, distinct populations of NAc neurons differentially encoded inflormat
about lever press responding for cocaine or the palatable n&wealdy; sucrose, prior to
abstinence. Specifically, as noted above, a total of 130 neurons werdec during the
multiple schedule for sucrose reinforcement and intravenous selfigthation of
cocaine on Day 1. Of 130 cells, 82 (63%) exhibited patterned dischaigase to the
sucrose- or cocaine-reinforced response. Of 82 responsive ne6foreells (74%)
exhibited one of three types of patterned discharges (type PRoIRRE}) relative to the
sucrose- or cocaine-response during the multiple schedule, but nolCmiyh17 cells

(21%) showed similar patterned discharges relative to reinfeesgubnding for sucrose
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and cocaine. Finally, 5% were classified as ‘Differentiddlyasic’, exhibiting different
types of phasic activity relative to sucrose- and cocaine-reinforced resgondi

Fig. 4 summarizes these findings and shows PEHs of normalizeg &f all
Cocaine-Selective (left), Sucrose-Selective (middle) and @weirig neurons (right)
during the multiple schedule prior to abstinence (Day 1). Onlylg displayed one of
the three types of phasic activity relative only to cocaine-geiefl responses (nonphasic
activity relative to sucrose-reinforced responding), termed iG@e<selective (Fig. 4, left;
blue lines). Of the 4 neurons, 1 cell was classified as type&RRlIs as type RFe and 1
cell as type RFi. In all cases, the same neurons exhibited nonleasity relative to
responding for sucrose (Fig. 4, left, gray PEHS). Interestingtyueh larger number of
neurons 1(=57) displayed one of the three types of phasic firing pattelativee to
responding for sucrose, but not cocaine, and were classified as SBetestve (Fig. 4,
middle; red lines). Of 57 cells, 8 neurons were classifieg@s PR, 34 as type RFe and
15 as type RFi cells. The same neurons exhibited nonphasic actilative to lever
press responding for cocaine (Fig. 4, middle, gray PEHs). Anptipedation of neurons
(n=17) exhibited similar patterns of phasic activity during respanéiom both cocaine
and sucrose and were classified as Overlapping (Fig. 4, rightally, a small subset of
cells (=4) showed different patterns of phasic activity during respondingdoaine
versus sucrose, classified as Differentially Phasic (not shown).

Cocaine abstinence shifts how NAc neurons encode goal-directed actions for cocaine
Ver sus sucrose reinforcement

A major goal of the present study was to examine if 30 dhgsnence from
cocaine altered how NAc neurons encode goal-directed actions fovssugersus

cocaine reinforcement during the multiple schedule. To addressisthie, the
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distribution of NAc patterned discharges was compared before and3@ftdays of
cocaine abstinence. Before abstinence a high percentage ofe&s8etestive cells (57 of
82 cells, 70%) was observed while a relatively small percerdgag@ocaine-Selective
cells (4 of 82 cells, 5%) was recorded (Fig. 4, 5a). Howevest abstinence (Fig. 5b)
there was a significant increase in the percentage of Coceleeti8e cells (to 12 of 70
cells, 17%;p=0.017, Fisher’'s exact test) and a significant decrease in thenpgge of
Sucrose-Selective cells (to 32 of 70 cells, 46840).005, Fisher’'s exact test). Further,
while a slight increase was observed in the percentage ofaPperg cells following
abstinence (from 17 of 82 cells, 21%, to 23 of 70 cells, 33%), this sen@as not
significant ©=0.099, Fisher’'s exact test). There was no change in the peeasftag
Differentially Phasic cells following abstinence (from 4 of @s; 5%, to 3 of 70 cells,
4%; p=1.000, Fisher’'s exact test). Finally, the percentage of nomplealis was not
altered as a function of abstinence (from 48 of 130 cells, 37%, to #B3ofells, 38%;
p=0.9027, Fisher’s exact test).

The abstinence-induced changes in neuronal firing noted above were
differentially distributed across the core and shell subregiotteedlAc (Fig. 5c). In the
core, there was a significant increase in the percentage oin€dgalective cells (from 1
of 36 cells, 3%, to 6 of 27 cells, 22%0.036, Fisher's exact test). There was also a non-
significant decrease for the percentage of Sucrose-Seleetlgefrom Day 1 to Day 30
(from 24 of 36 cells, 67%, to 11 of 27 cells, 41960.2883, Fisher’'s exact test). In the
shell, there was a significant decrease in the percenfagecoose-Selective cells (from
33 of 46 cells, 72%, to 21 of 43 cells, 49p60.032, Fisher's exact test). Further, there

was a non-significant increase in the percentage of Overlapplisgfrom Day 1 to Day

14



30 (from 9 of 46 cells, 20%, to 16 of 43 cells, 34840.1821, Fisher's exact test). The
increase in Cocaine-Selective cells from Day 1 (3 of 46 c&Ms, to Day 30 (6 of 43
cells, 14%) in the shell was not significa=0.5246). As above, the percentage of
nonphasic cells was not altered by abstinence in either the core (from 23 d6599%%|,
to 22 of 49 cells, 45%p=0.7245, Fisher's exact test) or the shell (from 25 of 71 cells,
35%, to 21 of 64 cells, 33%:=0.8657, Fisher’s exact test).
Histology

Histological reconstruction of electrode placement confirmed |dbation of
recording wires in the NAc core or shell (Figure 6). Altofal30 NAc neurons were
recorded on Day 1 (core=59; shell,n=71), while 113 neurons were recorded after 30
days of abstinence (comnes49; shell,n=64). Only data from electrode placements within
the borders of the NAc, as depicted in the atlas of Paxinos ansbiV&2007) were

included in the analysis.
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CHAPTER 4

DISCUSSION

The present study was completed with two primary objectives. First, wared
if the selective encoding of goal-directed behaviors for cocaénsus natural rewards
would be maintained when the later is a highly palatable tasfnor to abstinence,
NAc neurons that encoded goal-directed behaviors for intravencasmeowere largely
separate from neurons activated during sucrose self-admimistrainese findings are
consistent with earlier work (Carelét al., 2000; Carelli & ljames, 2001; Carelli &
Wondolowski, 2003), but extend those findings by showing that this differential encoding
is maintained even when the natural reinforcer is highly ga&@at&econd, we examined
if 1-month cocaine abstinence alters this predominantly seleativ@dmg of cocaine-
and sucrose-related information by NAc neurons. Results revealedftdaabstinence
the majority of NAc cells (67%) displayed differential, nonoverlaggatterns of phasic
activity relative to cocaine- versus sucrose-reinforced responBinther, there was a
significantincrease in the overall percentage of cells that were selective dorine-
related information and a significamkecrease in the percentage of cells that were
selective for sucrose-related information. These findings reaglevant to the decrease
in reinforcing properties of natural rewards often reportetdusgan drug addicts (Gawin
& Kleber, 1986; Gawin, 1991). Each of the primary findings of thegmtestudy is

discussed in detail below.



NAc neurons differentially encode information about cocaine versus the highly palatable
natural reward sucrose prior to abstinence

As noted above, the first objective of this study was to examitieeiselective
encoding of goal-directed behaviors for cocaine versus natural re\@adslli et al.,
2000; Carelli & ljames, 2001; Carelli & Wondolowski, 2003) is maintainéen the
later is a highly palatable sweet tastant, as opposed to anmotial food (Purina Lab
chow) or water reinforcer. As noted above, this differential engodin NAc neurons
was largely maintained when sucrose was the natural reinfortee multiple schedule.
Interestingly, in the present study the percentage of overlap@ogpns (21% before
abstinence) was higher than that observed during a multiple scHedwecaine and
water (8% overlapping) or cocaine and food (7% overlapping) in ourywadd (Carelli
et al.,, 2000). Further, there was a greater percentage of neurons thatelemtéve for
sucrose-related information (70% in the present study) compared tonadhat were
selective for water-related information (48% in the previous stublygse differences
may be related to the greater hedonic value of sucrose, compared to water.

However, our previous work also suggests that the percentage oh&/&ons
that encode reinforcer-related information is not attributed ysdiel hedonics. For
example, when animals performed a multiple schedule for watersaaase, the
majority of NAc neurons (65%) were similarly activated even thoage was of greater
hedonic value (Roogt al., 2002). . Others have also shown that goal-directed behaviors
for different types of abused drugs (cocaine and heroin) predonyiretivate distinct
subsets of NAc neurons (Chasagal., 1998), suggesting that the functional segregation
of NAc neurons is sensitive to not only natural versus drug rewartalso different

classes of abused drugs. Together, these findings suggests thagjitbe of overlap in
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populations of NAc neurons activated during goal-directed behaviorstpradrstinence
is functionally complex and could be influenced by several intemtgnt factors
including hedonics, reinforcer type (e.g., sweet tastant versus fded/wand the
inclusion of a drug reinforcer in the multiple schedule task.

The selective encoding of cocaine versus the natural reward sucrose is largely
maintained following 1 month of cocaine abstinence

A second objective of this study was to determine if 1-month coedisgnence
alters the predominantly selective encoding by NAc neurons of cecaike sucrose-
related information noted above. As previously reported, the percesftdbfec neurons
phasically active during operant responding for cocaine, or duringemiaion of
cocaine-related cues, is dramatically increased following 30 ofagecaine abstinence
(Hollander & Carelli, 2005; Hollander & Carelli, 2007). Therefore, theent study was
performed to determine if a specific population of NAc neuronswattcfor the increase
in cocaine-related information following abstinence. One possibditthat more NAc
neurons exhibit overlapping phasic activity (i.e., similar types @fsjghfiring during
cocaine and sucrose seeking) after abstinence. This finding woutdtmdnat cells that
normally process information about highly palatable natural reieferare also recruited
to process information about goal-directed actions for cocaine foldpvabstinence.
However, this was not the case; differential encoding of goatidid behaviors for the
two reinforcers was largely maintained following 1 month abstieendhese results
provide evidence that functionally segregated microcircuitst existhe NAc that
selectively process specific types of reward-related mmébion, and these microcircuits

remain stable following 1-month abstinence.
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Further, the anatomical organization of the NAc lends support tanibee! of
functional segregation. The classical view of the NAc as di¢civmotor integrator
(Mogensonet al., 1980) is supported by anatomical studies which show that the NAc
receives synaptic inputs from limbic areas including the verngmental area,
hippocampus, basolateral amygdala, and prefrontal cortex (Zahm & 2398, Broget
al., 1993). In turn, the NAc can guide motor output through connections witrettieal
pallidum and lateral hypothalamus (Zahm, 1999). However, it is unlikalythe NAc as
a whole sends a single integrated output to its target stracirerder to initiate
behavior. Theories of basal ganglia function suggest that thad\N&obedded in a larger
system that is organized into several structurally and funclyodiatcrete circuits that are
essentially parallel in nature (Alexandetr al., 1986; Alexander & Crutcher, 1990).
Further, Pennartet al. (1994) proposed that the NAc is composed of a collection of
functionally heterogeneous ‘neuronal ensembles’ that are charadteby distinct
afferent-efferent projections. Within this framework, unique setslimabic inputs
converge on specific ensembles of NAc neurons which then generate tmtput
particular set of target structures, inducing behavioral eftbetsare specifically linked
with each ensemble. The present findings showing differenttalaion of discrete
subsets of NAc neurons during goal-directed behavior for sucrose \&@rsaise even
after abstinence supports this view of NAc organization.

Cocaine abstinence increases population encoding of cocaine-related information

In the present study, before abstinence there was a relatigilypbrcentage of

sucrose-selective cells (70%) and a low percentage of essalactive cells (5%). The

exact reasons for this predominance of sucrose-selective encodimptaclear at the
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present time. Regardless, it is clear that 1 month abstineoce docaine alters this
pattern of encoding of sucrose- and cocaine-related informatiorstayctlipopulations of
NAc neurons. That is, after 1 month of abstinence, there was aasadrethe selective
encoding of cocaine-related behaviors and a concomitant decreabe selective
encoding of sucrose-related behaviors. This switch was reflectad increase in the
percentage of Cocaine-Selective cells as well as a decredhe percentage of Sucrose-
Selective cells recorded in the NAc. These results could preupgigicant insight into
the development of an addicted state.

That is, cocaine addicts going through withdrawal experience danfse
dysphoria, and an inability to perceive of anything other than mecas potentially
pleasurable (Gawin & Kleber, 1986). Furthermore, the intensithexdet symptoms is
associated with the patient’s degree of cocaine craving. Humaging studies using
positron emission tomography in cocaine addicts going through withtirhave
consistently demonstrated a reduction in striatal dopamimed@ptor availability as well
as a reduction in dopamine release in the striatum (Voltaal., 1993; Volkowet al.,
1997; Volkowet al., 1999). It is hypothesized that this hypodopaminergic activity in the
striatum (including the NAcgtould result in decreased activation of reward circuits by
natural reinforcers, causing natural rewards to pale in compaostrug rewards, thus
leading to continued cocaine use as a means to compensate fdedteased reward
sensitivity (Volkowet al., 1999; Volkowet al., 2010). The shift from primarily sucrose-
related firing to more cocaine-associated discharges in tilserretudy may therefore
represent a neurophysiological correlate of this reduction in séysid natural rewards

relative to drug rewards following repeated cocaine administration andeatzs.
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Implications for the accumbal hypoactivity model

Evidence of accumbal hypoactivity caused by repeated cocaine expgosues
from electrophysiological studies that have demonstrated depres$ excitatory
synaptic transmission onto NAc medium spiny neurons following repezteaine
injections (Thomas & Beurrieet al., 2001), sensitization to the inhibitory effects of
dopamine on glutamate evoked firing of NAc neurons following cocaine self
administration (White & Harrigt al., 1995), and reduced whole-cell sodium (Zhang &
Hu et al., 1998) and calcium (Zhang & Coopetral., 2002) currents in NAc medium
spiny neurons after repeated cocaine injections. However, giveeltdative potentiation
of cocaine-related behaviors relative to other non-drug behaviodsliats, it is difficult
to explain how a general hypoactivity of all NAc neurons miglaid to addiction.
Therefore, Peoplest al. (2007) proposed that NAc neurons that encode drug-related
behaviors may be spared from the hypoactivity induced in neurons nbadee other
types of motivated behavior, leading to a relative increase itrdhemission of drug-
directed behaviors through accumbal circuits and the differestiehges in drug- and
non-drug-directed behaviors that characterize addiction (terneadifterential inhibition
hypothesis). An important assumption of this hypothesis is that éixesepopulations of
NAc neurons that are selectively activated during performance&ooéine-related
behaviors, but not during the performance of other types of motivatedidwehBhe
present study as well as our previous studies showing differentalpverlapping
encoding of natural versus drug reinforcers by NAc neurons (Cé&djameset al.,

2000; Carelli & ljames, 2001; Carelli & Wondolowski, 2003) support this supposition.
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Further, electrophysiological recordings of NAc neurons from behaxaisg)
during cocaine self-administration show that neurons that encode eskamesl to drug-
taking behavior (‘Task-Activated’ neurons) exhibit no significaharge in average
firing rates across early (2 or 3 days) and late (30 dags)oses (Peoples & Kravitat
al., 2007). In contrast, other NAc neurons that do not encode aspectscottiee self-
administration task (‘Task-Non-Activated’ neurons) exhibit a $icgnt decrease in
average firing rates between early and late self-admiti@traessions, suggesting that
these neurons undergo cocaine-induced hypoactivity. The results of unly ate
consistent with those findings and also include a direct comparisbifofcell firing
during responding for cocaine versus a natural reinforcer. Followasgnance, there
was a significant increase in the percentage of cocaindigel@ells (comparable to
‘Task-Activated’ neurons mentioned above) and a significant deeré@a sucrose-
selective cells (comparable to ‘Task-Non-Activated’ neuronshér, there was a slight,
though non-significant increase in the percentage of overlapping wlish could be
considered comparable to ‘Task-Activated’ neurons as they displalyasic activity
during cocaine self-administration. It is possible that the cogatheced hypoactivity
that occurred in ‘Task-Non-Activated’ neurons in the above study @dsarred in
sucrose-selective cells in our study, thus mediating the reductitimeipercentage of
sucrose-selective cells and associated increase in thejagreef cocaine-selective and
overlapping cells reported here.

Importantly, in our study we examined changes in the percerdhgshasic
neurons (those that displayed short-duration changes in firingmetdocked to specific

behavioral events). While the Peopéesl. (2007) study reported changes in the average
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basal firing rates of ‘Task-Activated’ versus ‘Task-Nontiated’ neurons, they did not
observe any changes in the percentage of neurons that exhibited gutiadig during
drug-directed behaviors, even though the differential inhibition hypistin@ght predict
this. However, their study did not include an abstinence period, whilerdsent study
did. This suggests that a period of drug abstinence may baicittidche development of
neuroadaptations mediating the increase in phasic activity observed in our studies.

In support, prolonged periods of cocaine abstinence have been shown todead t
variety of neuroadaptations in the NAc. These include molecular rdaptaions such
as increased levels of GIuR1, NMDAR1, GluR2, and PKA (Lu & Grigtra., 2003) as
well as changes in neurotransmitter levels including increasedcehular GABA
concentrations (Xi & Ramamoorthgt al., 2003) and reduced extracellular glutamate
concentrations mediated by a reduction in the activity of theneygtutamate exchanger
(Baker & McFarlandet al., 2003). A variety of changes in gene expression have also
been observed in the NAc following cocaine abstinence (Toda & Mg@il al., 2002).
Of particular interest is the finding that prolonged abstinence fomtaine self-
administration leads to the formation of GluA2-lacking AMPARgha NAc (Wolf &
Ferrario, 2010). Relative to GluA2-containing AMPARs, GluA2-lacking PMRs are
more sensitive to excitatory stimulation as a result of thigiher channel conductance,
permeability to calcium ions, and inward rectification. IncorporatbiGluA2-lacking
AMPARs can therefore lead to enhanced responsiveness of NAc neurons to
glutamatergic inputs (Wolf & Ferrario, 2010). One possibility ist thas enhanced
responsiveness of NAC neurons to excitatory inputs underlies thesecne cocaine-

related phasic activity previously reported (Hollander & Qar@D05; Hollander &
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Carelli, 2007). Importantly, formation of GluA2-lacking AMPAs inAbl neurons
following prolonged cocaine abstinence has been shown to mediat@ctiease in
cocaine-seeking behavior observed during this period (Conrad &gleseal., 2008).
Further studies will be necessary to determine whether theases in phasic activity of
NAc neurons that we have observed are a direct result of arne afeturoadaptations
described above. Nevertheless, it is apparent that cocaineeslogticauses significant
alterations in the NAc and larger mesocorticolimbic system @ha correlated with

changes in cell-firing and cocaine-seeking behavior.

Examination of NAc activity in the core versus shell

Here, abstinence-induced changes in cell-firing were differentrwiitiei core and
shell subregions. While the overall pattern of reduced sucrose enatingncreased
cocaine encoding was seen in both the NAc core and shell, thesmanethe percentage
of Cocaine-Selective cells following abstinence was signifiearthe core but not the
shell. Conversely, the decrease in the percentage of Sucrosgv8etetls following
abstinence was significant in the shell but not the core. Congidérendifferences in
afferent/efferent projections (Zahm & Brog, 1992; Zahm, 1999) arutrej#ysiological
characteristics (Pennargz al., 1992) between the core and shell, it is not surprising that
there were differential changes in these subregions followingnabst. The larger
increase in the percentage of Cocaine-Selective cells &kgnence in the core may be
related to the selective increase in the percentage of phasomseénrthe core following
cocaine abstinence we reported in our earlier studies (Hollakd@arelli, 2005;
Hollander & Carelli, 2007). However, it is important to note thahi durrent study the

increase in Cocaine-Selective cells was only significaenlyanced in the core although
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there was a tendency toward an increase in the shell. Thereaotaine abstinence
studies did not include a multiple schedule, therefore an interestaigd of the current
study is that the performance of a sucrose/cocaine multiple sehagpéars to recruit
NAc shell neurons so that there is a change in both subregions HAth&llowing a
month of cocaine abstinence.
Effects of cocaine abstinence on behavioral responding during the multiple schedule
Animals displayed consistent cocaine and sucrose self-admimistiehavioral
response profiles across recording days. There was no effedisbhence on either
number of lever press responses or inter-response interval for mthtorcer. These
results are consistent with previous studies in which rats Wienged to resume self-
administration of sucrose (Jonesal., 2008) or cocaine (Hollander & Carelli, 2005;
Hollander & Carelli, 2007) following abstinence. While cocaine abste has been
shown to enhance motivation to obtain the drug as measured by an inoregseant
responding after abstinence (termed ‘incubation of drug cravinghr@et al. 2001), it
is important to note that these experiments were performed artigction conditions in
which operant responding did not result in drug infusion. In the present stiglyyere
allowed to resume self-administration of cocaine after theredvste period. Therefore,
increases in operant responding were not predicted, consistent mitdr Eixperimental
manipulations previously used in our lab (Hollander & Carelli, 2005; Holtagde
Carelli, 2007). However it is important to note that animals alsorweae a period of
‘sucrose abstinence’ as well as cocaine abstinence in thenpsgady. Although others

have documented an incubation of sucrose cravingt(l, 2004; Grimmet al., 2005),
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we have not previously observed this effect in our prior studoesesdt al., 2008), or in
the current study that incorporated the multiple schedule.

As discussed above, the present findings indicate that cocainesetiistration
followed by a prolonged period of abstinence can lead to a disruptiomward
processing such that encoding of cocaine is enhanced relatives toatural reward
sucrose. This neural encoding mirrors the reduced sensitivitgttoal rewards seen in
cocaine addicts. In the present study, animals did not display daicgdincsucrose self-
administration or an increase in cocaine self-administratiorowolly abstinence.
However, given that the behavioral paradigm used here did not teshiopsponding
under extinction conditions nor involve a direct choice between cocathsugrose, it is
not unexpected that animals would respond similarly before andasafténence. Many
studies that used behavioral paradigms that more directly exaiméaethic processing
or reward choice provide evidence that both animals (Aigner &tdal$978; Aston-
Jones & Harris, 2004; Harreg al., 2007; Negus & Rice, 2008) and humans (Lubretan
al., 2009) experience a decrease in sensitivity to natural reinfovadr repeated drug
exposure. Furthermore, work from our laboratory has shown thaneoeaperience can
alter the hedonic value of a natural reinforcer that predictesacto drug self-
administration (Wheeleat al., 2008; Wheeleet al., 2011). Therefore, although no overt
changes in behavior were observed here during the sucrose/cocdiipdenschedule
following abstinence, our findings are consistent with prior work showhiag natural
reinforcers become devalued as a consequence of repeated xgreigereee and

abstinence.
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Conclusions

Overall, the results of this study indicate that drugs of abusle & cocaine do
not simply ‘turn on’ the same brain reward circuits that havelved to process
information about natural reinforcers. Rather, cocaine activatesueal circuit in the
NAc that is largely separate from the one engaged duringdyeated behaviors for
natural rewards. Further, it appears that following prolonged absgneormal reward
processing is dysregulated and the encoding of drug-related atforms potentiated at
the cost of natural physiological rewards. It is possiblewiiat more drug exposure and
extended or repeated periods of abstinence these effects wilinbeeven greater,
leading to the loss of control over drug-directed behaviors that raatbastic of the

addicted state in humans.
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Figure 1. Experimental design and behaviar.Diagram of the experimental timeline.
Each circle represents 1 day. During sucrose self-administraaining (~5 days), rats
had access only to sucrose during daily 30 min sessions. Durirejneoself-
administration training (~14 days), rats had access only to @dahinng daily 2h
sessions. On Recording Day 1 and Recording Day 30, rats perforsemnioge/cocaine

multiple schedule. Cocaine abstinence lasted for 30 days, during weh rats
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remained in their home cages without drug access. See Methodsdids.d, Schematic
diagram of the multiple schedule. On Recording Day 1 and Recordigc3@, rats had
access to the sucrose-reinforced lever for 15 min followed byssdoethe cocaine-
reinforced lever for 2h. See Methods for detaids. Example of a representative
behavioral response pattern for one rat. Each vertical lineaiedicone lever press
response. On Day 1 (top), the rat completed 36 responses on the $eveossnd 24
responses on the cocaine lever. On Day 30 (bottom), the rat comfietedponses on
the sucrose lever and 30 responses on the cocaine tevBats (n=14) displayed
consistent numbers of lever press responses across recordiogséBay 1 and Day

30) for both sucrose and cocaine.
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Figure 2. Examples of individual NAc neurons showing one of the three types of
patterned discharges (PR, RFe, RFi) during cocaine self-adntioisirRaster displays
and PEHs show the activity of each neuron recorded during a 2Mes period
surrounding the cocaine-reinforced response (indicated by dasheditlitieme R).
Individual cells exhibited type PR activity (left), type RFativdty (middle), or type RFi

activity (right).
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Figure 3. Examples of individual NAc neurons showing one of the three types of
patterned discharges (PR, RFe, RFi) during sucrose self-atimimn. Raster displays
and PEHs show the activity of each neuron recorded during a 2Mes period
surrounding the sucrose-reinforced response (indicated by dashedt liime R).

Individual cells exhibited type PR activity (left), type RFativdty (middle), or type RFi

activity (right).
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Figure 4. Population histograms of the three cell classifications (@Qeeaelective,
Sucrose-Selective, Overlapping) recorded prior to abstinencel(Dagparated by type
of phasic activity (PR, RFe, or RFi). Lever press responsdaadioated by dashed black
line at time R in all PEHs. Averages were z-normalized, anelibass indicated by the
dashed gray line at Qeft column, Population averages of Cocaine-Selective cells. The
activity of the same neurons relative to cocaine responding (lnles) lversus sucrose
responding (gray filled histograms) plotted on the same graph. Npechafiring
displayed one of the three well-defined patterns of phasic actRRy top; RFe, middle;
RFi, bottom) relative to cocaine-reinforced responses but the safise showed no
change from baseline relative to sucrose-reinforced resporMegkie column,
Population averages of Sucrose-Selective cells. Normalized tirspdayed one of the
three patterns of phasic activity (PR, top; RFe, middle; B&ttom) relative to sucrose-
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reinforced responses (red lines), but no change from baselinesereta cocaine-
reinforced responses (gray filled histogramB)ght column, Population averages of
Overlapping cells. Normalized firing displayed the same types of phasitya(PR, top;
RFe, middle; RFi, bottom) relative to both cocaine- (blue lines) aabse- (red lines)

reinforced responses.
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Figure 5. Distribution of phasic activity of NAc neurons during sucrosedcwe multiple
schedulea, Breakdown of phasic activity of NAc neurons (core and shell, compine
recorded before cocaine abstinengePhasic activity of NAc neurons (core and shell,
combined) recorded following 30 days of cocaine abstinence. Aftemast, the
percentage of Sucrose-Selective cells significantly deatea$dle the percentage of
Cocaine-Selective cells significantly increasguk@.05. ¢, Phasic activity of neurons in
the NAc core vs. shell. In the core, the percentage of CocairetiSelcells significantly
increased from Day 1 to Day 30. In the shell, the percentagacndse-Selective cells

significantly decreased from Day 1 to Day 30<6.05.
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Figure 6. Schematic representation of electrode tip placements in tleechie (dots)
and shell (crosses). Numbers to left of coronal sections indiistence anterior to

bregma (Paxinos & Watson, 2007).
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