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w Opiate Receptor Gene Dose Effects on
Ditferent Morphine Actions: Evidence for

Ditferential in vivo . Receptor Reserve

Ichiro Sora, M.D., Ph.D., Greg Elmer, Ph.D., Masahiko Funada, Ph.D., Jeanne Pieper, Ph.D.,
Xiao-Fei Li, Ph.D., F. Scott Hall, Ph.D., and George R. Uhl, M.D., Ph.D.

Homozygous transgenic knockout mice without u-opioid
receptors lack morphine-induced antinociception,
locomotion, tolerance, physical dependence, and reward.
receptors thus appear to play central roles in these morphine
actions. Different levels of u receptor expression are found
in different humans and in different animal strains. In vitro
studies indicate that some morphine responses persist after
inactivation of as many as 90% of the initial u receptor
complement, while others are attenuated after inactivating
many fewer receptors. Varying levels of u receptor reserve
could thus exist in different u-expressing neuronal
populations in vivo. Heterozygous u receptor knockout
mice express half of wild-type u receptor levels. Tests of
morphine actions in these mice reveal evidence for differing
W receptor reserves in brain circuits that mediate distinct
opiate effects. Heterozygotes display attenuated locomotion,

reduced morphine self-administration, intact tolerance,
rightward shifts in morphine lethality dose/effect
relationships, and variable effects on place preference
compared to wild-type mice. They demonstrate full physical
dependence, as measured by naloxone-precipitated
abstinence following five days of morphine administration.
Neuroadaptive changes in sites other than u receptors could
be involved in some of these results. Nevertheless, these data
document substantial influences that individual differences
in levels of u receptor expression could exert on distinct
opiate drug effects. They support the idea that functional w
receptor reserve differs among the diverse neuronal
populations that mediate distinct properties of opiate drugs.
[Neuropsychopharmacology 25:41-54, 2001]

© 2001 American College of Neuropsychopharmacology.
Published by Elsevier Science Inc.

KEY WORDS: Transgenic knockout mice; Locomotion;
Conditioned place preference; Tolerance; Physical
dependence; Lethality; Self-administration

From the Molecular Neurobiology Branch, NIDA-IRP, NIH, Bal-
timore, MD (IS, MF, X-FL, FSH, GRU); Maryland Psychiatric
Research Center UMAB, Catonsville, MD (GE); Behavioral Neuro-
science Branch, NIDA-IRP, NIH, Baltimore, MD (JP); and Division
of Drug Dependence Research, National Institute of Mental Health,
National Center of Neurology and Psychiatry, Chiba, Japan (MF).
Dr. Ichiro Sora’s current address: Department of Psychopharmacol-
ogy, Tokyo Institute of Psychiatry, Tokyo 156-8585, Japan.

Address correspondence to: George R. Uhl, Molecular Neurobiol-
ogy, NIDA-IRP, NIH, P.O. Box 5180, 5500 Nathan Shock Drive, Bal-
timore, MD 21224 USA.

Received June 6, 2000; revised September 27, 2000; accepted Octo-
ber 19, 2000.

NEUROPSYCHOPHARMACOLOGY 2001-VOL. 25, NO. 1

© 2001 American College of Neuropsychopharmacology
Published by Elsevier Science Inc.

655 Avenue of the Americas, New York, NY 10010

The p-opioid receptor (n OR) is a seven-transmem-
brane domain, G protein-linked receptor that is a key
member (Wang et al. 1993), along with the enkephalin-
preferring & (Kieffer et al. 1992) and dynorphin-prefer-
ring k receptors (Minami et al. 1993), of the constella-
tion of brain receptors that recognize morphine and
other opiate drugs (Uhl et al. 1994). Pharmacologic ap-
proaches have suggested that the p receptor, for which
morphine has the highest affinity (Pasternak 1993), also
serves as a principal site for morphine actions in induc-
ing behavioral reward (Di Chiara and North 1992; Wise
1996), locomotion (Stevens et al. 1986), analgesia (Por-
reca and Burks 1993), tolerance (Aghajanian 1978), and
physical dependence (Johnson and Fleming 1989). Neu-
rons expressing p receptors are found at many different
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levels of the neuraxis (Moriwaki et al. 1996). Many of
these localizations can be correlated with some of the
multiple actions of opiate drugs (Behbehani 1995).

Recent successes in developing transgenic knockout
mice with w receptor gene deletions (Matthes et al.
1996; Sora et al. 1997b; Tian et al. 1997; Loh et al. 1998)
allow studies of morphine effects in animals that pos-
sess two, one, or no copies of the w receptor gene. Het-
erozygous mice express half-normal levels of . receptor
expression in Scatchard analyses of [*H][D-Ala?
N-MePhe?, Gly®-ol] enkephalin (DAMGO) binding to
whole brain and in immunohistochemical analyses of
receptor immunoreactivity in spinal cord and several
other examined brain regions that included sections
through striatum and locus coeruleus (Sora et al. 1997b;
LS., R. Revay, and G.R.U., unpublished data). Homozy-
gous knockout mice display no detectable w receptor
binding or immunoreactivity, although they contain
near-normal complements of 8 and k receptors and of
the mRNAs encoding these receptors, preproenkepha-
lin, preprodynorphin, and preproopiomelanocortin
(Matthes et al. 1996; Sora et al. 1997b). [*S]guanosine-
5’-O-(3-thio)triphosphate (GTPvyS) binding stimulated
by endomorphin-1, endomorphin-2 or the synthetic se-
lective p-opioid receptor agonist DAMGO is reduced by
approximately half in whole brain, brainstem or spinal
cord of heterozygous mice and virtually eliminated in
homozygous knockout mice (Narita et al. 1999; Mi-
zoguchi et al. 1999). Homozygous p receptor knockout
mice are virtually devoid of the robust morphine-in-
duced analgesia, physical dependence and reward that
can be found in wild-type mice (Matthes et al. 1996;
Sora et al. 1997b). This data supports near total p-recep-
tor dependence of these processes. However, it pro-
vides no information about influences of partial p re-
ceptor depletions.

“Receptor reserve” is a concept that arose from inac-
tivation experiments that examined the effects of elimi-
nating various fractions of the available receptor pool.
If, after inactivating some receptors, concentration-
response curves display full efficacy with no depres-
sion of the maximal responses, receptor reserve is
present (Chavkin and Goldstein 1984; Adams et al.
1990; Zernig et al. 1995). This phenomenon is also cited
as evidence for “spare receptors” (Furchgott 1967; Ruf-
folo 1982; Kenakin 1984).

We now report studies on morphine responses in
tests of reward, locomotion, lethality, tolerance, and
physical dependence in mice expressing normal, half-
normal, and absent p receptor complements. We com-
pare these data to work on analgesic responses ob-
tained in the same lines of knockout mice (Sora et al.
1999, 1997a,b; Kitanaka et al. 1998; Fuchs et al. 1999; Qiu
et al. 2000; Hosohata et al. 2000). The data should be in-
terpreted in light of cautions about effects of adaptive
mechanisms in these mice. Nevertheless, they provide a
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basis for identifying different relationships between
receptor densities and acute or chronic morphine ef-
fects in some of the multiple neuronal systems whose
functions are modulated by opiate drugs.

MATERIALS AND METHODS
Animals

Heterozygote-heterozygote matings of p-opioid recep-
tor knockout mice produced most wild-type, heterozy-
gous and homozygous knockout animals on F2 and F3
C57/129 backgrounds that were identified by genotyp-
ing using Southern analyses as described (Sora et al.
1997b). For some experiments seeking influences of ge-
netic background, progeny of eight-generation C57BL/
6 backcross p-opioid receptor congenic knockout mice,
termed MUBX mice, were used. MUBX mice were de-
rived by eight generations of successive backcrosses of
heterozygous male knockout mice with C57BL/6 fe-
males (Jackson Labs). Subsequently, MUBX mice for
pharmacological studies were generated by heterozy-
gote crosses. Mice were housed at 24°C/50% relative
humidity using a 12/12 hr light/dark cycle with lights
on at 7:00 A.M. and off at 7:00 P.M. and ad libitum access
to food and water under American Association for Lab-
oratory Animal Care guidelines, as described (Sora et
al. 1997b). Mice tested for each experiment in the morn-
ing, and an additional afternoon session added for
place preference conditioning. Knockouts were com-
pared to littermate controls to maintain identical aver-
age genetic backgrounds.

Locomotor Activity

Locomotor activity was assessed as total distance trav-
eled. Distance was calculated from measurement of the
number of beam breaks by mice placed individually in
46 X 25 X 19 cm clear plastic cages, to which the mice
had not been previously exposed, in Optovarimex ac-
tivity monitors (Columbus Instruments, Columbus,
OH) under dim light, sound-attenuated conditions.
Distance traveled was monitored for 1 hr, mice were in-
jected with 10 mg/kg morphine hydrochloride, and
distance traveled was monitored for an additional 3 hr
(Miner and Marley 1995).

Conditioned Place Preference

Reward was assessed by conditioned place preference
testing using a two compartment Plexiglas chamber
(Miner et al. 1995). One compartment (18 X 18 X 18 cm)
had a wire mesh floor (1.3 cm grids) mounted over
Plexiglas. The other compartment (18 X 18X 18 cm) had
corncob bedding on a smooth Plexiglas floor. An 18 X
5 X 1.3 cm platform was flush with the wall dividing
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two sides, which were separated by a removable Plexi-
glas wall. For pre- and post-conditioning test sessions, a
5-cm opening in the center wall allowed access to both
compartments. During the conditioning sessions the
opening was eliminated to restrict animals to a single
compartment. Locomotion and time spent in each com-
partment was recorded using an Optivarimax animal
activity monitoring apparatus (Columbus Instruments,
Columbus, OH).

Conditioned place preferences were assessed by de-
termination of compartment preference in three phases,
as previously described (Suzuki et al. 1993). Initial pref-
erence, usually for the bedding floored compartment,
was determined as the side in which a mouse spent
more than 600 sec out of a 20-min trial. Conditioning
was conducted over a 4-day period in which morphine
was administered to the animal when it was confined
for 30 min in the initially-nonpreferred compartment
and saline administered to the animal when restricted
for 30 min to the initially-preferred compartment. Ani-
mals received one conditioning session per day, coun-
terbalanced between saline and morphine for a total of
two saline pairings and two morphine pairings. Some
mice received pretreatments with naloxone (10 mg/kg,
s.c.) 10 min. prior to saline or morphine conditioning
doses. Conditioned place preference assessments fol-
lowed the last conditioning session and the last injec-
tion by 24 hours. Time spent in the drug-paired com-
partment was compared to the pre-conditioning values
obtained on initial assessments. Dose effect analyses
used s.c. morphine sulfate doses of 0, 1, 5, and 10 mg/
kg (C57/129 mixed background) and 10 mg/kg
(C57BL/6 congenic background MUBX).

Operant Morphine-Reinforced Behavior

Apparatus. Operant chambers used balanced rocker
arm levers that broke infrared photo beams when 0.5 g of
force was applied, solenoid systems adapted from Beards-
ley and Meisch (1981) that delivered 5 pl of water, microli-
ter syringe pumps (Harvard 22, South Natick, MA) and
stimulus lights controlled by integrated Coulborn envi-
ronmental control systems with Med Associates inter-
faces, as previously described (Elmer et al. 1995a). PC-
based system control, data acquisition and data storage
used Med Associates software (St. Albans, VT).

Water Training and Surgery

To assess operant morphine self-administration behav-
ior, mice were first trained on a modified progressive ra-
tio schedule for water reinforcement. These data were
used to confirm the ability of these mice to respond for a
reinforcer and allowed assessments of differences in
their abilities to respond to changing response criteria.
Mice were water deprived for 24 hr, placed in the oper-
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ant chamber, allowed access to 50 reinforcements of
given 5-10 pl of water and a stimulus lights above a
spout on an fixed ratio 1 (FR1) schedule, allowed access
on a higher fixed ratio requirement (FRX + 1) for 50 tri-
als, and so on. Subjects were run 24 hr/day for four days
with free access to food. Mice were then anesthetized us-
ing ketamine (80 mg/kg, i.p.) and xylazine (16 mg/kg,
ip.). A 0.012” id. silastic catheter was implanted in the
right jugular vein, its tip advanced to the atrium, passed
subcutaneously so that it exited in the midscapular re-
gion, and connected to a tether/swivel system (Instech,
Plymouth Meeting, PA) mounted to the skull of the
mouse with dental cement (Geristore, DenMat , CA).

Morphine Self-administration Behavior:
FR4 Dose-Effect Curve

Some catheterized mice were tested on FR4 schedules
of reinforcement for 1.0, 0.3, 0.1, and then 0 mg/kg/inj
morphine to determine the presence or absence of mor-
phine-reinforced behaviors, as well as morphine dose-
effect functions. One to three days after implantation,
mice were placed in operant chambers and allowed ac-
cess to 1.0, 0.3, 0.1, or 0 mg/kg/injection morphine for
5,3, 3, and 8 days respectively. Seven-eight mice of each
genotype were run on FR4 schedules. Completion of
each four responses illuminated an overhead light and
a stimulus light above the spout and triggered a 5-8 pl
morphine injection over 15 sec, followed by a 30 sec
time-out period indicated by turning off the overhead
and stimulus lights. After each time out, a stimulus
light illuminated the lever and signaled morphine
availability. Mice were run 24 hr/day with free access
to food and water on al2 hr light/dark cycle.

Morphine Self-administration Behavior:
Progressive Ratio (PR) Performance

Some catheterized mice were begun on a FR4 schedule
and than changed to a progressive ratio schedule of
morphine reinforcement using 1.0 mg/kg morphine
per injection. These data were used to seek differences
in morphine’s efficacy in maintaining self-administra-
tion behavior. In this group of 68 mice of each geno-
type, mice were given access to 1.0 mg/kg morphine
per injection for seven days on an FR4 schedule of rein-
forcement as described above, then placed on a pro-
gressive ratio schedule. Completion of each ratio re-
sulted in an increase in the ratio required to obtain the
next reinforcement. A stimulus light illuminating the
lever signaled morphine availability The ratio require-
ments were 1,3,5,7,9,12,15, 18, 23, 8, 33, 41, 49, 57, 70,
83,96, 117, 138, 156, 200, 225, 275, 300, 325, 350, 375, 425,
475, 525, and 600 (Roberts and Bennett 1993). Animals
remained in the operant chamber for the duration of the
experiments, where they were run 12 hr/day (20:00-
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08:00 hr) with free access to food and water and main-
tained on a 12-hr light dark cycle.

Morphine Antinociceptive Tolerance Testing

For hot-plate antinociception testing, mice were placed
on a 55°C hot-plate and latency to hind-paw lick or
jumping recorded with a 30 sec cutoff time in a stan-
dard hotplate paradigm (Dewey et al. 1969; Sora et al.
1997b). For tail-flick testing, mice were loosely wrapped
in an adsorbent towel and their tails immersed approxi-
mately 2 cm into water heated to 53°C as previously de-
scribed (Dewey et al. 1969; Sora et al. 1997b). The time
after immersion at which the tail-flick response was re-
corded, with a cutoff time of 15 sec.

An ascending-dose cumulative dose-effect regimen
was used, as described and as previously used with
these and other transgenic mice (Elmer et al. 1995b).
Morphine effects were assessed in naive wild-type mice
injected s.c. at 20-min intervals with an ascending cu-
mulative dosing regimen that produced total drug
doses of 3, 10, 30, and 56 mg/kg morphine. Higher cu-
mulative doses were employed for tolerant and for het-
erozygote mice. Hot-plate and tail-flick responses were
tested 20 min after each subcutaneous injection, and the
next dose administered (Sora et al. 1997b). To induce
tolerance and physical dependence, morphine was ad-
ministered s.c. daily at 9 a.m. and 6 p.m. for 3, 5, or 7
days with doses ascending from 15 mg/kg by 5 mg/kg
increments. Tolerance to morphine-induced antinoci-
ception was assessed 18 hr after the final morphine pre-
treatment by assessing the influences of acute s.c. injec-
tions with saline and then an ascending cumulative
dosing regimen producing total drug doses of 10, 30,
56, and 100 mg/kg morphine using injections spaced 20
min apart. Hot-plate and tail-flick responses were
tested 20 min after each subcutaneous injection, and the
next dose then administered.

Physical Dependence

Morphine was administered s.c. daily at 9 am. and 6
p-m. for 3, 5, or 7 days, using a dose regimen ascending
from 15 mg/kg by 5 mg/kg increments. Withdrawal
was precipitated by administration of naloxone (1 mg/
kg, s.c.) 2 hr after antinociceptive tolerance testing un-
dertaken after cumulative dosing with 10, 30, 56, or 100
mg/kg morphine. Mice were placed into a novel Plexi-
glas chamber and naloxone-precipitated jumps counted
over 15 min intervals by a blinded observer as de-
scribed (Funada et al. 1994).

Morphine Lethality

Mice were observed for two hours following a single
subcutaneous dose of 400, 500, 600, 650, 750, or 1000

NEUROPSYCHOPHARMACOLOGY 2001-VOL. 25, NO. 1

mg/kg morphine sulfate. The latency to lethality was
measured for each mouse that died, and the percent
mortality for each genotype calculated. Three or four
doses of morphine with 7-20 mice per dose in each gen-
otype were used for each LD5, determination.

Drugs

All drugs were dissolved in saline and administered s.c.
in a volume of 1.0 ml/kg. Naloxone (chloride) was pur-
chased from Research Biochemical International, Inc
(Natick, MA). Morphine (sulfate) was supplied by
NIDA'’s Drug Supply Program.

Statistical Analyses

“Percent conditioned place preference” scores represent
100 X the ratio between the time spent in the environ-
ment paired with morphine in pre- and post-conditioning
test sessions divided by the time spent in non-preferred
environment before the training sessions: 100 X {[(time
spent in post-conditioning) — (time spent in pre-condi-
tioning)]/time spent in pre-conditioning]}. Self-admin-
istration: Genotype-dependent differences in water-re-
inforced behavior were analyzed using a two way
(genotype X day) repeated-measures analysis of vari-
ance (ANOVA) with the number of reinforcements ob-
tained across days as the dependent variable. Differ-
ences in fixed-ratio performance were analyzed using a
two-way (genotype X dose) repeated-measures ANOVA
using the number of lever presses and drug-intake as
dependent variables.

Differences in progressive-ratio performance were
analyzed using a two-way repeated-measures ANOVA
(genotype X reinforcement schedule) with the number
of reinforcements as the dependent variable. Percent
maximal antinociception represents 100 X the ratio be-
tween the increased latency to paw lick in the morphine
test condition over baseline values and the difference
between the cutoff time and the baseline latency deter-
mined for each mouse: 100 X {[(latency to paw lick or
tail flick after morphine) - (latency to paw lick or tail
flick at baseline)]/[(cutoff time) - (baseline latency)]}.
The cutoff time was 30 sec in hot-plate and 15 sec in tail-
flick tests. EDs, values were calculated by linear regres-
sion of the ascending portions of dose effect curves. The
relative potencies (RPs) were determined by dividing
individual pretreatment EDs, values by post-treatment
EDs, values. Most statistical comparisons were made
using the Statistical Package for Social Science (SPSS
Inc., Chicago, IL). Antinociceptive test data and the
time intervals between morphine injection and lethality
were analyzed by ANOVA following by Scheffe post-
hoc analyses. Data for conditioned place preferences
was analyzed using parametric and by nonparametric
Kruskal-Wallis One-way ANOVAs followed by Mann-



NEUROPSYCHOPHARMACOLOGY 2001-VOL. 25, NO. 1

Whitney-Wilcoxon rank sum testing. Naloxone-induced
jumping was analyzed by Mann-Whitney-Wilcoxon
rank sum testing. Data are presented as a mean * SEM
in each of the experimental groups.

RESULTS
Morphine-Induced Locomotion

Homozygous and heterozygous p knockout mice dis-
played exploratory behavior similar to wild-type mice
during a one hour habituation period (Figure 1A) (n =
6,10, and 8, respectively). Morphine (10 mg/kg, s.c.) in-
creased locomotion in well-habituated wild-type mice.
However, homozygous p knockout mice displayed no
significant morphine-induced increase in locomotion
when studied 1, 2, or 3 hr following morphine (Figure
1B; ANOVA followed by Scheffe post-hoc analysis:
F[2,21] = 5.6, p < .05, F[2,21] = 6.0, p < .05 and F[2,
21] = 3.6, p < .05 compared to wild-type controls, re-
spectively). Morphine-induced locomotor activity in
heterozygous mice was half that induced in wild-type
control mice. Morphine-induced locomotion was thus
gene-dose dependent. Interestingly, peak locomotor ac-
tivity levels appeared to persist longer in wild-type
than in heterozygous knockout mice (Figure 1B).
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Figure 1A. Spontaneous locomotion during habituation to
a novel environment in wild-type, heterozygous, and
homozygous p-opioid receptor knockout mice. Locomotor
activities of wild-type (+/+, open circles), heterozygous
(+/—, closed circles), and homozygous (—/—, closed rect-
angles) p-opioid receptor knockout mice (C57/129 back-
ground) were recorded for one hour in an activity monitor
cage to which the mice had not been previously exposed.
Values reflect distances traveled over 10-minute periods, in
meters. No difference among genotypes reached statistical
significance.
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Morphine-Induced Reward

Conditioned Place Preference. Mixed C57/129 wild-
type mice displaying full u receptor expression showed
morphine conditioning (Figure 2A) (overall Kruskal-
Wallis one-way ANOVA by morphine dose, n = 44,
x> = 9.9, p < .05) that was significant at 10 mg/kg (p <
.05 vs. saline control), but not 5 or 1 mg/kg doses. Pref-
erence for the place paired with 10 mg/kg morphine
differed significantly among the studied genotypes
(Figure 2A; Kruskal-Wallis one-way ANOVA by geno-
type, n = 37, x* = 7.5, p < .05). Preference for environ-
ments paired with 10 mg/kg morphine was eliminated
in homozygous knockout transgenic mice, whether on
mixed C57/129 (Figure 2A) or MUBX C57BL/6 back-
crossed genetic backgrounds (Figure 2B; Kruskal-Wallis
one-way ANOVA by genotype: C57/129 n = 46, x* =
10.8, p < .01, MUBX C57BL/6 n = 46, x> = 9.4, p < .01).

Significant conditioning was observed in heterozy-
gous C57/129 background mice at 5 and 10 mg/kg
morphine doses (Figure 2A; p < .05 and .01 vs. saline
controls, respectively), whereas 1 mg/kg morphine in-
duced a trend toward place preference (p = .08 vs. sa-
line controls). Heterozygous knockout mice on the
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Figure 1B. Attenuated morphine-induced locomotion in
p-opioid receptor knockout mice. Morphine (10 mg/kg, s.c.)
injection increased locomotion in wild-type mice. The
homozygous p-opioid receptor knockout mice (C57/129
background) did not show any significant morphine-
induced increase in locomotion when compared to wild-
type control mice after 1, 2, and 3 hr morphine treatment.
The heterozygous mice displayed significantly reduced
morphine-induced locomotion when compared to wild-type
control mice studied 2 hr after morphine administration (bar
heights reflect distance traveled over a one hour period in
meters; * p < .05 vs. wild-type group). These values can be
compared to those of the end of the habituation period
described in Figure 1A, basal level of locomotion without
morphine, with attention to differences in scales.
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Figure 2A. Place preference conditioning to morphine in
p-opioid receptor knockout mice: C57/129 background.
Data represent the mean percent time differences (xSEM)
spent in the compartment paired with morphine or saline,
comparing pre- and post-conditioning test session for wild-
type (+/+), heterozygous (+/—), and homozygous (—/—)
p-opioid receptor genotypes on C57/129 backgrounds. (* p <
.05, ** p < .01 vs. saline injected group). Mean time spent in
the initially non-preferred compartment (sec, +SEM) during
pre-conditioning (Pre) and post-conditioning (Post) sessions
were [Wild-type [Pre/Post], heterozygote [Pre/Post],
homozygote [Pre/Post]: Saline ([443.3 *+ 83.5/449.0 + 92.0],
[320.4 = 26.3/371.9 £ 124.5}, [350.0 = 54.1/350.6 = 65.5]);
Morphine 1mg/kg ([320.6 * 65.2/366.2 * 72.1], [373.8 =
90.3/423.5 = 46.7] (homozygote data missing); Morphine
5mg/kg ([339.7 = 29.1/413.0 + 44.6], [353.5 = 26.0/602.3 *
71.1] (homozygote data missing); Morphine 10mg/kg
([312.7 = 41.1/519.6 + 55.3], [296.0 = 43.2/649.2 + 53.2],
[315.8 = 48.5/360.4 + 41.9]).

C57/129 mixed background displayed almost double
the preference for the compartments paired with 5 and
10 mg/kg morphine, when compared to wild-type mice
in two replicate experiments (Figure 2A; Kruskal-Wallis
One-way ANOVA by morphine dose, n = 49, x> =8.7,
p < .05). However, this result was also accompanied by
high individual-to-individual variability. In attempts to
seek sources of this variability, we tested two additional
groups of heterozygous knockout mice on MUBX
C57BL/6 backgrounds. One group displayed a strong
trend toward enhanced morphine conditioning at the
10 mg/kg dose, but the second group displayed no
such trend. Overall, this high variability left the results
in MUBX heterozygotes not different from wild-type
C57BL/6 mice. No mice that received saline in condi-
tioning sessions exhibited significant alterations in pref-
erence for either test compartment. Naloxone pretreat-
ments attenuated preferences induced by 10 mg/kg
morphine in both mixed-background wild-type and
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Figure 2B. Place preference conditioning to morphine in
p-opioid receptor knockout mice: MUBX C57BL/6 back-
ground. Data represent the mean percent time differences
(=SEM) spent in the compartment paired with morphine
(10 mg/kg), comparing pre- and post-conditioning test ses-
sions for wild-type (+/+), heterozygous (+/-), and
homozygous (—/—) p-opioid receptor genotypes on MUBX
C57BL/6 backgrounds. (* p < .05 vs. wild-type group).
Mean time spent in the initially non-preferred compartment
(sec, = SEM) during pre-conditioning (Pre) and post-condi-
tioning (Post) sessions were [Wild-type [Pre/Post], het-
erozygote [Pre/Post], homozygote [Pre/Post]: ([444.9 =
45.1/822.9 = 52.1], [583.3 + 127.6/875.4 = 129.0], [483.8 %
47.7/597.2 £ 96.7]).

heterozygous mice (Figure 2C; p < .01 vs. morphine in-
jected group, eight mice per genotype, Mann-Whitney-
Wilcoxon rank sum test).

Intravenous Self-Administration

Water training. Mice of each genotype successfully
learned to lever press for water reinforcement so that
there were no significant differences between geno-
types in the rates of acquiring lever pressing behaviors
(data not shown).

Morphine Self-Administration Behavior: Fixed Ratio
Four Dose-Effect Curve Lever pressing for morphine
on the FR4 schedule varied as a function of genotype
and dose (Figure 3A). Effects of dose and genotype x
dose interactions were significant: Dose (F[3,60] = 6.8, p <
.005); Genotype X Dose F[6,60] = 2.4, p < .04. There
was significant dose-related change in lever pressing
behavior in the wild-type mice (F[3,21] = 5.1, p < .008)
and a marginally significant dose related change in het-
erozygotes (F[3,18] = 2.2, p < .06). Morphine main-
tained significantly greater behavior than saline at the
0.1 mg/kg/inj dose in the wild-type and heterozygous
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Figure 2C. Place preference conditioning by morphine:
Effects of naloxone pretreatment. Data represent the mean
percentage differences between the time spent in a compart-
ment in a pre-conditioning test session and the time spent in
the compartment after pairing with saline or morphine (10
mg/kg), with or without pretreatment with naloxone (10
mg/kg). Wild-type (+/+) and heterozygous (+/—) p-opi-
oid receptor genotype mice were tested (* p < .05, ** p < .01
vs. saline injected control, # p < .01 vs. morphine injected
group). Comparisons of the number of seconds spent in the
initially-nonpreferred compartment (+SEM) in pre-condi-
tioning (Pre) and post-conditioning (Post) sessions are dis-
played as [Pre/Post]: wild-type saline ([443.3 + 83.5/449.0 =
92.0], heterozygote saline [320.4 = 26.3/371.9 = 124.5]); wild-
type saline + naloxone ([443.3 * 83.5/449.0 = 92.0], het-
erozygote saline + naloxone [320.4 + 26.3/371.9 *+ 124.5]);
wild-type morphine ([312.7 + 41.1/519.6 = 55.3], heterozy-
gote morphine [296.0 + 43.2/649.2 * 53.2]); wild-type mor-
phine + naloxone ([312.7 = 41.1/519.6 *+ 55.3], heterozygote
morphine + naloxone [296.0 + 43.2/649.2 = 53.2]).

genotypes. Drug intake (mg/kg) was highest at 1.0
mg/kg/injection (18.1, 13.1, and 12.1 mg/kg in the
wild-type, heterozygous and knockout mice, respec-
tively) and lowest at the 0.1 mg/kg/injection dose (3.6,
1.6, and 1.3 mg/kg in the wild-type, heterozygous and
homozygous knockout mice, respectively). At all doses,
drug-intake was greatest in wild-type mice.

Morphine Self-Administration Behavior:
PR Performance

Figure 3B contrasts the number of 1.0 mg/kg morphine
reinforcements received during the first seven days of
FR4 self-administration with the reinforcements re-
ceived during the next seven days progressive ratio
schedule access in wild-type and heterozygous mice.
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Figure 3A. Intravenous morphine self-administration.
Fixed ratio 4 lever-pressing behavior as a function of
increasing morphine dose per injection in wild-type (+/+),
heterozygous (+/—), and homozygous (—/—) p-opioid
receptor genotypes. Each point represents the condition
mean (=SEM) over the last three sessions of each condition
[n=8(+/+),n=7(+/-),n=8(—/-)]. *p <.05vs. wild-
type group.

There was a significant effect of schedule (FR vs. PR) on
the number of injections obtained under each condition
(F[1,12] =28.2, p < .0002). There was no significant
main effect of genotype (p < .12) on the number of in-
jections obtained under each condition. The number of
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Figure 3B. Number of reinforcements obtained under a
fixed-ratio 4 and progressive-ratio schedule of reinforce-
ment. Each bar represents the condition mean (£SEM) of
results from eight wild-type and six heterozygote mice. * p <
.05 versus fixed-ratio 4 group. No significant differences
were found between genotypes.
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reinforcements obtained during the FR4 portion of this
experiment was similar to the number obtained data
during dose-effect determinations at 1.0 mg/kg. When
access to morphine was switched from FR4 to the PR
schedule, the number of reinforcements received by
mice of each genotype decreased significantly (wild-
type F[1,7] = 19.6, p < .003; heterozygous: F[1,5] = 10.4,
p < .02). The average final ratio obtained by mice of
each genotype during the progressive ratio schedule
was 454 for wild-types and 154 for heterozygotes. Total
drug intake declined by comparable amounts when
mice of each genotype were switched from FR to PR
schedules. Intake declined 31% in wild-type and 34% in
heterozygotes .

Antinociceptive Tolerance with Chronic
Morphine Treatment

Cumulative dose-response curves for morphine-induced
antinociceptive responses in hot-plate and tail-flick

A) HP (+/+)
1207
100-
80"

60

407

20-

0

1 10 100 1000
C) TF (+/+)

1207

100°
801
60"

407

% Analgesia

207

1 10 100 1000

NEUROPSYCHOPHARMACOLOGY 2001-VOL. 25, NO. 1

tests before and after chronic morphine pretreatments
are illustrated in Figure 4. Subcutaneous injection of
morphine produced dose-related antinociception in
55°C hot-plate and 53°C tail-flick tests in wild-type (n =
31) and heterozygous animals on mixed C57/129 back-
grounds (n = 32). Tolerance to this antinociceptive ef-
fect was studied after chronic twice-daily 3, 5, or 7 day
morphine pretreatments using dose regimens ascend-
ing from 15 mg/kg by 5 mg/kg increments. Wild-type
(Figures 4A and 4C) and heterozygous (Figures 4B and
4D) mice showed similar right- and downward shifts in
morphine dose-effect curves following 3, 5, or 7 days of
ascending-dose morphine pretreatments.

A two-way ANOVA of hot-plate test results revealed
significant genotype-dependent effects with time
course (wild-type F[3,211] = 73.0 , p < .001, heterozy-
gote F[3,211] = 68.6, p < .001), and morphine dose
(wild-type F[4,211] = 93.1 , p < .001, heterozygote
F[4,211] = 48.4 , p < .01). Tailflick tests also revealed
significant effects for time course (wild-type F[3,211] =
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Figure 4. Cumulative dose-response curves for morphine-induced antinociceptive responses in hot-plate (HP) or tail-flick
(TF) tests before, during and after chronic morphine treatment. Dose-response relationships for morphine-induced alter-
ations of latencies in 55°C hot-plate tests in mice with wild-type (+/+, A) and heterozygote (+/—, B), or 53°C tail-flick test-
ing in mice with wild-type (+/+, C) and heterozygous (+/—, D) u-opioid receptor genotypes before and after chronic
morphine treatment. Percent maximal possible analgesic effect (“% analgesia”) was calculated as described in Methods. A
value of zero means no analgesia. * p < .05 vs. acute morphine treated control values for the dosage in naive mice.
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Table 1. Analgesic Effects of Morphine In Wild-Type and Heterozygous p-Opioid
Receptor Knockout Mice Before, During, and Following a Chronic Morphine Treatment
Regimen. Mean EDy, Values with 95% Confidence Intervals and Relative Potency (RP)

Are Listed.
+/+ +/—-
ED;, (mg/kg) RP ED;, (mg/kg) RP
Tail-flick
Duration
Naive 3.96 (3.11-5.03) 24.5 (17.8-33.6)
3 days 11.7 (9.15-15.0)* 0.34 46.0 (37.0-57.1)* 0.53
5 days 45.2 (36.0-56.8)* 0.09 226.0 (143.8-355.2)* 0.11
7 days 72.1 (59.7-87.0)* 0.05 222.1 (160.0-308.3)* 0.11
Hot-plate
Duration
Naive 11.5 (4.19-31.3) 103.9 (62.7-172.3)
3 days 22.3 (8.12-61.4) 0.52 325.4 (213.3-496.4)* 0.32
5 days 69.3 (53.5-89.7)* 0.17 457.3 (271.4-770.3)* 0.23
7 days 89.0 (73.8-107.2)* 0.13 1203.2 (574.5-2519.8)* 0.09
*p < .05 vs naive control.
13.6 , p < .001, heterozygote F[3,217] = 34.0 , p < .01), Morphine Lethality

and morphine dose (wild-type F[4,211] = 21.2, p < .01,
heterozygote F[4,217] = 42.2 , p < .01). Scheffe post-hoc
tests demonstrated that the fraction maximal antinoci-
ception induced by morphine was higher in both naive
wild-type and heterozygous knockout mice than it was
in mice pretreated with five or seven days of morphine
(p < .05), with data from hot-plate tests using 56 mg/kg
morphine in heterozygous mice providing the only ex-
ception. The relative morphine potencies in tail-flick
and hot-plate assay were similar in wild-type and het-
erozygous mice (Table 1).

Physical Dependence Revealed by
Naloxone-Precipitated Abstinence After Chronic
Morphine Treatments

Development of physical dependence was studied after
twice-daily morphine treatments for 3, 5, or 7 days with
a dose regimen ascending from 15 mg/kg by 5 mg/kg
daily increments. When withdrawal was precipitated
by naloxone in mice pretreated with morphine for five
or seven days, the amount of precipitated jumping did
not differ between wild-type (1 = 22) and heterozygous
knockout animals on mixed C57/129 backgrounds (n =
21) (Figure 5). Heterozygous animals tested after 3
days” morphine treatments revealed trends toward a
greater number of precipitated withdrawal signs than
those found in wild-type mice (n = 10 and 9, respec-
tively) that did not reach statistical significance (p = .08,
Mann-Whitney-Wilcoxon rank sum test). Homozygous
knockout mice tested after 5 days” morphine treatments
showed no naloxone-precipitated jumping (n = 7).

Lethality was universal among animals of each of the
three mixed-background genotypes that received 1000
mg/kg morphine (Figure 6A). Morphine caused con-
vulsions prior to death in most mice regardless of geno-
type. There was a gene-dose-dependent shift to the
right in LDs, values. These values were approximately
500 mg/kg for wild-type (n = 47), 600 mg/kg for het-
erozygotes (n = 60), and 700 mg/kg for homozygous
knockout mice (n = 24). 750 mg/kg of morphine, a dose
lethal to all wild-type littermates, spared 25% of the ho-
mozygous knockout mice. Heterozygous animals ad-
ministered 650 mg/kg morphine showed significantly

257

—O0— (+/+)

Jumping (Counts/15min)

Figure 5. Jumping induced by naloxone in mice treated
with a chronic morphine regimen. Naloxone-precipitated
jumping after chronic morphine treatment in mice with
wild-type (+/+), and heterozygous (+/—) p-opioid recep-
tor genotypes. #p = .08 vs. wild-type.
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longer latencies before morphine was lethal than wild-
type mice (Figure 6B; ANOVA followed by Scheffe
post-hoc analysis: F[2,24] = 10.8, p < .05). The mean la-
tencies prior to lethality at 750 and 1000 mg/kg were
not increased significantly in a gene dose-related fash-
ion, however.

DISCUSSION

These studies of morphine effects in homozygous . re-
ceptor knockout mice provide additional support for
the p receptor dependence of several of the morphine
effects assessed here. Results from heterozygotes indi-
cate differences in apparent p receptor reserve manifest
in circuits producing p-dependent effects that include
reward, locomotion, antinociception, lethality, toler-
ance, and physical dependence. Interpretation of each
observation should also be tempered by considerations
of the other neuroadaptive alterations that partial or to-
tal w receptor deletion cause in these mice during their
development and adulthood.

Heterozygous mice express virtually half, 56%, of
wild-type levels of w receptor B, values when studied
by radioligand binding saturation analyses (Sora et al.
1997b). In reverse transcriptase-polymerase chain reac-
tion (RT-PCR) analysis, p. receptor mRNA levels are re-
duced by at least 50% in heterozygous mice, and are
undetectable in homozygotes (LS. and G.R.U., unpub-
lished observations). These observations contrast with
failure to identify any other striking alterations in 8 re-
ceptors, k receptors, or expression of preproenkephalin
or preprodynorphin mRNAs (LS. and G.R.U., unpub-
lished observations). The animals do display adaptive
alterations in the expression of a number of other genes
(Liu et al, 1999). However, only < 0.5% of the genes
whose expression can be detected at above-background
levels are up- or down-regulated more than 2-fold in
these mice on C57/129 mixed genetic backgrounds.

650
Morphine (mg/kg, s.c.)
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Figure 6. (A) Dose-response
O (+/+) relationships for morphine
(+-) mortality. LD, values for

morphine were approximately
500 mg, 600 mg, and 700 mg in
wild-type (+/+), heterozy-
gote (+/—) and homozygote
(—=/—) p-opioid receptor gen-
otypes, respectively. (B) Laten-
cies for morphine mortality.
The loss of p receptor gene
increased mean latencies to
death in a gene dose-related
fashion. * p < .05 vs. wild-type
(+/+).

750 1000

Morphine’s interactions with differentially-distrib-
uted w, 8, and k-opioid receptor populations expressed
in different neuronal circuits have been classically in-
voked to explain different morphine effects. Mor-
phine’s lethality in the homozygous knockout mice that
lack morphine analgesia (Sora et al. 1997b) could be me-
diated by the intact 8 and/or k receptor populations
found in these animals, or through other mechanisms.
The modest alterations in morphine LDj, values in-
duced by removing one p receptor gene copy and the
greater increase in LDs, values in animals with no p re-
ceptor gene copies are both consistent with the idea that
morphine’s occupancy of p receptors contributes mod-
estly to moderately to morphine lethality in wild-type
mice. No differences in the modes of lethality are ap-
parent. Mice of each genotype died with the cyanosis
and poor inspiratory efforts that indicate respiratory
depression, accompanied by terminal tonic/clonic epi-
leptiform activities (Brase et al. 1977). Although mor-
phine lethality has been reported to be unchanged in
naloxone-treated mice (Pasternak 1981), lethality in ho-
mozygous knockout mice could still be caused by opi-
ate- receptor-mediated effects of this alkaloid.

Morphine LDs, values for wild-type mice, 500 mg/
kg, are similar to those reported for other strains of
mice. LDs, values for heterozygous and homozygous p
receptor knockout mice reported from other laborato-
ries (Loh et al. 1998) were higher than LDs; values from
the current work. Subtle differences in testing or differ-
ences in genetic backgrounds or testing procedures
[129/0la (Loh et al. 1998) vs. 129SvEv (Sora et al.
1997b)] may explain these differences. Other work does
support the idea that w opioid receptors play only a
modest role in morphine lethality. Differences in ge-
netic background and/or testing conditions could also
contribute to the modest differences between our loco-
motor data and that of Tian and coworkers (Tian et al.
1997). These investigators reported reduced baseline
spontaneous horizontal activity in u knockout homozy-
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gous mice developed on a mixed genetic background.
We did not observe such differences in our mice with
the mixed C57/129 genetic background.

Morphine interactions with w, 3, and k-opioid recep-
tor populations expressed in different neuronal circuits
have been classically invoked to explain varying mor-
phine pharmacologic effects. Morphine-induced re-
ward, locomotion, thermal antinociceptive tolerance
and physical dependence are each virtually ablated in
homozygous . receptor knockout mice and are thus
strikingly . receptor dependent. Even such strikingly
receptor dependent effects, however, are likely to in-
volve distinct brain circuits (Behbehani 1995). These cir-
cuits contain distinct neuronal populations that express
differing densities of p receptors (Moriwaki et al. 1996),
the Gi and Go class guanine nucleotide binding pro-
teins activated by agonist-occupied p. receptors (Reisine
et al. 1996), opiate-modulated second messenger sys-
tems (Childers 1993), opiate-modulated potassium (Ko-
voor et al. 1995) and calcium channels (North 1993), and
other effector systems. Differences in the relationships
between . receptor densities and the relative composi-
tions and densities of these other cellular effector pro-
teins could result in circuit-to-circuit differences in the
consequences of the heterozygotes’ failure to express
normal complements of p receptors. Such biochemical
differences could result in different patterns of w recep-
tor reserve even for these highly w dependent mor-
phine effects. Gene-dose effects, manifest in different
ways in the heterozygous knockout mice tested here,
do appear to suggest that distinct brain circuits that
provide different morphine effects may well display
different levels of receptor reserve.

If morphine dose-response relationships are shifted
right- and downward in heterozygotes, little receptor
reserve is evident. These sorts of relationships have
been established for heterozygote responses for mor-
phine analgesia, and for morphine-induced locomotor
activity stimulation [(Matthes et al. 1996; Sora et al.
1997b), and current data]. Right- and downward shifts
in analgesia dose response curves are substantial for
heterozygotes and profound for homozygotes. Fixed
ratio (FR4) morphine self-administration exhibits a pro-
foundly-downward shifted dose-effect relationship in
heterozygotes, consistent with little receptor reserve.
Since significant dose-related changes in behavior
maintained by morphine injections were still evident in
the heterozygous mice, some receptor reserve is evident
for both these phenotypes. In fact, if the self-administra-
tion data are compared as a percent of the saline re-
sponse rate, the difference between the heterozygotes
and the wild-type mice is approximately 20-30%
whereas the difference between these genotypes is
much greater in the acute analgesic assay. A quantita-
tive comparison of the receptor reserve difference be-
tween phenotypes in this study is difficult given nocicep-
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tive stimulus intensity considerations and single point
(50% reduction in the heterozygotes) characterizations.
However, a previous study using the method of partial
irreversible antagonism also suggests a greater receptor
reserve for opioid self-administration than opioid-
induced analgesia (Zernig et al. 1997).

Circuits in which p receptors mediate morphine ef-
fects with significant receptor reserves might allow full
morphine effects with loss of even half of the y receptor
levels found in wild-type mice. Neither morphine-
induced tolerance nor the level of physical dependence
ultimately attained is significantly affected by the re-
duced p receptor densities found in heterozygotes, al-
though there is a slight trend for slower acquisition of
full physical dependence evident in the day 3 precipi-
tated abstinence data. Both of these phenomena are
absent from homozygous knockout mice, however.
Morphine conditioned place preference also suggests
significant receptor reserves in mice of mixed C57/129
genetic background, though less consistent reserve in
the C57 backcrossed congenic animals. Reductions in
the numbers of morphine reinforcements received by
heterozygous mice on fixed ratio and progressive ratio
schedules are both less than 50% compared to wild-
type values. The combined data is consistent with the
idea that p receptor densities and levels of expression
of other proteins whose levels could differ between
mouse strains could contribute to varying amounts of
receptor reserve for different rewarding processes.

Naloxone-precipitated jumping occurs at identical
frequencies in heterozygote and wild-type mice tested
after five- or seven-day morphine treatments. These ob-
servations support a substantial receptor reserve for
this robust murine measure of morphine physical de-
pendence. The modest differences in jumping that can
be precipitated by naloxone on the third day of mor-
phine treatments in wild-type and heterozygous mice
do not reach statistical significance. They do leave open
the possibility that the receptor reserve for tolerance
might not be much larger than 50%. Morphine-induced
tolerance is manifest by down- and rightward shifts in
morphine antinociceptive dose-response relationships
in both wild-type and heterozygous mice pretreated
with multiday morphine regimens. Since heterozygotes
display less morphine analgesia without pretreatments
than do wild-type mice, the magnitude of the right- and
downward shifts in dose-effect relationships assessed
in heterozygotes after several days” morphine pretreat-
ment are smaller than those in wild-type mice. How-
ever, the fractional reductions in morphine’s antinoci-
ceptive efficacies are similar in tests performed after
five days” morphine pretreatment in mice of both geno-
types, as the relative potencies in both tail-flick and
hot-plate assay did not differ between wild-type and
heterozygous mice. These data thus appear to provide
evidence for substantial receptor reserves in the brain
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mechanisms that contribute to morphine tolerance in
nociceptive testing.

p receptor reserves, and cell-to-cell differences in re-
ceptor reserves, have been identified in in vitro studies
in which pharmacological treatments inactivating vary-
ing p receptor populations can lead to dramatic reduc-
tions in some morphine effects while sparing others
(Chavkin and Goldstein 1984). The data from these
knockout mice can thus be compared to data from mice
pretreated in vivo with alkylating agents that can inacti-
vate w receptors with varying degrees of selectivity.
Pretreatments with 2.5 pg of B-funaltrexamine (B-FNA)
shifted morphine and levorphanol dose-effect curves to
the right, while higher doses of 5.0 ug also reduced the
maximum agonist effects (Adams et al. 1990). Tolerance
to the analgesic effects of w opioid receptor agonists can
vary with the intrinsic activities both of the drug used
to induce the tolerance and the drug whose analgesic
actions are assessed (Paronis and Holtzman 1992).
However, with the exception of these studies, w recep-
tor reserve has had little prior direct experimental sup-
port in intact animals. Studies of knockout mice with
varying levels of w receptor expression now allow ten-
tative in vivo identification of differences between p re-
ceptor reserve for morphine’s actions at one . receptor-
expressing circuit compared to those at another circuit.

No identified w receptor deficient humans allow as-
sessments of opiate drug effects in totally receptor-
deleted individuals. However, significant human inter-
individual differences in the levels of expression of w
receptors are well documented in postmortem (Paronis
and Holtzman 1992; Gabilondo et al. 1995) and in vivo
positron emission tomographic studies of p receptor
densities (Frost et al. 1990). Heterozygous mice with
half of wild-type w receptor densities provide a poten-
tial model for the ways in which different levels of p
receptor expression could influence opiate drug re-
sponses in humans. Our present results may have im-
plications for morphine effects in human individuals
who might express, for example, subnormal comple-
ments of . receptors. If humans behave in fashions sim-
ilar to those of these mice, individual differences in p
receptor expression levels could lead to significant in-
ter-individual differences in effective analgesic opiate
doses in the absence of substantial receptor reserve in
such circuits, with less difference in the abilities of opi-
ates to produce tolerance and physical dependence.
Each of these considerations suggests that pain might
be more difficult to treat with w agonists in humans
with fewer p receptors.

Although concepts of receptor reserve have largely
been developed using in vitro assays in which response
strength is assessed in preparations in which previous-
existing receptors have been inactivated, the current
data suggests substantial circuit to circuit differences in
this process in vivo. These considerations could be of
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importance for design of therapeutic regimens that
might minimize addictive and maximize analgesic
properties of opiate therapeutics.
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