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PUGH, G., Jr., S. P. WELCH AND P. B. BASS. Modulation of free intracellular calcium and cAMP by morphine
and cannabinoids, alone and in combination in mouse brain and spinal cord synaptosomes. PHARMACOL BIOCHEM
BEHAYV 49(4) 1093-1100, 1994. —Changes in [Ca**]; and cAMP were evaluated as possible mechanisms by which the
cannabinoids enhance the antinociception of morphine. The addition of subactive concentrations of A9- (THC) and morphine
in combination to brain synaptosomes did not result in an enhanced decrease in [Ca™* *];; however, this drug combination
enhanced decreases in [Ca* *]; in spinal cord synaptosomes. The combination of CP55,940 and morphine produced enhanced
decreases in [Ca™* *]; in both brain and spinal cord synaptosomes. In brain synaptosomes, the combination of A9-THC and
morphine produced an additive decrease in cAMP accumulation, whereas no significant change was observed with this
combination in the spinal cord. Thus, the difference in the modulation of [Ca* *]; but not cAMP in the brain in vitro may be
a predictor of the greater-than-additve antinociceptive effects observe in vivo.
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CANNABIS SATIVA (marijuana) is one of the oldest and most
widely used drugs in the world (10,22). The major psychoac-
tive ingredient found in cannabis is A9-tetrahydrocannabinol
(THC). A9-THC and other cannabimimetic drugs produce a
variety of pharmacologic effects on the central nervous sys-
tem, among which is the production of antinociception. Al-
though considerable effort has been expended to develop a
therapeutically useful cannabinoid, the site of action and
mechanism by which the cannabinoids produce many of their
pharmacologic effects, including antinociception, remains un-
known. Cannabinoid receptors have been cloned (20), and
the endogenous ligand for the cannabinoid receptor has been
identified (7) and has been shown to produce cannabinoid-like
behavioral effects (8). The potent, synthetic cannabinoid,
CP55,940, produces many of the behavioral and physiologic
effects characteristic of the naturally occurring cannabinoids.

In addition, CP55,940 has been instrumental in elucidating
the site of action of the cannabinoids. It has been shown that
cannabinoid-binding sites are present in the substantia gelatin-
osa, an area involved with the transmission of pain signals
(12). CP55,940-induced antinociception is partially attenuated
in spinalized mice (17). Furthermore, A9-THC produces the
same degree of antinociception in mice that are spinalized as
compared with mice that have the spinal cord intact (28). This
indicates that the antinociceptive effects of intrathecally ad-
ministered A9-THC are predominantly spinally mediated.
These data indicate that the cannabinoids produce antinoci-
ception via both spinal and supraspinal mechanisms (17).

The pharmacologic profiles of the cannabinoids and mor-
phine have been extensively studied, and the cannabinoids
have been shown to produce some pharmacologic effects simi-
lar to the opiates. Some of these similarities include antino-
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ciception (2,3,4,6), hypothermia (35), and attenuation of the
morphine abstinence syndrome (13). CP55,940 displays high-
affinity binding in the substantia nigra and substantia gelatin-
osa, which is also the principle binding site of the opiates (9).
In the brain A9-THC inhibits agonist binding at u- and $-
opioid receptors (30). Studies have been done to determine the
nature of the cannabinoid-opiate interaction in the brain and
spinal cord. We have previously shown that pretreatment of
mice with various cannabinoids enhances the antinociception
of morphine (32). However, the enhancement of morphine-
induced antinociception by cannabinoids differs in the brain
vs. the spinal cord. Intrathecal administration of subantinoci-
ceptive doses of A9-THC and morphine in combination results
in a greater-than-additive antinociceptive effect, whereas in-
tracerebroventricular (ICV) administration of subantinocicep-
tive doses of both A9-THC and morphine produces only an
additive antinociceptive effect. These findings indicate a possi-
ble interaction between the cannabinoids and opiates in the
production of antinociception. To explain the greater-than-
additive antinociceptive effect seen after intrathecal adminis-
tration of the combination of A9-THC and morphine, a point
of interaction must be shared by both drugs. This common
point of interaction may be intracellular second-messenger
systems.

Free intracellular calcium ([Ca™* *]) and cAMP are two sec-
ond messengers that may serve as a possible point of interac-
tion whereby the cannabinoid-opiate interaction in the spinal
cord produces a greater-than-additive antinociceptive effect.
[Ca**];, has been shown to be modulated by morphine
(5,10,36) and cannabinoids (11). Furthermore, the opioids and
cannabinoids have both been shown to decrease cCAMP accu-
mulation by acting on inhibitory G-proteins (1). Because both
drug classes individually decrease cAMP and [Ca™ *];, we hy-
pothesized that interactions of the drugs might occur at these
two intracellular systems. Thus, our experiments were de-
signed to evaluate the effects of both drugs, alone and in
combination, on [Ca**], and cyclic AMP accumulation in
vitro. We tried to correlate changes in cAMP or [Ca* *]; seen
in vitro to the antinociceptive effect seen in vivo after adminis-
tration of both drugs in combination.

METHODS
Preparation of Synaptosomes

Synaptosomes were prepared as described by McGovern et
al. (21). Mouse whole brains were homogenized in 0.32 M
sucrose/Kreb’s buffer, pH 7.4. The Kreb’s buffer was com-
posed of (in mM): NaCl 120; KCl §; NaH,PO, 1.2; MgCl, 1.2;
Ca(l, 1; glucose 10; and NaHCO, 20. The homogenate was
centrifuged at 3000 x g for 10 min. The resultant supernatant
was centrifuged at 11,000 x g for 20 min. The resultant pellet
was resuspended in 16% Ficoll in sucrose buffer. A 7.5%
Ficoll suspension was layered over the 16% Ficoll. The gradi-
ent was centrifuged at 40,000 X g for 1 h. The synaptosomes
banded at the interface of the layers and were removed and
resuspended in Kreb’s buffer, pH 7.4.

Spinal cord synaptosomes were prepared by the homogeni-
zation of 10 mouse spinal cords in 0.32 M sucrose/Kreb’s
buffer, pH 7.4. The homogenate was centrifuged at 3500 X g
for 10 min. The resultant supernatant was then centrifuged at
11,000 x g for 20 min. The resultant pellet (P-2) was resus-
pended in Kreb’s buffer, pH 7.4, and served as a crude spinal
cord synaptosomal preparation. The crude P-2 preparation
was used because of the low yield of pure synaptosomes from
the spinal cord and the large number of mice that would have
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been required to generate adequate tissue from the spinal cord
to prepare spinal synaptosomes.

Measurement of Cyclic AMP Accumulation

A cyclic AMP assay kit (Diagnostic Products, Los Angeles,
CA) was used to determine cAMP accumulation under various
conditions. Samples used in determining cAMP accumulation
under each condition (basal, forskolin-stimulated, and drug
treated + forskolin) were arranged in triplicate. Basal cAMP
levels were determined through the addition of a 50 ul aliquot
of synaptosomes to 450 ul of buffer containing Tris HCI (100
mM), EDTA (1 mM), MgSO, (7.5 mM), adenosine triphos-
phate (0.625 mM), guanosine triphosphate (0.0125 mM), cre-
atinine phosphate (12.5 mM), creatinine phosphokinase (12.5
IU), and theophylline ( 12.5 mM). Forskolin served as a posi-
tive control. The percent increase in cAMP accumulation re-
sulting from forskolin treatment was assessed by the addition
of a 50-ul aliquot of synaptosomes to tubes containing 400 ul
of buffer and 50 ul forskolin (10 uM). The percent change in
¢cAMP accumulation due to A9-THC and morphine, both
alone, was evaluated by adding a 50-ul aliquot of synapto-
somes to assay tubes containing 50 ul of forskolin (10 uM),
350 ul of buffer, and S0 ul of either 69-THC or morphine.
The percent change in cAMP accumulation attributable to
the combination of A9-THC and morphine was evaluated by
adding a 50-ul aliquot of synaptosomes to assay tubes contain-
ing 50 ul forskolin (10 uM), 300 ul of buffer, 50 ul of AS-THC,
and 50 ul of morphine. The total volume in all assay tubes was
500 upl. All assay tubes were incubated in a water bath for 12
min at 37°C. Tubes containing A3-THC and morphine were
allowed to incubate for 2 min before the addition of synapto-
somes. CAMP was allowed to accumulate during an incuba-
tion period of § min. The reaction was terminated by boiling
the sample tubes. The samples were centrifuged for 10 min at
3000 x g. Aliquots of supernatant (100 ul) were taken from
each tube and added to tubes that contained *H-cAMP (100
ul). Twelve standard assay tubes were arranged in duplicate
containing cAMP at concentrations of 27, 9, 3, 1, 0.33 and
0.10 pmol/tube. Maximum binding was determined by adding
to duplicate tubes 400 pl Tris-EDTA buffer, 100 ul *H-cAMP,
and 100 ul cAMP-dependent protein kinase. Nonspecific bind-
ing was determined by adding 500 ul Tris-EDTA buffer and
100 p1 *H-cAMP to duplicate assay tubes. Samples were coun-
ted using a Beckman (Palo Alto, CA) scintillation counter
and were averaged and plotted to yield a standard curve. All
standard curves generated had a correlation coefficient of at
least 0.90. The protein concentration was determined via a
Bio-Rad assay kit (Richmond, CA). cAMP accumulation was
expressed as picomoles per milligram per minute for the 5-min
incubation.

Measurement of [Ca**],

Brain [Ca* *], levels were determined by preparing synapto-
somes on a Ficoll density gradient and spinal cord [Ca**};
measurements were determined by using the P-2 pellet as de-
scribed previously. The synaptosomes were in Kreb’s buffer,
which was composed of (in mM): NaCl 120; KCl 5; NaH,PO,
1.2; MgCl, 1.2; CaCl, 1; glucose 10, and NaHCO; 20. A 1-ml
aliquot of the synaptosomes was incubated with fura-2AM (5
uM, Molecular Probes, Eugene, OR) for 35 min at 37°C. The
synaptosomes were then washed to facilitate the removal of
extrasynaptosomal fura-2. A 500-ul aliquot of the samples
was resuspended in buffer and allowed to equilibrate for 5
min at 37°C in a quartz cuvette before measurement of basal
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[Ca* "], Free intracellular calcium levels were determined us-
ing the SPEX Cation Measurement System (Spex Industries,
Edison, NJ). Basal and KCl-stimulated (50 mM) levels of
[Ca**], were determined for each preparation. Drugs were
added in 20-ul aliquots to a total volume of 2 ml of synapto-
somes (1 mg/ml protein) in each cuvette. The maximum bind-
ing of fura-2 (F,,,) was determined by lysis of the synapto-
somes with 0.1% sodium dodecyl sulfate and the addition of
a saturating concentration of calcium. The minimum binding
of fura-2 to calcium (F,;,) was determined by adding an excess
of EGTA prepared in 3 mM Tris buffer. Free intracellular
calcium was determined using the following formula: [Ca* *];
= K; X (F — F;)/(Frnax — F) X Sf2/Sb2, where K, = 224
nM and Sf2 and Sb2 represent fluorescences at unsaturated
dye conditions and saturated dye conditions of 380 nm, re-
spectively.

Drugs

All of the drugs were obtained from the National Institute
on Drug Abuse, with the exception of CP55,940, which was
obtained from Dr. Lawrence Melvin, Pfizer Central Research
(Groton, CT). All cannabinoids were prepared in 100% di-
methyl sulfoxide (DMSQO). Morphine sulfate was prepared in
distilled water.

RESULTS

Effects of the Combination of A9-THC and Morphine on
[Ca* *];in Brain and Spinal Cord Synaptosomes

An inactive concentration of cannabinoids was used in
combination with an inactive concentration of morphine to
determine whether this interaction resulted in a greater-than-
additive decrease in free intracellular calcium. We determined
inactive drug concentrations of A9-THC and morphine from
concentration-response data taken from brain and spinal cord
synaptosomes. In the cannabinoid-opiate interaction studies,
we used those drug concentrations that failed significantly to
block KCl-induced rises in [Ca**];,. In brain synaptosomes,
basal [Ca™*]; was approximately 200 nM. Depolarization of
the synaptosomes with 20 ul of 50 mM KCI produced a 62%
increase in [Ca* *],, resulting in a concentration increase from
200 nM to approximately 320 nM (Fig. 1, panels A and B).
DMSO and dH20 did not attenuate KCl-induced rises in
[Ca* *];. KCl-stimulated rises in [Ca* *], were 58% (+ 3.1) in
the presence of vehicle controls. The results from our concen-
tration response data using brain synaptosomes showed that
A9-THC significantly, and in a concentration-related manner,
decreased KCl-induced rises in calcium at concentrations =
10~° M (Fig. 1, panel A). Lower concentrations of A9-THC
were inactive in blocking KCl-induced rises in calcium. The
morphine concentration-response data in brain synaptosomes
showed that morphine blocked KCl-induced rises in {Ca™ *];
at concentrations = 10”7 M (Fig. 1, panel B). Morphine failed
to attenuate depolarized-induced rises in [Ca™ *]; at lower drug
concentrations. For the cannabinoid-opiate interaction stud-
ies, the addition of the highest subactive concentration of
morphine (10~% M) in combination with the highest subactive
concentration of A9-THC (10~° M) did not result in a greater-
than additive decrease in [Ca* "], in mouse brain synapto-
somes. KCl was able to stimulate a 50% (+ 5.8) increase in
[Ca**); in the presence of the combination of A9-THC and
morphine in the brain (Fig. 2, panel A). This increase was not
statistically different from vehicle control-treated synapto-
somes.
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FIG. 1. Concentration-response data showing the effects of A9-THC
alone and morphine alone on KCl-stimulated increases in [Ca* *]; in
the brain. Panel A: Samples were treated with A9-THC and then
depolarized with 50 mM KCl. Samples treated with AS-THC were
compared with samples treated with vehicles dimethyl sulfoxide and
DH20. n = 7. *p < 0.05. Panel B: Synaptosomes were deplarized
with 50 mM KCl. Samples treated with morphine were compared with
samples treated with vehicles dimethyl sulfoxide and DH20. n = 7.
*p < 0.05.

When the cannabinoid-opiate interaction was evaluated in
the spinal cord, concentration-response data showed that A9-
THC blocked KCl-induced rises in {Ca* *]; at concentrations
= 107° M and morphine blocked KCl-induced rises in [Ca* *];
at concentrations = 107 M (Fig. 2, panel B; Fig. 3, panel A).
However, in contrast to our results obtained using brain tis-
sue, the combination of subactive concentrations of both A9-
THC and morphine produced a greater-than-additive effect in
blocking depolarized-induced rises in [Ca**]; in the spinal
cord. KCl-stimulated rises in [Ca**]; of only 28% (+ 4.3)
were observed in the presence of the combination of A9-THC
and morphine in the spinal cord (Fig. 3, panel B). This percent
change in [Ca**]; was statistically significant from that ob-
served using the DMSO/dH20 control group.

Effects of the Combination of CP55,940 and Morphine on
[Ca* "], in Brain and Spinal Cord Synaptosomes

Concentration-response curves for both CP55,940 and
morphine were used in determining the inactive concentrations
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FIG. 2. Data showing the effects of the combination of A9-THC and
morphine on [Ca**]; in the brain and the A9-THC concentration-
response curve in the spinal cord. Panel A: Concentrations of both
A9-THC and morphine that were inactive in attenuating KCl-
stimulated rises in [Ca* *]; were taken from concentration response
data (Fig. 1, panels A and B). A9-THC was added to brain synapto-
somes 2 min before morphine and then depolarzied with 50 mM KCl.
The percent change in [Ca™ *]; resulting from the A9-THC/morphine
combination was compared with the percent change in [Ca**]; pro-
duced by vehicle controls, dimethyl sulfoxide and DH20. » = 5. *p
< 0.05. Panel B: A9-THC was added to synaptosomes and then depo-
larized with 50 mM KCl. Samples treated with A9-THC were com-
pared with samples treated with vehicles dimethy! sulfoxide and
DH20.n = 6. *p < 0.05

of both drugs. The inactive concentrations of CP55,940 and
morphine were used in our cannabinoid-opiate interaction
studies to evaluate whether this combination resulted in a
greater-than-additive decrease in [Ca* *);. In the brain, depo-
larization with KCI resulted in a 65% (+ 6.3) increase in
[Ca* "), which was significantly attenuated by CP55,940 at
concentrations = 10~° M. Morphine inhibited KCl-induced
rises in [Ca* *], in brain synaptosomes at drug concentrations
= 1077 M (Fig. 1, panel B). In the cannabinoid-opiate inter-
action studies, the addition of subactive concentrations of the
combination of CP55,940 (10~'° M) and morphine (10™'° M)
produced a greater-than-additive decrease in free intracellular
calcium in the brain (Fig. 4, panel A). The inhibition produced
by this combination was partially reversed in the presence of
naloxone. KCl was able to stimulate a 30% (+ 4.7) increase
in [Ca**]; in the presence of the combination of CP55,940
and morphine in the brain. The percent change in [Ca**];
was statistically different from vehicle control treated groups,
which showed a 59% (£ 5.3) increase in [Ca* *]; in the pres-
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ence of KCIl. Thus, our data showed that neither CP55,940
nor morphine administered alone at subactive concentrations
attenuated KCl-induced rises in [Ca* *],. However, when these
inactive concentrations are administered in combination, the
result is a greater-than-additive effect in blocking KCl-induced
rises in [Ca™ *], in the brain.

In spinal cord synaptosomes, depolarization with KCI pro-
duced an approximate 50% increase in [Ca™*],, which was
significantly attenuated by CP55,940 at concentrations =
10~® M. Morphine blocked KCl-induced rises in [Ca**]; at
concentrations = 10”7 M in the spinal cord (Fig. 3, panel A).
In the cannabinoid-/opiate interaction study, the addition of
the combination of CP55,940 (10~ '° M) and morphine (10°°
M) at subactive concentrations significantly blocked depolar-
ized-induced rises in [Ca* *]; (Fig. 4, panel B). Depolarization
with KCI resulted in a 22% (+ 4.2) increase in [Ca* *]; in the
presence of the combination of CP55,940 and morphine in the
spinal cord. This percent change is statistically different from
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FIG. 3. Data showing the morphine concentration-response curve in
the spinal cord and the effects of the A9-THC-morphine combination
on [Ca™ *];in the spinal cord. Panel A: Morphine was added to synap-
tosomes and then deplarized with 50 mM KCI. Samples treated with
morphine were compared with samples treated with vehicles dimethy]
sulfoxide and DH20. n = 7. *p < 0.05. Panel B: Concentrations of
both A9-THC and morphine that were inactive in attenuating KCl-
stimulated rises in [Ca™ *}; in the spinal cord were taken from concen-
tration response data (Fig. 2, panel B; Fig. 3, Panel A). A9-THC was
added to spinal cord synaptosomes 2 min before morphine and then
depolarized with 50 mM KCI. The percent change in [Ca* *]; resulting
from the A9-THC-morphine combination was compared with the per-
cent change in [Ca* *]; produced by vehicle controls, dimethyl sulfox-
ide and DH20. n = 7. *p < 0.05.
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FIG. 4. Effects of the combination of CP55,940 and morphine on
KCl-stimiulated rises in [Ca™ *); in the brain and spinal cord. Panel A:
Concentrations of both CP 55,940 and morphine that were inactive in
blocking KCl-stimulated rises in [Ca* *]; alone were added in combi-
nation to brain synaptomes. CP55,940 was added 2 min before mor-
phine and then depolarized with 50 mM KCl. n = 9. *p < 0.05.
Panel B: Concentrations of both CP55,940 and morphine that were
inactive in blocking KCl-stimulated rises in [Ca* *); alone were added
in combination to spinal cord synaptosomes. CP55,940 was added 2
min before morphine and then depolarized with S0 mM KCl. n = 12.
*p < 0.05.

vehicle control groups that showed a 47% (+ 3.3) increase in
[Ca™ *]; in the presence of KCI.

Effects of the Combination of A9-THC and Morphine on
¢AMP Accumulation in the Brain and Spinal Cord

Basal cAMP levels in brain synaptosomes were approxi-
mately 159 pmol/mg per min. Forskolin (10™* M) stimulated a
100% increase in cAMP accumulation in brain synaptosomes,
resulting in a change in cAMP levels to approximately 310
pmol/mg per min. Addition of A9-THC (107 M) to brain
synaptosomes produced a 10% (+ 3.7) decrease over for-
skolin-stimulated adenylate cyclase (from 310 to 279 pmol/mg
per min) (Fig. 5, panel A). Morphine alone (10 ~* M) produced
a 13% (+ 4.1) decrease over forskolin-stimulated adenylate
cyclase (from 310 to 269.7 pmol/mg per min). The combina-
tion of A9-THC and morphine (both 10~¢ M) resulted in a
27% (+ 5.3) decrease in cAMP accumulation (Fig. 5, panel
A). Thus, the combination of A9-THC and morphine pro-
duced an additive effect in inhibiting adenylate cyclase in
brain synaptosomes. Similar findings were obtained using na-
nomolar concentrations of A9-THC and morphine. A9-THC
alone (1077 M) produced a 13% (+ 5.2) decrease in cCAMP
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accumulation. In the A3-THC-morphine interaction studies,
our results showed that the effect of the combination of A9-
THC (10”7 M) and morphine (10”7 M) on cAMP accumula-
tion in brain synaptosomes was additive (Fig. S, panel A).

In the spinal cord, basal cCAMP levels were approximately
56 pmol/mg per min. Forskolin (10™* M) increased cAMP
levels to 102 pmol/mg per min, which was an 82% change
in cAMP accumulation. In brain synaptosomes, our results
showed that A9-THC consistently decreased forskolin-
stimulated increases in cAMP accumulation; however, in spi-
nal cord synaptosomes, the effects of A9-THC on cAMP ac-
cumulation varied depending on the drug concentration used.
A9-THC (10™% M) produced a slight increase in spinal
cord accumulation. Morphine (10°% M) inhibited forskolin-
stimulated increases in cAMP accumulation by 15% (% 3.9)
in spinal cord synaptosomes (Fig. S, panel B). The combina-

Panel A 1
%Change 0
in
cAMP
-1
-2
*
-3
A9THC  morph. A9ITHC ASTHC  morph. A9THC
+morph. +morph
1uM 0.1uM
Panel B
1
%Change
in
cAMP
10
-20]
-304
AITHC morphine  A9THC A9THC morphine  AQTHC
+morph. +morph.
- - -

1uM 0.1uM

FIG. 5. Effects of the combination of A9-THC alone and in combi-
nation with morphine on cAMP accumulation in the brain and spinal
cord. Panel A: A9-THC and morphine were added to brain synapto-
somes as described in METHOD. Brain adenylate cyclase was stimu-
lated with forskolin (10 M). The percent change in cAMP accumula-
tion after administration of the combination of drugs was determined.
Panel B: A9-THC and morphine were added to spinal cord synapto-
somes as described in METHOD. Spinal cord adenylate cyclase was
stimulated with forskolin (10° M). The percent change in cAMP accu-
mulation after administration of the combination of drugs was deter-
mined.
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tion of both A9-THC and morphine (both 10™¢ M) did not
produce a greater-than-additive decrease in cAMP accumula-
tion in the spinal cord (Fig. S, panel B). A9-THC (10”7 M)
produced a 10% (+ 4.5) decrease in cAMP accumulation, and
morphine (10”7 M) alone produced a 22% (+ 5.1) decrease in
cAMP accumulation in spinal cord synaptosomes. The combi-
nation of both A9-THC and morphine did not result in a
greater-than-additive decrease in cCAMP accumulation (Fig. 5,
panel B). The effects of CP55,940 on cAMP accumulation
was determined in initial experiments; however, our data
showed a lack of correlation between the effects produced by
the combination of CP55,940 and morphine in vitro and the
greater-than-additive antinociceptive effects observed in vivo.

DISCUSSION

Calcium has an important physiologic role as an intracellu-
lar second messenger, as well as a role in modulating pain,
either through direct actions or by modulating the activity of
endogenous substances. Because both the cannabinoids and
opioids alter [Ca*"],, we hypothesize that the greater-than-
additive antinociceptive effect seen after IT administration of
A9-THC and morphine is due to concurrent activity of both
drugs on calcium channels enhancing the decrease in [Ca* *];
in the spinal cord. It has been shown that the antinociceptive
effects of cannabinoids administered IT were not altered by
the IT administration of calcium chloride or a series of cal-
cium modulators of calcium (34). These data indicate that
the antinociception produced by the IT administration of the
cannabinoids is not sensitive to calcium modulation, and thus
may not directly involve calcium modulation. Although cal-
cium does not appear to be directly involved in the antinoci-
ceptive effects of the IT-administered cannabinoids, calcium
modulation by the cannabinoids may alter opiate antinocicep-
tion, which may result in an enhanced antinociceptive effect.

In the spinal cord we investigated the effects of the interac-
tion of morphine with A9-THC or CP55,940 on [Ca**],. We
were particularly interested in whether the changes in [Ca* *];
correlate with the greater-than-additive antinociceptive effects
observed in vivo. Qur data showed that concentrations of
A9-THC and morphine that were inactive in blocking KCI-
induced rises in [Ca**); when applied alone to spinal cord
synaptosomes produced a greater-than-additive effect in
blocking KCl-stimulated rises in [Ca* *], when these same drug
concentrations were used in combination. Therefore, we can
correlate this finding of an enhanced decrease in [Ca* "], in
spinal cord synaptosomes with our in vivo studies, in which
the antinociception of morphine (IT) was enhanced by in-
trathecal administration of A9-THC, 11-OH A9-THC, and
levonantradol (32). Thus, it appears that calcium plays an
important role in modulating the antinociception of the com-
bination of A9-THC and morphine in the spinal cord.

The synthetic cannabinoid, CP55,940 has been previously
shown to differ from A9-THC in that CP55,940 (IT) did not
enhance the antinociceptive effects of morphine (IT) (32). Be-
cause IT administration of the combination of CP55,940 and
morphine does not result in an enhanced antinociceptive ef-
fect, we did not expect to see an enhanced decrease in [Ca* *];
in the spinal cord. Our results showed that by using CP55,940
(107" M) in combination with morphine (10® M), we were
able to significantly attenuate depolarized-induced rises in
[Ca**]; in the spinal cord. Thus, even though the combina-
tions of CP55,940-morphine and A9-THC-morphine appear
to interact in the modulation of intracellular calcium in the
spinal cord, such calcium modulation does not appear to re-
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sult in an enhanced antinociceptive effects of either drug.
Thus, in the spinal cord, interaction of the cannabinoids and
the opiates in the modulation of intracellular calcium in vitro
is not a predictor of the in vivo antinociceptive effects of the
drugs in combination. We can only hypothesize that such a
difference in the ability of IT A9-THC vs. CP55,940 to modu-
late IT morphine-induced antinociception may indicate differ-
ent cannabinoid receptor subtypes or cannabinoid receptor
localization within the spinal cord.

It has been shown that increasing [Ca**]; in the spinal
cord produces antinociception, and enhances and extends the
duration of action of morphine (18). However, in our experi-
ments we hypothesized that the combination of A9-THC and
morphine enhanced antinociception by decreasing [Ca* *];.
These opposing findings could be due to the neuronal circuitry
that is altered by the cannabinoids and opiates. It is possible
that the inhibitory actions of both the cannabinoids and mor-
phine are on neurons that contain neuromodulators such as
endogenous opioids, which also inhibit neurotransmission.
Because calcium is important in neurotransmitter release, we
further hypothesized that the inhibition of inhibitory neurons
by the cannabinoid-opiate combination elevates [Ca**],
thereby facilitating the neuronal release of endogenous opioid
peptides. It has previously been shown that the increase in
calcium in the spinal cord results in antinociception, which is
blocked by opiate antagonists, and is therefore hypothesized
to result from the release of opioid peptides (33). It has been
shown that calcium-induced antinociception in the spinal cord
is blocked with met-enkephalin antisera, which suggests that
calcium (IT) releases endogenous opioids (27).

Intracerebroventricular (ICV) administration of calcium
antagonizes the antinociception of morphine (ICV), whereas
ICV administration of calcium channel blockers such as vera-
pamil and diltiazem potentiates the antinociception of mor-
phine (ICV) (18,23). Also, the calcium chelator, EGTA, pro-
duces antinociceptive effects when administered ICV (26).
Therefore, agents that decrease brain [Ca* *}; produce an anti-
nociceptive effect. Thus, we hypothesized that the combina-
tion of cannabinoids and morphine produced a greater-than-
additive antinociceptive effect in brain by decreasing brain
[Ca**]; levels. This hypothesis is consistent with the finding
that calcium (ICV) blocks the antinociceptive effects of canna-
binoids (ICV) and that calcium-induced blockade of canna-
binoid antinociception appears to result from calcium entry
through the “N”-type calcium channel (34). These results are
also consistent with reported effects of the cannabinoids ob-
served in vitro (11,19). Our results showed that in the brain,
inactive concentrations of CP55,940 and morphine in combi-
nation, but not A9-THC and morphine in combination, pro-
duced a greater-than-additive effect in blocking KCI-
stimulated rises in [Ca™* *],. Consistent with these observations
is the finding that the antinociceptive effect of morphine
(ICV) is enhanced by CP55,940 (ICV), but not A9-THC (ICV)
(32). Thus, in brain, the modulation of calcium by cannabin-
oids in combination with morphine appears to correlate to the
modulation of intracellular calcium by the drugs in combina-
tion. Thus, there appears to be a difference in the modulation
of the opiates by the cannabinoids depending on whether the
interaction is in the brain or spinal cord. As previously dis-
cussed, such a difference may represent different cannabinoid
subtypes or a localization of cannabinoid-binding sites in the
brain vs. the spinal cord. Thus, if different receptor subtypes
exist in the brain and spinal cord, then different second-
messenger systems could be involved at each site.

We evaluated whether the modulation of cAMP was re-
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sponsible for the greater-than-additive antinociceptive effects
produced by cannabinoid-morphine interaction in the spinal
cord and the brain. In vitro studies using NG108-15 cells have
shown that the cannabinoids inhibit adenylate cyclase (14,15)
through the guanine nucleotide-binding protein Gi (16). Mor-
phine has also been shown to act via pertussis toxin-sensitive
Gi or Go proteins to decrease cellular levels of cAMP (1). Our
results using brain or spinal cord synaptosomes show that the
combination of A9-THC or CP55,940 and morphine do not
produce changes in cAMP that are predictive of greater-than-
additive effects of the drugs in vivo. It has recently been
shown that the antinociceptive effects of the cannabinoids
(ICV) are not blocked by agents that increase cAMP levels in
the brain, but that conversely, the antinociceptive effects of
the cannabinoids IT are blocked by those drugs that increase
cAMP in the spinal cord (34). Thus, a differential regulation
of cAMP by the cannabinoids in the production of antinoci-
ception appears to occur in the brain vs. in spinal cord. How-
ever, as previously stated, the antinociceptive effects of the
cannabinoids are presumed to occur via their interaction with
the cannabinoid receptor. Cannabinoid-induced enhancement
of opiate antinociception may occur at a point other than at
the cannabinoid receptor. Based on our findings, we conclude
that a direct involvement of cAMP is probably not the point
of interaction by which the cannabinoids and opiates produce
an enhanced antinociceptive effect in the brain or the spinal
cord. An indirect involvement of cAMP cannot be ruled out.
It is possible that the combination of cannabinoids and mor-
phine produces antinociception by modulating brain cAMP
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levels, which results in changes in the phosphorylation of cal-
cium channels, thus altering [Ca™ *]; levels (25).

In summary, we have attempted to determine the point of
interaction between the cannabinoids and the opiates, which
results in greater-than-additive antinociceptive effects of the
drugs. Our data indicate that in the spinal cord or in the
brain, changes in cAMP levels alone cannot account for the
greater-than-additive effects of the cannabinoids and mor-
phine. In addition, although calcium modulation in the brain
could account for the interaction of the cannabinoids and
morphine ICV, spinal calcium modulation does not appear to
account for the interaction of the drugs. It is possible that
the greater-than-additive interaction of the cannabinoids and
opiates is due to an interplay of CAMP with calcium. Alterna-
tively, it is likely that other mechanisms are involved in the
cannabinoid-opiate interaction. Some possibilities under in-
vestigation include the modulation of potassium channels,
which has been documented for both the cannabinoids and
opiates (24,31) or the interaction of the drugs at the x-opiate
receptor resulting from the blockade of cannabinoid-induced
antinociception by nor-BNI, a «-antagonist (29). Recently, a
second type of cannabinoid receptor has been cloned in the
spleen (3). Given that two cannabinoid receptors now exist, it
is possible that a distinct receptor subtype exists in spinal cord
and differs from that previously shown in the brain.
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