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SUMMARY

Extensive behavioral and biochemical characterization of can-
nabinoid-mediated effects on the central nervous system has
revealed at least three lines of evidence supporting the role of a
putative guanine nucleotide-binding protein-coupled cannabinoid
receptor for cannabimimetic effects, (i) stereoselectivity, (i) inhi-
bition of the adenylate cyclase/CAMP second messenger system,
and (iii) radioligand-binding studies with the synthetic cannabinoid
[*HICP-55,940 indicating a high degree of specific binding to
brain tissue preparations. Based on recent findings from our
laboratory demonstrating that AS-tetrahydrocannabinol markedly
inhibited forskolin-stimulated CAMP accumulation in mouse
spleen cells, the presence of a guanine nucleotide-binding pro-
tein-coupled cannabinoid receptor associated with mouse spleen
cells and its functional role in immune modulation were investi-
gated. In the present studies, stereoselective immune modulation
was observed with the synthetic bicyclic cannabinoid (—)-CP-
55,940 versus (+) CP-56,667 and with 11-OH- A%-tetrahydrocan-

nabinol-dimethylheptyl, (—)-HU-210 versus (+)-HU-211. 1 o
cases. the (—)-enantiomer demonstrated greater immuno.n:;f
tory potency than the (+)-isomer, as measured by the in y.-
sheep red blood cell antibody-forming cell response. Radiotiq. .
binding studies produced a saturation isotherm exhibiting
proximately 45-65% specific binding to mouse spleen e
Scatchard analysis demonstrated a single binding site on sgie-.
cells, possessing a K. of 910 pM and a Bnax of approxima:,
1000 receptors/spleen cell. RNA polymerase chain reactcr
isolated splenic RNA using specific primers for the cannat: .
receptor resulted in the amplification of a 854-kilobase predict:
product that hybridized with cannabinoid receptor cDNA. ger
onstrating the presence of cannabinoid receptor mMRNA in mou: .«
spleen. Together, these findings strongly support the role o .
cannabinoid receptor in immune modulation by cannabimime::
agents.

1.

A% THC, the major psychoactive component of marijuana,
and a number of structurally related cannabinoid compounds
have been widely established as being immunosuppressive (1).
Although the mechanisms responsible for the immunological
effects of these agents are presently unknown, they have tra-
ditionally been attributed to the lipophilic properties of the
cannabinoids, which were thought to produce nonspecific per-
turbations of the cell membrane. Interest in the development
of cannabinoid therapeutic agents for a variety of applications,
including analgesia, attenuating nausea and vomiting due to
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cancer chemotherapy, decreasing intraocular pressure in gl
coma, stimulating appetite, and decreasing bronchial constrs
tion, has been a catalyst for elucidating the mechanism :-
which cannabinoids mediate their broad spectrum of physii: «
ical effects. Recent isolation and characterization of a cDN ¢
from rat brain cortex are considered by many to be defimt:
evidence for the putative cannabinoid receptor (2). The tr.:
lated sequence of this cDNA revealed a peptide product -
sessing the characteristics of the G protein-coupled recey”
family. Although novel, the identification of a cannab:.t
receptor was not completely unexpected, based on at least i
lines of evidence that strongly implicated a receptor-a==i. -
mechanism for cannabimimetic effects. (i) Structure .1’
relationship studies with a variety of cannabinoid com

ABBREVIATIONS: 1A°-THC, A% tetrahydrocannabinol; sRBC, sheep red blood cells; G protein, guanine nucleotide-binding protein. Crit

nervous system; AFC, antibody-forming cell: PCR, polymerase chain reaction; HU-210/HU-211, 11-OH-Aa-tetrahydrocannabinol-dimem‘
55,940/CP-56,667, (cis)-3~[2-hydroxy'4-(1,1—dimethy|heptyl)pheny|]-(trans)-4-(3-hydroxypropyl)cyclohexanol; bp. base pair(s): BsA. bov:

albumin.
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ave demonstrated enantioselective effects in a number of
sperimental systems (2-70. (ii) Radioligand binding studies
ave indicated a high degree of specific binding of the synthetic
mnabinoid ["H]CP-55,940 to brain (4, 6, 8, 9). (iii) Cannabi-
sids have been shown to inhibit adenylate cyclase in both
.embrane and whole-cell preparations of brain and in neuronal
ell lines, further implicating the role of a G protein-coupled
weeptor (10-14).

Recently, a clone encoding a receptor protein possessing all
he characteristics of a G protein-coupled receptor, HGMPO08,
-as isolated from a human brain stem cDNA library (15).
nterestingly, HGMPO08 was found to share 97.3% homology
ith the rat cannabinoid receptor cloned by Matsuda et al. (2).
‘his same probe also revealed detectable amounts of transcripts
¢hen utilized to screen a cDNA library from human testis (7).
‘HO-K1 cells transfected with the isolated construct from
wstis, BS/08, demonstrated stereoselective inhibition of for-
kolin-stimulated cAMP accumulation. What is most intrigu-
g from these studies is the identification of the putative
annabinoid receptor in non-neuronal tissue. Recent studies
“om our laboratory have shown that A*-THC markedly inhibits
denvlate cyclase in mouse spleen cells, suggesting the presence
" the putative cannabinoid receptor associated with the im-
‘une system (16). Based on these findings, the objective of the
‘esent studies was to determine whether the cannabinoid
eplor exists in mouse spleen, thus indirectly supporting the
Jle of a cannabinoid receptor in immune suppression by can-
abinoid compounds. The role of a cannabinoid receptor in
‘nhabinoid-mediated immune modulation has not been ad-

tized,

Materials and Methods

“hemicals. A*THC was provided by the National Institute on

"¢ Abuse. CP-55,940 and CP-56.667 were gifts of Dr. Lawrence
s (Pfizer, Inc., Groton, CT). Dr. Raphael Mechoulom (Hebrew
~raity, Israel) supplied HU-210 and HU-211.

Mice. Virus-free female B6C3F. mice (5-6 weeks of age) were
“viased from the Frederick Cancer Research Center. On arrival,
“7were randomized. transferred to plastic cages containing a sawdust

"¢ tfour mice/cage), and quarantined for 1 week. Mice were given

* Purina Certified Laboratory Chow) and water ad libitum and
. "W used for experimentation until their body weight was 17-20
mal holding rooms were kept at 21-24° and 40-60% relative

with a 12-hr light/dark cvcle.

' Yitro antibody assays. Spleens from untreared mice were
*"#d aseptically and made into a single-spleen cell suspension. The
= cell suspension was adjusted to 1.0 X 10" cells/m! in RPMI 1640

“ented with 5% fetal bovine serum (Hyclone, Logan, UT), 2 mMm
_'™ine. antibiotic-antimycotics (100 units/ml penicillin, 100 ug/
“Ptomyein, and 0.25 wg/ml fungizone) (GIBCO, Grand Island.

. MMAH X 107" M 2-mercaptoethanol and was transferred in 500-pl
m‘;;"“ L0 a 48-well Costar culture plate (Cambridge, MA) set up in

"F?_llvate for each treatment group. Cannabinoid compounds were

”"f’ Qrrectly, in 5 4l of vehicle (0.01% dimethvisulfoxide or 0.1%

”‘ - final culture concentration). to the respective wells of the 48-

H‘.J'r‘flllure r:viate. Each well was sensitized with 6.5 x 10" sRBC and
e for 5 days in a Bellco stainless steel tissue culture chamber
- \),if)"iZEd‘tO 6.0 psi with a gas mixture consisting of 10% O., 7% CO.,

> N.. The culture chamber was continuously rocked for the
" of the culture period (i.e.. 5 days). Enumeration of the AFC
¢ was performed as previously described (16). Briefly, spleen

€Te resuspended in each well of the 48-well culture plate. A 50-
Hot of cell suspension was taken from each well and added to a

o
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12- > 75-mm heated culture tube containing 400 ul of 0.5% melted agar
{DIFCO, Detroit, MI) solution in Earle’s balances salt solution and
0.05% DEAE-dextran (Pharmacia, Piscataway. NJ). Additionally, each
agar tube received 25 ul of guinea pig complement and 25 ul of indicator
sRBC. The tubes were immediately vortex mixed, a 200-ul aliquot of
the mixture was transferred to a 100- x 15-mm Petri dish. and the agar
solution was covered with a 45- X 50-mm microscope coverslip. Once
the agar had solidified, the Petri dishes were incubated at 37° for 3 hr.
After the 3-hr incubation, the AFC were enumerated at 6.5% magnifi-
cation using a Bellco plaque viewer. During the 3-hr incubation period
the number of spleen cells per well and viability (described below in
Pronase determination of viability) were determined using a Coulter
counter. Results from quadruplicate cultures were expressed as the
mean + standard error of AFC/10° recovered splenocvtes.

Pronase determination of viability. Aliquots of spleen cell sus-
pensions were incubated with an equal volume (100 ul) of Pronase (5
mg/kg; Calbiochem-Behring Corp., San Diego, CA) for 10 min at 37°.
After the incubation, the splenocyte solution was diluted with 10 ml of
Isoton (Coulter, Addison, NJ), counted in a Coulter counter, and
compared with a 100-ul aliquot of the same test sample of splenocytes
without Pronase. The percent viability = (cell counts with Pronase/
cell counts without Pronase) x 100.

Radioligand binding studies. The filtration procedure used for
[*H]CP-55,940 binding (specific activity, 175 dpm/nmol) (9) was a
modification of the centrifugation method described by Devane et al.
(4). Spleens were isolated from untreated mice and made into a single-
cell suspension. The cells were washed, centrifuged, and resuspended
in Ca**/Mg**-free Hanks’ balanced salt solution (GIBCO) at a concen-
tration of approximately 1.5 X 10° cells/ml. The binding assay was
performed in AquaSil (Pierce, Rockford, IL) siliconized 13- X 100-mm
disposable glass culture tubes to which was added a 1-ml volume of
reaction buffer (606 mg of Tris- HCI, 36.8 mg of EDTA, and 500 mg of
BSA in 100 ml of Ca’*/Mg* -free Hanks' balanced salt solution),
radioligand [*H])CP-55,940 (ranging from 0.1 to 5 nM), 1 uM unlabeled
CP-55,940, and 100 ul of intact =pleen cells (1.5 X 10° cells). The
reaction mixture was incubated at 3U° for 60 min. After this incubation,
the reaction was stopped by the addition of 2 ml of ice-cold washing
buffer (3.63 g of Tris-HC! and 600 mg of BSA in 600 m! of distilled
H.0), and the reaction mixture was washed twice with 4 m! of washing
buffer during vacuum filtration through polvethylenimine-pretreated
2.4-cm GF/C glass microfiber filters (Whatman International, Maid-
stone, England). The filters were transferred into 20-m} polyethylene
scintillation vials containing 10 m} of scintillation fluid and 1 m] of
H:0 and were then placed on a shaker platform for 1 hr. The samples
were assayed for *H using a Beckman L$1801 scintillation counter.
Cell binding of ["H]CP-55.940 in the presence and absence of unlabeled
CP-55,940 (1 uM) was determined. Specific binding was calculated by
subtracting nonspecific from total binding. A saturation binding isoth-
erm was plotted to demonstrate the relationship between total, non-
specific, and specific radioligand binding to mouse spleen cells. A
Scatchard analysis was performed to determine the affinity (K,) and
the number of binding sites per spleen cell (B,,.). Scatchard and Hill
analyses were performed with the EBDA/LIGAND computer program.

RNA preparation. RNA was prepared from isolated splenocyvtes
and rat brain cerebellum using RNAzol B (Biotecx), a commercially
available modification of the acid phenol extraction technique.

RNA analysis. Equivalent amounts of RNA {tvpically 10 ug for a
minigel) were denatured by heating at 70° for 5 min in loading buffer
and were loaded onto 1¢c formaldehvde-agarose horizontal gels. Load-
ing buffer was 30% formamide, 6% formaldehvde, 20 mM boric acid.
10% glvcerol, 0.2 mM EDTA, 0.25% bromphenol blue, 0.255% xvlene
cyanol. After denaturation. 1 ul of 1 mg/ml ethidium bromide was
added to aid visualization of the RNA samples. The gels consisted of
1% agarose in 20 mM boric acid, pH 8.3, 0.2 mM EDTA., 3% formalde-
hyde. and were run in a buffer of the same composition,

RNA PCR. Total RNA from splenocytes and cerebellum was reverse
transcribed and amplified for cannabinoid receptor ¢cDNA using a
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Perkin Elmer RNA PCR kit, as follows: 1 ug of total RNA was added
to & tube containing reverse transcription mixture (4 mM MgCly, 50
mMm KCl, 10 mM Tris-HCI, pH 8.3, 1 mM dGTP, 1 mM dATP, 1 mm
TTP, 1 mM dCTP, 1 unit/ul placental RNase inhibitor, 2.5 units/ul
Moloney murine leukemia virus reverse transcriptase, and 2.5 uM
random hexamers), in a final volume of 20 ul. Reverse transcription
was carried out at 42° for 1 hr, and the enzyme was inactivated by
heating at 99° for 5 min and cooled to 4°. The entire reverse transcrip-
tion mixture was diluted into 100 pl with MgCl,, KCL, and Tris-HCI,
pH 8.3, added to final concentrations of 2 mM, 50 mM, and 10 mM,
respectively. Taq polvmerase (2.5 units) was added and PCR primers
(0.15 uM final) based on bp 1-21 of the cannabinoid receptor and bp
822-843 (on the opposite strand) were used to amplify a 843-bp DNA.
The thermocycler cycles used were 2 min at 95° for one cycle, 1 min at
95° and 4 min at 60° for 35 cycles, 7 min at 60° tor one cycle, and 4°
soak.

For the c-fos experiment, primers based on bp 232-252 and bp 322-
342 {on the opposite strand) of rat ¢-fos cDNA were chosen. Intron 1
of the c-fos gene is between these primers, so any genomic DNA present
would be seen as a 800-bp PCR product; otherwise, a 110-bp product
would be produced from the c-fos mRNA.

For the DNA PCR, 1 ug of total RNA was amplified using the same
conditions as for the RNA PCR, except that the reverse transcriptase
and RNase inhibitors were omitted and only the PCR cycles were
performed.

The gels were transferred to GeneScreen (NEN) nylon membranes
in 50 mM NaOH, 1 M NaCl.

Hybridization. The hybridization buffer consisted of 50% form-
amide, 6x standard saline citrate (20X standard saline citrate is 3 M
NaCl, 0.3 M sodium citrate, pH 7.0), 0.1 mg/ml salmon sperm DNA,
50 mM Tris, pH 8.0, and 5x Denhardt’s (50X Denhardt’s is 1 g of
Ficoll, 1 g of polyvinylpyrrolidone, and 1 g of BSA fraction V in 100
ml of H,0). Filters were hybridized at 42° using 10" dpm of radiolabeled
probe (specific activit.. >5 x 10° dpm/ug).

Probe preparation. The probe used in these experiments was a rat
cannabinoid receptor cDNA that one of us (M.E.A.) isolated from a
AZAP rat brain cDNA library using a probe based on sequences unique
to the published cannabinoid receptor (2). Oligonucleotide probes based
on bp 1-21 and bp 1410-1422 on the opposite strand were chosen for
use in PCR to generate a 1389-bp probe specific for the cannabinoid
receptor. Sequence analysis of the isolate used in these experiments
indicated identity with the published sequence. A 1.6-kilobase insert
containing the cannabinoid receptor sequence was radiolabeled by
random priming with T7 DNA polymerase for use as a probe for the
reverse transcription-PCR.

Statistics. The mean * standard error was determined for each
treatment group of a given experiment. The homogeneity of the results
was determined using Bartlett’s test for homogeneity (17). Homoge-
neous data were evaluated by a parametric analysis of variance. When
significant differences occurred, treatment groups were compared with
the vehicle controls using Dunnett’s ¢ test (18). Nonhomogeneous data
were evaluated for significance using Wilcoxon'’s rank test (19).

Results

Comparison of immunosuppressive potencies of en-
antiomeric pairs (=)-CP-55,940 versus (+)-CP-56,667
and (=)-HU-210 versus (+)-HU-211. Enantioselective
CNS-associated effects have been widely reported for a variety
of structurally related cannabimimetic compounds. Histori-
cally, the (—)-enantiomers characteristically demonstrate sig-
nificantly greater potency than the (+)-enantiomers. A second
aspect of cannabinoid structure-activity is that synthetic can-
nabinoids possessing the dimethylheptyl aliphatic side chain
consistently exhibit markedly greater potencies than A*-THC
(5, 201. In light of this, the immunomodulatory potencies of
two enantiomeric cannabinoid pairs possessing the dimethyl-

heptyl side chain, CP-55,940 versus CP-56,667 and HU-2
versus HU-211, were compared with each other and with th
of A-THC, as measured by the in vitro sSRBC AFC respon;
With respect to both of the enatiomeric pairs, the (—)-enant;
mers demonstrated greater immunoinhibitory potency than «
(+)-isomers. This was especially striking with CP-55.940 4,
CP-56,667, in which CP-36,667 was devoid of immunosuppre
sive activity at concentrations as high as 12 uM (Fig,
Conversely, 12 uM CP-55,940 produced approximately a 9¢
inhibition of the AFC response. Although not as «triking ag ¢
CP-55,940 versus CP-56,667 comparison, HU-210 also demy,
strated greater immunoinhibitory activity than did HU.:
(Fig. 2). However, the profile of activity for HU-210 and H
211 in the AFC response did not show as great a separation
potency as reported for this enantiomeric pair in the UNS,
equal importance as the enantioselective effects demonstry;
with these cannabinoids was the finding that both CP-35 -
and HU-210 exhibited greater immunosuppressive poter
than did A?-THC, which produced an approximately 677 |
hibition of the AFC response at 22 uM. It is importan:
emphasize that there was no effect on cell number or viahi
at any of the concentrations tested.

[*H]CP-55,940 binding to spleen cells. Radioljg: -
binding experiments revealed a high degree of specific binu,
of [*"H]CP-55,940 to mouse spleen cells. As shown in the -
ration isotherm (Fig. 3A), specific binding ranged from {-
65%. Scatchard analysis (Fig. 3B) demonstrated singl-
binding on spleen cells, with a K, of 910 pM and a B,
approximately 1000 receptors/spleen cell. Additionally. the |-
coefficient was approximately 1. Similar radioligand stu<
were performed using spleen cell lvsates prepared by sonica::
(data not shown). No significant difference was observed in
or B... values between intact and disrupted spleen cells.

RNA PCR. Enatioselective immune inhibition, spec:
binding of [*H]CP-55,940 to spleen cells, and our previouy
reported findings that A°-THC markedly inhibited forskoi;
stimulated accumulation of intracellular cAMP in spleen ce
(16) strongly implicate the presence of a G protein-coup!
cannabinoid receptor in mouse spleen. However, Northe
analysis of mouse spleen showed no detectable quantity
mRNA for the putative cannabinoid receptor (data not show:
This observation is consistent with similar findings repon
for rat (2) and dog (7) spleen. In light of these negative resul
RNA PCR was attempted, based on the possibility that messa
for the cannabinoid receptor is present in spleen but in qua
tities insufficient to be detected by Northern analysis. To!
RNA was reverse transcribed into ¢cDNA and then prime
specific for the cDNA of interest were used to selective
amplify the desired product using PCR. In Fig. 4A, lane 1.1
835-bp predicted product using the cannabinoid recep
primers is shown. The gel was transferred to nylon membrar
and hybridized with cannabinoid receptor cDNA probe. Fig. -
shows the corresponding autoradiogram from this gel. indic:
ing the presence of cannabinoid receptor mRNA in mot
spleen. Because of the extreme sensitivity of PCR and :
possibility that contaminating genomic DNA was responsi
for the identified splenic product, a series of controls w:
included in this study in order to rule out the possibility *f
the product identified was due to amplification of gei ”
DNA. In the first control. shown in Fig. 4B, lane 2, no p
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()}: } Fig. 1. Direct addition of sterecisomers CP-
l CP-55,940 55,940 and CP-56.667 to naive spleen cell

1000 - THC CP-55,940/CP-56,667 culture and their effect on the in vitro sSRBC
CP-56,667 AFC response. Spleens from naive female
BBC3F, mice were isolated aseptically and
made into single-cell suspensions. The
800 4 splenocytes were washed, adjusted to 1.0
x 10’ cells/ml, and transferred in 500-ul
J. L I J; aliquots to wells of a 48-well culture plate.
I > . Quadruplicate cultures were prepared with
S 600 4 . vehicle [0.01% dimethylsulfoxide (DMSO)
& . l or 0.1% ethanol (EtOH) final concentration
° . g in culture], CP-55,940, or CP-56,667 and
o NIV were sensitized with sSRBC. Cultures were
g 400 * NS Y subsequently assayed, using sRBC, for
« R SERS(EE 2 their day 5 IgM antibody response by
NS enumerating the number of AFC, spleen
SN cell viability, and total recovered cells/cul-
200 - dald I ture. Bars, mean + standard error as de-
NI NA termined for each group. * p < 0.05, as
N 2 determined by Dunnett's t test, compared
! l with the vehicle group.
0 , INTEN i ;-
NAVH VH 03213 32 63126 22 0.27 1.3 27 53 106 18.6
(EtOH) (DMSO)
CONCENTRATION (uM)
YTHC 11-OH-A 8 -THC-DMH Fig. 2. Direct addition of sterecisomers HU-210 and
(HU-210/HU-211) \ HU-211 to naive spleen cell culture and their effect
\ AS-THC  on the in vitro SRBC AFC response. Spleens from
N naive female B6C3F, mice were isolated aseptically
470 - and made into single-cell suspensions. The spieno-
I cytes were washed. adjusted to 1.0 X 107 celis/ml,
' and transferred in 500-4l aliquots to wells of a 48-
J T > well culture piate. Quadruplicate cultures were pre-
N o L I o pared with vehicle (0.1% ethanol, final concentration
z i e - in culture), HU-210, or HU-211 and were sensitized
iy 1 with sRBC. Cultures were subsequently assayed,
5 * N using sRBC, for their day 5 IgM antibody response
- ST ‘ N by enumerating the number of AFC, spleen cell
g i " viability, and total recovered cells/culture. Bars.
N ! ! ‘ { - mean =+ standard error. as determined for each
v ) ] group. *, p < 0.05. as determined by Dunrnett's ¢
| T N test, compared with the vehicle group.
. A :
NA V4 032 16 32 128 220 026 13 26
CONCENTRATION (uM)
\\? Preparation using the same primers as those used for Discussion

*APCR. A second control, which consisted of another set of

l";.-m.-rs based on bp 234-254 and 324-344 (on the opposite Indirect evidence supporting the functional role of a G pro-

*and) : N tein-coupled cannabinoid receptor in CNS-associated effects
gen:?:gzz‘s::: :}?I\A! was also utll‘xzed. In_”(g‘éAOf the c- ¢ been emerging over the past decade. These ﬁndings have
“ld be goqp Sese pnm(cirs, s0 ad“-" g.enom“‘ DINA present provided a mechanistic framework to explain selective canna-
“tdyer would SS a 800-bp PCR product; othe:wme, a 110-bp  binoid-mediated efff:-ct§ inconsistent wit.h the.nonon that this
- Producy e DI‘OdU'CEd from the c-fos mRNA. Only a 110-  class of agents act indirectly through dlsrup.tlc.m of cell mem-

was seen (Fig. 4B, lane 4). brane processes after intercalation into the lipid bilayer. Most
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Fig. 3. In vitro radioligand binding of [°*H]JCP-55,940 to mouse spieen
cells. Spleens from naive female B6C3F, mice were isolated aseptically
and made into single-cell suspensions. The splenocytes were washed,
adjusted to 2.0 x 108 cells/ml in buffer (50 mm Tris-HCI, pH 7.4, 1 mm
EDTA. 3 mm MgCls, 5 mg/mi BSA), and transferred in 1-mi aliquots to
silanized glass culture tubes. Spleen cells were incubated in the presence
of [PH]CP-55,940 at 30° for 1 hr. The reaction was terminated by addition
of cold 50 mm Tris- HC! plus 5 mg/mi BSA (pH 7.4) and was then rapidly
fitered through Whatman GF/C glass fiber filters. Specific binding was
defined as the difference between the binding that occurred in the
presence and in the absence of 1 um unlabeled ligand. A, Saturation
isotherm: B, Scatchard plot, for which EBDA analysis was used to
determine Ky and Bmax values.

compelling have been three lines of evidence, (i) enantioselec-
tive CNS-associated effects, (i1) inhibition of forskolin-stimu-
lated adenvlate cyclase, and (iii) a high degree of specific
binding of the synthetic cannabinoid ["H]CP-55,940 to brain
tissue. Direct evidence for the existence of a cannabinoid re-
ceptor has been recently forthcoming from two independent
laboratories in which a G protein-coupled receptor has been
isolated and cloned from human (15) and rat brain (2). Al-
though cannabimimetic agents are widely established as being
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Fig. 4. Reverse transcription-PCR of mouse spleen BRNA. RNA -
splenocytes and rat brain cerebellum was amplified as describec
Materials and Methods. A, Agarose gel Lanes 74, PCR products s
the cannabinoid receptor primers (bp 1-21 and 822-843 on the oppee
strand). Lane 1, 2 ul from the RNA PCR reaction using splenocyte R,
which is the predicted size of 835 bp. Lane 2, 2 ui from the DNA =
reaction using splenocyte RNA, indicating the absence of DNA coriz-
ination of the RNA. Lane 3, 2 ul from the RNA PCR reaction using -
cerebellar RNA. Lane 4, product from the DNA PCR reaction with -
added RNA. Lane 5, 2 ul of the PCR product from the RNA PCR reac:
using the c-fos primers. These primers were based on bp 232-252
322-342 on the opposite strand of the c-fos gene. The predicted sizz
110 bp, as seen, indicates the absence of DNA contamination (whi
would be seen as a 800-bp product). The gel was transferred to ny-
membranes and hybridized with the cannabinoid cONA probe. B, H
sulting autoradiogram.

immunomodulatory, the mechanism for this inhibition has be.
elusive. A recent finding by our laboratory, i.e., immunoin’
bitory but noncvtotoxic concentrations of A-THC dos:
pendently inhibited forskolin stimulation of adenylate cy. .
in mouse spleen cells (16), was the rationale for attemptiny -
identify a cannabinoid receptor in mouse spleen.

One of the most compelling observations arguing again
cannabinoid-mediated immunomodulation occurring via no
specific disruption of cell membrane processes is the marke
difference observed in the potencies of the (—)- and (+)-ca
nabinoid stereoisomers. This was most apparent with (—}-('1
55,940 versus (+)-CP-56,667, as measured by inhibition of t}
sRBC AFC response. At concentrations at which the (-
enantiomer, CP-55,950, produced approximately a 90% inh
bition of the AFC response, the (+)-enantiomer, CP-56,66
was completely devoid of activity. These differences in pote:
cies cannot be attributed to differences in lipophilicity betwee
enantiomers, because both have identical chemical structun
and lipophilic properties. It is also highly unlikely that th
phenomenon is due to differences in drug metabolism, becau
cannabinoids are readily metabolized via cytochrome P-4
(21), a family of enzymes found in extremely low abundance .
lymphoid cells. The observation that cannabinoid analogs po
sessing the dimethylheptyl aliphatic side chains have great
immunosuppressive potency than does A*-THC is also signit
cant because it further underscores the similarities in actn
of these compounds between the immune system and neurcn:
tissue and suggests that, structurally, the receptor may ha
little tissue to tissue variability.

Radioligand-binding studies with mouse spleen cells rex v
a relatively high degree of CP-55,940 specific binding. ¢}
other hand, the average number of receptors per spleen « -
this heterogeneous spleen cell pool was relatively smali (=1
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_tilized for these studies, it is presently unclear whether

... receptor is present on all spleen cells in relatively low
wdance or whether the receptor is present in higher abun-
¢ than predicted by these studies but expressed only on
..+ spleen cell subpopulations. It is important to emphasize
recent characterization of 3-adrenergic receptors on

~mc B cells, also a G protein-coupled receptor, similarly
.valed approximately 750-1500 receptors/cell, suggesting
-+ this is not an unusually low number of receptors in
. wxiation with lymphoid cells (22). Studies are presently
Jerway in our laboratory to characterize the relative number
“nutative cannabinoid receptors expressed on purified splenic

i cells. T cells, and macrophages. The K, value observed in
—exe studies, 910 pM, is slightly higher than those previously
~ported by Devane et al. (4) in rat brain P, membrane prepa-
-stions (K,, 133 pM) using the same radioligand, ['H]CP-
940 however, these differences may be partialiy due to assay
«.fferences (filtration versus centrifugation). Radioligand bind-
¢ of ['HJHU-210 to rat brain P, membrane preparations
:nder conditions identical to those utilized for intact spleen
«ils resulted in a K, of 1.2 nM (9). Similarly, Herkenham et al.

* has reported a K, of ~1 nM for ["H]CP-55,940 in rat brain
-sces. One intriguing aspect pertaining to these binding anal-
~ses, including our own studies, is that, in spite of the fact that
nnabinoids demonstrate relatively high affinity of binding to
-+ cannabinoid receptor, relatively high concentration of can-
~abinoids are required to produce functional effects in biolog-

‘ *al systems. This perplexing relationship for the cannabinoid
*eceptor has been demonstrated in a number of tissue and cell
=reparations, including N18TG2 neuroblastoma cells (4, 11),

* brain preparations (6, 23), Sertoli cells (24}, and mouse
ven cells (16). This phenomenon, as well as whether canna-

« receptor subtypes exist, is currently being investigated.
%"»i'mAiﬁcation and quantitation of mRNA for the putative
“nabinoid receptor have been elusive in splenic tissue. North-

- f’"al.\‘ses by several groups have been unable to identify
TNA i.()r the cannabinoid receptor in rat (2) and dog spleen
Nimilar results were obtain in our own studies using mouse
"m;h However, based on indirect evidence discussed above,

Mch supported the presence of a cannabinoid receptor in
' tells but in relatively low abundance, reverse PCR was

" ;"méd in an attempt to amplify potentially low levels of

_ "\:1 Ii'”r the putati\fe r.eceptor. Interestingly, the predicted
et lor the cannabinoid receptor was in fact amplified from
neRNA using this approach. It is important to emphasize
umber of controls were included in these studies, which
the possibility that the product was amplified from
N DNA. These results were subsequently confirmed us-
“i-vase protection, a technique markedly more sensitive
,;A"\"m}ern analysis for detecting and quantitating the
"¢ of mMRNA. These findings indicate the presence of

T

b

“NA g o .
cag f;’r the cannabinoid receptor in mouse spleen and
. that the reason why Northern analysis has proven to

a5 u . . . .

iy fsuitable technique for detecting the presence of this

red may be due to either its very low abundance in spleen,
‘Cted by our binding data. and/or the possibility that

mRikN
TV"‘!;})[{:\A for the cannabinoid receptor in spleen is highly

T

lany : . L.

e (_ahnq‘gfsnons remain unanswered pertaining to the puta-

“Uig mf‘ }nmd receptor, including (i) its endogenous ligand,
€ in the CNS, and (iii) its role in non-neural tissues,
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to mention several. However, it must be emphasized that the
cannabinoid receptor has been found in two separate non-
neural tissues, human testis (7) and, now, mouse spleen. The
receptor as identified in both rat (2) and human brain (15) has
>97% homology between these two species. In our studies, a
rat ¢cDNA for the receptor isolated from rat brain was used
successfully to identify the presence of the cannabinoid receptor
in mouse spleen, indirectly suggesting homology with the rat
and human receptor. These findings, as well as the fact that
the cannabinoid receptor is highly conserved between species,
suggest a more holistic functional role for the receptor than
would have initially been predicted if it were present solely in
association with the CNS.

In summary, this series of studies indicate the presence of
the putative cannabinoid receptor on spleen cells and implicate
its role in immune modulation by cannabimimetic agents. Its
presence is supported by the stereoselective immunomodulatory
effects produced by cannabimimetic agents, by the high degree
of specific binding demonstrated with [FHICP,55,940 with
mouse spleen cells, and by the presence of mRNA for the
cannabinoid receptor in mouse spleen. Additionally, previous
studies from our laboratory demonstrated that A*-THC mark-
edly inhibited forskolin-stimulated cAMP accumulation in
mouse spleen cells (16), results similar to those reported using
brain-derived tissue preparations and cell lines (10-14). These
findings are significant because they provide a mechanism by
which this class of agents interact with the immune system, as
well as providing a potentially relevant model for further char-
acterizing the functional role of the cannabinoid receptor, not
only in immune modulation but also in other tissues, including

the CNS.
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