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In previous studies from our laboratory, chronic noncontingent
morphine administration decreased m opioid receptor-activated
G-proteins in specific brainstem nuclei. In the present study, m
opioid receptor binding and receptor-activated G-proteins were
examined after chronic heroin self-administration. Rats were
trained to self-administer intravenous heroin for up to 39 d,
achieving heroin intake up to 366 mg z kg21 z d21. m opioid-
stimulated [35S]GTPgS and [3H]naloxone autoradiography
were performed in adjacent brain sections. Agonist-stimulated
[35S]GTPgS autoradiography also examined other G-protein-
coupled receptors, including d opioid, ORL-1, GABAB, adeno-
sine A1, cannabinoid, and 5-HT1A. In brains from heroin self-
administering rats, decreased m opioid-stimulated [35S]GTPgS
binding was observed in periaqueductal gray, locus coeruleus,
lateral parabrachial nucleus, and commissural nucleus tractus
solitarius, as previously observed in chronic morphine-treated
animals. In addition, decreased m opioid-stimulated [35S]GTPgS

binding was found in thalamus and amygdala after heroin self-
administration. Despite this decrease in m-activated G-proteins,
[3H]naloxone binding demonstrated increased m opioid receptor
binding in several brain regions after heroin self-administration,
and there was a significant decrease in m receptor G-protein
efficiency as expressed as a ratio between agonist-activated
G-proteins and m receptor binding. No effects on agonist-
stimulated [35S]GTPgS binding were found for any other recep-
tor examined. The effect of chronic heroin self-administration to
decrease m-stimulated [35S]GTPgS binding varied between re-
gions and was highest in brainstem and lowest in the cortex
and striatum. These results not only provide potential neuronal
mechanisms that may contribute to opioid tolerance and de-
pendence, but also may explain why various chronic effects of
opioids develop to different degrees.
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Chronic abuse of heroin remains a major problem: the ability of
heroin to produce high levels of tolerance and physical depen-
dence, combined with its reinforcing properties, create a chronic
relapsing disease with a significant fatality rate (Goldstein and
Herrera, 1995). The acute CNS effects of heroin (3,6-diacetyl-
morphine) are primarily mediated by the binding of its metabo-
lites, 6-monoacetylmorphine (6-MAM) and morphine, to m opi-
oid receptors (Umans and Inturrisi, 1981; Inturrisi et al., 1983),
although recent evidence also suggests the potential existence of
specific receptors for heroin or its metabolites (Rossi et al., 1997;
Schuller et al., 1999). m opioid receptors are located in brain
regions known to mediate the acute actions of opiates (Young
and Kuhar, 1979; Herkenham and Pert, 1982), which include
reinforcement, analgesia, sympathetic nervous system effects, and
respiratory depression. Chronic opiate administration leads to
the development of tolerance and physical dependence on most
opiate-mediated effects, although the rate and magnitude of the
development of these chronic effects vary among different symp-
toms (Way et al., 1969).

Despite numerous investigations, the neuronal basis of opiate
tolerance and dependence remains unclear. Opioid receptors
belong to the family of inhibitory G-protein-coupled receptors
(Evans et al., 1992; Kieffer et al., 1992; Chen et al., 1993; Thomp-
son et al., 1993), and chronic opiate exposure in cultured cell lines
results in desensitization followed by receptor downregulation
(Law et al., 1983; Puttfarcken and Cox, 1989; Breivogel et al.,
1997). However, previous studies in animals have produced con-
flicting results regarding the effects of chronic opiate administra-
tion on opioid receptor number (Klee and Streaty, 1974; Tao et
al., 1987; Brady et al., 1989; Yoburn et al., 1993), and it has been
suggested that many of the cellular adaptations underlying toler-
ance and dependence occur at the level of the signal transducing
G-protein (Blasig et al., 1979; Tao et al., 1993) or by compensa-
tory mechanisms involving downstream effectors (Nestler, 1992;
Noble and Cox, 1996, 1997).

The development of agonist-stimulated [35S]GTPgS binding
for opioid receptors (Traynor and Nahorski, 1995) has provided
an opportunity not only to determine acute mechanisms of ago-
nist efficacy (Clark et al., 1997; Selley et al., 1997b; Alt et al.,
1998; Selley et al., 1998) but also to examine effects of chronic
agonist treatment on coupling of receptors to G-proteins (Breivo-
gel et al., 1997; Selley et al., 1997a). In brain, this technique has
been extended by the development of [35S]GTPgS autoradiogra-
phy (Sim et al., 1995), which allows the visualization of receptor-
activated G-proteins in brain sections. Using this technique,
our laboratory (Sim et al., 1996a) showed previously that
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chronic morphine administration decreased m opioid-activated
G-proteins in specific nuclei in brainstem, but not in forebrain
structures thought to contribute to the reinforcing effects of
opiates (Bozarth and Wise, 1984; Vaccarino et al., 1985). These
results suggested that although m opioid receptor desensitization
occurs after chronic morphine administration, cellular adapta-
tions may depend on the brain region examined. The present
study was designed to extend those results by determining the
effects of heroin self-administration on opioid receptors and
receptor-activated G-proteins in brain.

MATERIALS AND METHODS
Materials. Male Fischer 344 rats (250–300 gm) were purchased from
Harlan Laboratories (Indianapolis, IN). [ 35S]GTPgS (1250 Ci/mmol)
and [ 3H]naloxone (48 Ci/mmol) were purchased from New England Nu-
clear (Boston, MA). [D-Ala 2,N-Me-Phe 4,Gly 5-ol]-enkephalin (DAMGO)
was obtained from Peninsula Laboratories (Belmont, CA). R(1)-baclofen
HCl, R(1)-WIN 55,212–2 mesylate, 5-carboxamidotryptamine maleate
(5-CT), and R(2)N6-(2-phenylisopropyl)adenosine (PIA) were purchased
from Research Biochemicals International (Natick, MA). Adenosine deami-
nase, p-Cl-[D-penicillamine 2,5, p-Cl-Phe 4]enkephalin ( p-Cl-DPDPE),
and GDP were obtained from Sigma (St. Louis, MO). The nociceptin/
orphanin FQ (N/OFQ) peptide was synthesized in the Protein Core
Laboratory of the Cancer Center at Wake Forest University. Reflections
autoradiography film was purchased from New England Nuclear. Heroin
hydrochloride was provided by Research Triangle Institute (Research
Triangle Park, NC) through the Drug Supply Program of the National
Institute on Drug Abuse. All doses are reported in terms of the free base
of heroin. Pentobarbital (Nembutal) was purchased from Abbott Labo-
ratories (North Chicago, IL) in a vehicle of 10:40:50 ethanol /propylene
glycol /water at a concentration of 50 mg/ml. Atropine sulfate was pur-
chased from Sigma, and heparin was purchased from Elkins-Sinn (Cher-
ry Hill, NJ). All other reagent grade chemicals were obtained from Sigma
or Fisher Scientific (Pittsburgh, PA).

Heroin self-administration. Male Fischer 344 rats were implanted with
chronic indwelling catheters for intravenous administration of drugs as
described previously (Martin et al., 1995). Control rats were subjected to
the same surgery and catheters as drug-treated rats. After recovery from
surgery, animals were trained to self-administer intravenous infusions of
0.06 mg/kg heroin during daily 4 hr sessions on a fixed-ratio 10 schedule
of reinforcement (Martin et al., 1995). Once drug intake was stable (;1
mg z kg 21 z d 21), this dose of heroin was made available for self-
administration 24 hr/d. The schedule for increasing heroin doses, deter-
mined from the rate of drug self-administration until the final infusion
rate (6 mg/kg) produced intakes of up to 366 mg z kg 21 z d 21, is pre-
sented in Results. The rats were maintained on this schedule of increas-
ing heroin doses for 29–39 d. Animals were killed after 5 d of self-
administration of 6 mg/kg of heroin, during which time total heroin
intake did not vary by .10% of the mean for each animal.

Rats were decapitated, and brains were removed and frozen in iso-
pentane at 235°. Coronal sections (20 m m) were cut throughout the
rostral-caudal extent of the brain on a cryostat maintained at 220°,
mounted on gelatin-subbed slides, and stored at 280° until processed as
described below.

Agonist-stimulated [ 35S]GTPgS autoradiography in brain sections.
Agonist-stimulated [ 35S]GTPgS autoradiography was performed as de-
scribed previously (Sim et al., 1995). Sections were rinsed in TME buffer
(50 mM Tris-HCl, 3 mM MgCl2, 0.2 mM EGTA, 100 mM NaCl, pH 7.4)
at 25° for 10 min, followed by a 15 min preincubation in TME buffer
containing 2 mM GDP and adenosine deaminase (9.5 mU/ml) at 25°.
Sections were then incubated in TME buffer with GDP, adenosine
deaminase, 0.04 nM [ 35S]GTPgS, and appropriate agonist at 25° for 2 hr.
The following agonists were used: 10 m M DAMGO (m opioid), 10 m M
p-Cl-DPDPE (d opioid), 3 m M N/OFQ, 10 m M WIN 55212–2 (canna-
binoid), 300 m M baclofen (GABAB), 1 m M PIA (adenosine A1), or 2 m
M 5-CT (5HT1A). Sections incubated with N/OFQ contained protease
inhibitors, and those incubated with WIN 55,212–2 contained bovine
serum albumin, as described previously (Sim et al., 1995, 1996c). Slides
were rinsed twice for 2 min each in cold Tris buffer (50 mM Tris-HCl, pH
7.4) and once in deionized H2O. Slides were dried overnight and exposed
to film for 48 hr in film cassettes containing [ 14C] microscales (Amer-
sham, Arlington Heights, IL) for densitometric analysis.

[ 3H]Naloxone autoradiography. Sections were equilibrated in TME

buffer for 15 min at 25°. Slides were then incubated in 2 nM [ 3H]naloxone
in TME buffer containing 1 m M p-Cl-DPDPE (to block d receptors) for
1 hr at 25°. Slides were rinsed three times for 2 min each in 50 mM Tris
buffer at 4°C, then briefly in deionized H2O at 4°. Nonspecific binding
was assessed in the presence of 10 m M levallorphan. Slides were dried
under a cool stream of air and exposed to Hyperfilm- 3H for ;8 weeks.
All film cassettes included a [ 3H] microscale (Amersham) for calibration
of results.

Analysis of data. Films were digitized with a Sony XC-77 video camera
and analyzed densitometrically using the NIH IMAGE program for
Macintosh computers. For [ 35S]GTPgS autoradiography, resulting values
were expressed as nanocuries of [ 35S]per gram of tissue and were
corrected for [ 35S] from [ 14C] standards based on incorporation of [ 35S]
into sections of frozen brain paste, as described previously (Sim et al.,
1997). Net agonist-stimulated [ 35S]GTPgS binding was calculated by
subtracting basal binding (obtained in the absence of agonist) from
agonist-stimulated binding. For [ 3H]naloxone binding, nonspecific bind-
ing was densitometrically subtracted from total binding before analysis,
and resulting values represent specific nanocuries per gram of [ 3H]nal-
oxone binding. Data are reported as mean values 6 SE of triplicate
sections of brains from eight treated and seven control animals. Statistical
comparison between control and heroin self-administering rats was
performed by ANOVA followed by post hoc analysis using the two-tailed
non-paired Student’s t test.

RESULTS
Heroin self-administration
To produce opiate tolerance and dependence using a procedure
that parallels the behavior of chronic opiate use in humans, the
current study established a paradigm of heroin self-administration
in rats. The results of this procedure are illustrated in Figure 1,
which shows daily heroin intake for self-administering animals
over the course of the study. In daily 4 hr sessions, animals were
trained to self-administer intravenous infusions of 0.06 mg/kg
heroin on a fixed-ratio 10 schedule of reinforcement (Martin et
al., 1995). The dose of heroin was increased as drug intake
escalated across several days, thereby allowing the animals to
maintain high levels of daily heroin intake and still have time for
feeding and sleeping. Beginning with a dose of 0.06 mg/kg per
infusion, heroin intake increased from an average of 1.8 6 0.33
mg z kg21 z d21 to 5.1 6 1.6 mg z kg21 z d21 over the next 7.6 6
1.1 d. The dose of heroin was subsequently increased to 0.3 mg/kg
per infusion. Animals compensated for the dose increase by
taking fewer infusions; however, daily heroin intake again in-
creased from 5.6 6 0.93 mg z kg21 z d21 to 16.9 6 3.7
mg z kg21 z d21 over an average of 6.9 6 1.1 d. The dose of heroin

Figure 1. Heroin intake in self-administering animals. Rats were initially
trained to self-administer intravenous infusions of 0.06 mg/kg heroin
during daily 4 hr sessions on a fixed-ratio 10 schedule of reinforcement. As
drug intake became stable and began to increase, the dose of heroin was
gradually increased to 6 mg z kg 21 z d 21 as described in Results. Data are
mean values 6 SEM of daily heroin intake in eight rats.
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was then increased to 1.2 mg/kg per infusion, and daily drug
intake subsequently increased from 16.2 6 2.8 mg zkg21 z d21 to
81.4 6 17.0 mg z kg21 z d21 over 8.8 6 1.8 d. The dose of heroin
was finally increased to 6 mg/kg per infusion, and daily heroin
intake reached a maximum of 366 mg z kg21 z d21, with animals
maintaining self-administration for 29–39 d. The tolerance pro-
duced by this paradigm is illustrated by the fact that this daily
heroin intake was lethal in drug-naive animals. Moreover, these
animals were also highly dependent, because interruption of drug
intake produced significant withdrawal symptoms (ptosis, diar-
rhea, vocalization) soon after drug cessation in five animals that
were not included in the autoradiographic studies (data not
shown).

Autoradiography of m opioid-stimulated [35S]GTPgS
binding and [3H]naloxone binding
Coronal sections from several brain levels were processed for
DAMGO-stimulated [35S]GTPgS binding and [3H]naloxone
binding to examine m opioid-activated G-proteins and m recep-
tors, respectively. The use of [3H]naloxone along with DAMGO-
stimulated [35S]GTPgS autoradiography allows both parameters
to be determined under similar assay conditions and provides
direct comparison between receptor binding and activation of
G-proteins. Representative sections of DAMGO-stimulated
[ 35S]GTPgS binding from control and chronic heroin self-
administering rats are shown in Figure 2. Figure 2, A and B,
shows autoradiograms at the level of locus coeruleus (A) and
periaqueductal gray/interpeduncular nucleus (B), regions in
which decreased DAMGO-stimulated [35S]GTPgS binding was
evident in our previous study of chronic morphine-treated rats
(Sim et al., 1996a). In sections from control rats, high levels of m
receptor-activated G-proteins were observed in these brainstem
nuclei. However, in sections from chronic heroin self-administering
rats, m receptor-stimulated G-protein activity was visibly reduced
in these regions. Figure 2C shows autoradiograms of thalamus,

amygdala, and hypothalamus, where decreases in DAMGO-
stimulated [35S]GTPgS binding in sections from heroin self-
administering rats were particularly evident in the medial thala-
mus and amygdala, with a magnitude of decrease similar to that
observed in brainstem. These data are in contrast to the previous
study using chronic morphine-treated rats, where none of these
regions displayed any decrease in m-stimulated [35S]GTPgS bind-
ing after chronic morphine treatment (Sim et al., 1996a). On the
other hand, only a small decrease was seen in caudate putamen,
cingulate cortex, and nucleus accumbens from heroin self-
administering rats (Fig. 2D).

The anatomical distribution of [3H]naloxone binding was the
same as that seen for DAMGO-stimulated [35S]GTPgS binding.
Representative sections in Figure 3 (which show adjacent sections
from the same animals presented in Fig. 2) show an increase in
[3H]naloxone binding in several regions of heroin self-administra-
tion versus control brains; these regions include locus coeruleus
(Fig. 3A), periaqueductal gray/interpeduncular nucleus (Fig. 3B),
and hypothalamus (Fig. 3C). Little visible change was apparent was
in the amygdala, thalamus (Fig. 3C), caudate putamen, or cingulate
cortex (Fig. 3D) from heroin self-administering rats.

Quantification of basal and agonist-stimulated [35S]GTPgS
binding, and specific [3H]naloxone binding, was obtained by mea-
suring optical density in autoradiograms of regions of interest.
Basal [ 35S]GTPgS binding was generally unaffected by chronic
heroin self-administration (data not shown), except in the inter-
peduncular nucleus and locus coeruleus, where heroin self-
administration significantly decreased basal [35S]GTPgS binding
by 18 and 20%, respectively ( p , 0.05). This finding confirms
previous observations of decreased basal [35S]GTPgS binding in
the locus coeruleus of chronic morphine-treated rats (Sim et al.,
1996a; Selley et al., 1997a).

Table 1 shows the analysis of net DAMGO-stimulated [ 35S]
GTPgS binding and specific [3H]naloxone binding from both

Figure 2. Representative autoradiograms showing m opioid-stimulated [ 35S]GTPgS binding in coronal brain sections from control and heroin
self-administering rats. Decreases in DAMGO-stimulated [ 35S]GTPgS binding are evident in nuclei in sections from heroin-treated rats, including locus
coeruleus (A), periaqueductal gray/interpeduncular nucleus (B), and thalamus/amygdala ( C), but not caudate putamen/nucleus accumbens/cingulate
cortex (D).
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groups of animals. Results showed that the effect of chronic
heroin self-administration in decreasing m receptor-stimulated
[ 35S]GTPgS binding varied across brain regions. The largest
decreases were observed in brainstem, with 25–39% reductions in
heroin self-administering rats compared with controls. Decreases
in m-stimulated [35S]GTPgS binding were also observed in me-
dial thalamus (28%) and amygdala (32%). DAMGO-stimulated

[ 35S]GTPgS binding also appeared to be reduced in hypothala-
mus (17% decrease), but this effect did not reach the level of
statistical significance ( p . 0.05). Although trends of decreased
DAMGO-stimulated [35S]GTPgS binding were observed in other
regions, there were no significant decreases observed in caudate
putamen, nucleus accumbens, cingulate cortex, and prefrontal
cortex in brains from heroin self-administering rats, with the

Figure 3. Representative autoradiograms showing [ 3H]naloxone binding in control and heroin self-administering rats. Sections are at the same levels
and from the same animals as those in Figure 2. Increases in [ 3H]naloxone binding are evident in sections from heroin-treated rats in regions including
locus coeruleus (A), periaqueductal gray/interpeduncular nucleus (B), and hypothalamus ( C) but not thalamus/amygdala ( C) or caudate putamen ( D).

Table 1. Effect of chronic heroin self-administration on m opioid-stimulated [35S]GTPgS binding and
[3H] naloxone binding in rat brain

Region

Net m-stimulated
[35S]GTPgS binding (nCi/gm) [3H]naloxone binding (nCi/gm)

Control Heroin (% change) Control Heroin (% change)

Prefrontal cortex 250 6 22 268 6 12 363 6 6 401 6 7*(110)
Cingulate cortex 332 6 18 293 6 18 570 6 14 620 6 10**(19)
Rostral nucleus accumbens 620 6 16 509 6 12*(218) 923 6 73 1004 6 83(110)
Nucleus accumbens 417 6 19 370 6 13 730 6 16 804 6 17**(110)
Caudate putamen 407 6 20 372 6 12 642 6 14 680 6 12
Amygdala 438 6 25 299 6 22*(232) 386 6 11 413 6 7
Hippocampus 76 6 11 61 6 10 229 6 5 243 6 3***(16)
Medial thalamus 603 6 33 435 6 30*(228) 488 6 15 507 6 13
Mediodorsal thalamus 531 6 34 386 6 25*(227) 389 6 8 383 6 10
Hypothalamus 226 6 14 188 6 22 281 6 7 356 6 13*(127)
Ventral tegmental area 123 6 21 113 6 15 ND
Interpeduncular nucleus 618 6 19 463 6 13*(225) 889 6 69 1180 6 87***(133)
Periaqueductal gray 244 6 17 166 6 13*(232) 431 6 6 560 6 26*(130)
Dorsal raphe nucleus 269 6 27 195 6 21**(228) ND
Locus coeruleus 370 6 23 279 6 **(225) 463 6 13 549 6 28***(119)
Lateral parabrachial nucleus 357 6 19 219 6 17*(239) 644 6 11 640 6 28
Nucleus tractus solitarius 530 6 21 400 6 33**(225) 686 6 13 1048 6 69*(135)

Brain sections were assayed for DAMGO-stimulated [35S]GTPgS and [3H]naloxone binding as described in Materials and
Methods. Data represent nanocuries per gram of [35S] or [3H] from densitometric analysis of autoradiograms and are mean
values 6 SE of triplicate sections of brains from eight treated and seven control animals. Numbers in parentheses represent
percentage change in heroin self-administering animals compared with control. Significantly different from control by
Student’s t test: *p # 0.005; **p # 0.01; ***p # 0.05. ND, Not determined.
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exception of the rostral pole of the nucleus accumbens ( p ,
0.005). Similar results were obtained whether the nucleus accum-
bens was analyzed as a whole or separated into shell and core
regions.

In contrast to the inhibitory effects of chronic heroin self-
administration on m opioid receptor-activated G-proteins, in-
creased [3H]naloxone binding was observed in several brain
regions after chronic heroin self-administration (Table 1). Al-
though the increase in [3H]naloxone binding in forebrain was
generally small, in some of these areas this increase (;10%) was
significant (i.e., prefrontal and cingulate cortices, nucleus accum-
bens, hippocampus). A greater increase (27%) was seen in hypo-
thalamus, an effect comparable to the increases measured in
brainstem nuclei. With the exception of the lateral parabrachial
nucleus, increased [3H]naloxone binding was found in all of the
brainstem nuclei analyzed. In general, the magnitude of the
increases in [3H]naloxone binding in brainstem (20–35%) was
greater than those measured in the forebrain.

Table 1 shows that eight of the nine regions with significant
decreased m-stimulated [35S]GTPgS binding after chronic heroin
self-administration also demonstrated increased [3H]naloxone
binding. This finding suggests that decreased m receptor activa-
tion of G-proteins after chronic heroin self-administration oc-
curred despite a significant increase of m receptors, indicating a
loss in receptor–G-protein coupling efficiency after chronic her-
oin exposure. To further explore this concept, data from Table 1
were expressed as the ratios between m-stimulated [35S]GTPgS
binding and [3H]naloxone binding (G/R ratios) in each region, in
both control and chronic heroin animals. Results (Fig. 4) show
that the decrease in m receptor activation of G-proteins after
chronic heroin self-administration was even more evident when
expressed in this manner, with significant decreases in G/R ratios

in every region except prefrontal cortex and hippocampus. For
example, chronic heroin self-administration produced 35% de-
creases in the G/R ratio in medial thalamus and amygdala and
40–50% decreases in brainstem nuclei. These results indicate a
significant decline in the efficiency of m receptor–G-protein cou-
pling in these regions after chronic heroin self-administration.

Agonist-stimulated [35S]GTPgS autoradiography for
other receptors
Receptor-coupled G-protein activity for several other G-protein-
coupled receptors was examined in control and heroin self-
administration brains to determine whether other Gi/Go-coupled
receptors were affected by heroin treatment. d opioid-stimulated
[35S]GTPgS binding was of particular interest, because at rela-
tively high concentrations heroin metabolites also bind to d opioid
receptors. However, no significant differences in d opioid-
stimulated [35S]GTPgS binding were found in forebrain regions,
including amygdala, nucleus accumbens, caudate putamen, cin-
gulate cortex, and prefrontal cortex (Table 2). There was a trend
toward a decrease in d-stimulated [35S]GTPgS binding observed
in amygdala, but the variability precluded any significant differ-
ences. Nevertheless, the possibility of concerted changes in m and
d receptors in amygdala represents an intriguing possibility, es-
pecially considering the recent evidence of opioid receptor het-
erodimers (Jordan and Devi, 1999). Data from brainstem nuclei
were not included in the analysis because the level of p-Cl-
DPDPE-stimulated [35S]GTPgS binding was too low in these
regions to be accurately quantified. Several other G-protein-
coupled receptors were also examined using agonist-stimulated
[ 35S]GTPgS binding to determine whether the activity of other
receptor types was affected by chronic heroin self-administration.
However, none of these receptors, including ORL-1, GABAB,
adenosine A1, or cannabinoid receptors, showed any changes in
G-protein activation (Table 2). In addition, 5-HT1A-stimulated
[ 35S]GTPgS binding was examined in dorsal raphe nucleus and
hippocampus, but no significant changes were found (data not
shown). These data suggest that the desensitization produced by
uncoupling m opioid receptors from G-proteins in brain is homol-
ogous in nature.

DISCUSSION
The current study used heroin self-administration for 29–39 d to
assess the effect of chronic opiate exposure on m receptors. The
effects of chronic opiate administration have typically been stud-
ied using scheduled injections or subcutaneously implanted mor-
phine pellets. The choice of dose, dosing frequency, and route of
administration is usually made for practical considerations, rather
than behavioral or pharmacological measures made during the
dosing regimen. Although these paradigms efficiently produce
opiate tolerance and physical dependence, they may not neces-
sarily mimic the gradual development of tolerance and physical
dependence that occurs with illicit heroin use in humans, where
doses are escalated for subjective effects. In the present study, a
paradigm that incorporates this behavior-driven dose escalation
has been applied to heroin self-administration in rats.

Desensitization of m receptor-activated G-proteins in heroin
self-administering rats was observed in brain areas crucial in
mediating many of the acute and chronic actions of opiates. These
include analgesia (periaqueductal gray, thalamus), respiratory
depression and cardiovascular effects [parabrachial nucleus, com-
missural nucleus tractus solitarius (cNTS)], sympathetic symp-
toms of withdrawal (locus coeruleus), and emotional responses

Figure 4. Ratios of DAMGO-stimulated [ 35S]GTPgS binding to
[ 3H]naloxone binding (G/R ratios) in regions from control and heroin
self-administering rats, expressed as percentage of values in control
animals. Data from both autoradiographic assays (nanocuries per gram
for [ 35S] and [ 3H]) were obtained from Table 1, and ratios of [ 35S] to [ 3H]
were calculated in both control and heroin-treated animals. Ratios (which
varied from 0.25 to 1.4) were separately obtained in sections from each
animal, and data are expressed as mean values 6 SEM. PFC, Prefrontal
cortex; rNAC, nucleus accumbens rostral pole; NAC, nucleus accumbens;
CCtx, cingulate cortex; CPu, caudate putamen; Hip, hippocampus; Amyg,
amygdala; Thal, medial thalamus; MDT, medial dorsal thalamus; Hyp,
hypothalamus; PAG, periaqueductal gray; IPn, interpeduncular nucleus;
PBn, lateral parabrachial nucleus; LC, locus coeruleus; NTS, commissural
nucleus tractus solitarius.
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(amygdala). In contrast, nucleus accumbens, which mediates re-
inforcing effects of several psychoactive drugs including opiates,
displayed less desensitization in heroin self-administering rats
compared with areas like thalamus, amygdala, and brainstem
nuclei. The effect of chronic heroin self-administration in caudate
putamen, which mediates some of the motor effects of opiates,
was not significant. The decreases found in agonist-stimulated
[35S]GTPgS binding after heroin self-administration could be
caused by a decrease in either agonist potency or efficacy; pre-
liminary results from amygdala membranes suggest that the pri-
mary effect of chronic heroin treatment is to decrease agonist
efficacy (C. Maher, T. Martin, and S. Childers, unpublished
observations).

An important consideration in any study of chronic agonist
treatment is whether residual drug remains bound to tissue and
affects results in an artifactual manner. This possibility is unlikely
for several reasons. First, brain sections were incubated in buffers
containing sodium and GDP, which increase agonist dissociation
from receptors (Childers and Snyder, 1980) and remove endoge-
nous and exogenous agonists from membranes. Second, residual
agonist in sections would increase basal [ 35S]GTPgS binding.
In fact, heroin self-administration had no effect on basal
[ 35S]GTPgS binding except in two regions, locus coeruleus and
interpeduncular nucleus, where basal binding was decreased. Fi-
nally, no decreases were seen in [3H]naloxone binding in any
region. These results, coupled with the fact that the effect of
chronic heroin self-administration varied across brain regions,
indicate that these effects were not caused by residual heroin in
brain sections.

These studies in heroin self-administering rats confirm previ-
ous results from rats treated noncontingently with morphine for
12 d (Sim et al., 1996a). In that study, desensitization of
DAMGO-stimulated [35S]GTPgS binding was observed only in
specific brainstem nuclei, including periaqueductal gray, dorsal
raphe nucleus, parabrachial nucleus, locus coeruleus, and cNTS.
The present study confirms these effects and shows that heroin
self-administration produces the highest level of m opioid desen-
sitization in these areas. This confirmation is important, because
it was accomplished using a different drug, dose, and administra-
tion paradigm. Therefore, these effects on m opioid activation of
G-proteins appear to be a fundamental response of neurons in
these regions to chronic opioid agonist exposure. Interestingly, in
the previous study, no effects of chronic morphine treatment were

observed in forebrain regions. The finding that chronic heroin
self-administration produced m receptor desensitization in thal-
amus and amygdala may be the result of several differences
between the two studies, including administration of different
opiates (heroin vs morphine) and a longer treatment duration (39
d of heroin vs 12 d of morphine). Indeed, the brain levels of total
opioid are significantly higher after intravenous administration of
heroin compared with morphine, and peak levels are reached
more rapidly (Way et al., 1965). There may also be a difference of
drug self-administration versus noncontingent administration
(Smith et al., 1980).

Another goal of this study was to use [3H]naloxone autoradio-
graphy under the same assay conditions as [35S]GTPgS autora-
diography to determine whether changes in m receptors accompa-
nied the decrease in receptor–G-protein coupling. A radiolabeled
antagonist was used to avoid any changes in agonist high-affinity
states that might accompany receptor–G-protein uncoupling.
Most regions with decreased DAMGO-stimulated [35S]GTPgS
binding demonstrated significant increases in [3H]naloxone bind-
ing. This change in [ 3H]naloxone binding may be the result of
changes in binding kinetics; however, this would produce
changes in [ 3H]naloxone KD values, which has not been ob-
served in cell culture studies with chronic agonist treatment
(Breivogel et al., 1997).

The G/R ratio between agonist-activated G-proteins and re-
ceptors showed a greater decrease after chronic heroin self-
administration than m-stimulated [35S]GTPgS binding by itself.
Although these results suggest that efficiency of m receptor–G-
protein coupling was reduced after chronic heroin self-
administration, the G/R ratio should be interpreted with caution:
because it does not determine Bmax of receptors or agonist-
activated G-proteins, it is not equivalent to the amplification
factor (Sim et al., 1996b). Indeed, without a precise measure of
Bmax values, true receptor efficiency cannot be calculated, and the
apparent increase in binding observed in the present studies may
be produced by changes in receptor affinity. On the other hand,
this G/R ratio is a relevant measure of efficiency between m
receptors and activated G-proteins because (1) [3H]naloxone, as
an antagonist, does not vary in its KD value at m receptors across
brain regions (Maher et al., 2000), and (2) DAMGO-stimulated
[35S]GTPgS binding was determined with saturating concentra-
tions of agonist. The fact that almost all regions with decreased
m-stimulated G-proteins also displayed increased m receptor

Table 2. Effect of chronic heroin self-administration on agonist-stimulated [35S]GTPgS binding in
rat brain

% Net [35S]GTPgS binding in control animals

Delta ORL-1 GABAB A1 CB

Prefrontal cortex 116 6 15 108 6 6 88 6 9 99 6 4 91 6 3
Cingulate cortex 96 6 5 91 6 7 115 6 4 92 6 5 99 6 5
Caudate putamen 98 6 4 ND ND 91 6 5 96 6 5
Nucleus accumbens 96 6 5 ND ND 91 6 6 ND
Amygdala 84 6 13 90 6 12 ND 84 6 6 102 6 6
Hippocampus ND 95 6 7 ND 95 6 3 102 6 3
Thalamus 96 6 8 92 6 16 99 6 5 101 6 8 ND

Brain sections from control and heroin self-administering rats were assayed for agonist-stimulated [35S]GTPgS binding as
described in Materials and Methods. Receptors (and agonists) included delta opioid (p-CI-DPDPE), ORL-1 (nociceptin/
orphanin-F/Q), GABAB (baclofen), adenosine A1 (phenylisopropyladenosine), and cannabinoid (CB) (WIN 55212-2). Data
were calculated from nanocuries per gram of [35S] from densitometric analysis of autoradiograms and are expressed as
percentage net agonist-stimulated [35S]GTPgS binding of control animals using triplicate sections of brains from eight
treated and seven control animals. ND, Not determined.
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binding may indicate an important response of this system to
chronic agonist exposure. It is possible that the initial event of
receptor–G-protein uncoupling could be accompanied by later
increases in receptor synthesis to compensate for receptor desen-
sitization, as described previously for b-adrenergic receptors
(Lefkowitz et al., 1992).

The relationship between changes in m receptor binding and
development of tolerance/dependence is not clear. Previous stud-
ies provided conflicting results regarding the effect of chronic
opioid treatment on opioid receptor number, and the data are
difficult to interpret because different paradigms were used.
Moreover, previous findings of decreased receptor binding in
brain after chronic agonist treatment (Yoburn et al., 1993) may in
fact be consistent with the present findings: because most previ-
ous studies were accomplished with [3H]agonist binding, desen-
sitization caused by receptor–G-protein uncoupling would result
in a decrease in high-affinity agonist binding with no actual
decrease in total receptor number. Interestingly, a previous study
using chronic morphine administration with [3H]DAMGO auto-
radiography also reported an increase in m receptor binding
(Brady et al., 1989). Although data from cell lines indicate that
chronic opioid treatment decreases receptor number along with
G-protein uncoupling (Puttfarcken et al., 1988; Breivogel et al.,
1997), other studies have shown that different opiate agonists have
differential effects on receptor phosphorylation (Chakrabarti et al.,
1997; Keith et al., 1998) and that morphine (a major metabolite of
heroin) does not promote m receptor internalization (Keith et al.,
1998).

The desensitization in m-activated G-proteins after chronic
heroin self-administration was homologous, because no changes
in other receptors coupling to G-proteins were observed. More-
over, less m opioid receptor desensitization was found in fore-
brain regions that may mediate reinforcing behaviors, particularly
the nucleus accumbens (Vaccarino et al., 1985). The small mag-
nitude of the effect on m opioid-activated G-proteins in these
areas may explain why although it is clear that tolerance develops
to effects of opiates such as analgesia and respiratory depression,
there is controversy regarding the degree of tolerance that devel-
ops to the reinforcing and discriminative stimulus effects of
opiates (Colpaert, 1995; Contarino et al., 1997).

Chronic heroin self-administration is a complex interplay of a
number of effects of opioid agonists, including tolerance, physical
dependence, and reinforcement. The large increase in the daily
intake of heroin in self-administering animals reflects the dra-
matic tolerance that develops to this drug, as well as its potent
reinforcing properties. Opiate addiction results from both the
positive reinforcing effects of opiates as well as avoidance of the
negative effects of physical dependence (Schulteis and Koob,
1996). Certainly, the animals in the current study were highly
physically dependent, because they experienced withdrawal
symptoms if not allowed free access to heroin. Therefore, an
important question is which of these facets of chronic opiate
effects (tolerance or physical dependence) are mediated by m
opioid receptor desensitization in specific brain nuclei. The issue
of tolerance cannot be addressed at the current time without a
careful a time course study. However, the present results may
have important implications regarding the development of phys-
ical dependence. A number of studies (Kogan et al., 1992) suggest
that withdrawal may be associated with increased excitatory tone
in specific brain regions, and m opioid receptors are predomi-
nantly inhibitory in nature (Christie et al., 1987). If m receptors
are desensitized during chronic agonist exposure, the resulting

loss in inhibitory tone may increase excitatory neuronal function
in specific brain nuclei and thus contribute to the development of
physical dependence. These results suggest that regionally specific
adaptations in inhibitory signal transduction may underlie the
differential development of opiate dependence.
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