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Abstract

Cannabinoids have immunomodulatory as well as psychoactive effects. Because the central cannabinoid receptor (cannabinoid CB,
receptor) is highly expressed in many neuronal tissues and the peripheral cannabinoid receptor (cannabinoid CB,, receptor) is highly
expressed in immune cells, it has been suggested that the central nervous system effects of cannabinoids are mediated by cannabinoid
CB, receptors and that the immune effects are mediated by cannabinoid CB,, receptors. To test this hypothesis, we have generated the
first mouse strain with a targeted mutation in the cannabinoid CB, receptor gene. Binding studies using the highly specific synthetic
cannabinoid receptor agonist (—)-cis-3-[2-Hydroxy-4-(1,1-dimethyl heptyl )phenyl]-trans-4-(3-hydroxypropyl)cyclohexanol  ([*H]CP
55,940) revealed no residual cannabinoid binding sites in the spleen of the cannabinoid CB,, receptor knockout mice, while binding in the
central nervous system was unchanged. Cannabinoid CB, receptor knockout mice, which appear healthy, are fertile and care for their
offspring. Fluorescence activated cell sorting (FACS) analysis showed no differences in immune cell populations between cannabinoid
CB,, receptor knockout and wildtype mice. We investigated the immunomodulatory effects of cannabinoids in cannabinoid CB., receptor
deficient mice using a T cell co-stimulation assay. A°Tetrahydrocannabinol inhibits helper T cell activation through macrophages derived
from wild type, but not from knockout mice, thus indicating that this effect is mediated by the cannabinoid CB, receptor. In contrast,
central nervous system effects of cannabinoids were not altered in these mice. Our results suggest that cannabinoid CB., receptor-specific
ligands may be clinically useful in the modulation of macrophage immune function while exhibiting no central nervous system activity.
Furthermore, we conclude that the cannabinoid CB, receptor knockout mouse is a useful animal model in which to study the role of the
cannabinoid system in immunoregulation. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction hydrocannabinol, the major psychoactive compound of
marijuana. Within the immune system, A°tetrahydrocanna-
binol and other cannabinoids affect Iymphocytes,
macrophages, and natural killer cells in a variety of func-
tions such as cellular proliferation, cytokine activity, hu-
moral responses, and cell mediated immunity (reviewed in

Cannabinoids have been shown to modulate immune
functions. The most widely studied cannabinoid is A°tetra-
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cannabinoid action. The central cannabinoid receptor (can-
nabinoid CB, receptor), cloned in 1990 by Matsuda et al.
(Matsuda et al., 1990), is predominantly found in the
centra nervous system (Herkenham et al., 1991). This
receptor is found to a much lesser degree in cells of the
immune system (Bouaboula et al., 1993; Galiegue et al.,
1995; Dagka et al., 1995; Schatz et al., 1997). The periph-
era cannabinoid receptor (cannabinoid CB, receptor)
(Munro et al., 1993) is predominantly expressed in cells of
the immune system, such as B cells, T cels, and
macrophages (Munro et a., 1993; Galiegue et d., 1995;
Schatz et al., 1997). This latter finding has led investiga-
tors to postulate that the immunoregulatory effects of
cannabinoids may be cannabinoid CB, receptor mediated,
although very few studies support this notion.

Recently, there has been direct evidence indicating that
cannabinoids act through cannabinoid CB, receptor to
ater immune function. Using the newly developed
cannabinoid CB, receptor antagonist N-[(1S)-endo-1,3,3-
trimethyl bicyclo[2.2.1] heptan-2-yl]-5-(4-chloro-3-methyl-
phenyl)-1-(4-methylbenzyl)-pyrazole-3-carboxamide (SR
144528) (Rinadi-Carmona et al., 1998), cannabinoid-in-
duced B cell proliferation (Derocq et al., 1995) was shown
to be dependent on activation of the cannabinoid CB,
receptor (Carayon et al., 1998). Furthermore, the cannabi-
noid CB, receptor is down-regulated during B cell differ-
entiation as assessed by cannabinoid CB, receptor mRNA
expression and anti-cannabinoid CB, receptor antibody
binding (Carayon et al., 1998).

Here we report the development of another useful re-
search tool to study the role of cannabinoid CB, receptor
activation in the immune system. Using homologous re-
combination, we created the first mouse deficient for the
cannabinoid CB, receptor (cannabinoid CB, receptor
knockout mice or CB,/~ mice). Here, we demonstrate
that this mouse model is an effective system in which to
investigate the role of the cannabinoid CB, receptor in
cannabinoid-induced immunomodulation. In the present
study, we have investigated the role of the cannabinoid
CB, receptor on A%tetrahydrocannabinol inhibition of
macrophage co-stimulatory activity.

Previously, McCoy et a. observed that A°tetrahydro-
cannabinol, at nanomolar concentrations, inhibits helper T
cell activation by a macrophage cell line (McCoy et 4.,
1995, 1999; Clements et al., 1996, 1998). T cell stimula-
tion by macrophages or dendritic cells is one of the first
and most important steps in initiating an acquired immune
response. Activation of T cells requires their physical
interaction with an antigen-presenting cell or accessory
cell. This requirement is partially due to the specificity of
the T cell receptor (TCR), because its ligand is a molecul ar
complex composed of a peptide fragment of the antigen
bound to major histocompatibility complex molecules ex-
pressed on the surface of accessory cells (Germain, 1994;
Watts, 1997). The cellular interaction between T cells and
accessory cells also involves several cell adhesion

molecules and serves to prolong the length of time of the
primary signal through the TCR (Altman et al., 1990;
Hynes, 1992). A second co-stimulatory signal delivered by
accessory cells, which is independent of the TCR, is also
critical for maximal proliferation and cytokine secretion by
T cells (Linsley and Ledbetter, 1993; Janeway and Bot-
tomly, 1994; Mondino and Jenkins, 1994). Once activated,
the T cell proliferates and produces cytokines (most no-
tably interleukin-2). These cytokines can then act on the
same T cells or on other immune cells such as B cells and
macrophages to induce different immune functions.

We have utilized macrophages derived from the
cannabinoid CB, receptor knockout mice to investigate
whether cannabinoids affect macrophage co-stimulatory
functions via the cannabinoid CB, receptor. Our results
show that cannabinoids inhibit macrophage co-stimulatory
activity and hence T cell-activation via the cannabinoid
CB,, receptor.

2. Materials and methods

2.1. Homologous recombination

The targeting vector was derived from the plasmid
PPNT (Tybulewicz et al., 1991) by introducing upstream
of the neomycin gene, 731 base pairs (bp) of the cannabi-
noid CB, receptor genomic fragment containing the 5
region of the exon which has the entire coding sequence.
Downstream of the neomycin gene, we introduced 5.4 kb
of the non-coding cannabinoid CB, receptor gene se-
guence. Upon homologous recombination, 341 bp of the
cannabinoid CB,, receptor geneis replaced by the neomycin
gene (Fig. 1A). Chimeric mice were generated by morula
aggregation or blastocyst injection with the targeted em-
bryonic stem cell line 129. Chimeric animals were back-
crossed with C57BL /6 mice. Genotyping of the F, gener-
ation to identify cannabinoid CB, receptor knockout mice
was done by Southern blot hybridization and subsequently
by polymerase chain reaction (PCR) anaysis of tail DNA
(Fig. 1B). The tail DNA was obtained by digesting a 1 cm
long piece of mouse tail with proteinase K (0.5 mg,/ml 50
mM, pH 7.5 Tris buffer), and by sequential protein extrac-
tion with phenol /chloroform (1:1) and chlorophorm /iosa-
myl alcohol (24:1) solutions. The DNA was then precipi-
tated with ethanol from the agueous phase. The primers
used for the PCR analysis of the tail DNA were the
following: Primer 1 (5 AAATG CTTGA TTGGT GTCAG-
CTCTC 3), Primer 2 (5§ GGCTC CTAGG TGGTT
TTCAC ATCAG CCTCT 3), and Primer 3 (5 TAAAG
CGCAT GCTCC AGACT GCCTT 3).

The PCR amplification was done at 95°C for 1 min,
60°C for 1 min, 72°C for 2 min, and was carried out for 30
cycles using Tag Polymerase (Boehringer Mannheim, Indi-
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Fig. 1. Disruption of the cannabinoid CB, receptor gene by homologous
recombination. (A) Structure of the wild type cannabinoid CB, receptor
gene, the cannabinoid CB,, receptor targeting construct and the mutated
locus following homologous recombination. The coding exon is depicted
as aclosed box ‘**EXON"'. Binding sites for tail DNA PCR primers 1, 2
and 3 are indicated as P1, P2 and P3, respectively. Relevant restriction
enzyme sites are shown: H, Hpal; C, Crf10; B, BamHI; S, Sse. (B) PCR
of tail DNA from CB;/*, CBJ/~, and CB,/~ mice. The extracted DNA
was subjected to PCR as described under experimental procedures. ™/*
indicates wild type mice, ™/~ indicates heterozygous mice, and ~/~
indicates cannabinoid CB,, receptor knockout mice.

anapolis, IN). The fragments were extended by incubating
at 72°C for 10 min, and were later stored at 4°C.

2.2. Binding studies

Autoradiograms were generated by incubating 12 pum
thick cryostat spleen sections with 10 nM (—)-cis-3-2-
Hydroxy-4- (1,1-dimethylheptyl) phenyl]-trans-4- (3-hydro-
xypropyl)cyclohexanol ([*HICP 55,940) (Dupont/NEN;
specific activity 126 Ci/mmol) as previously described
(Herkenham et al., 1991). Briefly, cryostat sections were
incubated for 2 h with 10 nM [*H]CP 55,940 in a Tris—HClI
buffer (50 mM, pH 7.4) containing 5% bovine serum
albumin (BSA) at 37°C. Non-specific binding was deter-
mined with the addition of 10 uM HU 210 ((6aR)-
trans-3-(1,1-dimethylheptyl)-6a,7,10,10a-tetrahydro-1-hyd-
roxy-6,6-dimethyl-6 H-dibenzo[ b, d]pyran-9-methanal). In-
cubation was terminated and unbound ligand removed by
washing twice in Tris-buffer with 1% BSA at 4°C for 2 h.
The slides were placed in X-ray cassettes and exposed to
tritium sensitive Hyperfilm for 2 weeks. The films were
developed manually in Kodak D19 for 5 min at 20°C,
washed and fixed.

For saturation binding studies, brains and spleens from
knockout and wild type animals were removed immedi-
ately following cervical dislocation and homogenized in a
sucrose buffer (200 mM sucrose, 50 mM Tris—HCI, 5 mM
MgCl,, 2.5 mM EDTA, pH 7.4). A P2 membrane fraction
was prepared by repeated centrifugation, and the P2 pellet
resuspended in sucrose buffer, snap frozen, and stored at
—70°C until use. Saturation binding assays were per-

formed by incubating 100—150 p.g protein/tube with 1 X
107*2-5x 10~7 M [*H]CP 55,940 for 1 h at 30°C. Non-
specific binding was defined by the addition of the
cannabinoid receptor agonist (R)-(+ )-2,3-dihydro-5-me-
thyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzo-
xazin-6-yl]-1-naphthal enylmethanone (WIN 55212-2) at 10
M. All cannabinoid ligands were diluted in Eagles Modi-
fied Media containing 5% BSA, and added to the incuba-
tion reaction to produce a final concentration of 0.5%
BSA. All reactions were performed in 50 mM Tris—HCI
buffer with 5 mM MgCl,, 25 mM EDTA (pH 7.4), a a
total volume of 250 wl. Incubation was terminated by the
addition of 2 ml ice cold wash buffer (50 mM Tris, 0.05%
BSA, pH 7.4), and the membranes were rapidly filtered
through lontch type H filters pretreated with 0.1% polyeth-
ylenimine (pH 7.4). Filters were soaked overnight in 0.1%
Triton X-100 prior to addition of scintillation fluid. Satura-
tion isotherms were fitted, and binding parameters calcu-
lated using a non-linear regression program (Graph-Pad
Prism).

2.3. Fluorescence activated cell sorting (FACS) analysis

Single cell suspensions from the spleen, lymph nodes or
thymus from 6-week old wild type or cannabinoid CB,
receptor knockout mice were prepared and stained as
described previously (Giese and Davidson, 1995). Before
staining, cells were pretreated with unlabeled monoclonal
antibody to CD32 to prevent Fc receptor (FcR)-mediated
binding of labeled antibodies. The analysis was done on a
FACScan or FACStar™"s (Becton Dickinson, Sunnyvale,
CA). To anadyze the T lymphocyte population in the
spleen and lymph nodes, phycoerythrin (PE)-labeled anti-
CD4, anti-CD8, and anti-CD69 antibodies, and fluorescein
isothiocyanate (FITC)-labeled anti-CD8 and anti-TCR «f,
(PharMingen, San Diego, CA) were used. To determine
the B lymphocyte population in spleen and lymph nodes,
PE-labeled anti-CD19 antibodies, FITC-labeled anti-CD23
antibodies (PharMingen), and Tri Color (TC)-labeled anti-
CD45/B220 antibodies (Caltag, San Francisco, CA) were
used. To determine the macrophage population, FITC-
labeled anti-Macl antibodies (Pharmingen) were used. To
analyze thymic cells, the cells were stained with PE-labeled
anti-CD8, anti-CD69, and anti-CD5 antibodies and FITC-
labeled anti-CD4 and anti-TCR «f antibodies.

2.4. THC exposure and T cell co-stimulation assay

Peritoneal macrophages were induced in mice by intra-
peritoneal administration of 4 mg latex beads of 1.0 pm
diameter (Sigma Chemical, St. Louis, MO), followed by
2.0 ml of 3% Brewer's thioglycolate broth (Difco Labora-
tories, Detroit, MI), 24 h later. Administration of latex
beads renders wild type peritoneal macrophages sensitive
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to cannabinoid inhibition of co-stimulatory activity (data
not shown). Cells were harvested by peritoneal lavage after
an additional 4 days and used as accessory cells. Cells
were pooled from two mice per group. Wells of 96-well
flat bottom microtiter plates were coated with culture
supernatant containing monoclona anti-CD3 antibody
(American Type Culture Collection, Rockville, MD) or
complete medium overnight at 4°C. Before the addition of
peritoneal cells, the supernatant and medium were re-
moved from the wells. A°Tetrahydrocannabinol (National
Institute on Drug Abuse) was prepared in ethanol and
utilized from 0.1 to 1000 nM in 0.1% ethanol. This
concentration of ethanol was the vehicle control and did
not affect cell viability. Peritonea cells in replicates at
1.25x 10°/ml in complete medium were preincubated
with A%tetrahydrocannabinol or ethanol for 4 h at 37°C in
antibody- or medium-coated wells (McCoy et a., 1995).
Helper T cell hybridoma 2B4.11 (Samelson et al., 1983) at
1.5 % 10°/ml was then added to the cultures and incu-
bated with or without macrophages in complete medium in
replicates at 37°C for an additional 24 h. Before A’tetra-
hydrocannabinol or vehicle exposure, peritoneal cells were
irradiated with 3000 rads from a Cs source to prevent the
cells from depleting cytokines secreted by 2B4.11 cells
into the culture supernatant. Cell-free culture supernatants
were collected and assayed for the presence of interleukin-2
by enzyme linked immuno assay (R& D Systems, Min-
neapolis, MN). Absorbance at 450 nm was measured with
a SpectraMax 250 microplate reader (Molecular Devices,
Sunnyvale, CA). The quantity of interleukin-2 in the cul-
ture supernatants was calculated from standard curves.

2.5. Behavioral testing

The behavioural and physiological effects of cannabi-
noid drugs in rodents are commonly evaluated by measur-
ing body and ring catalepsy. Body temperature was mea-
sured using a rectal probe before and 56 min after drug
injection (Model BAT-12, Physitemp Instruments, Clifton,
NJ). Immobility in the ring-catal epsy test was measured 50
min after injection of vehicle or drug essentidly as de-
scribed (Zimmer et al., 1999). Animals were placed on a
vertical tube (5.5 cm diameter). The time that the animal
spent motionless during the 4 min test session on the ring
was recorded. If an anima fell down or jumped off the
ring, it was immediately placed on the ring again. A
maximum of four such escapes was permitted.

3. Results

3.1. Homologous recombination

All of the cannabinoid CB, receptor gene coding se-
guence is contained within a single exon. To inactivate the

gene, we replaced the 3' region of this coding exon with
the phosphoglycerate kinase (PGK)-neomycin sequences
through homologous recombination in embryonic stem
cels (Fig. 1A). This mutation eliminates part of intra-
cellular loop 3, transmembrane domains 6 and 7, and the
carboxy terminus. Homozygous CBY™/CBj™ mice
(henceforth referrred to as CB,7/~ mice) were obtained
with the expected Mendelian frequency from heterozygous
CBY™/* breedings. Homozygous knockout mice appeared
healthy, were of similar size and weight as their wild type
(CB;/*) littermates and had no gross morphological de-
fects. Mutant mice were fertile and cared for their off-

spring.
3.2. Cannabinoid receptor binding studies

To confirm the absence of cannabinoid CB, receptors
in CB,/~ animals, we performed receptor autoradiog-
raphy in spleen tissues and homogenate binding assays
with brain and spleen. A high level of [*H]CP 55,940
binding was observed in the marginal zone of the spleen of
wild type mice (Fig. 2, + /+), as had previously been
reported (Lynn and Herkenham, 1994). In contrast, no
specific binding was detected in corresponding sections of
spleen from the knockout mice (Fig. 2, —/—). The
spleen of wild type mice demonstrated high affinity sat-
urable specific binding to [*H]CP 55,940 (B, =79
fmol /mg protein and K, = 0.36 nM) (Fig. 3). No specific
binding was detected in spleen of knockout animals (data
not shown), even at [*H]CP 55,940 concentrations of up to
30 nM. In contrast, no significant difference was observed
in the binding of [*H]CP 55,940 in the brain (B, = 1.2
fmol /mg protein and K, = 1.66 nM) of knockout and

Fig. 2. Cannabinoid CB, receptor ligand binding is absent in CB,/~
mice. Twelve micrometer spleen sections were incubated with 10 nM
[*H]CP 55940, and non-specific binding was determined with addition of
10 wM HU 210. The figures show representative autoradiographs for
three different experiments. */* indicates wild type mice and ~/~
indicates knockout mice.
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Fig. 3. Homogenate binding assay. Saturation binding curve of [*HICP
55,940 binding in CB;/* mice. Spleens or brain were homogenized in a
sucrose buffer and a P2 membrane fraction was prepared as described
under Section 2. Binding assays were done by incubating 100-150 g
protein with the indicated concentrations of [*H]CP 55,940. Non-specific
binding was determined using 10 .M WIN 55,212-2. The graph shown is
representative of three experiments performed in duplicate.

wild type animals, indicating that the expression of the
cannabinoid CB, receptor was not affected in cannabinoid
CB,, receptor knockout animals.

3.3. FACS analysis

Histological analysis of the spleen, in which the
cannabinoid CB, receptor is most strongly expressed, did
not revea any morphological defects in CB,/~ mice. In
additon, cell counts from the spleen and thymus of the
CB,/~ mice did not differ from those of the wild type
mice. To determine if the cannabinoid CB,, receptor plays
an essential role in the development and differentiation of
immune cells, we therefore performed FACS analysis with
cells isolated from spleens, lymph nodes, and thymi of
adolescent mice (6 weeks of age). As seen in Table 1, the
immune cell composition of the spleen and lymph nodes
was not significantly different between naive, wild type

Table 1
FACS analysis of cells from the spleen and lymph nodes

Cell marker?

Spleens
Wild type® CB;/~P°

Lymph nodes
Wild type® CB;/~°

CD4* TCR*  20.73+3.09 16.47+0.90 4541+1.05 38.47+267
CD8* TCR™ 12.25+0.84 10.82+0.26 26.59+0.57 30.35+2.65
CD69* 187+035 189+04 7.82+043 6.55+151

B220* 54.73+5.28 58.77+1.17 2497+052 26.35+2.31
CD19" CD23" 32474164 3852+0.23 21.1+4.35 2546+1.58
CD19* 55.19+5.08 59.11+0.50 24.56+0.60 27.68+1.20
Mac-1 716+224 6.21+0.07 1.33+0.05 1.44+0.20

and CB,’/~ mice. The number of T cells expressing the
cell surface markers CD4*TCRaB* or CD8*TCRaB™*
was similar in wild type and cannabinoid CB, receptor
knockout mice. Basal level of T cell activation in the
spleen and lymph nodes was assessed by staining with
anti-CD69 antibodies (Table 1). The percentage of CD69
expressing T lymphocytes was essentidly the same in
spleens from mice of both genotypes. Similarly, the per-
centage of activated T cells in lymph nodes is identical in
cannabinoid CB,, receptor wild type and knockout mice.

The B cell population was analyzed by anti-B220,
anti-CD19, and anti-CD23 antibody staining (Table 1), and
the macrophage population was determined by anti-Mac-1
antibody staining. When analyzing B cells derived from
spleen and lymph nodes, we also observed that the percent
of B cells positive for B220, CD19 and CD23, was
essentially the same for wild type and CB,/~ mice (Table
1). The number of macrophages in CB,/~ mice did not
differ from the number found in wild type animals. The
tissue macrophages detected by the anti-Mac-1 antibody
corresponded to approximately 5-6% of the cell popula
tion in the spleens and to about 1.3% in lymph nodes
(Table 1).

T lymphocyte populations in the thymus were assessed
by anti-CD4, anti-CD8, anti-TCRa, and anti-CD5 anti-
body staining (Table 2). Again, no differences were found
between wild type and knockout animals (Table 2).

3.4. A°Tetrahydrocannabinol exposure and T cell co-
stimulation assay

Although immobilized anti-CD3 antibody crosslinks the
TCR complex, T cdl stimulation requires a second signal
mediated by co-stimulatory molecules expressed on acces-
sory cells (Lindey and Ledbetter, 1993; Janeway and
Bottomly, 1994; Mondino and Jenkins,1994). Activation of
a CD4" helper T cel hybridoma using peritoneal
macrophages as accessory cells was assessed by inter-
leukin-2 secretion. Monoclonal anti-CD3 antibody alone
did not induce the T cells to secrete interleukin-2 (Fig. 4,
figure legend). Production of interleukin-2 by these T cells

Table 2
FACS analysis of cells from the thymus of wild type and CB;/~ mice

Cell markers? Wild type® cB,/~ P

CD4* CD8™* 84.59+1.97 87.67+2.07
CD4~ CD8™ 2.38+1.06 2.09+0.34
CcD4* 9.7+1.15 7.6+1.29
CD8™* 3.32+0.65 2.64+1.45
TCR" aff 17.80+2.26 13.64+1.11
CD5" 98.3+0.11 98.75+0.62

#The cells were prepared and stained with the indicated antibodies for
FACS analysis.
®percent positive cells from representative wt and CB, ko mice.

#The cells were prepared and stained with the indicated antibodies for
FACS analysis.
® Percent positive cells from representative wt and CB, ko mice.
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Fig. 4. Lack of cannabinoid CB, receptor renders peritoneal cells refrac-
tory to A°tetrahydrocannabinol inhibition of co-stimulatory activity. Mice
were administered latex beads intraperitoneally and 3% thioglycolate, 24
h later. Peritoneal cells were harvested after another 4 days. Wells were
coated with monoclonal anti-CD3 antibody or medium. Peritoneal
macrophages as accessory cells were pre-incubated with 0.1% ethanol
(vehicle control) or various concentrations of A°tetrahydrocannabinol
(THC) for 4 h at 37°C. Helper T cell hybridoma 2B4.11 was added to the
cultures, and interleukin-2 (IL-2) secretion by the T cells was measured
by enzyme linked immunoassay after an additional 24 h. Values are the
mean IL-2 in pg/ml &+ SD from triplicate cultures. Both medium controls
and cultures lacking macrophages were below the detection level. (A)
Peritoneal cells from /" mice. * Denotes significantly different from
vehicle control by a two-tailled Student’s t-test for unmatched pairs,
P < 0.0 (B) Peritoneal cdls from =/~ mice from the same experiment
as in panel A. The experiment is representative of four.

required the presence of macrophages. The possible influ-
ence of A°tetrahydrocannabinol on the ability of peritoneal
macrophages from wild-type mice to deliver co-stimula
tory signals was investigated. Macrophages were pre-in-
cubated with A°tetrahydrocannabinol for 4 h before the
addition of the T cells to alow time for the drug to exert
its influence. A°Tetrahydrocannabinol significantly de-
creased interleukin-2 production by the T cells compared
to that in vehicle control cultures (Fig. 4A). Maximal
suppression of approximately 80% was observed at 10 nM
A®tetrahydrocannabinol, whereas higher drug concentra-
tions were less inhibitory. A loss of cell viability, as
assessed by trypan blue exclusion, did not account for the
diminished T cell response.

Analogous experiments were performed with peritoneal
cells from CB,/~ mice. The total number of peritoneal
cells from CB,/~ mice was not significantly different
from the number of cells from wild type mice (6.3 x 10°
vs. 4.8 10° cells per mouse for CB;/* and CB,’/~
mice, respectively). Macrophages in the peritoneal popula
tion were quantified by their Mac-1 expression as assessed
by immunofluorescence staining and flow cytometry. The
mean percent of Mac-1" cells was similar for both groups
of mice (74.6 + 2.3% for CB,/~ micevs. 75.0 + 7.2% for
CBJ}/* mice). The other cells consisted of neutrophils,
eosinophils, and B cells. Their frequency did not differ
between the mice (data not shown). In contrast to the
preceding findings, A°tetrahydrocannabinol had no signifi-
cant impact on interleukin-2 secretion in cultures contain-
ing macrophages from CB,/~ mice (Fig. 4B). These cells
were completely resistant to the drug’'s inhibition, which
cannot be explained by an altered frequency of

macrophages, indicating that A°tetrahydrocannabinol inter-
ference with co-stimulation is mediated via the cannabi-
noid CB, receptor.

3.5. A%Tetrahydrocannabinol-induced hypothermia and
catalepsy

In order to determine if the central nervous system
effects of A°tetrahydrocannabinol, believed to be cannabi-
noid CB, receptor mediated, were altered in CB,/~ mice,
we tested the hypothermic and cataleptic activities of
A®tetrahydrocannabinol. We measured the body tempera-
ture and immobility in the ring catalepsy test after intra-
peritoneal injection of 50 mg/kg A°tetrahydrocannabinol
or vehicle. The baseline body temperature was similar in
knockout and wild type animals (Fig. 5A). Injection of
A’tetrahydrocannabinol resulted in a significant reduction
in body temperature that was similar in animals of both
genotypes. Furthermore, we did not find significant differ-
ences in the ring catalepsy test, which is commonly used to
measure A°tetrahydrocannabinol-induced catalepsy. As
shown in Fig. 5B, mice of both genotypes displayed
similar baseline activities, and A°tetrahydrocannabinol in-
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Fig. 5. A°Tetrahydrocannabinol induces hypothermia and catalepsy in
CB,/~ mice. (A) The body temperature of CB;/* and CB,/~ mice
was measured using a rectal probe before (vehicle) and 56 min after an
intraperitoneal injection of A°tetrahydrocannabinal (THC) (50 mg/kg).
(B) Catalepsy was measured in CB;/* and CB,/~ mice before (vehicle)
and after an intraperitoneal injection of THC (50 mg/kg). The mice were
placed on a vertical tube 5.5 cm in diameter. The time in seconds (s) the
mice spent motionless on the beam was recorded as described under
Section 2.
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jection produced a similarly profound catalepsy in mice of
both genotypes.

4, Discussion

During the last decade, interest in the potential medici-
nal use of cannabinoid drugs has greatly increased. This
renewed interest was stimulated in part by the molecular
cloning of two cannabinoid receptors, the cannabinoid CB,
and the cannabinoid CB, receptors. These two receptors,
which belong to the large family of G-protein coupled
receptors, are quite divergent in structure (44% overall
homology) and in their pattern of expression. The cannabi-
noid CB, receptor is thought to mediate most of the central
nervous system effects of cannabinoid drugs, while the
cannabinoid CB, receptor is thought to be responsible for
their immunomodulatory functions. Endogenous ligands
for these receptors were aso recently identified and in-
clude the eicosanoids anandamide and 2-arachidonylg-
lycerol. In addition, several synthetic cannabinoid agonists
with high affinity for these receptors, including some with
a good selectivity for the cannabinoid CB, receptor, have
been developed. Unfortunately, no specific cannabinoid
CB, receptor ligands are currently available, and the most
widely used antagonists, the cannabinoid CB, receptor
selective antagonist SR 144528 (Rinaldi-Carmona et al.,
1998) and the cannabinoid CB, receptor specific antago-
nist N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichloro-
phenyl)-4-methyl-1H-pyrazole-3-carboxamide hydrochlo-
ride (SR 141716A) are also inverse agonists (Portier et al.,
1999; Bouaboula et al., 1999).

To complement the pharmacologica analysis of the
cannabinoid system, we and others have recently begun to
use a genetic approach and generated mice with targeted
deletions in the cannabinoid receptor genes (Zimmer et 4.,
1999; Ledent et al., 1999). Cannabinoid CB, receptor
knockout mice display an increased mortality, aterations
in their open field behavior, and are hypoalgesic (Zimmer
et a., 1999). Importantly, most central nervous system-ef-
fects of cannabinoid drugs are lost in cannabinoid CB,
receptor knockout mice (Zimmer et a., 1999; Ledent et al.,
1999).

This paper examines, for the first time, the phenotype of
mice with a mutation in the cannabinoid CB, receptor.
This mouse has no cannabinoid ligand binding in the
spleen as seen by autoradiography and radioligand binding
studies. The cannabinoid CB,, receptor has been suggested
as mediating the immunoregulatory effects of cannabi-
noids. Since no cannabinoid CB, receptor specific binding
sites could be detected with the cannabinoid CB, receptor
specific antagonist [PHISR 141716A in the spleen of wild
type animals (data not shown) and since no residual CB,
binding sites were found in CB,/~ mice, the cannabinoid
CB, receptor must account for most, if not al, cannabi-
noid binding sites in the spleen. Other investigators, using

the sensitive method of reverse transcriptase—PCR (RT—
PCR), have reported the presence of cannabinoid CB,;
receptor MRNA in the spleen. RT—PCR is such a sensitive
technique that it is capable of amplyfying cDNA from a
very small mRNA copy number. However, using in situ
hybridization histochemistry, we were unable to detect
cannabinoid CB; receptor mRNA in the spleen (data not
shown). In addition, the fact that we are unable to detect
binding by [*HISR 141716A, implies that the cannabinoid
CB, receptor mRNA may not be present in the spleen in
relevant amounts or stable enough to be trandated.

To investigate whether cannabinoid CB, receptor acti-
vation is involved in differential development of immune
cells, we performed FACS analysis of spleen, lymph node
and thymic cells derived from CB,/~ mice. We investi-
gated whether the immune cells from the tissues of CB,/~
mice differed phenotypically from those of wild type mice.
We found that the immune cell composition was similar in
knockout and wild type mice at 6 weeks of age. These
results suggest that, at least at this age, cannabinoid CB,
receptor activation does not affect immune cell develop-
ment and differentiation in the lymphoid tissues studied.

To directly assess the functional role of cannabinoid
CB, receptor activation on immunomodulation, we studied
the co-stimulatory activity of macrophages derived from
CB,’/~ mice. Cannabinoids are known to depress the
co-stimulatory activity of a macrophage cell line (Cle-
ments et al., 1996, 1998). In the present report, we investi-
gated the consequence of A°tetrahydrocannabinol on
CB}/* and CB,/~ peritoneal macrophages to deliver
co-stimulatory signals to a helper T cell hybridoma. The
primary signal was provided by immobilized anti-CD3
antibody that bypasses TCR specificity (Linsley and Led-
better, 1993; Janeway and Bottomly, 1994; Mondino and
Jenkins, 1994). Interleukin-2 secretion by the T cells re-
quired a second signal provided by the macrophages.
A°Tetrahydrocannabinol diminished the level of T cell
activation when the accessory cells were peritonea
macrophages from CB;/* mice. However, A%tetrahydro-
cannabinol had no effect on the T cell response in the
presence of macrophages from CB,/~ mice. These results
cannot be explained by differences in the proportion of
macrophages within the peritoneal population. If AStetra-
hydrocannabinol exerted its inhibition via the T cdlls,
decreased interleukin-2 production should have occurred in
cultures with cells from CB,/~ mice, which was not
observed. We previously reported that A°tetrahydrocanna
binol does not diminish surface expression of the CD3
complex on these T cells (McCoy et al., 1995) and does
not decrease co-stimulation provided by immobilized fi-
bronectin in the absence of macrophages (Clements et al.,
1996). Our findings indicate that the drug's suppressive
effect on co-stimulation is mediated through the cannabi-
noid CB,, receptor expressed by macrophages.

A°Tetrahydrocannabinol at 10 nM caused maximal inhi-
bition with CB;/* macrophages, while higher drug con-
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centrations were less suppressive. The drug’s dose profile
isvirtually identical to that observed for a macrophage cell
line (Clements et al., 1996). Similarly, other investigators
reported a biphasic effect of A°tetrahydrocannabinol on
proinflammatory cytokine production by human mono-
cytes (Berdyshev et al., 1997) and on lymphocyte prolifer-
ation (Luo et al., 1992; Pross et al., 1992); low A’tetra-
hydrocannabinol doses are inhibitory while higher ones are
not. The signal transduced through the cannabinoid CB,
receptor inhibits adenylate cyclase activity, and decreases
production and accumulation of intracellular cyclic AMP
(Schatz et al., 1997). A°Tetrahydrocannabinol has either an
inhibitory or stimulatory conseguence on leukocytes, in
part, depending on the extent to which cyclic AMP is
decreased (Klein et al., 1998a,b), and this incongruity may
possibly account for the drug’s dose profile on co-stimula-
tory activity of wild type cells.

Co-stimulation is an essential second signal for T cell
activation and is delivered to T cells by co-stimulatory
molecules expressed by macrophages or dendritic cells
(Lindey and Ledbetter, 1993; Janeway and Bottomly, 1994;
Mondino and Jenkins, 1994). Disruption or lack of co-
stimulatory signals during TCR occupancy causes long-
lasting T cell unresponsiveness or anergy (Enk and Katz,
1994; Chambers and Allison, 1997). Furthermore, some
pathogens evade immune responses by down-regulating
co-stimulatory molecules on macrophages (Kaye et al.,
1994; Saha et a., 1994). Hence, A°tetrahydrocannabinol
suppression of co-stimulation mediated through the
cannabinoid CB, receptor may potentially compromise
immune responsiveness. A°Tetrahydrocannabinol dimin-
ishes co-stimulatory activity of a macrophage cell line by
down-regulating expression of heat-stable antigen, but not
B7-1 or B7-2 molecules (Clements et al., 1998). Although
A°tetrahydrocannabinol may have a similar impact on peri-
toneal macrophages, additional experiments are needed to
determine the co-stimulatory molecules that may be af-
fected by A%tetrahydrocannabinol.

While cannabinoid CB, receptor activation is involved
in cannabinoid-induced immunomodulation as demon-
strated in the present report, our studies also establish that
this receptor is not involved in central nervous system
events, as CB,”~ mice displayed normal hypothermia and
catalepsy after A°tetrahydrocannabinol administration.
These results further support the idea that cannabinoid
effects on the central nervous system are mediated by the
cannabinoid CB; receptor and they are consistent with the
absence of cannabinoid effects in cannabinod CB, receptor
knockout mice (Zimmer et d., 1999). Therefore, cannabi-
noid CB, receptor knockout mice provide a unique animal
model in which to study the role of cannabinoid CB,
receptor activation in immunomodul ation.

In summary, mice with targeted mutations in cannabi-
noid receptor genes are useful tools to delineate the spe-
cific biological function of these receptors and their role in
cannabinoid pharmacology. The data suggest that it may

be possible in the future to separate central and peripheral
effects of cannabinoid drugs with new receptor-specific
agonists. Cannabinoid CB, receptor specific agonists
should lack &l of the unwanted cannabinoid CB,
receptor-mediated side effects of cannabinoid drugs, and
yet may be useful in the treatment of immunological
disorders including autoimmune diseases.
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