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Chronic D9-tetrahydrocannabinol (D9-THC) administration pro-
duces tolerance to cannabinoid effects, but alterations in signal
transduction that mediate these changes are not yet known.
The present study uses in vitro autoradiography of agonist-
stimulated [35S]GTPgS binding to localize cannabinoid
receptor-activated G-proteins after chronic D9-THC treatment.
Cannabinoid (WIN 55212-2)-stimulated [35S]GTPgS binding
was performed in brain sections from rats treated chronically
with 10 mg/kg D9-THC for 21 d. Control animals received saline
or an acute injection of D9-THC. Acute D9-THC treatment had
no effect on basal or WIN 55212-2-stimulated [35S]GTPgS bind-
ing. After chronic D9-THC treatment, net WIN 55212-2-
stimulated [35S]GTPgS binding was reduced significantly (up to
70%) in most brain regions, including the hippocampus,
caudate-putamen, perirhinal and entorhinal cortex, globus pal-

lidus, substantia nigra, and cerebellum. In contrast, chronic
D9-THC treatment had no effect on GABAB-stimulated
[35S]GTPgS binding. In membranes and brain sections, D9-THC
was a partial agonist, stimulating [35S]GTPgS by only 20% of
the level stimulated by WIN 55212-2 and inhibiting WIN 55212-
2-stimulated [35S]GTPgS at high concentrations. Because the
EC50 of WIN 55212-2-stimulated [35S]GTPgS binding and the
KD of cannabinoid receptor binding were unchanged by chronic
D9-THC treatment, the partial agonist actions of D9-THC did not
produce the decrease in cannabinoid-stimulated [35S]GTPgS
binding. These results suggest that profound desensitization of
cannabinoid-activated signal transduction mechanisms occurs
after chronic D9-THC treatment.
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Marijuana produces behavioral effects via its biologically active
constituent D9-tetrahydrocannabinol (D9-THC) (Gaoni and
Mechoulam, 1964; Deadwyler et al., 1995a). Studies using potent
synthetic cannabinoid analogs demonstrated that this activity oc-
curs at cannabinoid receptors (Devane et al., 1988). The cloned
cannabinoid receptor exhibits seven transmembrane spanning re-
gions characteristic of G-protein-coupled receptors (Matsuda et
al., 1990). Cannabinoid receptors act via Gi/o to inhibit adenylyl
cyclase (Howlett, 1985; Howlett et al., 1986; Pacheco et al., 1991),
alter potassium channel conductance (Hampson et al., 1995b),
and decrease calcium channel conductance (Mackie and Hille,
1992). Cannabinoid receptors in the brain (CB1) are numerous
compared with other G-protein-coupled receptors and are local-
ized in most brain regions, including the hippocampus, cortex,
caudate-putamen, globus pallidus, substantia nigra, and cerebel-
lum (Herkenham et al., 1991b; Jansen et al., 1992). This anatom-
ical distribution is consistent with behavioral effects of cannabi-
noids, including memory disruption, decreased motor activity,
catalepsy, antinociception, and hypothermia (Dewey, 1986;
Compton et al., 1993; Deadwyler et al., 1995a).
Chronic D9-THC treatment results in the development of be-

havioral tolerance (Carlini, 1968; Dewey, 1986; Abood et al.,

1993; Deadwyler et al., 1995b). Some laboratories have reported
a decrease in the Bmax of cannabinoid receptors after chronic
D9-THC treatment (Oviedo et al., 1993; De Fonseca et al., 1994),
whereas others reported no change in cannabinoid receptor den-
sity (Westlake et al., 1991; Abood et al., 1993). Moreover, changes
in receptor binding may not reflect changes in receptor function,
and a measurement of agonist efficacy is necessary to answer this
question. In cultured neuroblastoma cells, chronic cannabinoid
exposure desensitized cannabinoid-inhibited adenylyl cyclase (Dill
and Howlett, 1988), indicating that cannabinoid tolerance may
involve alterations in signal transduction. Changes in G-protein
activity and G-protein levels after chronic drug treatment have
been reported previously for other receptor systems, including m
opioid receptors, which also couple to Gi/o (Nestler et al., 1994;
Sim et al., 1996a; Selley et al., 1996a).
Our laboratory has developed a technique for examining

receptor-activated G-proteins in brain sections using [35S]GTPgS
autoradiography (Sim et al., 1995). This technique is based on
agonist-stimulated [35S]GTPgS binding in membranes (Hilf et al.,
1989; Traynor and Nahorski, 1995). For [35S]GTPgS autoradi-
ography, sections are first incubated with excess GDP to decrease
basal [35S]GTPgS binding and then with [35S]GTPgS in the pres-
ence (stimulated) or absence (basal) of a specific agonist. The
applicability of this method to chronic drug studies has been
demonstrated in the opioid system, where regionally specific
changes in m opioid-stimulated [35S]GTPgS binding were identi-
fied after chronic morphine treatment (Sim et al., 1996a). The
present study was performed to examine the effect of chronic
treatment with D9-THC on cannabinoid receptor-activated
G-proteins in different brain regions. In addition to demonstrating
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that chronic D9-THC treatment produced large decreases in
G-protein activation throughout the brain, these studies also
reveal that D9-THC is a partial agonist in activating G-proteins in
brain, which may have important implications in the mechanism
of action of this drug.

MATERIALS AND METHODS
Materials.Male Sprague Dawley rats (200–250 gm) were purchased from
Zivic-Miller (Zelienople, PA). [35S]GTPgS (1228 Ci/mmol) was pur-
chased from New England Nuclear (Boston, MA). Baclofen and WIN
55212-2 were obtained from Research Biochemicals International
(Natick, MA). D9-THC was provided by the National Institute on Drug
Abuse. SR141716A was provided by Dr. F. Barth (Sanofi, Montpelier,
France). GTPgS and GDP for membrane assays were purchased from
Boehringer Mannheim (New York, NY). GDP for autoradiography was
obtained from Sigma (St. Louis, MO). Reflections autoradiography film
was purchased from New England Nuclear. All other reagent grade
chemicals were obtained from Sigma or Fisher Scientific (Houston, TX).

D9-THC treatment. D9-THC was dissolved in ethanol and prepared
for injection as described previously (Heyser et al., 1993). The ethanol
solution was suspended in a 1:4:1 ratio with Pluronic F68 detergent in
ethanol and saline, and the ethanol was evaporated under a stream of
nitrogen gas. The D9-THC was diluted to 10 mg/ml in saline for
injection. Chronically treated animals received a single daily intraper-
itoneal injection of 10 mg/kg D9-THC for 21 d. Control animals
received an equal volume of vehicle. Animals were killed 24 after the
last injection. A separate group of animals received a single acute
intraperitoneal injection of 10 mg/kg D9-THC or vehicle 24 hr before
they were killed.
Agonist-stimulated [35S]GTPgS autoradiography. Animals were killed

by rapid decapitation. Brains were removed and immediately immersed
in isopentane at 2358C. Twenty micrometer horizontal sections were cut
on a cryostat maintained at 2208C and mounted onto gelatin-subbed
slides. Slides were incubated in assay buffer (50 mM Tris-HCl, 3 mM
MgCl2, 0.2 mM EGTA, 100 mM NaCl, 0.5% BSA, pH 7.4) at 258C for 10
min, and then in 2 mM GDP in assay buffer for 15 min at 258C. Slides were
then transferred into assay buffer containing 2 mM GDP and 0.04 nM
[35S]GTPgS, with (stimulated) or without (basal) 10 mM WIN 55212-2,
and incubated at 258C for 2 hr. Adjacent sections were incubated with 300
mM baclofen and 0.04 nM [35S]GTPgS to evaluate GABAB receptor
activation of G-proteins. Sections from control animals were also pro-
cessed using 1 or 10 mM WIN 55212-2 and 3 or 10 mM D9-THC alone and
in combination. Slides were rinsed twice for 2 min each in 50 mM
Tris-HCl buffer, pH 7.4, at 48C, and once in deionized water, dried, and
exposed to film for 48 hr. Films were digitized with a Sony XC-77 video
camera and analyzed using the National Institutes of Health IMAGE
program for Macintosh computers. Images were quantified by densito-
metric analysis with [14C] standards, and values were corrected to nanocu-
ries/gram [35S] based on a correction factor determined with brain paste
standards (Sim et al., 1996a). Data are mean values 6 SE of duplicate
sections of brains from five animals. Statistical significance was deter-
mined by the nonpaired two tailed Student’s t test using JMP (SAS
Institute, Cary, NC).
Agonist-stimulated [35S]GTPgS binding in membranes. Cannabinoid-

stimulated [35S]GTPgS binding was determined as described previously
(Selley et al., 1996b), using membranes from rat cerebellum (15 mg
protein). Membranes were incubated at 308C for 1 hr in assay buffer (50
mM Tris-HCl, 3 mMMgCl2, 0.2 mM EGTA, 100 mM NaCl, 0.1 mg/ml BSA,
pH 7.4), with the appropriate concentrations of WIN 55212-2 or D9-THC,
in the presence of 20 mM GDP and 0.05 nM [35S]GTPgS in a 1 ml total
volume. Basal binding was measured in the absence of agonist, and
nonspecific binding was measured with 10 mM GTPgS. The reaction was
terminated by rapid filtration under vacuum through Whatman GF/B
filters, followed by three washes with cold Tris buffer. Bound radioactivity
was determined by liquid scintillation spectrophotometry, at 95% effi-
ciency for [35S], after overnight extraction in 5 ml Ecolite scintillation
fluid. Data are reported as mean 6 SE values of three experiments that
were performed in triplicate. Nonlinear iterative regression analyses of
agonist concentration–effect curves were performed with JMP (SAS,
Cary, NC).

RESULTS

Effect of D9-THC on cannabinoid-stimulated
[35S]GTPgS binding in cerebellar membranes and
brain sections
Previous studies (Sim et al., 1995; Selley et al., 1996b; Sim et al.,
1996b) have established that cannabinoid agonists stimulate
[35S]GTPgS binding in both isolated membranes and brain sec-
tions, with a distribution and pharmacology that parallels that of
cannabinoid receptor binding. To compare the effect of D9-THC
and a more potent cannabinoid agonist in this assay system,
concentration–effect curves of D9-THC- and WIN 55212-2-
stimulated [35S]GTPgS binding were generated in rat cerebellar
membranes (Fig. 1A). Both D9-THC- and WIN 55212-2-
stimulated [35S]GTPgS binding were concentration-dependent.
The maximal stimulation of [35S]GTPgS binding by WIN 55212-2
under these conditions was 270% over basal, with an EC50 value
of 0.12 mM. The effect of D9-THC was considerably less than that
of WIN 55212-2, with an apparent maximal stimulation of only
20% compared with that of WIN 55212-2. If D9-THC were a true
partial agonist in this system, then high concentrations of D9-THC
should antagonize the effect of a full agonist like WIN 55212-2
when the two drugs are added together, and the presence of
residual D9-THC in sections and membranes from chronic D9-
THC-treated rats could artificially reduce WIN 55212-2-
stimulated [35S]GTPgS binding. This inhibitory effect of D9-THC
was indeed observed in cerebellar membranes (Fig. 1A) when
various concentrations of D9-THC were added with either 1 mM or
10 mM WIN 55212-2. In the presence of 1 mM WIN 55212-2, 0.3
mM D9-THC began to produce significant inhibition of WIN
55212-2-stimulated [35S]GTPgS binding, and 0.8 mM D9-THC
inhibited 50% of WIN 55212-2-stimulated [35S]GTPgS binding.
As would be predicted for a partial agonist, in the presence of a
higher concentration (10 mM) of WIN 55212-2, D9-THC was less
potent, and significant inhibition of WIN 55212-2-stimulated
[35S]GTPgS required at least 10 mM D9-THC. From these data, it
was estimated that.200 mM D9-THC would be required to inhibit
50% of WIN 55212-2-stimulated [35S]GTPgS binding in the pres-
ence of 10 mM WIN 55212-2. The inhibitory effect of D9-THC on
WIN 55212-2-stimulated [35S]GTPgS binding was not attributable
to a vehicle effect from a combination of the two drugs, because
the same concentrations of vehicle (ethanol) had no effect on
cannabinoid-stimulated [35S]GTPgS binding (data not shown).
Similar experiments were performed in brain sections to deter-

mine the appropriate concentration of WIN 55212-2 to use in
[35S]GTPgS autoradiography in D9-THC-treated animals (Fig.
1B). The addition of 10 mM WIN 55212-2 produced high levels of
stimulated [35S]GTPgS binding in the substantia nigra, entope-
duncular nucleus, and globus pallidus, with moderate levels of
activation in hippocampus and cortex. A maximally effective con-
centration of D9-THC alone (10 mM) produced little stimulation of
[35S]GTPgS binding. This concentration of D9-THC had no sig-
nificant effect on 10 mM WIN 55212-2-stimulated [35S]GTPgS
binding in the substantia nigra (,5% decrease by densitometric
analysis) (Fig. 1B). In agreement with the membrane assays,
however, this concentration of D9-THC visibly inhibited
[35S]GTPgS binding stimulated by 1 mM WIN 55212-2 (data not
shown). From these data, a concentration of 10 mM WIN 55212-2
was used in autoradiographic experiments to minimize potential
effects of residual D9-THC on the cannabinoid-stimulated
[35S]GTPgS autoradiographic signal.
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Figure 1. Effect of D9-THC and WIN 55212-2 on [35S]GTPgS binding in rat cerebellar membranes (A) and rat brain sections (B). Membranes (A) were
incubated with 0.05 nM [35S]GTPgS and 20 mM GDP, as described in Materials and Methods, with various concentrations of either D9-THC or WIN
55212-2 alone (closed symbols) or with various concentrations of D9-THC in the presence of either 1 mM or 10 mM WIN 55212-2 (open symbols). Data are
expressed as percentage basal [35S]GTPgS binding and represent mean values 6 SE from three separate experiments. Rat brain sections (B) were
incubated with 0.04 nM [35S]GTPgS and 2 mM GDP, as described in Materials and Methods, and represent basal [35S]GTPgS binding, 10 mM D9-THC
alone, 10 mM WIN 55212-2 alone, and 10 mM WIN 55212-2 1 10 mM D9-THC.
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Effects of chronic and acute D9-THC administration on
WIN 55212-2-stimulated [35S]GTPgS binding
To compare the effect of acute and chronic D9-THC administra-
tion on cannabinoid receptor activation of G-proteins, rats were
treated with either a single acute dose of 10 mg/kg D9-THC or
were administered daily injections of 10 mg/kg D9-THC for 21 d.
The effect of D9-THC administration on cannabinoid-stimulated
[35S]GTPgS binding was examined at four brain levels in horizon-
tal sections from acute and chronic D9-THC-treated and control
animals. Sections were analyzed at the level of (1) cerebellum, (2)
caudate-putamen/septum, (3) globus pallidus, and (4) substantia
nigra. At the most dorsal level, cannabinoid-stimulated
[35S]GTPgS binding in control sections was observed in the cer-
ebellum, hippocampus, and cortex. Labeling in all of these areas
was visibly reduced in sections from chronic D9-THC-treated rats.
At a more ventral level (Fig. 2, top), cannabinoid-stimulated
[35S]GTPgS binding was most evident in the cortex, hippocampus,
caudate-putamen, septum, and periaqueductal gray (PAG), and
was significantly reduced in sections from chronic D9-THC-
treated rats. At the next level (Fig. 2, middle), the reduction in
cannabinoid-stimulated [35S]GTPgS binding in the sections from
chronic D9-THC-treated rats was most evident throughout the
cortex, hippocampus, caudate-putamen, and globus pallidus. In
the most ventral sections (Fig. 2, bottom), the dense cannabinoid-
stimulated [35S]GTPgS labeling in substantia nigra was signifi-
cantly reduced in sections from chronic D9-THC-treated animals.
Thus, visual inspection of autoradiograms demonstrated clear
reductions in WIN 55212-2-stimulated [35S]GTPgS binding in
virtually every region where significant cannabinoid stimulation of
[35S]GTPgS binding was observed.
To quantify these effects, autoradiograms from all four groups

of animals (acute and chronic D9-THC treated, and controls) were
analyzed densitometrically. Figure 3 shows data from a number of
brain regions in both acute and chronic groups, expressed as net
nanocuries [35S] per gram tissue (obtained by subtracting basal
binding fromWIN 55212-2-stimulated [35S]GTPgS binding values
in each brain section). The results from the chronic D9-THC-
treated rats are shown in Figure 3A. These results demonstrated

significant reductions in net binding in sections from chronic
D9-THC-treated rats compared with controls, with .50% reduc-
tion in a number of regions, including the perirhinal cortex,
entorhinal cortex, hippocampus, and cerebellum. Smaller but
significant reductions in net agonist-stimulated [35S]GTPgS bind-
ing were observed in the septum and caudate-putamen. The only
region in which chronic D9-THC failed to significantly reduce net
stimulated [35S]GTPgS binding was the PAG; in this region, the
level of net binding was reduced but failed to reach statistical
significance. Figure 3B, shows net WIN 55212-2-stimulated
[35S]GTPgS binding data from the same regions of acute D9-
THC-treated animals, along with their respective controls. In
contrast to the results observed with the chronic treatment group,
acute D9-THC administration had no significant effect on net
stimulated [35S]GTPgS binding in any region measured.
Because the levels of net stimulated [35S]GTPgS binding in the

globus pallidus and substantia nigra were much greater than those
of the other regions, data from these regions are presented
separately (Fig. 4). As observed for other regions, net agonist-
stimulated [35S]GTPgS binding was significantly reduced in
chronic D9-THC-treated animals compared with controls, with
45% and 20% reductions in the globus pallidus and substantia
nigra, respectively. On the other hand, no significant differences
were found comparing net [35S]GTPgS binding in these regions
from acute D9-THC-treated and control rats (Fig. 4).
To determine the effect of acute and chronic D9-THC treatment

on basal [35S]GTPgS binding, Tables 1 and 2 present the densi-
tometric data as percentages of the control basal values for each
group. Table 1 shows the results comparing control and chronic
D9-THC-treated animals, whereas Table 2 shows the results from
the acute D9-THC-treated and control groups. In most regions
studied, there was no significant effect of either chronic or acute
D9-THC treatment on basal [35S]GTPgS binding. In the chronic
group (Table 1), the only exceptions were small decreases in basal
binding in ventral caudate-putamen (15%) and globus pallidus
(27%), and a small increase in basal binding in cerebellum (20%).
As seen previously in Figures 3 and 4, however, there were
significant decreases in WIN 55212-2-stimulated [35S]GTPgS

Table 1. Effect of chronic D9-THC treatment on basal and WIN 55212-2-stimulated [35S]GTPgS binding in the rat brain

Region

Basal Stimulated

Control Chronic D9-THC Control Chronic D9-THC

Hippocampus (D) 100 6 6% 92 6 4% 181 6 9% 125 6 7%**
Hippocampus (M) 100 6 8% 101 6 6% 188 6 11% 132 6 10%**
Hippocampus (V) 100 6 7% 99 6 4% 196 6 13% 129 6 8%***
Perirhinal cortex (M) 100 6 6% 94 6 3% 178 6 11% 127 6 6%*
Perirhinal cortex (V) 100 6 10% 83 6 2% 166 6 10% 117 6 6%**
Entorhinal cortex (D) 100 6 5% 96 6 8% 156 6 7% 133 6 7%*
Entorhinal cortex (M) 100 6 6% 100 6 2% 174 6 9% 132 6 3%***
Entorhinal cortex (V) 100 6 10% 108 6 4% 189 6 14% 144 6 5%*
Septum 100 6 7% 104 6 6% 157 6 12% 144 6 2%
Caudate-putamen (D) 100 6 6% 81 6 9% 191 6 14% 134 6 4%**
Caudate-putamen (M) 100 6 5% 85 6 2%* 163 6 12% 118 6 7%***
Globus pallidus 100 6 8% 73 6 4%* 362 6 18% 206 6 19%***
Substantia nigra 100 6 6% 85 6 8% 484 6 12% 349 6 11%***
Cerebellum 100 6 5% 123 6 4%* 185 6 13% 167 6 12%
PAG 100 6 8% 92 6 10% 122 6 4% 114 6 9%

Sections were incubated with 2 mM GDP, and then with [35S]GTPgS (0.04 nM) and 2 mM GDP, with and without 10 mM WIN 55212-2. Data are expressed as percentage of
control basal binding and represent mean values 6 SE of duplicate sections from five animals. The level of the sections measured are dorsal (D), Figure 2 (top); midlevel (M),
Figure 2 (middle); and ventral (V), Figure 2 (bottom). *p , 0.05; **p , 0.01; ***p , 0.005.
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Figure 2. Autoradiograms of brain sections comparing basal and cannabinoid-stimulated [35S]GTPgS binding in control and chronic D9-THC-treated
rats. Sections were incubated with 2 mM GDP and then with [35S]GTPgS (0.04 nM) and 2 mM GDP in the presence and absence of 10 mM WIN 55212-2.
Basal binding (assessed in the absence of agonist) is shown on the left column. Sections from control (middle column) and chronic D9-THC-treated (right
column) rats are shown at the appropriate levels to show (1) caudate-putamen and PAG (top row), (2) caudate-putamen and globus pallidus (middle row),
and (3) substantia nigra (bottom row). Cannabinoid-stimulated [35S]GTPgS binding in the cortex and hippocampus is seen in sections at all three levels.
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binding in most brain regions in sections from chronic D9-THC-
treated animals (Table 1). For the acute group (Table 2), no
significant changes in either basal or WIN 55212-2-stimulated
[35S]GTPgS binding were observed compared with controls.
Several independent methods were used to determine whether

residual D9-THC in sections was potentially affecting the results of
the study (data not shown). First, another set of brain sections
from these animals was incubated with 1 mM SR141716A, the
cannabinoid antagonist. Results revealed that SR141716A
blocked WIN 55212-2-stimulated binding in sections from both
control and chronic D9-THC-treated rats but had no effect on
basal [35S]GTPgS binding in sections from either group. There-

fore, there was not sufficient residual D9-THC acting as an agonist
in these sections to affect the results. Another experiment assayed
cannabinoid receptor binding in cerebellar membranes from both
control and chronic D9-THC-treated rats, using the specific an-
tagonist [3H]SR141716A as a radioligand. Results (not shown)
revealed that chronic D9-THC treatment had no effect on the KD
of [3H]SR141716A binding (0.50 nM in control vs 0.42 nM in
chronic) but did decrease Bmax values (11.1 pmol/mg in control vs
8.5 pmol/mg in chronic) of [3H]SR141716A binding sites in cere-
bellar membranes. These results argue against the presence of
residual D9-THC, because it would increase the KD value of
[3H]SR141716A binding. Finally, in the same cerebellar mem-

Figure 3. Net cannabinoid-stimulated [35S]GTPgS binding in brain regions from chronic (A) and acute (B) D9-THC-treated and control rats. Sections
were incubated with 2 mM GDP, and then with [35S]GTPgS (0.04 nM) and 2 mM GDP in the presence and absence of 10 mMWIN 55212-2. Net stimulated
[35S]GTPgS binding was determined by subtracting basal [35S]GTPgS binding from WIN 55212-2-stimulated [35S]GTPgS binding. The levels of sections
correspond to the images shown in Figure 2: dorsal, Figure 2, top; middle, Figure 2, middle; and ventral, Figure 2, bottom. *p, 0.005, **p, 0.05. CBLM,
Cerebellum; CPU, caudate-putamen; ENT, entorhinal cortex; HIP, hippocampus; PAG, periaqueductal gray; PRH, perirhinal cortex; SEP, septum.
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branes, the Emax of WIN 55212-2-stimulated [
35S]GTPgS binding

was decreased by 32%, whereas the potency of WIN 55212-2 was not
affected at all in membranes from chronic D9-THC-treated rats (IC50
values of 0.2 mMWIN 55212-2 in control vs 0.25 mMWIN 55212-2 in
chronic). If residual D9-THC were present in these membranes and
acted as a partial agonist, it would shift the WIN 55212-2 concentra-
tion–effect curve to the right and increase the EC50 value of the full
agonist (see Fig. 1). All of these results indicate that residual D9-THC

was not present at the receptor in levels high enough to produce
changes in receptor-stimulated [35S]GTPgS binding.

Effects of D9-THC administration on GABAB-stimulated
[35S]GTPgS autoradiography
Our previous studies (Sim et al., 1995) showed that GABAB-
stimulated [35S]GTPgS binding could be localized autoradio-
graphically with use of baclofen as an agonist. Because cannabi-

Table 2. Effect of acute D9-THC treatment on basal and WIN 55212-2-stimulated [35S]GTPgS binding in the rat brain

Region

Basal Stimulated

Control Acute D9-THC Control Acute D9-THC

Hippocampus (D) 100 6 4% 92 6 2% 161 6 12% 140 6 6%
Hippocampus (M) 100 6 5% 116 6 5% 172 6 24% 176 6 5%
Hippocampus (V) 100 6 14% 123 6 2% 183 6 13% 194 6 8%
Perirhinal cortex (M) 100 6 5% 112 6 6% 161 6 17% 166 6 8%
Perirhinal cortex (V) 100 6 1% 101 6 3% 145 6 5% 147 6 8%
Entorhinal cortex (D) 100 6 6% 97 6 1% 155 6 10% 148 6 4%
Entorhinal cortex (M) 100 6 7% 120 6 6% 170 6 12% 176 6 6%
Entorhinal cortex (V) 100 6 16% 112 6 4% 157 6 10% 164 6 7%
Septum 100 6 7% 97 6 10% 141 6 6% 127 6 5%
Caudate-putamen (D) 100 6 10% 100 6 3% 190 6 19% 181 6 2%
Caudate-putamen (M) 100 6 10% 112 6 2% 183 6 11% 201 6 4%
Globus pallidus 100 6 7% 109 6 6% 382 6 23% 379 6 10%
Substantia nigra 100 6 8% 116 6 1% 393 6 21% 437 6 12%
Cerebellum 100 6 6% 115 6 5% 194 6 21% 189 6 6%
PAG 100 6 6% 102 6 7% 122 6 6% 124 6 5%

Sections were incubated with 2 mM GDP, and then with [35S]GTPgS (0.04 nM) and 2 mM GDP, in the presence and absence of 10 mM WIN 55212-2. Data are expressed as
percentage of control basal binding and represent mean values 6 SE of duplicate sections from three animals. The level of the sections measured are dorsal (D), midlevel (M),
and ventral (V).

Figure 4. Net cannabinoid-stimulated
[35S]GTPgS binding in the globus pal-
lidus and substantia nigra. Sections
were incubated with 2 mM GDP, and
then with [35S]GTPgS (0.04 nM) and 2
mM GDP in the presence and absence
of 10 mM WIN 55212-2. Net stimulated
binding was determined by subtracting
basal [35S]GTPgS binding from WIN
55212-2-stimulated [35S]GTPgS bind-
ing. *p , 0.005.
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noid receptors have been colocalized with GABAB receptors on
the same neurons in cerebellum (Pacheco et al., 1993), and
because [35S]GTPgS autoradiography allows for the opportunity
to assay multiple receptor systems on adjacent brain sections, it
was of interest to determine the effect of chronic D9-THC treat-
ment on GABAB activation of G-proteins in sections from the
same brains that demonstrated significant loss in WIN 55212-2-
stimulated [35S]GTPgS binding. In these experiments, GABAB
stimulation of [35S]GTPgS binding was performed using 300 mM
baclofen in sections adjacent to those used for WIN 55212-2-
stimulated [35S]GTPgS autoradiography. The resulting autoradio-
grams (not shown) revealed that chronic D9-THC treatment had
no visible effects on baclofen-stimulated [35S]GTPgS binding in
any region examined. When data from these autoradiograms were
quantified (Fig. 5), no significant changes in baclofen-stimulated
[35S]GTPgS binding were observed in the cortex, hippocampus, or
cerebellum of chronic D9-THC-treated animals compared with
sections from control animals.

DISCUSSION
Chronic treatment of rats with D9-THC resulted in decreased
WIN 55212-2-stimulated [35S]GTPgS binding throughout the
brain. This decrease in net WIN 55212-2-stimulated [35S]GTPgS
binding was dramatic, with losses .50% in many regions. Any
experiment administering chronic doses of D9-THC must be in-
terpreted with caution, however, because the lipophilic nature of
the drug may cause residual D9-THC to remain bound to sections
and produce an artifactual result. The results of Figure 1, showing
that D9-THC behaved as a partial agonist/antagonist in this sys-
tem, provide a possible rationale for such an artifact; i.e., the
presence of high concentrations of residual D9-THC could act as
an antagonist to artificially reduce WIN 55212-2-stimulated

[35S]GTPgS binding. This was not likely for several reasons. First,
the concentration of D9-THC required to inhibit .50% of 10 mM

WIN 55212-2-stimulated [35S]GTPgS binding was .200 mM (Fig.
1), a level that is unlikely to be attained in these brain sections.
Second, preliminary data from cannabinoid receptor binding stud-
ies, using the antagonist [3H]SR141716A under the same condi-
tions as the [35S]GTPgS binding assay, showed no change in KD
value for [3H]SR141716A in membranes from chronic D9-THC-
treated rats. Finally, Table 2 shows that acute D9-THC injection
had no effect on WIN 55212-2-stimulated [35S]GTPgS binding in
any brain region examined. Therefore, the finding that D9-THC is
an agonist/antagonist in brain cannabinoid signal transduction
systems may be important in regard to its mechanism of action,
but this is unlikely to explain the large decrease in cannabinoid
activation of G-proteins observed after chronic D9-THC
treatment.
Because receptor activation of G-proteins is the critical step in

the signal transduction pathway that determines agonist efficacy
(Kenakin, 1993), the loss in agonist activity observed in this study
is analogous to desensitization. Previous studies examining the
effects of chronic D9-THC treatment have reported both de-
creased (Oviedo et al., 1993; De Fonseca et al., 1994) and un-
changed (Westlake et al., 1991; Abood et al., 1993) cannabinoid
receptor binding after chronic D9-THC treatment. Thus, effects on
receptor function may occur without consistent detectable
changes in the number of receptor binding sites. This is consistent
with the established concept that desensitization and downregu-
lation are separate processes, and that desensitization (uncou-
pling of G-proteins) precedes downregulation. In preliminary
studies (C. Breivogel, L. Sim, and S. Childers, unpublished obser-
vations), a significant decrease in Bmax values of [

3H]SR141716A

Figure 5. Net GABAB-stimulated
[35S]GTPgS binding in brain regions
from chronic D9-THC-treated and con-
trol rats. Sections were incubated with 2
mM GDP, and then with [35S]GTPgS
(0.04 nM) and 2 mM GDP in the pres-
ence and absence of 300 mM baclofen.
Net stimulated binding was determined
by subtracting basal [35S]GTPgS binding
from baclofen-stimulated [35S]GTPgS
binding. CBLM, Cerebellum; ENT, en-
torhinal cortex; HIP, hippocampus;
PRH, perirhinal cortex; PRL, prelimbic
cortex.
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binding was observed in cerebellar membranes from chronic D9-
THC-treated rats; thus, both desensitization and downregulation
may be occurring after this chronic drug treatment. Detailed time
course studies are now being performed to differentiate between
these two processes. Another important consideration is the ag-
onist used to develop cannabinoid tolerance. Chronic treatment
with CP 55,940 (a full agonist) has been reported to decrease
cannabinoid receptor number in mouse cerebellum (Fan et al.,
1996), despite earlier reports that chronic D9-THC treatment had
no effect on cannabinoid receptor number in mouse brain (Abood
et al., 1993). Chronic D9-THC treatment also had no effect on
cannabinoid receptor mRNA (Abood et al., 1993), although
chronic CP-55,940 treatment decreased cannabinoid receptor
mRNA in the caudate-putamen (Rubino et al., 1994) and in-
creased it in the cerebellum (Fan et al., 1996).
Interestingly, the effects of chronic D9-THC treatment on

cannabinoid-activated G-proteins contrast with the effects of
chronic morphine treatment on m opioid receptor function (Sim
et al., 1996a). In that study, decreased m opioid-stimulated
[35S]GTPgS binding was found in only specific brainstem nuclei
after chronic morphine treatment. Although both studies revealed
that chronic agonist treatment decreased receptor-coupled
G-protein activity, there are fundamental differences between the
results of the two studies. The changes in m opioid-stimulated
[35S]GTPgS binding after chronic morphine treatment were
anatomically discrete and relatively small in magnitude. In
contrast, large, widespread decreases in cannabinoid-stimulated
[35S]GTPgS binding were identified throughout the brain after
chronic D9-THC treatment. One explanation for this difference
may be the catalytic efficiency of these two receptors; for example,
in the striatum, each m opioid receptor activates approximately
seven times the number of G-proteins as each cannabinoid recep-
tor (Sim et al., 1996b). This difference in catalytic amplification
may have consequences during chronic agonist treatment, result-
ing in greater adaptive changes in receptor–G-protein coupling in
the less efficiently coupled system. The observation that chronic
D9-THC treatment produces a dramatic decrease in [35S]GTPgS
binding throughout the brain, whereas chronic morphine admin-
istration has a much more subtle effect, also suggests that effector
events downstream from the G-protein influence the development
of tolerance.
The effects in the cerebellum are of particular interest because

of the known relationship between cannabinoid and GABAB
receptors. Previous studies have shown that although cannabinoid
and GABAB receptors are located on the same cerebellar neurons
and act via the same pool of adenylyl cyclase, these receptors
are coupled to distinct G-proteins (Pacheco et al., 1993). The
finding that chronic D9-THC treatment decreased cannabinoid-
stimulated [35S]GTPgS binding, but had no effect on GABAB-
stimulated [35S]GTPgS binding in adjacent sections, suggests
that this chronic effect of D9-THC is best described as homol-
ogous desensitization. Furthermore, these results confirm that
although these receptors may share common effectors, the
receptors are coupled to different populations of G-proteins.
The large decreases in cannabinoid-activated G-proteins in the

nigrostriatal system may be relevant to the motor effects of can-
nabinoids. Cannabinoid receptors and cannabinoid-stimulated
[35S]GTPgS binding are particularly high in the caudate-putamen,
globus pallidus, and substantia nigra (Herkenham et al., 1991b;
Jansen et al., 1992; Sim et al., 1995). Previous anatomical studies
have shown that cannabinoid receptors are located on striatal
neurons projecting to globus pallidus and substantia nigra

(Herkenham et al., 1991a). Decreased cannabinoid-stimulated
[35S]GTPgS binding in the caudate-putamen, globus pallidus, and
substantia nigra indicates that all of the components of this system
are affected by chronic D9-THC treatment. Changes in these
regions may be particularly relevant to the cannabinoid with-
drawal syndrome elicited when tolerant animals are administered
the antagonist SR 141716A (Aceto et al., 1995; Tsou et al., 1995).
This syndrome is characterized by patterns of motor behaviors
that may be mediated via the nigrostriatal system.
Perhaps the most dramatic effect of chronic D9-THC treatment

on cannabinoid-stimulated [35S]GTPgS binding was detected in
hippocampus, consistent with behavioral effects of cannabinoids
on short-term memory tasks (Heyser et al., 1993). In delayed-to-
match sample (DMS) tasks, acute exposure to D9-THC disrupted
performance in a manner analogous to that of a hippocampal
lesion (Hampson et al., 1995a), except that the cannabinoid effect
was fully reversible (Heyser et al., 1993). These acute effects were
selectively associated with blockade of hippocampal cell activation
during the information “encoding” phase in the DMS trial; hence,
there was a delay-dependent deficit in performance under the
influence of the drug (Heyser et al., 1993; Hampson et al., 1995a).
The uncoupling of the receptor from the G-protein by chronic

drug treatment would probably lead to a cessation of the “disrup-
tive acute” effects of D9-THC on DMS performance. The 21 d
chronic treatment regimen and dose of D9-THC used in the
present study were chosen on the basis of a previous study
(Deadwyler et al., 1995b) in which significant (75%) tolerance to
D9-THC effects was found at 21 d and complete tolerance was
achieved after 30–35 d. The results of the present study, showing
profound reductions in hippocampal cannabinoid receptor–G-
protein coupling during the same treatment period associated
with marked recovery from the acute effects of D9-THC on DMS
performance, strongly suggest that the two phenomena are closely
related. These findings also indicate an adaptive significance to
the uncoupling of the receptor and G-protein after repeated drug
exposure, especially in circumstances where acute cannabinoid
receptor stimulation leads to a decrease in accuracy of
performance.
The mechanism by which cannabinoids disrupt hippocampal

function has been examined in studies on the effects of cannabi-
noids on cAMP modulation of voltage-gated potassium “A” cur-
rent in cultured hippocampal neurons (Deadwyler et al., 1993).
The net effect of cannabinoid receptor stimulation is to decrease
cAMP-mediated reductions in potassium A current at a given
membrane potential. It has been hypothesized (Deadwyler et al.,
1995a) that if cannabinoid receptor-linked potassium channels
occupied a strategic position on the terminals of the perforant
path projection from the entorhinal cortex to the molecular layer
of the dentate gyrus [a region reported to have high densities of
cannabinoid receptors (Herkenham et al., 1991b)], they could
regulate transmitter release via changes in steady-state potassium
conductances in perforant path terminals. The demonstrated
receptor–G-protein uncoupling after chronic D9-THC treatment
would therefore result in a relative increase (i.e., lack of
cannabinoid-induced terminal hyperpolarization) in neurotrans-
mitter release at the perforant path-to-dentate granule cell syn-
apse. Because effects on potassium A channels (and indeed on all
other effectors linked to these Gi/o-coupled cannabinoid recep-
tors) occur downstream from the receptor–transducer coupling,
the result of decreased activation of G-proteins after chronic
agonist treatment should have profound implications at the effec-
tor level.
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