Pharmacology Biochemistry & Behavior, Vol. 21, pp. 591-597, 1984, © Ankho International Inc, Printed in the U.S. A,

0091-3057/84 $3.00 + .00

Opiate Receptor Supersensitivity Produced
by Chronic Naloxone Treatment:
Dissociation of Morphine-Induced
Antinociception and Conditioned

Taste Aversion'

MICHAEL T. BARDO,2 JAMES S. MILLER
Department of Psychology, University of Kentucky
AND
MARCUS E. RISNER

National Institute on Drug Abuse, Addiction Research Center, Baltimore, MD

Received 6 April 1984

BARDO, M. T., J. S. MILLER AND M. E. RISNER. Opiate receptor supersensitivty produced by chronic naloxone
treatment: Dissociation of morphine-induced antinociception and conditioned taste aversion. PHARMACOL BIOCHEM
BEHAV 21(4) 591-597, 1984.—In three separate experiments, rats were used to assess the effects of chronic administration
of naloxone on specific binding of *H-naloxone in various regions of the central nervous system (CNS) and on the efficacy
of morphine to produce antinociception and a conditioned taste aversion. Chronic naloxone treatment increased opiate
binding in medulla-pons, midbrain, hypothalamus, hippocampus, striatum, and prefrontal cortex, but not in either spinal cord
or cerebellum. In those CNS regions exhibiting increased opiate binding, the duration of increased binding following
termination of the naloxone treatment differed between regions. In conjunction with the increase in opiate binding, the
efficacy of morphine to produce antinociception was potentiated, while the efficacy to produce a conditioned taste aversion
was unchanged. Moreover, the administration of naloxone during behavioral testing blocked completely the antinocicep-
tive effect, but not the aversive effect, of morphine. These results indicate that morphine-induced antinociception and

conditioned taste aversion may be dissociated neuropharmacologically.
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THE chronic administration of antagonist drugs which block
the action of a neurotransmitter typically produces a com-
pensatory increase in the number of postsynaptic receptor
sites for that neurotransmitter. Increases in the number of
receptor sites have been demonstrated for a variety of classi-
cal neurotransmitter systems, including dopaminergic [7, 33,
43], noradrenergic [55], and cholinergic [5,30] systems.
These increases in receptors are usually accompanied by an
enhanced response to the neurotransmitter (or agonist drug)
which activates the receptor site. An enhanced response can
be demonstrated either biochemically, electrophysiologi-
cally, or behaviorally (e.g., [6,32]), and is commonly termed
“‘receptor supersensitivity.”’

Evidence indicates that opioid neuronal systems also may

exhibit receptor supersensitivity following chronic opiate
blockade, For example, animals exposed chronically to
either naloxone or naltrexone exhibit an increase in the
number of u-type opiate receptors in brain [3, 4, 22, 26, 42,
50, 58]. The w receptors bind preferentially both morphine
and naloxone [29,57], and are involved directly in the
antinociceptive effect of morphine [2,10]. In addition to in-
creasing the number of opiate receptors, chronic opiate
blockade also potentiates the antinociceptive effect of mor-
phine [3, 34, 46, 49], thus indicating that u receptors have
behavioral significance.

Opiate receptors may also play a functional role in
mediating morphine-induced conditioned taste aversion
(CTA). Numerous reports demonstrate that rats will avoid a
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novel taste which has been associated with an injection of
morphine {8, 9, 17, 21, 27, 35, 40]. Furthermore, the CTA
produced by morphine is attennated partially by naloxone
[28,52], suggesting that opiate receptors are involved. If this
is the case, then chronic opiate blockade which increases
the number of opiate receptors in brain might also enhance
the aversive property of morphine in a CTA paradigm. The
present experiments examined that possibility.

EXPERIMENT 1

The first experiment was designed to assess the effect of
chronic opiate blockade on specific opiate binding in the
CNS. In a previous report, Zukin and colleagues [58] found
that implantation of a slow-release naltrexone pellet in rats
produced a maximal increase in specific opiate binding in
whole brain within 8 days after implantation. Regional dis-
sections of the brain indicated that the increase in opiate
binding was evident in the mesolimbic and cortical areas, but
not in the dorsal hippocampus and periaqueductal gray. In a
subsequent study, these investigators also observed that the
naltrexone-induced increase in opiate binding was evident in
whole brain up to about 14 days after removal of the
naltrexone pellet [50]. It is not known presently, however,
whether there is a differntial duration of effect in different
regions of the CNS. The present experiment therefore exam-
ined the levels of opiate binding in various CNS regions of
rats sacrificed either 1, 2, 4, 8, or 16 days after removal of a
chronically-implanted pellet of naloxone.

METHOD
Subjects

The subjects were 55 adult male Sprague-Dawley rats
(Harlan Industries, Indianapolis IN) which weighed 200-225
g at the start of the experiment. Each rat was housed indi-
vidually in a standard metal cage, and was allowed free ac-
cess to rat chow and water.

Naloxone Pellets

Slow-release pellets of naloxone were prepared by the
method of Misra and Pontani [31]. Briefly, naloxone free-
base was prepared by adding 2 g naloxone HCI to 100 ml
CHCl;, 37 m1 0.1 N NaOH, and 20 ml 4 M NaCl in a separa-
tory funnel. The CHCI; extract was then washed twice with
water to lower the pH. Ten grams of anhydrous Na,SO, was
added to remove the remaining water from the CHCl,. The
CHCIl, was evaporated to dryness under a fume hood, leav-
ing a naloxone free-base residue. One gram of naloxone
free-base was mixed with 3.6 g cholesterol, 0.4 g glyceryl-
tristerate, and 100 ml CHCl, in a round-bottom flask. The
mixture was evaporated to dryness in a flash evaporator
(Rotovap) and powdered with mortar and pestle. Portions
(50 mg) of the powder were then pressed into flat-face pellets
(7 mm diameter, 1 mm thick) using a laboratory press
(Carver) set at 1000 Ibs pressure, Each 50 mg pellet con-
tained 10 mg of naloxone as base.

Procedure

Thirty-five animals were implanted subcutaneously with a
pellet of naloxone in the mid-scapular region of the back.
Surgery was performed while the animals were anesthetized
by ether inhalation and surgical wound clips were used to
close the incision. The remaining 20 animals were treated
similarly, except that no naloxone pellet was inserted.
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TABLE 1

SPECIFIC BINDING OF JH-NALOXONE IN VARIQUS REGIONS OF
THE CNS IN PLACEBO-TREATED CONTROL RATS

3H-naloxone bound
(mean fmol/mg

CNS region n* wet weight = S.E.M.)
Spinal Cord 15 3.96 = 0.37
Cerebellum 7 0.65 = 0.09
Medulla-pons 15 5.72 = 0.28
Midbrain 15 11.55 = 0.61
Hypothalamus 15 8.73 = 0.79
Hippocampus 15 5.40 = 0.34
Striatum 14 15.80 = 0.69
Prefrontal Cortex 15 9.15 = 0.54

*Animals sacrificed at either 1, 2, 4, 8 or 16 days after sham
pellet-removal were pooled together, since there were no significant
differences among them.

Ten days after pellet implantation, each naloxone-
implanted animal was anesthetized again by ether inhalation
and the pellet was removed. Placebo-treated animals were
treated as before. Each animal was then sacrificed by decapi-
tation at either 1, 2, 4, 8, or 16 days after pellet-removal or
placebo treatments, and its spinal cord and brain removed
rapidly. Spinal cords were removed from the vertebral col-
umn by using the hydraulic ejection method of de Sousa and
Horrocks [15]. Brains were dissected on an ice-cold glass
plate into cerebellum, medulla-pons, midbrain, hypothala-
mus, hippocampus, striatum, and prefrontal cortex accord-
ing to the method of Glowinski and Iversen [20]. Each tissue
section was frozen immediately on dry ice and stored at
—75°C until analysis for opiate binding.

Opiate Receptor Assay

Each tissue section was assayed for specific binding of
3H-naloxone according to the general method described
previously [12]. The tissue was homogenized with a
Brinkmann Polytron (setting 6, duration 5 sec) in 200 vol-
umes of ice-cold 50 mM Tris-HCl buffer (pH 7.4 at room
temperature) containing 100 mM NaCl. Portions (0.95 ml) of
the tissue homogenate were incubated at 0°C for 60 min with
0.66 aM *H-naloxone (Amersham, 59 Ci/mmol, in ethanol) in
both the presence and absence of 100 nM levallorphan tar-
trate (Hoffman-La Roche). Levallorphan is an opiate
antagonist which competes with *H-naloxone for u recep-
tors. Any *H-naloxone bound in the presence of levallor-
phan, which had more than a 100-fold greater concentration
than ®H-naloxone, was assumed to be nonspecific. The final
incubation volume for each sample was 1 ml. Incubation was
terminated by pouring the sample over a glass fiber filter
(Whatman GF/B) under vacuum pressure and washing the
filter with two 5-ml volumes of ice-cold Tris buffer. The
filters with washed tissue fragments were soaked overnight
in 8 ml universal cocktail (Aquassure, New England Nu-
clear) and then the radioactivity was determined by liquid
scintillation spectrometry (Packard 3380). The specific bind-
ing of *H-naloxone was calculated as the radioactivity ob-
tained in the absence of levallorphan (total binding) minus
the radioactivity obtained in the presence of levallorphan
(nonspecific binding). All samples were assayed in duplicate.
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FIG. 1. Mean difference (=S.E.M.) in specific *H-naloxone bound produced by 10-day implantation
of a naloxone pellet relative to placcbo-implanted control animals in Experiment 1. Animals were
sacrificed at either 1, 2, 4, 8 or 16 days after removal of the pellet and each point reflects a change
from placebo-treated control animals which were sacrificed at the same time. Each point is based on
4-7 rats, and asterisks (*) represent significant difference from placebo-treated control, p<0.05.

Statistical Analyses

Binding data were analyzed by independent factorial
analyses of variance for each different CNS region. Within
each CNS region, subsequent a-priori t-tests [24] were used
to make pairwise comparisons between naloxone-and
placebo-treated animals at each interval following pellet re-
moval.

RESULTS AND DISCUSSION

Within each CNS region, there were no significant differ-
ences in specific binding of *H-naloxone between placebo-
treated animals sacrificed at either 1, 2, 4, 8 or 16 days after
sham pellet-removal. However, as expected, there were
large differences in specific *H-naloxone binding between
the various CNS regions of placebo-treated animals col-
lapsed across each of the sacrifice intervals (see Table 1).
Highest concentrations of opiate binding were found in the
striatum and midbrain, whereas low concentrations of opiate
binding were found in the spinal cord. Specific *H-naloxone
binding was virtually nonexistent in the cerebelium. The re-
gional distribution of *H-naloxone binding sites observed in
rats in the present report agrees closely with previous evi-
dence [37].

The specific binding of *H-naloxone in various regions of
the CNS was elevated following chronic naloxone treatment
(see Fig. 1). One day after naloxone pellet removal, opiate
binding was increased significantly in medulla-pons, mid-
brain, hippocampus, striatum, and prefrontal cortex relative to
placebo-treated animals which were sacrificed at the same
time interval, each =5.36, p<0.05. Opiate binding was also
increased in spinal cord and hypothalamus, although in-
creases in these areas were not statistically significant one
day after pellet removal. In contrast to all other CNS re-
gions, the cerebellum exhibited no apparent increase in

opiate binding following chronic naloxone treatment. How-
ever, the results from cerebellum should be interpreted cau-
tiously, as the extremely low density of opiate receptors in
this region was barely within the range of sensitivity for the
in vitro assay.

The duration for which *H-naloxone binding was in-
creased following removal of the naloxone pellet was de-
pendent upon which CNS region was examined (see Fig. 1).
In medulla-pons and midbrain, analyses of variance revealed
significant main effects of pellet implantation on opiate bind-
ing, each F=5.11, p<0.05, indicating that the increase in
opiate binding was evident in these CNS regions forup to 16
days after pellet removal. In contrast, alterations in opiate
binding in all other CNS regions were not evident at 16 days.
A-priori t-tests revealed that the difference in opiate binding
between naloxone- and placebo-treated animals was not
significant in prefrontal cortex beyond 1 day, in hypothala-
mus and striatum beyond 2 days, and in hippocampus be-
yond 4 days. There was no apparent relationship between
the magnitude of effect evident on the day after pellet re-
moval and the duration of effect evident across the 16 days
after pellet removal.

EXPERIMENTS 2 AND 3

Opiate receptors are thought generally to be involved in a
wide range of behaviors, If a particular behavior is mediated
by opiate receptors, then at least two predictions can be
made. First, when opiate binding is increased following the
removal of a chronically-implanted pellet of naloxone, the
opiate receptor-mediated behavior ought to be enhanced or
supersensitized. Second, if a pellet of naloxone is left intact
during behavioral testing, the opiate receptor-mediated behav-
ior ought to be antagonized or desensitized. The following
experiments tested these two predictions for morphine-
induced antinociception and CTA.
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METHOD
Subjects

The subjects were 76 rats similar to those used in Experi-
ment 1, except that access to water was restricted as noted
below.

Procedure

In Experiment 2, each animal was implanted for 10 days
with a naloxone pellet (n=28) or was placebo treated (n=:28)
as described previously. Beginning 3 days after either pellet
implantation or placebo treatment, the water bottle was re-
moved from the home cage for all animals. Access to room-
temperature tap water was limited to a 15-min daily period in
a separate test cage equipped with a 100-ml glass drinking
gauge which allowed for measuring fluid intake to the nearest
1 ml. Food was not available in the test cage, but was avail-
able continuously when the animal was in the home cage.
After 7 days of 15-min daily access to water, a 0.1% so-
tution of sodium saccharin was substituted for water in the
test cage during the 15-min drinking period. Immediately fol-
lowing exposure to saccharin, each animal was weighed and
injected subcutaneously with either 0, 1, 3, or 10 mg/kg mor-
phine sulfate (Lilly). Thus, the first saccharin-morphine pair-
ing occurred one day after either removal of the naloxone
pellet or placebo treatment. The saccharin-morphine test
procedure was repeated once every third day for a total of 5
tests. On the days intervening between the test days, each
animal was allowed 15-min access to water as before.

To assess morphine-induced antinociception, each animal
was also placed once on a hot plate apparatus 30 min after
the first injection of 0, 1, 3, or 10 mg/kg morphine. The hot
plate apparatus consisted of a slide warming tray (Clinical
Scientific Equipment, no 26020) which was heated to 50°C
and was covered by a clear plastic chamber (22X 14X28 cm)
which had no floor or top. The latency to perform a paw-lick
response to a front or hind paw was determined by an ob-
server who was unaware of each animal’s individual treat-
ment. If a paw-lick response was not observed within 60
sec, the test was terminated and the paw-lick latency was
recorded as 60 sec.

The procedure for Experiment 3 (n=20) was the same as
that described for Experiment 2 except that: (1) at 10 days
after pellet implantation or placebo treatment, the naloxone
pellet was not removed and no sham-removal treatment was
given, and (2) only saline and 10 mg/kg morphine were used
as injections on the behavioral tests.

RESULTS AND DISCUSSION

On the hot plate test in Experiment 2, there were no sig-
nificant differences in paw-lick latencies between naloxone-
and placebo-treated animals given either 0, 1 or 3 mgkg
morphine (data not shown). As expected, however, 10 mg/kg
morphine produced an elevation in paw-lick latencies indi-
cative of antinociception (see Fig. 2, left panel). A 2x2
analysis of variance of these data from naloxone- and
placebo-treated animals tested following an injection of
either morphine (10 mg/kg) or saline revealed that morphine
produced a significant main effect on paw-lick latencies,
F(1,24)=6.02, p<0.05. More important, subsequent pairwise
comparisons using a-priori t-tests revealed that although
morphine-induced antinociception was significant in
naloxone-treated animals, 1(12)=4.86, p<0.05 (cf. N-M vs.
N-S8 groups in Fig. 2, left panel), the effect of morphine on
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FIG. 2. Mean paw-lick latency (+S.E.M.) for treatment groups
tested following either morphine (10 mg/kg) or saline in Experiment
2 (pellet removed) and Experiment 3 (pellet intact). Treatment group
designations: P-S=placebo-treated and saline-injected; N-S=nal-
oxone-treated and saline-injected; P-M=placebo-treated and mor-
phine-injected: and N-M =naloxone-treated and morphine-injected.
Each mean based on 4-7 rats, and asterisks (*) represent significant
difference from saline-injected control, p<0.05.

placebo-treated animals did not reach statistical significance
(cf. P-M vs. P-S groups in Fig. 2, left panel). Thus, in animals
which had their naloxone pellets removed one day before
test, there was an enhanced antinociceptive response to 10
mg/kg morphine. These results corroborate several other in-
dependent reports indicating that chronic opiate blockade in-
creases the antinociceptive efficacy of morphine [3, 34, 46, 49].

In contrast to the enhanced antinociceptive effect of mor-
phine observed in naloxone-treated animals tested one day
after pellet removal in Experiment 2, the antinociceptive ef-
fect of morphine (10 mg/kg) was blocked completely in
animals tested with the pellets intact in Experiment 3 (see
Fig. 2, right panel). Analyses of these data revealed that
placebo-treated animals injected with morphine displayed
significantly longer paw-lick latencies than all other groups,
each 1=1.92, p<0.05. Naloxone treatment per se was with-
out effect on paw-lick latencies (cf. N-S vs. P-S groups in
Fig. 2, right panel). Thus, these results demonstrate clearly
that opiate receptors are involved in the antinociceptive ef-
fect of morphine.

Unlike antinociception, however, we found no evidence
that opiate receptors play a primary role in the acquisition of
morphine-induced CTA. In Experiment 2, morphine
produced a dose-dependent CTA in animals that had their
naloxone pellets removed and also in animals that had
placebo treatment. On the last test day, naloxone-treated
animals given 0, 1, 3 or 10 mg/kg morphine had mean sac-
charin solution intakes of 14.7, 13.1, 8.9 and 7.6 ml respec-
tively; and placebo-treated animals given 0, 1, 3 or 10 mg/kg
morphine had mean saccharin solution intakes of 15.6, 11.9,
11.1 and 7. 1 ml respectively. There were no significant
differences in saccharin intake between naloxone- and
placebo-treated animals across each dose of morphine and
across each test day (see Fig. 3, left panel). Furthermore,
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FIG. 3. Mean saccharin solution intake (+S.E.M.) for treatment
groups given either morphine (10 mg/kg) or saline paired with sac-
charin in Experiment 2 (pellet removed) and Experiment 3 (pellet
intact). Treatment group designations and number of rats in each
group are the same as in Fig. 2.

animals tested with an intact naloxone pellet in Experiment 3
also acquired an aversion to saccharin when it was paired
with 10 mg/kg morphine, F(4,64)=15.76, p<0.001 (see Fig. 3,
right panel). A split-plot analysis of variance of these data
revealed no significant differences between naloxone- and
placebo-treated animals given either morphine (10 mg/kg) or
saline across each test day, However, there was a nonsig-
nificant trend suggesting that the intact naloxone pellet at-
tenuated slightly the morphine-induced CTA (cf. N-M vs,
P-M groups in Fig. 3, right panel). Nonetheless, these results
demonstrate that morphine-induced CTA may be obtained
without the involvement of opiate receptors, at least without
those receptors which bind naloxone specifically.

GENERAL DISCUSSION

It is clear that opioid receptor systems in the CNS of
mature mammals exhibit a high degree of neuronal plasticity
when exposed to opiate antagonists. In the present report,
chronic exposure to naloxone increased *H-naloxone binding
in medulla-pons, midbrain, hypothalamus, hippocampus,
striatum, and prefrontal cortex, but not in spinal cord or
cerebellum. The magnitude and duration of increase in *H-
naloxone binding differed between various opioid receptor
systems. Moreover, in conjunction with the increase in
opiate binding, the present report demonstrates that chronic
exposure to naloxone increases the efficacy of morphine to
produce antinociception, but not CTA. Further, animals
tested while under the influence of naloxone displayed a
complete reversal of morphine-induced antinociception, but
not CTA. These behavioral results demonstrate that
morphine-induced antinociception and CTA may be dis-
sociated neuropharmacologically.

The alterations in opiate binding in the present report
reflect primarily, if not solely, a change in u-type receptors,
since we used a low concentration (0.66 nM) of the u
antagonist *H-naloxone in the in vitro binding assay {47].
However, it seems unlikely that chronic administration of
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naloxone via the pellet implant altered u receptors exclu-
sively. Numerous recent studies have demonstrated in vive
and in vitro that multiple opiate receptor subtypes exist in
mammalian brain [29, 38, 41, 56, 57), including subtypes
which have a preferential affinity for either morphine and
naloxone (u receptor), D-Ala?, D-Leu’-enkephalin (§ recep-
tor), ethylketocyclazocine (K receptor), or SKF-10,047 (o
receptor). While different opiate receptor subtypes may
coexist on the same neuron {16,54] and may be coupled func-
tionally [2,53], it is thought generally that each subtype is a
distinct membrane protein configuration which has unique
structural requirements for its activation [18]. Nonetheless,
high doses of classical opiate antagonists such as naloxone
and naltrexone can reverse the behavioral effects of w, 8-,
and K agonists, but not o-agonists [59], indicating that u
antagonists may bind to subytpes other than u receptors.
Consistent with this, chronic administration of naltrexone at
high doses produces a concomitant increase in u, 5, and K
binding sites, but produces no change in o sites in whole rat
brain [50]. Further research may determine whether the dif-
ferential effect of chronic opiate blockade on u receptors in
different CNS regions observed in the present report is also
obtained with § and K receptors.

Although an increase in u receptors has been observed
consistently following chronic administration of opiate
antagonists [3, 4, 22, 26, 42, 50, 58], no consistent change in
1 receptors has been reported following chronic administra-
tion of opiate agonists. Animals made tolerant to morphine
have been reported to exhibit either an increase [45,51], a
decrease [13, 14], or no change [22, 25, 36] in opiate binding
in brain. These discrepant findings presumably reflect a
number of methodological differences, including choice of
radioligand, preparation of brain tissue homogenate, and age
of subject used. Nonetheless, if u receptors are not down-
regulated by opiate agonists, then w receptor systems appear
to differ fundamentally from classical receptor systems
such as those involving dopamine, which are down-regulated
by dopamine agonists [43]. Moreover, u receptors may also
differ from & opiate receptors, as & receptors are also down-
regulated in response to opioid peptide agonists [11,44]. In
any case, the present results are consistent with the notion
that the neuronal mechanisms which regulate the number of
u receptors are more sensitive to chronic receptor blockade
than to chronic receptor activation.

Although chronic administration of naloxone clearly in-
creased y receptor binding in various CNS regions, it did not
alter the acquisition of morphine-induced CTA. This finding
was somewhat unexpected, since opiate receptors have been
implicated in morphine-induced CTA. Specifically, previous
evidence indicates that an injection of naloxone partially at-
tenuates the CTA induced by morphine [28,52]. In these
previous reports, the attenuation of morphine-induced CTA
was incomplete, perhaps because naloxone by itself also
produces CTA [39,48]. In the present report, however,
naloxone was administered chronically from a slow-release
pellet beginning 10 days prior to assessment of morphine-
induced CTA. Using this pellet procedure naloxone was
never paired specifically with the novel saccharin taste, and
thus no naloxone-induced CTA was evident. Despite this,
morphine was found to be about equipotent in producing
CTA in both naloxone- and placebo-treated animals. These
results indicate that opiate receptors do not play a primary
role in mediating morphine-induced CTA.

Since we used relatively low doses of morphine (1-10
mg/kg) in the present study, we cannot rule out the
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possibility that chronic naloxone treatment may alter CTA
induced by high doses of morphine. Indeed, with 10 mg/kg
morphine, there was a suggestion that animals tested with an
intact naloxone pellet displayed some reduction in CTA (cf.
N-M vs. P-M groups in right panel of Fig. 3). However, this
naloxone-induced change in CTA, even if reliable, was min-
imal relative to the change in antinociception. We may con-
clude therefore that, within the range of morphine doses
used, the aversive effect of morphine depends less on u re-
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ceptors than the antinociceptive effect. By ruling out a pri-
mary role for u receptors in CTA, these results corroborate
the widely held notion that CTA induced by psychoactive
drugs involves some nonspecific, perhaps noncentral, factor
[19]. Consistent with this notion, recent evidence indicates
that morphine injected directly into the lateral ventricle or
hippocampus does not induce CTA [1,23]. Further work may
elucidate the mechanisms by which morphine and other av-
ersive agents induce CTA.
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