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ABSTRACT. Immune suppression by cannabinoids has been widely demonstrated in a variety of experimental
models. The identification of two major types of G-protein-coupled cannabinoid receptors expressed on
leukocytes, CB1 and CB2, has provided a putative mechanism of action for immune modulation by cannabinoid
compounds. Ligand binding to both receptors negatively regulates adenylate cyclase, thereby lowering
intracellular cyclic AMP (cAMP) levels. In the present studies, we demonstrated that cannabinol (CBN), a
ligand that exhibits higher binding affinity for CB2, modulates immune responses and cAMP-mediated signal
transduction in mouse lymphoid cells. Direct addition of CBN to naive cultured splenocytes produced a
concentration-dependent inhibition of lymphoproliferarive responses to anti-CD3, lipopolysaccharide, and
phorbol-12-myristate-13-acetare/ionomycin stimulation. Similarly, a concentration-related inhibition of the in
vitro anti-sheep red blood cell IgM antibody forming cell response was also observed by CBN. Evaluation of
cAMP signaling in the presence of CBN showed a rapid and concentration-related inhibition of adenylate
cyclase activity in both splenocytes and thymocytes. This decrease in intracellular cAMP levels produced by
CBN resulted in a reduction of protein kinase A activity, consequently leading to an inhibition of transcription
factor binding to the cAMP response element and kB motifs in both cell preparations. Collectively, these results
demonstrate thar CBN, a cannabinoid with minimal CNS activity, inhibited both cAMP signal transduction
and immune function, further supporting the involvement of CB2 receptors in immune modulation by

cannabimimetic agents. BIOCHEM PHARMACOL 55;7:1013-1023, 1998. © 1998 Elsevier Science Inc.
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The specific mechanism by which cannabinoids elicit their
broad range of biological effects has been elusive. With the
isolation and cloning of two major types of cannabinoid
receptors, CB1t {1] and CB2 [2], important insight has
been gained into the cellular mechanism of action by
cannabimimetic agents. Both receptors are G-protein cou-
pled and possess the characteristic seven transmembrane
domains. Ligand binding to either CB1 or CB2 produces a
marked inhibition of adenylate cyclase activity which is
abrogated by ADP-ribosylation of G, proteins with pertussis
toxin [3, 4]. The inhibirion of adenylate cyclase by canna-
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binoids was initially described in neuroblastoma cell lines
[5] and has been identified since in several cell types
including rat Sertoli cells [6], human leukemic cells [7],
mouse splenocytes [8], the EL-4.IL-2 and RAW 264.7 cell
lines [9, 10], and CHO cells transfected with cannabinoid
receptors [11, 12]. This disruption of adenylate cyclase
activity by cannabinoids strongly implicates a role by the
cAMP signal transduction pathway in mediating the bio-
logical actions by these compounds.

The tissue and cell-type distribution of CB1 and CB2
have not been comprehensively characterized yet. CB1 was
cloned originally from rat cerebral cortex [1] and is ex-
pressed predominantly within the CNS, whereas CB2 was
isolated from the promyelocytic leukemia cell line HL60
[2], and appears to be primarily expressed on immunocom-
petent cells. The variation in tissue distribution for CB1
and CB2 is quite intriguing as is the fact that many
cannabinoid recepror ligands exhibit similar binding affin-
ities for both receptors in spite of the marked structural
difference between the two receptor types [13]. CB1 and
CB2 share only 44% identity, which increases to a modest
68% when comparing the transmembrane domains, that
portion of the receptor that constitutes the putative ligand
binding pocket. Interestingly, cannabinol, a cannabinoid
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TABLE 2. Effect of cannabinol (CBN) on the in vitro ™M
AFC response to sRBC

AFC/10° % Viability
Treatment splc Control (%)
NA 1046 * 65 118 70 £ Q.9
VH 884 = 28 100 78+13
THC, 22 uM 265 * 22% 30 80+12
CBN, 1 pM 643 + 105 73 8+2
CBN, 5 uM 672 = 33 76 81 +13
CBN, 10 uM 590 = 45% 67 872
CBN, 15 pM 545 £ 27* 62 79+ 3
CBN, 20 uM 386 + 51* 44 91 =3

Spleens from naive (NA) female B6C3F1 mice were isolated and made intw a sunghe
cell suspension. Splenocytes (1 X 107 cells/mL) were added to a 48-well culture plav
and treated with either vehicle (VH; 0.1% EtOH), CBN, or A>-THC. The culturs
were sensitized with sRBC (1 X 107 cells/mL). On day 3, the number of AFC wew
determined. Results are expressed as means = SEM for quadruplicate samples.

*P < 0.05 (determined by Dunnett’s t-test) with comparison to the vehun lv
group.

cytes [15], studies were conducted to determine if cannabi
nol, presumably acting through the CB2 receptor, woulld
likewise inhibit adenylate cyclase. Mouse splenocytes
treated with forskolin for 15 min exhibited stimulation vt
adenylate cyclase as demonstrated by approximately a
4-fold increase in intracellular cAMP as compared to the
unstimulated naive and vehicle-treated cells (Fig. 1). Pre-
treatment of splenocytes with cannabinol prior to forskolin
stimulation decreased intracellular cAMP by 25% at 15 and
20 uM. The magnitude of inhibition by 20 wM of canna
binol was again comparable to that by 22 uM of A%-THC.
the positive control. We also investigated the effects ot
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FIG. 1. Inhibition of cAMP production by cannabinol (CBNY =
forskolin-stimulated mouse splenocytes. Spleens were isolarw
and made into a single cell suspension of 5 X 10% cells/ml-
Splenocytes were treated with either vehicle (0.1% ethan ~
CBN, or A°.THC for 10 min followed by a 15-min forskose
stimulation (50 pM). Intracellular cAMP values from one ¢
three independent experiments are expressed as the means =
SEM for triplicate samples as determined for each group. NA =
naive; VH = vehicle. *P < 0.05 (determined by Dunmer:™
t-test) in comparison to the forskolin-stimulated vehw'®
group.
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FIG. 2. Cannabinol (CBN)-mediated inhibition of forskolin-
stimulated adenylate cyclase activity in mouse thymocytes.
Thymocytes were freshly isolated, adjusted to 5 x 10° cells/mL,
and incubated with either vehicle (0.1% ethanol), CBN, or
A%.THC for 10 min followed by a 15-min stimulation with
forskolin (50 pM). Intracellular cAMP values from one of three
independent experiments are expressed as the means * SEM for
triplicate samples as determined for each group. NA = naive;
VH = vehicle. *P < 0.05 (determined by Dunnett’s t-test) in
comparison to the forskolin-stimulated vehicle group.

cannabinol on adenylare cyclase activity in thymocytes
because our past studies have shown T-cells to be markedly
<ensitive to inhibition by cannabinoid compounds [9, 19,
22). Consistent with this observation, cannabinol concen-
rration-dependently inhibited forskolin-stimulated adenyl-
ate cyclase activity in mouse thymocytes (Fig. 2). Interest-
ingly, the increase in adenylate cyclase activity by forskolin
was significantly greater in thymocytes than in splenocyte
preparations. Scherer and coworkers [26] have demon-
smrated recently a similar difference in intracellular cAMP
levels following forskolin stimulation of thymocytes, sug-
sesting that cAMP may play a critical role in T-cell
Jitferentiation. Moreover, the magnitude of adenylate cy-
clase inhibition by cannabinol was significantly greater in
thwmocytes than in splenocytes, further supporting the
sensitivity of T-cells to cannabinoids.

Effect of Cannabinol on PKA Activity

PKA is immediately downstream from adenylate cyclase
and is comprised of regulatory and catalytic subunits.
Increases in intracellular cAMP activate PKA by binding to
the regulatory subunit, resulting in the dissociation and
awtivation of the kinase catalytic subunit. We have shown
:n EL-4 cells that inhibition of adenylate cyclase activity by
A-THC consequently leads to a reduction in PKA activity
:9]. Considering these findings together with the inhibition
of adenylate cyclase by cannabinol, splenocyte PKA activ-
.rv was evaluated in the presence of cannabinol. As shown
:n Fig. 3, cannabinol produced a concentration-dependent
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8, 10, and 12). Protein binding to the CRE consensus motif
was specific, as determined by unlabeled (cold) competitor
studies (Fig. 5B). In general, the diminution of CRE
binding by cannabinol is indicative of a marked decrease in
the acrivation of the CREB/ATF family of transcription
factors.

PKA is also involved in the activation of NF-kBjc-Rel
transcription factors as demonstrated by the induction of
kB binding following stimulation with cAMP elevating
agents such as LPS, forskolin, and IL-1 [31-33]. Addition-
ally, we reported recently the involvement of the cAMP
signaling cascade in the activation of NF-kB/c-Rel tran-
scription factors in RAW 264.7 cells [10]. In light of these
findings, the DNA binding activity of NF-«kB/c-Rel pro-
teins was examined in primary spleen cells and thymocytes.
Incubation of nuclear extracts from forskolin-stimulated
splenocytes with a 3?P-labeled «B oligomer resulted in the
formation of two distinct DNA binding complexes (Fig.
6A). More importantly, cells stimulated in the presence of
cannabinol exhibited an attenuation of NF-kB binding
activity at 30 and 60. min (Fig. 6A; lanes 6 and 8,
respectively). Studies in thymocytes revealed two major
protein complexes and a minor upper complex in forskolin-
stimulated nuclear extracts (Fig. 7A). Similarly, stimula-
tion of cells in the presence of cannabinol resulted in a

marked inhibition of kB binding at 60, 90, and 120 min
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FIG. 5. Inhibition of protein/DNA binding to the
CRE consensus motif in mouse thymocytes by
cannabinol (CBN). (A) Nuclear extracts (3 pg)
from treated and untreated thymocytes were incu-
bated with 0.5 pg of poly(dl-dC) and the *?P-
labeled DNA probe in binding buffer on ice for 10
min followed by separation on a 4% acrylamide gel.
Lane 1 represents free probe and lane 2 indicates
unstimulated thymocytes. Lanes 3, 5,7, 9, and 11
tepresent forskolin-stimulated thymocytes while
lanes 4, 6, 8, 10, and 12 indicate forskolin-stimu-
lated/CBN-treated thymocytes. (B) Cold competi-
tor studies were done by adding 1 pmol of unlabeled
CRE to the nuclear extract isolated from the 90-
min forskolin sample. Results are representative of
three separate experiments.

(Fig. 7A; lanes 8, 10, and 12). The formation of all protein
complexes was inhibited by excess unlabeled kB oligonu-
cleotide in both cell preparations (Fig. 6B, splenocytes; Fig.
7B, thymocytes).

DISCUSSION

In the present studies, we demonstrated that cannabinol, a
plant-derived cannabinoid which exhibits modest CNS
activity, inhibited both immune function and cAMP signal
transduction in mouse lymphoid cells. These results
strongly implicate the involvement of CBZ receptors in
mediating the immunosuppressive effects by cannabinoid
compounds. Although a systematic evaluation of cell-type
receptor distribution has not been performed yet, previous
studies have identified RNA transcripts for both cannabi-
noid receptors, CB1 and CB2, in a number of lymphoid
tissue preparations [2, 15, 19], purified leukocytes [18, 34],
and immune system-derived cell lines [9, 10, 15, 34].
Northern analysis and quantitative RT-PCR of splenic
RNA determined a greater expression of CB2 than CB1 in
mouse spleen and expression of only CB2 in thymus [15].
Furthermore, competition binding analysis in mouse
splenocytes demonstrated that cannabinol exhibited mod-
estly greater binding affinity than A°.THC [15], which is
similar to previous results in CB2 transfected cells [2, 14].
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FIG. 6. Inhibition of NF-kB/c-Rel binding to the kB consensus
motif in spleen cells by cannabinol (CBN). (A) Nuclear extracts
(3 pg) from treated and untreated spleen cells were incubated
with 0.5 pg of poly(dI-dC) and the **P-labeled DNA probe in
binding buffer on ice for 10 min followed by separation on a 4%
acrylamide gel. Lane 1 represents free probe, and lane 2
indicates unstimulated splenocytes. Lanes 3, 5, and 7 represent
forskolin-stimulated splenocytes, while lanes 4, 6, and 8 indicate
forskolin-stimulated/CBN-treated spleen cells. (B) Cold com-
petitor studies were done by adding 1 pmol of unlabeled kB to
the nuclear extract isolated from the 90-min forskolin sample.
One of three representative experiments is shown.

Taken together, these previous findings suggest that CB2 is
the predominant cannabinoid receptor expressed on pri-
mary mouse leukocytes.

Although A®-THC and the syntheric bicyclic cannabi-
noid CP-55940 are two of the most widely utilized canna-
binoids experimentally, they are incapable of distinguishing
between CB1 and CB2. Conversely, cannabinol, which is
similar in structure to A°-THC, is one of the first canna-
binoid receptor ligands identified that exhibits higher
binding affinity for CB2 than CB1 {2, 14, 15]. In light of
this property, we utilized cannabinol in the present studies
as a biological probe to examine the functional role of CB2
on immune modulation by cannabinoids in primary mouse
leukocytes. Direct addition of cannabinol to mouse spleen
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FIG. 7. Inhibition of NF-kB/c-Rel binding to the kB consensus
motif in thymocytes by cannabinol (CBN). (A) Nuclear extracts
(3 pg) from treated and untreated thymocytes were incubated
with 0.5 pg of poly(dI-dC) and the **P-labeled DNA probe in
binding buffer on ice for 10 min followed by separation on a 4%
acrylamide gel. Lane 1 represents free probe and lane 2 indicates
unstimulated thymocytes. Lanes 3, 5, 7, 9, and 11 represent
forskolin-stimulated thymocytes, while lanes 4, 6, 8, 10, and 12
indicate forskolin-stimulated/CBN-treated thymocytes. (B)
Cold competitor studies were done by adding 1 pmol of unla-
beled xB to the nuclear extract isolated from the 90-min
forskolin sample. One of three representative experiments is
shown.

cell cultures produced a significant inhibition of prolifera-
tive responses to anti-CD3, LPS, and PMA plus lo as well
as to the in vitro anti-sSRBC IgM AFC response. It is
important to emphasize that cannabinol produced no effect
on cell viability at the concentrations utilized in the
present studies even after 5 days of culture. Interestingly,
cannabinol exhibited a similar profile of immunomodula-
toty activity in the B6C3F1 mouse as previously described
for A°>-THC [22].

Based on the fact that cannabinoid receptors negatively
regulate adenylate cyclase activity through a pertussis toxin
sensitive G-protein [5, 8], one of the major focuses of our
studies was to evaluate the status of the cAMP signaling
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pathway in splenocyte and thymocyte preparations in the
presence of cannabinol. Forskolin was used to activate the
c¢AMP cascade through direct stimulation of adenylate
cyclase in the presence and absence of cannabinol. Forsko-
lin stimulation of either splenocytes or thymocytes in the
presence of cannabinol resulted in a significant inhibition
of intracellular cAMP levels, indicating the functional
expression of CB2 receptors in both of these cell prepara-
tions. In addition to the fact that thymocytes express
virtually no CB1 mRNA, the thymocyte studies are partic-
ularly interesting for two reasons: (1) intracellular cAMP
levels were approximately 4-fold greater in thymocytes than
splenocytes following forskolin stimulation, and (2) the
magnitude of adenylate cyclase inhibition by cannabinol
was significantly greater in thymocytes. A similar difference
in intracellular cAMP levels following forskolin stimulation
has been shown in thymocytes and peripheral T-cells,
suggesting an important role of cAMP in T-cell develop-
ment and differentiation [26]. We further examined the
effect of cannabinol on downstream components of the
cAMP signaling cascade, specifically the activation of
cAMP-dependent kinase (PKA) and the induction of
PKA-regulated transcription factors. These studies showed
that cannabinol produced a marked inhibition of PKA
activity in forskolin-stimulated splenocytes. It is important
to note that the inhibition of PKA activity was not due to
a direct effect by cannabinoids on PKA. Rather, PKA
inhibition was mediated indirectly through a decrease in
cAMP formation, as demonstrated by the ability of exoge-
nous cAMP to activate PKA in the presence of cannabinol
(dara not shown). Interestingly, although the inhibition of
adenylate cyclase activity by cannabinol was moderate
(approximately a 30% decrease at 20 pM), changes at the
level of PKA were more profound, as evidenced by a greater
that 50% decrease in kinase activity at the same cannabinol
concentration. This is most likely due to the amplification
of the signal as it is transduced from the plasma membrane
to the nucleus. The EMSA was used to evaluate the effect
of cannabinol on the terminal event of the cAMP cascade,
the binding of CREB/ATF transcription factors to the CRE
consensus motif. It is important to emphasize that although
PKA is the most extensively investigated kinase by which
CREB/ATF proteins are regulated, this family of transcrip-
tion factors has also been found to be regulated by PKC,
casein kinase, and calmodulin kinase II [35-37]. In the
present studies, forskolin treatment alone (0-120 min)
induced a CRE binding complex in both splenocytes and
thymocytes that was inhibited markedly by cannabinol at
every time point tested. The kinetics of DNA binding and
the sensitivity to inhibition by cannabinol correlate with
previous findings demonstrating that reversal of cannabi-
noid-mediated inhibition with cAMP analogs only occurs
within the first 60 min after antigen sensitization [4],
supporting the hypothesis that cannabinoids inhibit an
early leukocyte activarion event. Cannabinol was also
found to inhibit the activation of NF-kBjc-Rel binding
~ complexes in primary mouse splenocyte and thymocyte
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nuclear extracts. The regulation of the NF-kB/c-Rel tran-
scription factors has also been shown to be, at least in part,
under the control of PKA in leukocytes [10, 31-33]. Recent
studies from our laboratory have identified a direct associ-
ation between the inhibition of cAMP signaling, a decrease
in NF-kB/c-Rel DNA binding, and the inhibition of
inducible nitric oxide synthase (iNOS) in the presence of
A°-THC by macrophages [10].

" The role of cAMP signaling in immune regulation is not
well defined; however, numerous studies suggest a positive/
stimulatory role for cAMP in mediating certain leukocyte
cellular responses. Evidence supporting this premise in-
cludes a rapid and transient increase in intracellular cAMP
following mitogenic stimulation of splenocytes [4, 38-40]
and enhancement of proliferative and T-cell dependent
AFC responses by cAMP analogs [4, 41]. Additionally,
inhibition of adenylate cyclase activity by cannabinoids is
closely correlated with the suppression of certain cell-
mediated and humoral immune responses [4]. A cause-and-
effect relationship between the inhibition of intracellular
cAMP and decreased immune function is further supported
by the ability of exogenous cAMP or glucagon, a hormone
that elevates intracellular cAMP levels, to reverse the
inhibition of immune function by cannabinoids [4, 42].
Studies investigating the inhibitory effects of A?-THC on
humoral immune responses have shown that only immu-
noglobulin production to T-cell dependent antigens (i.e.
sheep erythrocytes) is suppressed by cannabinoids [22],
suggesting that helper T-cells are a sensitive’ target for
inhibition by cannabinoid compounds. Additional evi-
dence supporting the sensitivity of helper T-cells to canna-
binoids includes disruption of cAMP signal transduction
and IL-2 production by A’-THC in the murine T-cell line
EL-4.IL-2 [9]. These studies also demonstrated an inhibi-
tion. of IL-2 transcription in splenocytes by A’ THC and
cannabinol. Consistent with these results are several recent
findings indicating a positive role for cAMP signal trans-
duction during T-cell activation. These include the obser-
vation that stimulation of T lymphocytes through the
antigen receptor or with mitogen induced distinct CRE
complexes [43-45) and Ser-133 phosphorylation of CREB
[46, 47]. We have also demonstrated induction of CRE
binding in mouse splenocytes following anti-CD3 or
PMA/Io stimulation [48]. Moreover, expression of a domi-
nant-negative form of CREB clearly showed decreased
mitogen-stimulated proliferation and IL-2 production in
thymocytes and induced cell cycle arrest [49]. Collectively,
these findings strongly suggest that inhibition of cAMP
signaling induces T-cell dysfunction. Based on T-cell sen-
sitivity, splenocyte preparations that were a mixture of
T-cells, B-cells, and macrophages were utilized in combi-
nation with thymocytes in the present studies. It is notable
that not all immune responses appear to be sensitive to
inhibition by cannabinoid compounds; however, this dif-
ferential sensitivity does not appear to be due to the lack of
cannabinoid receptors in certain subpopulations of cells.
We and others have detected cannabinoid receptor expres-
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sion in all three major leukocyte cell types present in the
spleen: B-cells, T-cells, and macrophages [2, 9, 10, 15, 18].
A more likely explanation for the differential sensitivity of
immune responses to cannabinoids pertains to whether the
cAMP signaling cascade is critical to a specific effector
function. For example, cAMP positively regulates iNOS
expression in macrophages [10, 50-52], and A%~ THC has
been shown to inhibit iNOS transcription in these cells [10,
53]. Conversely, B-cells do not appear to be as dependent
on cAMP signaling as suggested by the fact that the
secretion of immunoglobulin in response to T-cell-indepen-
dent antigens (LPS or DNP-Ficoll) is refractory to inhibi-
tion by cannabinoids [22] despite a marked decrease in
B-cell adenylate cyclase activity [15]. This premise is
further supported by recent evidence demonstrating that
phosphorylation of CREB, which is most often mediated by
PKA, may be mediated primarily by PKC in B lymphocytes
[54, 55]. Interestingly, the present studies show that can-
nabinol inhibits LPS-induced proliferation by B-cells,
which is likely due to the critical role PKA plays in
cell-cycle control [56]. Considering the evidence discussed
above, we believe that the inhibition of adenylate cyclase,
and consequently cAMP formation, is a critical biochemi-
cal change induced by cannabinoids that leads to a decrease
in certain immune responses.

In summary, these studies suggest that functional CB2
receptors are expressed on mouse splenocytes and thymo-
cytes based on the ability of cannabinol to inhibit adenylare
cyclase, PKA, and CREB/ATF DNA binding activity.
Additionally, NF-kB/c-Rel protein/DNA binding was in-
hibited by cannabinol in both cell prepararions. We also
report that cannabinol can modulate immune function, as
demonstrated by an inhibition of lymphocyte proliferarion
and T-cell-dependent humoral immune responses. These
results are significant because cannabinol has been regarded
historically as a relatively inactive cannabinoid compound,
based largely on experimental models assessing changes in
CNS activity. The present findings, however, clearly dem-
onstrate that cannabinol possesses immunomodulatory ac-
tivity that supports the involvement of CB2 receptors in
cannabinoid-mediated immune suppression. Immune mod-
ulation by selectively targeting the CB2 receptor on lym-
phoid cells using agents such as cannabinol may be poten-
tially useful therapeutically. Lastly, these results further
support a positive role for the cAMP signaling pathway in
leukocyte function.

This work was supported by funds from NIDA Grants DA07908,
DA09171, and POIDAQ9789.
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