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APID NEUROADAPTATION IN THE NUCLEUS ACCUMBENS
ND BED NUCLEUS OF THE STRIA TERMINALIS MEDIATES
UPPRESSION OF OPERANT RESPONDING DURING WITHDRAWAL

ROM ACUTE OPIOID DEPENDENCE
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bstract—Single injections of morphine induce a state of
cute opioid dependence in humans and animals, measured
s precipitated withdrawal when an antagonist is adminis-
ered 4–24 h after morphine. Additional morphine exposure
t daily or weekly intervals results in further increases in
ithdrawal severity, suggesting that acute opioid depen-
ence reflects the early stages in the development of a
hronic state of dependence. The current study evaluated the
ole of the nucleus accumbens (NAC), bed nucleus of stria
erminalis (BNST), interstitial nucleus of posterior limb of the
nterior commissure (IPAC), and central amygdala (CeA) in
he expression of antagonist-precipitated suppression of op-
rant responding for food as a measure of withdrawal from
cute opioid dependence. Rats trained on a fixed-ratio 15
chedule received one or four daily injections of morphine,
ith the lipophobic opioid antagonist methylnaloxonium

16–2000 ng) infused into one of the brain regions or the
ateral ventricle (i.c.v.) 4 h after the final morphine injection.
fter acute morphine methylnaloxonium was more potent
pon infusion into the NAC (17.9-fold potency shift), BNST
6.8-fold) and CeA (5.5-fold) than it was upon i.c.v. adminis-
ration. Following repeat morphine the NAC and BNST but not
eA continued to show greater sensitivity relative to i.c.v.

nfusion (12.9-, 8.7-, and 3.2-fold potency shifts, respectively).
he IPAC was insensitive to methylnaloxonium after acute or
epeat morphine at doses that reliably suppressed respond-
ng upon i.c.v. infusion (125–500 ng). Thus, among the com-
onents of extended amygdala examined in this study, rapid
euroadaptation within the nucleus accumbens and bed nu-
leus of the stria terminalis appear to play the most promi-
ent role in antagonist-precipitated suppression of operant
esponding during the early stages in the development of
pioid dependence. © 2006 IBRO. Published by Elsevier Ltd.
ll rights reserved.

Correspondence to: G. Schulteis, Department of Anesthesiology, UC
an Diego School of Medicine and VA San Diego Health Care System,
350 La Jolla Village Drive, MC 125A, San Diego, CA 92161-5008,
SA. Tel: �1-858-642-3209; fax: �1-858-822-5009.
-mail address: gschulteis@vapop.ucsd.edu (G. Schulteis).
bbreviations: ANOVA, analysis of variance; AP, anteroposterior;
NST, bed nucleus of the stria terminalis; CeA, central nucleus of the
mygdala; DV, dorsoventral; FR, fixed ratio; i.c., intracerebral; IPAC,
t
nterstitial nucleus of the posterior limb of the anterior commissure; ML,

ediolateral; MNX, methylnaloxonium; NAC, nucleus accumbens.
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raditionally tolerance and dependence have been con-
idered to be major factors in chronic, compulsive drug
se or addiction (Himmelsbach, 1943; Lindesmith, 1968).
hereas the positive reinforcing or rewarding effects of

rugs are considered by most to be a primary factor in the
nitiation of drug use (Wise, 1998; Koob and Le Moal,
001, 2005), continued use, escalation to compulsive use,
nd relapse after periods of abstinence may also be mo-
ivated by the negative aversive consequences of drug
bstinence (Haertzen and Hooks, 1969; Jasinski et al.,
985; Schulteis and Koob, 1996). Considerable previous
esearch has examined mechanisms underlying a chronic
tate of opioid dependence, in effect identifying neural
echanisms at the systems (anatomical), cellular, and
olecular levels that characterize the maintenance of an
stablished state of dependence (reviewed in Self and
estler, 1998; Nestler, 2001).

Recently there has been renewed interest in acute
pioid dependence, first described several decades ago
Martin and Eades, 1964), as a means to understanding
he role of initial neuroadaptive responses to opioids in the
ransition from casual to compulsive drug use. In humans
pioid antagonists given several hours after an acute treat-
ent with an agonist such as morphine precipitate a range
f physiological, somatic, and subjective symptoms char-
cteristic of withdrawal from chronic opioids (Jones, 1980;
ickel et al., 1988; Heishman et al., 1989a,b; Azorlosa et
l., 1994). In animal models, various affective signs or
versive stimulus effects of withdrawal are common to
ithdrawal from acute or chronic opioids, including brain
timulation reward deficits (Schaefer and Michael, 1986;
chulteis et al., 1994; Easterling et al., 2004; Liu and
chulteis, 2004), conditioned place aversion (Stinus et al.,
990; Schulteis et al., 1994; Parker et al., 2002; Azar et al.,
003), and suppression of operant responding for food
eward (Gellert and Sparber, 1977; Meyer and Sparber,
977; Koob et al., 1989; Schulteis et al., 1994, 1997,
999), with the latter being the most thoroughly character-

zed to date as a measure of withdrawal from acute opioid
ependence. In this model, a single pretreatment with
orphine increases the potency of opioid antagonists to

uppress operant responding, and additional treatments at
aily or weekly intervals produce further progressive shifts

n antagonist potency (Adams and Holtzman, 1990; Schul-

eis et al., 1997, 1999). This model has the distinct advan-
ved.
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age of lending itself readily to relative assessments of
ithdrawal severity across a variety of treatment condi-

ions through the use of quantitative dose-response anal-
sis (Young, 1986; Adams and Holtzman, 1990; Schulteis
t al., 1994, 2003).

Many neuroadaptational models favor the view that
rug dependence and addiction reflect “homeostatic neu-
onal adaptations and synaptic plasticity in specific brain
egions, changes that ultimately contribute to the addictive
henotype” (Shaw-Lutchman et al., 2002). Specifically, it
as been argued that neuroadaptation within the same
rain reward circuitry that mediates the acute rewarding
ffects of drugs results in the expression of drug-opposite
ithdrawal responses that ultimately play a role in main-

aining compulsive use through negative reinforcement,
ith affective components of withdrawal therefore being of
irect motivational significance in maintenance of the ad-
ictive state (Schulteis and Koob, 1996; Koob and Le
oal, 2001, 2005). Evidence in favor of this hypothesis

mplicates brain reward circuitry centered around the so-
alled extended amygdala, a macrostructure composed of
rain regions with very similar morphological and immuno-
istochemical features, as well as considerable overlap in
fferent and efferent connectivity (Heimer et al., 1997;
cDonald et al., 1999; Alheid, 2003). Key components of

he extended amygdala implicated in drug reward and
ependence are the bed nucleus of the stria terminalis
BNST), central amygdala (CeA), and shell aspect of the
ucleus accumbens (NAC). Thus, animals will self-admin-

ster opioids directly into the NAC and CeA (Olds, 1979,
982; David and Cazala, 1994), and blockade of opioid
eceptors within the NAC and BNST among other struc-
ures will alter heroin self-administration (Vaccarino et al.,
985; Corrigall and Vaccarino, 1988; Walker et al., 2000).

Several convergent lines of evidence demonstrate that
pioid dependence results in neuroadaptation within these
ame brain regions. In rats with chronic morphine pellet
mplants, a quaternary derivative of the opioid antagonist
aloxone (methylnaloxonium, MNX) suppressed operant
esponding upon infusion into the NAC at significantly
ower doses than those required to elicit this same re-
ponse following its infusion into the lateral ventricles
Koob et al., 1989), and MNX administration into the NAC
nd CeA potently precipitated conditioned place aversion
Stinus et al., 1990). In addition, Aston-Jones and col-
eagues (Delfs et al., 2000) reported that injection of nor-
drenergic antagonists into the BNST or lesions of the
entral noradrenergic bundle projections to this nucleus
ttenuated conditioned place aversion in morphine-depen-
ent rats. Furthermore, injection of low doses of naloxone

n morphine-dependent rats increases the expression of
he immediate-early gene c-fos within various limbic and
asal forebrain structures including the BNST, NAC, and
eA (Walters et al., 2000; Gracy et al., 2001; Frenois et al.,
002). Finally, Nestler and colleagues (Shaw-Lutchman et
l., 2002) reported that cAMP response element (CRE)-
ediate gene transcription was elevated during naltrex-
ne-precipitated withdrawal from chronic morphine in the

AC (both core and shell), BNST, CeA, and another por- p

Please cite this article in press as: Criner SH, et al., Rapid neuroadapta
terminalis mediates suppression of operant responding during withdraw
science.2006.11.002
ion of extended amygdala, the interstitial nucleus of the
osterior limb of the anterior commissure (IPAC). The
urrent study sought to evaluate whether some or all of
hese same components of the extended amygdala would
how rapid neuroadaptation in response to initial exposure
o morphine, and progression with repeated (4�) daily
reatment using suppression of responding for food as the
easure of withdrawal.

EXPERIMENTAL PROCEDURES

ubjects

ubjects (n�422) were male Wistar rats (Harlan Laboratories,
ndianapolis, IN, USA) weighing between 350 and 450 g at the
ime of testing. All animals were pair housed in a humidity-con-
rolled room with a 12-h light/dark cycle (lights on at 06:00 h). Rats
ad ad libitum access to water but during training and testing were
n food restriction of 15 g/rat/day of standard chow in addition to
he pellets earned during operant sessions (total food intake av-
raged 19–22 g/day/rat). All training and testing took place be-
ween 09:00 and 16:00 h Monday through Friday. On off days
Saturday, Sunday), each rat received an additional 5 g/day of
ood to compensate for the amount of food typically earned in the
verage operant session. All experimental procedures were ap-
roved by the Institutional Animal Care and Use Committee of the
A San Diego Healthcare System, an AAALAC accredited facility,
nd are in strict accordance with the Guide for the Care and Use
f Laboratory Animals (revised 1996). Every effort was made to
inimize the number of animal subjects used and their potential
istress or suffering.

rugs

orphine sulfate was purchased via the VA San Diego Research
harmacy from King Pharmaceuticals (Bristol, TN, USA) at a
tock concentration of 25 mg/ml. The final dose of 5.6 mg/kg
orphine was prepared fresh at least twice weekly by diluting the

tock solution with sterile physiological saline to achieve a final
oncentration of 5.6 mg/ml for s.c. injection in a volume of 0.1 ml/
00 g body weight. MNX (N-methylnaloxonium iodide) was pur-
hased from Sigma (St. Louis, MO, USA) in powder form. Desired
oses of MNX were prepared fresh daily by dissolving in sterile
hysiological saline 30 min prior to injection. MNX was adminis-
ered either by the i.c.v. or intracerebral (i.c.) route with injectors
onnected to microsyringes driven by a Harvard Apparatus sy-
inge pump (Holliston, MA, USA). I.c.v. and i.c. injections con-
isted of saline vehicle or MNX at a dose of 16, 31.25, 62.5, 125,
50, 500, 1000, or 2000 ng. For i.c.v. injections the total dose was

njected unilaterally in a volume of 2 �l over 80 s. All i.c. injections
ere bilateral, with each hemisphere receiving 1/2 the total dose

n a volume of 0.5 �l infused over 80 s. Injectors remained in place
or an additional 90 s to allow for diffusion of MNX.

annulation procedure

tainless steel guide cannulas (23 gauge) were implanted under
alothane anesthesia using a Kopf Instruments stereotaxic device
Tujunga, CA, USA). All i.c.v. and i.c. surgeries were conducted
ith the incisor bar set at �3.3 mm below the interaural line, with

mplant coordinates taken from the atlas of Paxinos and Watson
1998). Cannulas were anchored to the skull with the aid of dental
ement and surgical screws. Stainless steel wire stylets matching
he length of the guide cannulas were inserted immediately after
urgery and thereafter replaced daily as needed to maintain can-
ula patency. All rats were allowed to recover at least 4–5 days

rior to resumption of operant sessions.

tion in the nucleus accumbens and bed nucleus of the stria
al from . . . , Neuroscience (2006), doi: 10.1016/j.neuro-
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Final injector tip coordinates were selected to target the cen-
er of each nucleus without regard to further subdivisions within
he nucleus, and are expressed relative to skull surface at bregma
Paxinos and Watson, 1998). Coordinates used were as follows:
.c.v. (anteroposterior (AP) �0.80, mediolateral (ML) �1.4, dorso-
entral (DV) �4.0), NAC (AP �1.70, ML �1.70, DV �8.0), BNST
AP �0.85, ML �1.5, DV �7.0), CeA (AP �2.0, ML �4.0, DV
8.5); and IPAC (AP �1.4, ML �3.9, DV �7.9). Guide cannulas

topped 1.5 mm (i.c.v., NAC, BNST) or 1.9 mm (CeA, IPAC) short
f the desired final target for the injector tips. Guide cannulas
argeting the BNST were angled to avoid the lateral ventricle
bove the desired injection location (Delfs et al., 2000). All guide
annula placements were bilateral with the exception of i.c.v.
mplants, which consisted of left or right unilateral placements
lternating from one rat to the next.

erification of cannula placement

I.c.v. infusions. Correct placement was assessed immedi-
tely after the operant session that followed mock injection (ha-
ituation day, see Operant Training and Testing below and
able 1) by means of a “gravity check,” whereby the injector was

nserted to the desired depth and flow of vehicle through the
njection tubing was observed to occur by gravity as the tubing
as slowly raised above the level of the injector tip. A small air
ubble in the tubing and graded marks at 0.5 �l increments along
he length of the tubing served as visual aids. Four rats were
xcluded from the study for failing the “gravity check.”

I.c. infusions. For all brain regions targeted, placement ver-
fication was by postmortem histological analysis. Rats received a
arbiturate overdose followed by transcardial perfusion with 10%
ormalin. Brains were removed, placed in 10% formalin for 24 h,
nd then a 0.5–1.0 cm slice encompassing the cannula entry point

nto the brain as well as the final desired injector tip location was
mbedded in paraffin. Embedded blocks of tissue were sectioned

n 10 �m-coronal slices using a sliding microtome, placed on
lides, and allowed to dry. After staining sections with 0.15%
resyl Violet, final injector tip placements were visualized under a
issecting microscope, using the stereotaxic atlas of Paxinos and
atson (1998) as a guide. The injector tip locations for each

nimal were mapped onto the appropriate atlas panel with the
istologist blinded to drug treatment condition and experimental
utcome. Cannula placements for all correct cannula placements
ithin the repeat and single morphine groups treated with the two
ighest doses injected into each brain region are illustrated in
ig. 1. For purposes of clarity, placements for other doses are not
hown, but those shown are representative of the general distri-

able 1. Experimental design

reatment Habituation day Baseline d

epeat morphine
S.c. injection – Vehicle
I.c./i.c.v. injection Mock Vehicle
Operant testing 30 min 30 min

ingle morphine
S.c. injection – Vehicle
I.c./i.c.v. injection Mock Vehicle
Operant testing 30 min 30 min
orphine naive
S.c. injection – Vehicle
I.c. injection Mock Vehicle
Operant testing 30 min 30 min

Dash indicates no treatment.
At a single dose (highest dose tested in a given brain region).

Please cite this article in press as: Criner SH, et al., Rapid neuroadapta
terminalis mediates suppression of operant responding during withdraw
science.2006.11.002
ution of cannula placements for all experimental groups within a
iven injection site. A total of 31 rats were excluded from the final
nalysis due to misplaced cannulas, with the majority of the failed
lacements occurring in the IPAC (15 rats), volumetrically the
mallest of the targeted structures, followed by the BNST (eight
ats), CeA (four rats), and NAC (four rats).

perant training and testing

Apparatus and training. Fourteen operant chambers housed
n sound-attenuated cubicles (Coulbourn Instruments, Columbus,

H, USA) were equipped with a food hopper located 4 cm above
grid floor, a lever manipulandum located to the right of the food

opper, and a cue light located above the lever. Each completed
xed-ratio (FR) requirement resulted in illumination of the cue light
or 1 s coincident with delivery of a food pellet (45 mg). Rats were
rained to lever press in daily 30 min sessions five days a week,
eginning with an FR-1 schedule (1 s timeout) and progressing in
everal steps to the ultimate requirement of FR-15 (1 s timeout).
ssignment to a treatment condition took place once responding
ad stabilized on the FR-15 schedule (typically after 14–21 days),
ith stability defined as variation in response rates no greater than
0% from the mean of three consecutive days.

Acute dependence induction and withdrawal testing. Post-
urgery rats typically required about 5–7 days of testing until
esponding had again reached stable baselines as defined above.
roup assignments and experimental design were as outlined
elow and summarized in Table 1.

Habituation day. Prior to any actual drug infusions, rats
ere habituated to the injection procedure by insertion of an

njector (31 gauge) that did not extend beyond the tip of the guide
annula. After insertion of the injector the Harvard syringe pump
as activated for 80 s to acclimate rats to the motor noise, but the

njector was not connected to the delivery system. Rats were free
o roam in an injection holding cage for the duration of the infusion
rocess. After the pump was turned off the injector remained in
lace for an additional 90 s at which time it was removed, the stylet
as re-inserted into the guide cannula, and an operant session
ommenced immediately thereafter.

Baseline day. Following the habituation day, rats received
–3 days without any operant training to ensure that responding
n the baseline day occurred under conditions comparable to
hose on the test day, where operant responding following mor-
hine and MNX treatment would be assessed after several days
ithout operant testing (see Table 1 and below for details). On the
aseline day, all rats (regardless of target injection site) received

Morphine treatment days 1–3 Test day

Morphine 5.6 mg/kg Morphine 5.6 mg/kg
– MNXa

– 30 min

Vehicle Morphine 5.6 mg/kg
– MNXa

– 30 min

Vehicle Vehicle
– MNXb

– 30 min
ay

At one of 3 or more doses ranging from 16 to 2000 ng.
tion in the nucleus accumbens and bed nucleus of the stria
al from . . . , Neuroscience (2006), doi: 10.1016/j.neuro-
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s.c. injection of saline vehicle, followed 4 h later by i.c.v. or i.c.
nfusion of vehicle and a 30 min operant session. Infusion proce-
ures were as just described for mock injection, except that injec-
ors now penetrated past the guide cannula tip by the appropriate
mount (1.5–1.9 mm, see Cannulation Procedure above) and
ere connected via tubing to a microsyringe being driven by the
yringe pump.

Morphine treatment days. After the baseline day, each co-
ort of rats with cannulas aimed at a given target site received
orphine under one of two possible treatment regimens: 1) repeat
orphine wherein rats received four consecutive days of treat-
ent with a 5.6 mg/kg s.c. dose of morphine; or 2) single morphine
herein rats received 3 days of s.c. vehicle injection, followed by
single morphine treatment (5.6 mg/kg s.c.) on the 4th (Test) day.
y employing separate groups for the single and repeat (4�)
orphine conditions, we could assess the magnitude of neuroad-
ptation in response to either single or repeat morphine exposure
ithout the possible confounding influence of repeated antago-
ist-precipitated withdrawal experience. Prior work indicated that
epeated precipitation of withdrawal following each of four mor-
hine treatments could engender conditioned withdrawal re-
ponses that potentiated the apparent magnitude of response
uppression elicited by a given dose of antagonist (Schulteis et al.,
005).

Test day. After the 4th and final s.c. injection (test day), rats
n the single and repeat morphine conditions were further subdi-
ided into groups receiving an infusion of vehicle or one of several
oses of MNX 4 h post-morphine in a between-subjects dose-
ffect design. Doses were selected as described below (Experi-
ental Design and Dosing Strategy).

xperimental design and dosing strategy

he dose of morphine and interval between morphine and antag-
nist injection were based upon extensive prior work characteriz-

ng optimal conditions for antagonist-induced suppression of re-

ig. 1. Cannula tip placements for the two highest doses tested unde
ach brain region examined. Values represent AP distance from bregm
f individual tip placements, cannula locations for other doses are not
roups.
ponding in acute dependence (Schulteis et al., 1997, 1999, 2003, t

Please cite this article in press as: Criner SH, et al., Rapid neuroadapta
terminalis mediates suppression of operant responding during withdraw
science.2006.11.002
005). Although these and similar studies on suppression of op-
rant responding during withdrawal from acute opioid dependence
ave typically precipitated withdrawal using naloxone or naltrex-
ne (Young, 1986; Adams and Holtzman, 1990; Schulteis et al.,
997, 1999), site-specific i.c. injections of these highly lipophilic
ompounds would result in rapid spread from the site of adminis-
ration throughout the CNS and even into the general circulation.
ortunately, modification of the naloxone molecule to its quater-
ary derivative MNX results in a more lipophobic compound that
preads much less rapidly from its site of administration (Schroe-
er et al., 1991), and consequently MNX has been used success-
ully in a number of prior studies to localize critical site(s) in the
xpression of withdrawal signs from chronic opioid administration
Koob et al., 1989; Stinus et al., 1990; Maldonado et al., 1992).
he selected dose range of MNX from 16 to 2000 ng was based
pon this prior work of Koob et al. (1989), with the maximum dose
f 2000 ng MNX selected because higher doses (4000 ng) have
een reported to suppress responding even in morphine naive
nimals following i.c.v. infusion.

The key feature of the experimental strategy used in these
tudies with MNX is comparison of its potency to precipitate
ithdrawal when infused into a specific brain region to its potency

ollowing i.c.v. administration. Critical sites directly involved in
xpression of the response should be sensitive to MNX doses
ignificantly below those that are effective upon i.c.v. infusion,
ince i.c.v.-administered MNX must first diffuse to its site of action
efore taking effect.

With the large number of treatment conditions evaluated in
he present study (five injection sites, each tested under two
orphine pretreatment conditions), our critical goal was to strike
n efficient balance between minimization of animal subjects re-
uirements where possible with the need to generate all neces-
ary control groups and to ensure that the linear portion of the
NX dose effect function had been captured under every treat-
ent condition. To achieve this balance, a sequential dose selec-

ion strategy was employed wherein all target sites were initially
valuated at an intermediate dose of MNX (62.5 or 125 ng for i.c.

orphine (left side) and repeat morphine (right side) conditions within
ccording to the atlas of Paxinos and Watson (1998). To maintain clarity
ut the range of tip placements illustrated is representative of all dose
r single m
a (mm) a
argets, 250 or 500 ng for i.c.v.), with higher and/or lower doses

tion in the nucleus accumbens and bed nucleus of the stria
al from . . . , Neuroscience (2006), doi: 10.1016/j.neuro-
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hen tested according to the magnitude of response suppression
licited at this initial dose.

Criteria that guided the decision for selection of doses tested
or a given treatment condition included: 1) a minimum of three
oses tested for each dose-effect function; 2) identifying at least
ne ineffective dose for each infusion site to establish the lower

imits of the dose-effect function; 3) identifying at least one dose
here 50% or greater suppression of responding was observed;
nd 4) avoiding excessive testing of doses in the lower (no effect)
r upper (maximal effect) asymptotic portions of the dose-effect
unction. Criteria 1–3 were critical to the successful calculation of
D50 values and relative potency estimates (see Data Analysis
elow), while criteria 4 helped to minimize animal subject require-
ents wherever feasible. In most cases, three doses plus a ve-
icle control group were needed for each experimental condition
tudied; occasionally a fourth MNX dose was added to more
learly define the linear portion of the dose-effect function in cases
here two adjoining intermediate doses of MNX produced similar
ffect (e.g. intra-BNST MNX at 125 and 250 ng under single
orphine conditions, see Fig. 2). Our goal was not to identify the
inimum effective dose within each brain region per se, but rather

o obtain an accurate estimate of the linear portion of the dose
ffect function under each experimental condition.

ata analysis

ll operant data (responses/30 min session) on the test day were
xpressed as percent of responding on the baseline day for each
at. The resultant percent of baseline data was entered into a number
f analyses using analysis of variance (ANOVA) and/or quantitative
robit dose-response analysis using the method of Litchfield and
ilcoxon (Tallarida and Murray, 1987) as described below.

Acute and repeat morphine effects in vehicle-infused controls.
ll groups that received i.c. or i.c.v. infusion of vehicle were
ntered into an overall two-factor ANOVA with injection site and
orphine history (single, repeat morphine) as between-subjects

actors to assess possible effects of repeated morphine treatment
n the absence of antagonist treatment.

MNX effects after acute and repeat morphine relative to ve-
icle-infused controls. One-factor ANOVA with MNX dose as the
etween-subjects factor assessed whether MNX produced signifi-
ant dose-dependent effects within a given injection site under single
r repeat morphine conditions. Follow-up individual means compar-

sons of MNX doses to vehicle-control were adjusted using the Bon-
erroni correction for multiple planned comparisons.

MNX effect in morphine-naive rats. For brain regions
herein MNX potency exceeded that observed with i.c.v. injection

ollowing single or repeat morphine (NAC, BNST, CeA), the high-
st dose of MNX infused into a particular region was evaluated
fter s.c. injection of vehicle (morphine naive). To ensure that the
ffect within a given brain region was not due to non-specific
ffects of MNX on operant responding, responding after MNX

nfusion in morphine naive rats was compared with responding in
.c.-vehicle-infused controls after single and repeat morphine
reatment in a one-factor ANOVA.

Relative MNX potency as a function of morphine treatment
istory and injection site. As an expected consequence of our
equential dosing strategy (see Experimental Design and Dosing
trategy above), there was frequently little or no overlap in MNX
ose-effect functions across experimental treatment conditions
e.g. i.c.v. and NAC did not have any overlapping doses under
epeat morphine conditions), precluding omnibus ANOVA analy-
es. However, the data are well-suited to quantitative probit dose
esponse analysis, as applied successfully to our prior work on
ntagonist-precipitated withdrawal from acute and chronic opioid

ependence (Azar et al., 2003; Schulteis et al., 1994, 2003, 2005). f
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fter calculation of MNX ED50 values (with 95% confidence limits)
nder each experimental condition, statistical significance of shifts

n MNX potency was assessed by potency ratio analysis using the
ethod of Litchfield and Wilcoxon (Tallarida and Murray, 1987).

RESULTS

aseline response rates

esponses rates on the baseline day prior to any morphine
r MNX treatment for all rats receiving each of the five
urgery types (i.c.v. or i.c.) were as follows (mean responses/
0 min � S.E.M.): i.c.v.�1957�45.2, NAC�1824�52.9,
NST�1873�57, CeA�1889�58, IPAC�1941�48.7.
ne-factor ANOVA indicated that there were no significant
ifferences in baseline response rate across surgery con-
itions (F[4,390]�1.14, P�0.30). Therefore, variations in
issue damage as a function of the path traversed by the
uide cannula did not significantly alter response rate,
nd all subsequent analyses of drug effects on respond-

ng were expressed as a percentage of these baseline
esponse rates to be consistent with prior work in this
rea (Koob et al., 1989; Schulteis et al., 1994, 1997,
999).

cute and repeat morphine effects in vehicle-infused
ontrols

ollowing i.c. or i.c.v. vehicle infusion under single and
epeat morphine conditions, there was a significant main
ffect of morphine treatment history (F[1,81]�11.01,
�0.005), with no significant main effect of injection site

F[4,81]�0.19,P�0.90)orhistory�siteinteraction(F[4,81]�
.11, P�0.35). As shown in Figs. 2 and 3, responding in
ehicle-infused groups under repeat morphine conditions
as generally slightly lower than responding under single
orphine conditions, presumably due to the emergence of
modest but statistically reliable spontaneous withdrawal

eaction upon repeat morphine exposure, an effect we
ave observed previously under the same treatment con-
itions (e.g. Liu and Schulteis, 2004; Schulteis et al.,
005). Importantly, responding after vehicle infusion did
ot differ significantly across injection sites, indicating that
ny observed site-specific differences in MNX-induced
uppression of responding were attributable to varying
ensitivity to the drug, rather than nonspecific effects of
uid infusion into one or more brain regions.

NX effects after acute and repeat morphine relative
o vehicle-infused controls

ig. 2 allows direct comparison of MNX potency under
ingle and repeat morphine treatment conditions within
ach individual injection site.

I.c.v. infusions. MNX infused into the lateral ventri-
le (i.c.v.) 4 h after single morphine treatment elicited a
ose-dependent suppression of responding (F[3,36]�
.07, P�0.001), with doses of 1000 and 2000 ng, but not
50 ng, producing a significant reduction in responding
elative to vehicle-infused controls (P�0.05 after Bon-

erroni correction). After repeat morphine treatment,

tion in the nucleus accumbens and bed nucleus of the stria
al from . . . , Neuroscience (2006), doi: 10.1016/j.neuro-
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.c.v.-infused MNX again produced a dose-dependent
ffect (F[4,41]�8.26, P�0.0001), with doses of 500,
000, and 2000 ng producing a significant reduction in
esponding.

Intra-NAC infusions. MNX dose-dependently sup-
ressed operant responding for food with intra-NAC infu-

ig. 2. Following an acute treatment with 5.6 mg/mg morphine (sing
esponding for food after injection into the lateral ventricle (i.c.v.), NA
he corresponding morphine treatment condition (single compared wi
repeat morphine, squares�dotted lines), the magnitude of response s
nfusions, but not with intra-NAC or intra-CeA infusion (# P�0.05, signifi
ccording to relative potency analysis, see Table 2 for further details of

ested within active brain regions (NAC, BNST, CeA) failed to suppres
n the MNX dose-effect functions represent mean�S.E.M. percent of
he corresponding dose-response function. The solid horizontal line re
reatment, and the dotted horizontal line represents the mean of the rep
ine represents �1 S.E.M. N�8–11/dose group.
ion after a single morphine treatment, as revealed by a t
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ignificant main effect of MNX dose (F[4,35]�13.15,
�0.0001); follow-up analysis indicated that doses of 62.5
g and higher produced a significant effect relative to vehicle
ontrols (P�0.05 after Bonferroni correction). Dose-depen-
ent suppression of responding was also evident when MNX

nfusion into the NAC followed the last of four daily morphine

ine, circles�solid lines) MNX dose-dependently suppresses operant
or CeA, but not the IPAC (* P�0.05 vs. vehicle-infused group under

, repeat to repeat)). After four morphine treatments at daily intervals
on elicited by MNX was further potentiated with i.c.v., and intra-BNST
t in MNX dose-effect function from single to repeat morphine condition
sis). In morphine-naive subjects (diamonds), MNX at the highest dose
responding relative to vehicle-infused controls. Individual data points

response rate. Values in parentheses are the ED50 values derived for
the mean of the group infused with vehicle 4 h after single morphine
hine vehicle-infused group; the shaded region around each horizontal
le morph
C, BNST
th single
uppressi
cant shif
this analy
s operant
baseline
presents
eat morp
reatments (repeat morphine, F[3,32]�5.99, P�0.005), with

tion in the nucleus accumbens and bed nucleus of the stria
al from . . . , Neuroscience (2006), doi: 10.1016/j.neuro-
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oses of 31.25 ng and higher producing a significant effect
elative to intra-NAC vehicle infusion.

Intra-BNST infusions. As the data for MNX infused
nto the BNST depicted in Fig. 2 would suggest, there was

significant dose-dependent effect of MNX after acute
orphine treatment (single morphine, F[4,21]�12.44,
�0.0001), with significant effects at doses of 125 ng and
igher (P�0.05 after Bonferroni correction). After repeat
orphine treatment, MNX continued to exert a dose-de-
endent effect (F[3,37]�7.65, P�0.001), with doses of
2.5 ng and higher producing a significant effect.

Intra-CeA infusions. Analysis of the data from groups
nfused with MNX into the CeA following single morphine
reatment revealed a significant main effect of MNX dose
F[3,28]�9.71, P�0.001), but a relatively high dose of 500
g was required to achieve significant suppression relative
o vehicle-infused controls (P�0.05 after Bonferroni cor-
ection). After repeat morphine treatment, intra-CeA MNX
till produced a dose-dependent suppression (F[3,29]�
.73, P�0.001), but again a high dose (125 ng) was re-
uired relative to doses shown to be effective intra-NAC or

ntra-BNST (62.5 ng or less) under the same morphine
reatment conditions.

Intra-IPAC infusions. Inspection of the data from
PAC-infused subjects in Fig. 2 suggests that no dose of

ig. 3. This figure presents the data from Fig. 2 in a way that facilitate
ingle morphine treatment (upper panel), MNX potency is significantly
otency in the IPAC does not differ from i.c.v. infusion. With repeat m
AC and BNST than following i.c.v. infusion, but its potency in the C

ndividual data points on the MNX dose-effect functions represent
epresents the composite mean of all five injection site groups infused
ach horizontal line represents �1 S.E.M. Values in parentheses within
iven brain region. * Significant shift in MNX potency relative to i.c.v. t
atio analysis (see Table 2 for full results of this analysis).
NX up to 500 ng elicited a significant suppression of C

Please cite this article in press as: Criner SH, et al., Rapid neuroadapta
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esponding after single or repeat morphine treatment, and
his was confirmed by ANOVAs which revealed no signif-
cant effect of MNX dose (F’s�1.35, P’s�0.25). Because
00 ng of MNX infused into the lateral ventricle (i.c.v.)
licited significant effects following repeat morphine,
igher doses infused into the IPAC were not evaluated, as
hese data already convincingly demonstrate that the IPAC
s not a site where diffusion of i.c.v.-administered MNX is
roducing its effect on operant responding.

NX effect in morphine-naive rats

nfusion of 250 ng of MNX into the NAC, and 500 ng MNX
nto each of the BNST and CeA, resulted in percent of
aseline response rates of 87.5�6.0, 97.6�4.1, and 92.1�
.4, respectively (see Fig. 2). Comparing these levels of
esponding to vehicle-infused controls from single and re-
eat morphine treatment groups in a one-factor ANOVA
evealed no significant effects for any brain region (all
’s�2.21, P’s�0.20). Inspection of Fig. 2 reveals that

hese doses of MNX suppressed responding to well below
0% after just one morphine treatment (single morphine) in
ach brain region examined. The results in morphine-naive
ats indicate that the response suppression elicited by
NX after single or repeat morphine are not due to non-

pecific effects of MNX infused into the NAC, BNST, or

rison of MNX dose-effect functions across injection sites. Following a
the NAC, BNST, and CeA than it is following i.c.v. infusion, but MNX

reatment (lower panel), MNX remains significantly more potent in the
dition to the IPAC is not significantly different from its i.c.v. potency.
.E.M. percent of baseline response rate. The solid horizontal line
cle 4 h after single or repeat morphine, and the shaded region around
nd reflect the ED50 value following single and repeat morphine for that
under same morphine treatment condition as determined by potency
s compa
greater in
orphine t
eA in ad
mean�S
with vehi
the lege
eA on operant responding per se, but instead reflect a

tion in the nucleus accumbens and bed nucleus of the stria
al from . . . , Neuroscience (2006), doi: 10.1016/j.neuro-
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otentiation of MNX potency produced by acute or re-
eated daily morphine pretreatment.

elative MNX potency as a function of morphine
reatment history and injection site

Single vs. repeat morphine within individual injection
ites. ED50 values for MNX-induced suppression of op-
rant responding are summarized in Table 2. The full
ange of doses tested under each condition was used in
alculation of ED50 values, and in determination of the
otency ratio of MNX after single vs. repeat morphine
reatment within each given injection site. Shifts in MNX
otency from single to repeat morphine conditions were
ignificant for i.c.v. (4.4-fold) and intra-BNST (5.7-fold)
dministration, but not for intra-NAC (3.2-fold) or intra-
eA (2.6-fold) infusion (see Fig. 2 and Table 2). Al-

hough ED50 values and potency ratios could not be
alculated for the IPAC data (because even the highest
ose tested produced substantially less than 50% ef-
ect), inspection of Fig. 2 indicates minimal change in
he MNX dose-effect function from single to repeat mor-
hine treatment.

MNX potency in discrete brain regions relative to i.c.v.
otency after single morphine. MNX after single mor-
hine treatment was most potent upon infusion into the
AC, demonstrating a 17.9-fold shift in potency relative to

.c.v. infusion (see Fig. 3, upper panel, and Table 2). MNX
nfused into the BNST and CeA showed lesser but still
ignificant shifts in potency relative to i.c.v. infusion under
ingle morphine conditions (6.8- and 5.5-fold, respec-
ively). Again, the ED50 value for MNX in IPAC could not be
alculated, and therefore precluded relative potency com-
arisons, but Fig. 3 demonstrates that potency of MNX in
he IPAC is no greater than its i.c.v. potency after acute
orphine treatment.

MNX potency in discrete brain regions relative to i.c.v.
otency after repeat morphine. After repeat morphine
reatment (Fig. 3, lower panel and Table 2), potency of
NX remained significantly greater in the NAC and BNST

han in the lateral ventricle (12.9-fold and 8.7-fold shifts
elative to i.c.v., respectively). MNX potency in the CeA
as not significantly different from its potency after i.c.v.

nfusion (3.2-fold shift). Again, an ED for MNX in the

able 2. Region-specific ED50 values for MNX and potency ratios afte

njection site ED50 (95% CL)a Potency

Single morphine Repeat morphine Single v

.c.v. 1961 (556–6903) 442 (170–1149) 4.4* (0.9
AC 109 (46.1–259) 34.1 (14.5–80.4) 3.2 (0.9
NST 290 (121–696) 51.0 (17.2–151) 5.7* (1.4
eA 355 (144–873) 136 (65.6–281) 2.6 (0.8

PAC �500 �500 –

Dash indicates no value (not applicable).
Values reflect ED50 in ng, 95% confidence limits (CL) in parenthese
P�0.05 significant potency ratio as determined by method of Litchfi
50

PAC could not be calculated (�500 ng), but Fig. 3 illus- i

Please cite this article in press as: Criner SH, et al., Rapid neuroadapta
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rates that MNX was no more potent when infused into the
PAC than after i.c.v. administration.

DISCUSSION

he current study supports and extends earlier work indi-
ating that acute treatment with a moderate dose of mor-
hine (5.6 mg/kg) induces a state of acute dependence as
emonstrated by suppression of operant responding when
n antagonist is administered 4 h later (Meyer and Spar-
er, 1977; Young, 1986; Adams and Holtzman, 1990,
991; Schulteis et al., 1997, 1999). However, while Adams
nd Holtzman (1991) had previously shown that i.c.v. in-

usion of morphine could increase the potency of system-
cally-administered naltrexone to suppress operant re-
ponding, to our knowledge this is the first study which
emonstrates the efficacy of i.c.v. or site-specific i.c. infu-
ion of an opiate antagonist in precipitating withdrawal
rom acute opioid dependence. Thus, MNX administered

h after a single dose of morphine dose-dependently
uppressed operant responding upon infusion into the lat-
ral ventricles (i.c.v.), NAC, BNST, or CeA, but not when

nfused into the IPAC. Importantly, the potency of MNX
nfused into the NAC, BNST, and CeA after single mor-
hine treatment was significantly greater than its i.c.v.
otency (see Fig. 3 and Table 2), suggesting that neuro-
daptive responses within the NAC, BNST, and CeA are
apidly induced and may collectively contribute to antago-
ist-induced suppression of operant responding after sin-
le morphine treatment.

Our finding that i.c.v. potency of MNX increased with
epeat morphine treatment is also consistent with earlier
eports that antagonist-precipitated signs of withdrawal in-
rease progressively with repeated morphine exposure
Adams and Holtzman, 1990; Schulteis et al., 1997, 1999).
owever, the results of the current study revealed that only
ome components of the extended amygdala exhibit this

ncrease in MNX potency with repeated morphine (see
able 2). While intra-NAC infusion of MNX produced the
reatest effect under single morphine conditions, the dose-
ffect functions for MNX in the NAC and BNST were
irtually identical (Fig. 3) under repeat morphine condi-
ions, suggesting a possible increased contribution of neu-
oadaptation within the BNST as dependence progresses.
onsistent with this interpretation, it has been reported that

or repeat morphine

% CL)

at same site Single vs. i.c.v. single Repeat vs. i.c.v. repeat

– –
17.9* (3.9–82.5) 12.9* (3.6–46.7)
6.8* (1.5–31.3) 8.7* (2.0–36.8)
5.5* (1.2–25.9) 3.2 (1.0–10.8)

– –

ilcoxon (Tallarida and Murray, 1987).
r single

ratio (95

s. repeat

–21.6)
–10.8)
–22.9)
–8.3)

s.
nfusion of MNX into the BNST alters the reinforcing effi-

tion in the nucleus accumbens and bed nucleus of the stria
al from . . . , Neuroscience (2006), doi: 10.1016/j.neuro-
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acy of self-administered heroin in chronically dependent
ats, while being without effect in nondependent rats
Walker et al., 2000). In contrast, MNX potency in the CeA
o longer differed from its i.c.v. potency after repeat mor-
hine treatment, indicating a possible diminished role of
NX blockade of CeA opioid receptors relative to other

ites (NAC, BNST) after repeated morphine. Finally, al-
hough the IPAC showed dramatic changes in gene ex-
ression during precipitated withdrawal from chronic mor-
hine (Shaw-Lutchman et al., 2002) similar to or greater
han those observed in the NAC, BNST and CeA, our
esults indicate that neuroadaptation within the IPAC ap-
ears to play no role in the expression of the aversive
otivational state resulting from acute opioid withdrawal.

Although Koob and colleagues (1989) had not exam-
ned MNX potency in the BNST or CeA in precipitating
uppression of responding in rats chronically dependent
n morphine, the enhanced sensitivity of the NAC to MNX
fter single and repeat morphine treatment is consistent
ith their work. Indeed, if one calculates the relative po-

ency of NAC- to i.c.v.-administered MNX in the Koob et al.
1989) study on chronic dependence (11-fold shift), it is
uite similar to the relative potency of NAC to i.c.v. MNX
fter single (18-fold) or repeat morphine (13-fold) in our
tudy. This proportional shift in relative MNX potency (NAC
o i.c.v.) across varying degrees of morphine exposure
single, repeat, chronic) further supports the notion that
cute dependence as measured in our animal model re-
ects the early stages in the development of a chronic
tate of opioid dependence (Schulteis and Koob, 1996;
arris and Gewirtz, 2005).

The guiding assumption behind our experimental ap-
roach, employed previously by Koob and colleagues
Koob et al., 1989; Stinus et al., 1990; Maldonado et al.,
992), was that since i.c.v.-administered MNX must first
iffuse to its site(s) of action, MNX potency within critical
arget regions must be significantly greater than its i.c.v.
otency. Therefore, potency ratio comparisons of i.c.v. to
ite-specific infusions of MNX were critical to the test of our
ypothesis. While direct potency ratio comparisons be-
ween individual brain regions might also seem an attrac-
ive option, we were reluctant to conduct this statistical
nalysis without a readily apparent algorithm for how dif-
erences in volume of each brain region might affect po-
ency ratios. Nonetheless, it is striking that one of the
argest brain regions tested (NAC) showed the greatest
nitial response to MNX, whereas the smallest region
ested (IPAC) was not sensitive to MNX doses that pro-
uced a reliable effect after i.c.v. administration. Therefore,
ifferences in relative potency of MNX following intra-NAC,
NST, CeA, or IPAC infusion apparently are not due sim-
ly to the proportion of each nucleus that was covered
y the diffusion radius of MNX within the 30 min test
eriod, but instead likely reflect the relative degree to
hich neuroadaptive responses within the individual
tructures examined contribute to the expression of sup-
ression of operant responding in the early stages of

pioid dependence. p
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With regard to specific components of the interoceptive
tate produced by opioid withdrawal that engender antag-
nist-precipitated suppression of responding, it must be
cknowledged that an underlying general malaise that is
omposed of somatic and physiological signs of with-
rawal could decrease motivation to respond for food re-
ard. While this possibility cannot be discounted at higher
oses of antagonists that precipitate somatic signs in ad-
ition to suppression of responding, several pieces of ev-

dence indicate that elicitation of somatic signs is not a
ecessary condition. First, minimal doses of systemically-
dministered naloxone that reliably precipitate suppres-
ion of operant responding after acute (Schulteis et al.,
997, 1999) or chronic (Higgins and Sellers, 1994; Schul-
eis et al., 1994) morphine produce few if any somatic
igns of withdrawal. In addition, doses of MNX that sup-
ress operant responding when applied to the NAC,
NST, or CeA in rats exposed acutely (current study) or
hronically (Koob et al., 1989) to morphine do not elicit
omatic signs of withdrawal when infused into those same
rain regions (Stinus et al., 1990; Maldonado et al., 1992;
iu et al., 2002). Notably, we reported previously that
esponse-disruptive doses of MNX in the BNST and NAC
ailed to elicit significant somatic signs when infused into
hese same brain regions under conditions of single or
epeat (4�) morphine treatment identical to those tested
erein (Liu et al., 2002).

An additional possible factor that may engender sup-
ression of responding for food during withdrawal from
cute and chronic opioids is reduced appetite, which has
een reported during spontaneous withdrawal from chronic
pioids (Ronnback et al., 1987; van der Laan et al., 1991;
angerman et al., 2001). However, reduced appetite can-
ot readily account for antagonist-precipitated suppression
f motivated responding for water (White and Holtzman,
001) or non-consumable reinforcers such as direct elec-
rical stimulation of the reward system (Schaefer and Mi-
hael, 1986; Easterling and Holtzman, 1997, 2004) in rats
xposed to acute or chronic morphine. Instead, we postu-

ate that reduced appetite and suppression of motivated
esponding for both nutritive and non-nutritive reinforcers
ay be independent manifestations of aversive states that
ccompany opioid withdrawal. As such, aversive states
educe the hedonic salience of a broad range of reinforc-
rs. This is consistent with the fact that both suppression of
perant responding and CPA, a direct measure of with-
rawal aversion, are elicited at similar doses of naloxone in
ats exposed to acute and chronic morphine (Schulteis et
l., 1994, 1997; Azar et al., 2003), and that antagonist-
recipitated CPA also appears to involve neuroadaptation
ithin the NAC, BNST and CeA (Stinus et al., 1990; Delfs
t al., 2000; Gracy et al., 2001).

Having considered these alternatives, the question re-
ains as to what symptom(s) of opioid withdrawal elicited
y opioid receptor blockade in the NAC, BNST, and CeA
re primary in engendering this aversive motivational
tate. In this regard, it is noteworthy that systemic admin-

stration of naloxone elevates brain reward thresholds and

roduces anxiogenic-like effects in the elevated plus-maze

tion in the nucleus accumbens and bed nucleus of the stria
al from . . . , Neuroscience (2006), doi: 10.1016/j.neuro-
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t doses comparable to those that produce suppression of
perant responding and CPA after chronic (Higgins et al.,
994; Schulteis et al., 1994, 1998) or acute morphine (Liu
nd Schulteis, 2004; Z. Zhang and G. Schulteis, unpub-

ished observations). We suggest that such affective com-
onents of opioid withdrawal may comprise at least in part
he critical factors that elicit suppression of responding and
PA during opioid withdrawal. Future work using site-
irected infusions of MNX to identify the brain sites most
ensitive to precipitation of brain reward deficits and anx-
ogenic-like effects should provide a direct test of this
ypothesis.

CONCLUSION

n summary, the current study provides direct support for
he hypothesis that discrete elements of the extended
mygdala involved in the expression of the positive affec-
ive states resulting from acute opioid intake undergo rapid
euroadaptation in response to a single dose of morphine,
nd are critical sites mediating expression of motivationally
elevant signs of opioid withdrawal (Schulteis and Koob,
996; Wise, 1998; Koob and Le Moal, 2001, 2005). Among
he regions examined, neuroadaptive responses within the
AC and BNST in particular appeared to be of primary
ignificance in contributing to response suppression after
nitial and repeated morphine treatment, with the CeA
eemingly playing a diminished role as dependence pro-
ressed, and the IPAC playing no role at all. This rapid
daptation within affective circuitry suggests that allevia-
ion of aversive affective withdrawal states by self-admin-
stered opioids may be a significant motivational factor
uite early in the drug use cycle, and may play a significant
ole in the escalation from casual to compulsive use. Fu-
ure work could be directed at studying how individual
ariability in the expression of withdrawal-like signs follow-
ng initial exposure to opioids might predict vulnerability to
he development of chronic opioid dependence. This takes
n added significance when one considers recent reports
f rapid growth in recreational use and abuse of prescrip-
ion opioids (Cicero et al., 2005; McCabe et al., 2005; Sung
t al., 2005).
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