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Abstract

This study examined the immunoregulatory effects of anadamide, the recently identified first endogenous cannabinoid
receptor ligand. Anadamide caused dose-dependent inhibition of mitogen-induced T and B lymphocyte proliferation. Its potency
was 3- and 10-fold less than that of the synthetic cannabinoids A8-tetrahydrocannabinol (4%-THC) and CP55940, respectively.
Anadamide effects on DNA synthesis in T and B lymphocytes occurred rapidly as exposure of the cells during the final 4 h of
culture was sufficient to achieve > 40% inhibition. Low doses of anadamide which caused significant inhibition of lymphocyte
proliferation caused DNA fragmentation as demonstrated by immunohistochemistry, FACS analysis and Southern blotting.
Apoptosis was also induced by high concentrations of A®*-THC, but not by CP55940. Brain and peripheral cannabinoid receptor
mRNA was expressed in PBMC with varying levels between individual donors. In summary, these findings demonstrate
immunosuppressive effects of anadamide which are associated with inhibition of lymphocyte proliferation and the induction of
cell death by apoptosis.
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L Introduction cium from intracellular stores are effects which usually
, occur at higher doses and are not mediated by the

Cannabinoids are exogenous psychoactive com- cannabinoid receptors (Felder et al., 1993). In addition
Pounds which regulate diverse behavioral responses to psychotropic effects, cannabinoids also influence the
Unohnson, 1990) and this correlates with the presence reproductive system (Murphy et al., 1990; Patra and
Y1 specific binding sites in the central nervous system Wadsworth, 1991; Schuel et al., 1991) and have in-
(CT\_TS) (Devane et al., 1992a; Jansen et al., 1992; hibitory effects on immune function (Hollister, 1992).
Mailleux and Vanderhaeghen, 1992). Recent cloning of - Marijuana users may have signs of impaired cellular
the genes encoding the rat (Matsuda et al., 1990) and immunity (Nahas et al., 1974) and treatment of experi-
‘UMman (Mailleux et al, 1992: Evans et al., 1992) . mental animals with high doses of cannabinoids re-
Cannabinoigd receptor (CB) confirmed that it is a G-* duced immune responses (Nahas and Latour, 1992). In
Protein coupled receptor (Houston and Howlett, 1993). vitro studies showed that cannabinoids reduce prolifer-
anabinoids inhibit adenylate cyclase and the accu-)ﬁ ative responses of T lymphocytes (Luo et al., 1992),
Mulation of cAMP (Howlett et al., 1990: Felder et al., cytotoxic T cell activity (Klein et al., 1991), antibody
1992) and regulate calcium channels (Mackie and Hille, 53— synthesis, microbiocidal activity of macrophages (Arata
1992), effects which are receptor-mediated. In contrast, et al., 1991) and augment immunosuppression induced
.Canlnabinoid stimulation of arachidonic acid release by by murine retrovirus infection (Specter et al., 1991).
“Clvation of phospholipase C and the release of cal- These immunosuppressive effects of cannabinoids may
be therapeutically useful as suggested by studies on

— experimental autoimmune encephalomyelitis (Lyman
C°fr65p0nding author. et al., 1989). In vitro effects of cannabinoids on im-
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mune function are also stereosclective and associated
with inhibition of cAMP accumulation (Kaminski et alz
1992; Schatz et al., 1992). Non-psychoactive effects of
cannabinoids could either be mediated centrally or by
interactions with receptors on peripheral tissues such
as lymphocytes or monocyies. This latter notion is
supported by the demonstration of expression of the
first CB on lymphocytes and the more recent cloning of
a second G-protein coupled cannabinoid receptor
which is expressed in rat splenic macrophages but not
in the brain (Munro et al., 1993).

The potential physiological and pathogenic signifi-
cance of cannabinoid-mediated immunomodulation was
further supported by the recent identification of an
endogenous CB ligand: The arachidonic acid derivative
arachidonylethanolamide, termed anadamide, has been
identified as a natural ligand that binds cannabinoid
receptors on synaptosomal membranes (Devane et al,,
1992b) as well as the cloned cannabinoid receptor
(Felder et al., 1993; Vogel et al., 1993). Anadamide has
cannabimimetic activity as it inhibits adenylate cyclase
activation (Felder et al., 1993) and calcium currents
(Mackie et al., 1993) and showed the characteristic
psychotropic cannabinoid effects when administered to
experimental animals (Fride and Mechoulam, 1993).

The objective of the present study was to investigate
the effects of anadamide on immune function, to com-
pare its potency to that of synthetic cannabinoids and
examine mechanisms involved with its immunomodula-
tory effects.

9. Materials and methods

2 1. Isolation and culture of lymphocytes

Human peripheral blood mononuclear cells (PBMC),
T and B lymphocytes were prepared as previously
described (Kuis et al., 1991; Villiger et al., 1991). In
brief, PBMC were isolated from heparinized periph-
eral blood of healthy volunteers, monocytes were iso-
lated on Percoll gradients and lymphocytes separated
into T and B cells by E-rosetting. Purity of the cell
preparations was > 80% for B lymphocytes and > 90%
for T lymphocytes as determined by staining with anti-
bodies to CD3 and CD19 and fluoresence-activated
cell sorting (FACS) analysis. Proliferation assays were
performed with PBMC stimulated with OKT3, a mito-
genic antibody to CD3 or PHA as previously described
(Lotz et al., 1988). B cell proliferation studies were
performed as described (Lotz et al., 1994) in 96-well
flat-bottom plates with 200 000 cells per well in RPMI
1640 supplemented with 5% FBS, L-glutamine and
antibiotics. Cells were pulsed with [*H]thymidine (1
uCi/well) during the final 4 h of a 3-day culture and

K

collected on an automated cell harvester. Radioactivity
incorporated by the cells was quantified by liquid scin-
tillation counting. All conditions were tested In tripli-
cate.

22. Reverse transcription polymerase chain reaction
(RT-PCR)

RNA (up to 5 pg) was reverse-transcribed in a 20-u|
volume containing 4 pl 5 x RT-buffer (BRL). 10 mM
DTT, 500 M dNTPs, 1 ul random hexanucleotides (2
mg/mi) (Pharmacia), 200 U MoMLV-RT (BRL) and
50 U RNasin (Promega) for 60-120 min at 37°C,

PCR was performed with 2 ul of the RT reaction
product in 25 wl volume with 1 U Taq DNA Poly-
merase (Boehringer, Indianapolis, IN), 140 uM dNTPs,
1.5 mM MgCl,, 10 mM Tris (pH 8.3), 50 mM KCl and
10 pM of each primer. After a 5-min denaturation step
at 94°C, the reaction proceeded in 35 cycles of 30" at
94°C, 30" at 55°C and 70" at 72°C, followed by 5 min at
72°C. For glyceraldehyde 3-phosphate dehydrogenase
(G3PDH) 29 cycles were run at 30" extension time at

*72"6

CB1 primers:

sense: 5 ATG AGG AGA ACATCC
AGT GTG

antisense: 5 GCA GAA TTC TCA CAG
AGC CTC GGC AGA CGT

CB?2 primers:

sense: 5 GCC AAG CTT ATG GAG
GAA TGC TGG GTG

antisense: 5 AAG GCG GCC GCT CAG
CAA TCA GAG AGG TC

G3PDH primers:

sense: 5 TGG TAT CGT GGA AGG
ACT CAT GAC

antisense: 5 ATG CCA GTG AGC TTC
CCG TTC AGC

2.3. DNA isolation and Southern blotting

Cells were harvested by a 5-min centrifugation at
2000 rpm and resuspended in 10 mM Tris, 1 mM
EDTA, 0.5% Triton X-100, pH 8.0 (108 cells per 50 u
buffer). Extracts were incubated on ice for 20 min anc
briefly vortexed every 5 min. Cell debris and higt
molecular mass DNA were removed by a 10-min cen
trifugation at 14000 rpm at 4°C. Supernatants wers
extracted with phenol and phenol /chloroform and pre
cipitated with 0.5 volumes of 7.5 M ammonium acetau
and 2 volumes of ethanol for 2 h at — 80°C.

DNA was separated on 2% agarose gels in TAl
buffer at 4°C and 3 V/cm, blotted onto a Hybon
(Amersham) membrane and crosslinked by UV ligh
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Hybridization was performed with an >’P-labeled
oligonucleotide specific for the repetitive human Alu
DNA sequence, dGGCACTT IGGGAGGCCAAGG,

2.4, Histochemical detection of DNA fragmentation

Cells were harvested, centrifuged onto glass slides,

as described (Kobayashi et al., 1993). fixed with 0.25% glutaraldehyde for 1 min, washed

125 -
a —~——{}—— CP55950
Qs THC
£ 1004 --==Q----  anandamide
2
©
i
£
°
S
(= 75-
el
[
o
3
T
g
8 50 "\
9
g
< \
2
25 k
0 ¢
7 -4 -35
125 b
—{3— CP55950
—0— THC
=t
2 1001 ----O----  anandamide
m
By
£
IS
Ty
[N
3 7
)
3
gt
=]
s
50_
~
=<
A \
5] kS
[ %
£ 25 E
o,
..-"‘-.h .
0 T T ' a N B 0
-7 5.5 -6 -5.5 -5 -4.5 -4 -3.5

1g10 concentration [M]

ﬁl’mC. CP55940 and anadamide at the indicated concentrations were added at the same time and proliferation was measured by [*H]thymidine

COrporation after 72 h. Incorporation of radioactivity was quantified by liquid scintillation counting. Results are expressed as percent
frohf&ration induced by anti-CD3 (A) or anti-u (B). The values for [*Hlthymidine incorporation for the experiments shown in (A) were: media
Ontrol, 766 cpm: OKT3 alone, 32577 cpm: OKT3 plus anadamide 3% 107% M, 20792 cpm: OKT3 plus THC 3 x 1075 M, 293 cpm; and OKT3

5‘"5 CP55940 3% 10-5 M, 93 cpm. Each point represents triplicate determinations and results are based on at least three independent
XPeriments. Standard deviation was < 15%,
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with water and stained with 1 ug/ml 4' 6-dianidino-2-
phenylindole dihydrochloride (DAPI) for 10 min at
37°C (Verma et al., 1992). Slides were washed with
water, air dried and covered by Vectashield (Vector
Labs) cover slides for analysis by microscopy using a
chroma triple band filter set (#61000; Chroma Tech-

nology, Brattleboro, VT) on an Olympus miCroscope.

2.5. DNA labeling technique for flow cytometric analysis

Cells were stained with propidium iodide (PD in a
hypotonic staining solution (Nicoletti et al., 1991) and
PI fluorescence of individual nuclei was measured on a
FACScan flow cytometer (Becton and Dickinson,
Mountain View, CA) using a 560-nm dichromic mirror
and a 600-nm band pass filter. Data are expressed as
percent apoptotic (i.e. hypodiploid) nuclei.

2.6. Reagents

Phorbol 12-myristate 13-acetate (PMA) and PHA
were purchased from Sigma (St. Louis, MO). Anti-CD3
was used as supernatants from the OKT3 hybridoma
(obtained from ATCC) that had been titrated to deter-
mine optimal doses for T cell mitogenesis. Goat anti-
human IgM F(ab)2 Ab was purchased from Organon
Teknika Corp., Cappel Research Products, Durham,
NO).

Cannabinoids: CP55940 was generously provided by
Dr. Saul B. Kadin (Pfizer Inc., Groton, CT), anadamide
by Dr. Raphael Mechoulam (Hebrew University of
Jerusalem, Jerusalem, Israel) and A¥-tetrahydrocanna-
binol (A%-THC) and 4°-THC by the National Institute
on Drug Abuse. The drugs were kept in 100% ethanol
at —80°C.

3. Results

3.1. Anadamide inhibits mitogen-induced proliferation of
T and B lymphocytes

In the first set of experiments we determined the
effects of anadamide on mitogen-induced lymphocyte
proliferation. The results showed dose-dependent inhi-
bition of T cell proliferation induced by anti-CD3 (Fig.
1A) with complete inhibition at 10~* M anadamide.
Partial inhibition of proliferation was obtained at 3 X
10-5 M anadamide. The two synthetic cannabinoids,
AB8.-THC and CP55940 showed similar effects and com-
pletely inhibited T cell proliferation at concentrations
of 3% 10-5 and 10~° M, respectively. 4>-THC was of
equal potency as A®-THC in inhibiting proliferation of
OKT3-stimulated PBMC. o

150
. 10 uM

E 30 uM
- 100 uM

v, anti-CD3 proliferation

72 418

Time {hours] of anandamide incubation

20 1

Fig. 2. Kinetics of anadamide inhibition of T lymphocyte prolifera-
tion. PBMC were activated with OKT3 and proliferation was mea-
sured after 72 h following a 4-h pulse with 1 pCi {*Hlthymidine,
Anadamide was added at indicated concentrations and times before
cell harvesting. Each point represents triplicate determinations and
results are based on three independent experiments.

B lymphocytes were purified from PBMC and acti-
vated with antibody to cell surface immunoglobulin M
(anti-x) and PMA which induced the expected in-
creases in proliferation. This was inhibited by the three
CB ligands in a similar pattern as observed with
OKT3-induced T cell proliferation (Fig. 1B).

These results show that anadamide inhibits acces-
sory cell-dependent T cell proliferation and accessory
cell-independent proliferation of B lymphocytes. The
effects of anadamide on T and B cell proliferation
were tested with cells isolated from 25 and 4 different
donors, respectively. In all isolates 107> M anadamide

“had no effect on proliferation: Anadamide at 107* M

invariably blocked proliferation completely. The in-
hibitory effects of 3 X 107° M anadamide ranged from
30 to 80% in cells from different donors.

We then studied the kinetics of the cannabinoic
effects on proliferation of anti-CD3 activated PBMC
Addition of anadamide, CP55940 or AB-THC at 72, 48
or 20 h before [*Hlthymidine labeling caused simila
inhibition of lymphocyte proliferation. Amnadamide (10K
uM) completely inhibited proliferation when it wa
present for 72, 48 and 20 h. Tts inhibitory effect
decreased moderately when it was present for only 4
However, anadamide (at 30 pM) was still capable ¢
significantly reducing lymphocyte proliferation when
was present only during the final 4 h of the assay (Fiy
2). Similar resuits were obtained in studies on PM.
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plus anti-u activated B lymphocytes and this time
course was identical in PBMC from three different
donors (data not shown).

3.2. Anadamide induces lymphocyte apoptosis

Based on the complete inhibition of lymphocyte
proliferation by high doses of CB ligands and previous
reports suggesting cytotoxicity of cannabinoids
(Lopez-Cepero et al., 1986), we analyzed cell viability.
Higher concentrations of anadamide, CP55940 or A°-
THC (not shown) reduced cell viability. To examine
this more detail, proliferation and cell viability were
analyzed in replicates of the same cultures (Fig. 3). At
the highest concentration of anadamide (10~ M) there
was a 50% reduction in cell viability but a complete
inhibition of proliferation. More importantly, the lower
doses of the CB ligands which did not affect cell
viability caused significant inhibition of cell prolifera-
tion. Furthermore, where anadamide was present only

during the final 4 h of the experiment and caused
significant inhibition of proliferation (Fig. 2) cell viabil- -

ity was similar as in cultures not treated with
anadamide.

These results demonstrate that anadamide and the
synthetic cannabinoids are capable of inducing cell
death when used at high doses and cell death is at least
in part responsible for the complete inhibition of cell
proliferation observed at high concentrations. How-
ever, anadamide at lower doses also has significant
antiproliferative effects which are not associated with
the induction of cell death.

We then tested whether the reduction in cell viabil-
ity by anadamide is due to the induction of necrosis or
apoptosis. PBMC were treated with 7.5 X 10~°
anadamide, 3 X107 M A%THC or 3x10~° M
CP55940 for different time intervals and analyzed his-
tochemically by staining with 4',6-dianidino-2-phenylin-
dole dihydrochloride (DAPI) which enters viable as
well as dead cells but only binds to fragmented DNA.
Fig. 4 shows staining of fragmented DNA in anadamide
treated (Fig. 4b5) but not in control cells (Fig. 4A).
4 THC-treated but not CP55940-treated cells dis-
Played similar apoptotic changes (not shown). The
apoptotic bodies are not seen in untreated PBMC. For
Quantification of the anadamide-induced apoptotis,
FACS analysis was performed. This showed that
anadamide increased the percentage of cells with hy-
;’;’diploid DNA as compared to media control (Table

To confirm whether anadamide induces internucleo-
Somal cleavage of DNA, we performed Southern blot-
ling on DNA from PBMC that had been treated with
75x1075 M anadamide for 1.5, 3 and 6 h. This
Showed a time-dependent induction of DNA fragmen-
tation of the typical 180 base pair multiples giving rise

0 4 4
‘9( control 10 30 100

B %viability 8
CPM

3

CPM x100

40

% viability

anandamide [uM]

Fig. 3. Effects of CB ligands on lymphocyte viability and prolifera-
tion. PBMC were stimulated with anti-CD3 and treated with the
indicated doses of anadamide for the entire culture period (72 h).
After 72 h, cells were pulsed with [*Hlthymidine for 4 h and
harvested for scintillation counting. Aliquots of the same cultures
that had not been pulsed with [*Hlthymidine were stained with
Ervthrocin red to determine cell viability. Four separate experiments
showed similar resuits.

to the ‘ladder pattern’ (Fig. 5). The anadamide induc-
tion or DNA cleavage was rapid and occurred within
1.5 h,

To analyze the effects of synthetic cannabinoids,
PBMC were treated for 3 h with 107> M and 3 x 10~
M A%-THC and 3x107° M, 107> M and 3X 10~ M
CP55940 (Fig. 6). Anadamide (7.5 X 10™° M) was in-
cluded as a positive control. We observed DNA frag-
mentation with anadamide and 3x 107> M A%THC
but not with AS-THC at 10~5 M. CP55940 did not
cause DNA fragmentation at any of the concentrations
tested.

Later time points at 4, 8, 16 and 21 h in the same
experiment were examined histochemically by DAPI
staining of fragmented DNA was seen only in cells
treated with 7.5 X 107° M anadamide and A%-THC at
3x107° M. A%-THC at 10~* M did not induce apop-
tosis even after 21 h. CP55940 also did not induce
apoptosis, even at concentrations which are 10 times
above those required for the inhibition of proliferation.

Table 1
Induction of lymphoctye apoptosis by anadamide

6h 7h 9h
Media control 5 8 7
Anadamide 22 36 32

PBMC were cultured in media alone or in the presence of 7.5x10~°
M anadamide for the time periods indicated. Cells were stained with
propidium iodide and analyzed by flow cytometry. Results are ex-
pressed as percent hypodiploid nuclei.
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3.3. CB expression in PBMC

The cannabinoid doses required for the effects on
lymphocytes are identical to those where cannabinoids
cause non-receptor mediated increases in calcium re-
lease arachidonic acid metabolism (Felder et al., 1992)
and phospholipase A, activation (Felder et al.. 1993).
The following experiments to determined whether CB
expression correlates with the effects on lymphocyte
proliferation. Two types of cannabinoid receptors have

been identified. The brain type cannabinoid rcceptor*
(CB1) is expressed on human T and B lvmphocytes and

‘monocytes (Bouaboula et al., 1993). The peripheral

cannabinoid receptor (CB2) was identified on
macrophages (Munro et al., 1993). Both types of
cannabinoid receptors bind labeled cannabinoids and
cannot be distinguished in binding studies (Munro et
al., 1993). We used RT-PCR to test the levels of CB1
and CB2 mRNA expression in PBMC of individual
donors (Fig. 7). Both mRNAs were detectable in un-

Fig. 4. Anadamide induces DNA fragmentation. PBMC were treated with cannabinoids for 21 h, The cells were collected, fixed and stained with
DAPI. Photomicrographs (20 X ) of representative fields are shown. Bright cells are stained with DAPI and are apoptotic. Apoptotic bodies are
indicated by arrows. (A) Untreated cells. (B)75x107° M anadamide-treated cells.
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Fig. 5. High concentrations of anadamide cause apoptosis. PBMC

were incubated with 7.5x10~5 M anadamide for the indicated time
intervals, DNA was extracted and analyzed by Southern blotting.

Control

75 uM anandamide
10 uM AB-THC

30 uM A8-THC

3 UM CP55940

10 uM CP55940

30 uM CP55940
Marker

Fig. 6. Anadamide and A%THC but not CP55940 cause apoptosis.
PBMC were incubated for 3 h with various concentrations of
¢annabinoids. DNA was extracted and analyzed by gel electrophore-
sis through 2.5 MetaPhor agarose (FMC, Rockland, ME). Marker,
PhiX Haelll.

Slimulated PBMC with variability in their levels among
individual donors.

4. Discussion

This study describes the immunomodulatory effects
of anadamide, the first identified endogenous cannabi-
N0id receptor (CB) ligand. The results show that
anadamide inhibits proliferation of T and B lympho-
Ytes and induces apoptosis.
~ Cannabinoids had previously been shown to inhibit
Mmune function but the structural basis for these
effects and their physiological significance remained
Unclear. However, two recent advances have renewed

_interest in the immunoregulatory effects of cannabi-

noids. First, two CB cDNAs have been cloned. The
CBI1 cDNA was isolated from rat brain and shown to
be a member of the seven-transmembrane-region, G-
protein coupled family of receptors (Matsuda et al.,
1990; Mailleux et al., 1992; Evans et al., 1992). This CB
gene is constitutively expressed by cells of the immune
system (Bouaboula et al., 1993). More recently, a sec-
ond G-protein coupled cannabinoid receptor has been
identified as a gene which is expressed in rat splenic

MO0O12345678

CB2
=-1104 bp

G3 PDH
- 190 bp

Fig. 7. Donor variability in cannabinoid receptor mRNA expression,
PBMC were isolated from eight different donors (nos. 1-8). RNA
was extracted and analvzed for CBI and CB2 expression by RT-PCR.
To document similar amounts of RNA and ¢DNA, the samples were
also analyzed for G3PDH. 0 represents the negative PCR control (no
template).

-

o\
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macrophages but not in the brain (Munro et al., 1993).
The second advance concerning the immunomodula-
tory effects of CB ligands was provided by the identifi-
cation of anadamide as an endogenous CB ligand (De-
vane et al., 1992b). Anadamide was. isolated from
porcine brain tissue and showed cannabinoid-like bind-
ing to synaptosomal membranes (Devane et al., 1992b)
and also bound to the cloned CB1 (Vogel et al., 1993;
Felder et al., 1993). Signaling events that are modu- )
lated by anadamide include inhibition of forskolin in- over 21 h, where A*-THC at 3 X 107> M caused apop-
duced cAMP accumulation, inhibition of calcium cur- “tosis within 3 h, the same concentration of CP55940
rents (Fride and Mechoulam, 1993) and stimulation of - \C showed no effect.

arachidonic acid and intracellular calcium release ,  In conclusion, these results suggest that immuno-
(Felder et al.. 1993). The latter effects are not medi->7k modulation via the cannabinoid receptors 1s not limited‘%
ated by CB and occur at higher doses (1-100 uM) of to the administration of exogcnous ligands but that
anadamide or other cannabinoids (Felder et al., 1993). lymphocytes which express both cannabinoid receptors

These results raised the possibility that anadamide / CB are sensitive to the antiproliferative effects of -
dogenous cannabinoid anadamide. fThe fact that

interactions cause immunosuppression.

The present study shows that anadamide is an in- anadamide is produced in the brain raises the possibil-
hibitor of T and B lymphocyte proliferation. The ity that it participates in neuroimmune interactions.
‘anadamide effects were dose-dependent and in a con- Future studies will determine whether anadamide or
centration range where it has been shown to regulate. other CB ligands are products of hematopoietic cells
neuronal responses. As compared to the effects of two and whether this mechanism of imMMmunosuppression
synthetic cannabinoids, anadamide was 3—10-fold less can be utilized therapeutically.
potent. The order of potency of the three cannabinoids
in the inhibition of lymphocyte proliferation correlates
with the potency of inhibition of forskolin-induced
adenylate cyclase activation in CB1-transfected cells
(Mackie et al., 1993), suggesting that inhibition of
lymphocyte proliferation may be receptor-mediated.
However, the relative homogeneity in the inhibitory
effects of cannabinoids on proliferation of lymphocytes
contrasts with a large variation of CB mRNA expres-
sion among individual donors. Definitive information
on CB-mediated versus non-CB-mediated mechanisms
involved with the antiproliferative effects of cannabi-
noids will depend on the availability of CB subtype-
specific blocking antibodies.

The antiproliferative effects of anadamide were ob-. References
served with mitogen activation of T or B lymphocytes*
which represents a much stronger stimulus for lympho-
cytes as compared to antigens. It is thus conceivable
that anadamide is capable of more profoundly or com- 4
pletely inhibiting lymphocyte proliferation in response
to antigens. Concentrations of anadamide effective at Shire. D., Le Fur, G. and Caselias, P. (1993) Cannabinoid-recep-
reducing lymphocyte proliferation did not reduce cell tor expression in human leukocytes. Eur. J. Biochem. 214. 173-
viability or induce apoptosis, suggesting that as part of b 180. WA B . Sheskin. T Jarbe. T.U.. Eisen. M5, and

: : . . : _A., Breuer. A., Sheskin. 1., .M.S. and
the bloghemlcal events .le?dmg to the md.ucnon of evl\i:lteéhoulam. Rt.:(l‘gg?_ajAms)vel probearfo(: the cannlast:i?'\oid recep-
apoptosis, DNA synthesis 1s suppressed prior to the tor. 1. Med. Chem. 35. 2065-2069.
fragmentation of DNA.

indicated by the cleavage of high molecular mass DNA_
AS-THC also induced apoptosis at high concentrations
but not at the concentrations which were effective at
reducing lymphocyte proliferation. CP55940 although 3
and 10 times more effective than A%-THC and
anadamide, respectively. in reducing lymphocyte prolif-
eration, did not induce apoptosis, even at concentra-
tions 10 times higher than those required for reduction
of lymphocyte proliferation. In a time course analysis

k Acknowledgements

We thank Jinae Shin for excellent technical assis-
tance and Drs. L. Matsuda, R. Mechoulam and S.
Kadin for providing reagents used in this study. Dr. R.
Ochs provided valuable assistance in the apoptosis
assays. This work was supported by NIH Grants
AR39799 and RR008833. Francisco J. Blanco was sup-
ported by Fis Expte 94/ 5281.

Arata, S., Klein, T.W., Newton. C. and Friedman, H. (1991) Tetra-
) * hydrocannabinol treatment suppresses growth restriction of Le-
gionella preurnophila in murine macrophage cultures. Life. Sci 49,
473479,

Bouaboula, M., Rinaldi, M., Carayon, P., Carillon. C.. Delpech. B..

Devane, W.A.. Hanus. L., Breuer. A., Pertwee. R.G., Stevenson.
Dose—response curves of the different CB ligands
were similar in B and T lymphocytes, suggesting com-
parable numbers of binding sites in these two cell
types.
At higher doses anadamide reduced cell viability.
This was associated with the induction of apoptosis as

L.A.. Griffin, G.. Gibson. D.. Mandelbaum. A.. Etinger. A. and
Mechoulam. R. (1992b) Isolation and structure of a brain con
stituent that binds to the cannabinoid receptor. Science R
1946-1949.

Evans. D.M.. Johnson, M.R. and Howlett, A.C. (1992) Call~"
dependent release from rat brain of cannabinoid receptor bindir
activity. J. Neurochem. 58, 780-782.




H. Schwarz et al. / Journal of Neuroimmunology 55 (1994) 107-115

Felder, C.C., Veluz, 1.S., Williams, H.L., Briley, E.M. and Matsuda,
L.A. (1992) Cannabinoid agonists stimulate both receptor- and
n-receptor-mediated . signal transduction pathways in- cells
\/::msfectcd with and expressing cannabinoid receptor clones.
Mol. Pharmacol. 42, 838-845.

Felder, C.C,, Briley, E.M., Axelrod, J., Simpson, J.T., Mackie, K. and
Devane, W.A. (1993) Anadamide, an endogenous cannabimimetic
eicosanoid, binds to the cloned human cannabinoid receptor and
stimulates receptor-mediated signal transduction. Proc. Natl.
Acad. Sci. USA 90, 7656-7660.

Fride, E. and Mechoulam, R. (1993) Pharmacological activity of the
cannabinoid receptor agonist, anadamide, a brain constituent.
Eur. J. Pharmacol. 231, 313-314.

Hollister: L.E. (1992) Marijuana and immunity. J. Psychoact. Drugs
24, 159-164.

Houston, D.B. and Howlett, A.C. (1993) Solubilization of the
cannabinoid receptor from rat brain and its functional interaction
with guanine nucleotide-binding proteins. Mol. Pharmacol 43,
17-22.

Howlett, A.C., Champion, T.M., Wilken, G.H. and Mechoulam, R.
(1990) Stereochemical effects of 11-OH-delta 8-tetrahydrocanna-
binol-dimethylheptyl to inhibit adenylate cyclase and bind to the
cannabinoid receptor. Neuropharmacology 29, 161-165.

Jansen, EM., Haycock, D.A., Ward, S.J. and Seybold, V.S. (1992)
Distribution of cannabinoid receptors in rat brain determined
with aminoalkylindoles. Brain. Res. 575, 93-102.

Johnson, B.A. (1990) Psychopharmacological effects of cannabis. Br.
J. Hosp. Med. 43 (114 /6), 118-120.

Kaminski, N.E., Abood, M.E., Kessler, F.K., Martin, B.R. and Schatz;

R. (1992) Identification of a functionally relevant cannabinoid

receptor on mouse spieen cells that is involved in cannabinoid-
mediated immune modulation. Mol. Pharmacol. 42, 736-742.

Klein, T.W., Kawakami, Y., Newton, C. and Friedman, H. (1991)
Merijuana components suppress induction and cytolytic function
Of murine cytotoxic T cells in vitro and in vivo. J. Toxicol.

‘ Environ. Health 32, 465-477.

Kobayashi, R., Rassenti, L.Z., Meisenholder, G.. Carson, D.A. and
Kipps, T.J. (1993) Autoantigen inhibits apoptosis of a human B
cell jeukemia that produces pathogenic rheumatoid factor. J.
Immunol. 151, 7273-7283.

Kuis, W., Villiger, P.M., Leser, H.G. and Lotz, M. (1991) Differential
processing of proenkephalin-A by human peripheral blood mono-
cytes and T lymphocytes. J. Clin. Invest. 88, 817—824.

Lopez-Cepero, M.. Friedman, M.. Klein, T. and Friedman, H. (1986)
Tetrahydrocannabinol-induced suppression of macrophage
spreading and phagocytic activity in vitro. J. Leukoc. Biol. 39,
679-686.

Lotz. M, Jirik, F., Kabouridis, P.. Tsoukas, C., Hirano, T., Kishi-
moto, T. and Carson, D.A. (1988) B cell stimulating factor
2/interleukin 6 is a costimulant for human thymocytes and T
lymphocytes. J. Exp. Med. 167, 1253-1258.

Lotz, M.. Ranheim, E. and Kipps. T.J. (1994) TGFB as endogenous
growth inhibitor of chronic lvmphocytic leukemia B cells, J. Exp.
Med. 179, 999-1004.

Luo, Y.D., Patel, MK.. Wiéderhold. M.D. and Ou, D.W. (1992)

ffects of cannabinoids and cocaine on’ the mitogen-induced
transformations. of lymphocytes of human and mouse origins. Int.
J. Immunopharmacol. 14, 49-56.

Lyman, W.D., Sonett. J.R., Brosnan, C.F. Elkin, R. and Bornstein.

M.B. (1989) Delta 9-tetrahydrocannabinol: a novel treatment for

"\ eXperimental autoimmune encephalomyelitis. J. Neuroimmunol.
23, 73-81.

«

115

Mackie, K. and Hille, B. (1992) Cannabinoids inhibit N-type calcium
channels in neuroblastoma-glioma cells. Proc. Natl. Acad. Sci.
USA 89, 3825-3829.

Mackie, K., Devane, W.A. and Hille, B. (1993) Anadamide, an
endogenous cannabinoid, inhibits calcium currents as a partial
agonist in N18 neuroblastoma cells. Mol. Pharmacol. 44, 498-503.

Mailleux, P. and Vanderhaeghen, J.J. (1992) Distribution of neuronal
cannabinoid receptor in the adult rat brain: a comparative recep-
tor binding radioautography and in situ hybridization histochem-
istry. Neuroscience 48, 655-668.

Mailleux, P., Parmentier, M. and Vanderhaeghen, J.J. (1992) Distri-
bution of cannabinoid receptor messenger RNA in the human
brain: an in situ hybridization histochemistry with oligonucleo-
tides. Neurosci. Lett. 143, 200-204,

Matsuda, L.A., Lolait, S.J., Brownstein, M.J., Young, A.C. and
Bonner, T.I. (1990) Structure of a cannabinoid receptor and
functional expression of the cloned cDNA. Nature 346, 561-364.

Munro, S., Thomas, K.L. and Abu-Shaar, M. (1993) Molecular
characterization of a peripheral receptor for cannabinoids. Na-
ture 365, 61-65.

Murphy, L.L., Steger, R.W., Smith, M.S. and Bartke, A. (1990)
Effects of delta-9-tetrahydrocannabinol, cannabinol and
cannabidiol, alone and in combinations, on luteinizing hormone
and prolactin release and on hypothalamic neurotransmitters in
the male rat. Neuroendocrinology 52, 316-321.

Nahas, G. and Latour, C. (1992) The human toxicity of marijuana.
Med. J. Aust. 156, 495-497.

Nahas, G.G., Suciu-Foca, N., Armand, J.P. and Morishima, A. (1974)
Inhibition of cellular mediated immunity in maribuana smokers.
Science 183, 419-420.

Nicoletti, 1., Migliorati, G.. Pagliacci, M.C., Grignani, F. and Ric-
cardi, C. (1991) A rapid and simple method for measuring thymo-
cyte apoptosis by propidium iodide staining and flow cytometry.
J. Immunol. Methods 139. 271-279.

Patra, P.B. and Wadsworth, R.M. (1991) Quantitative evaluation of
spermatogenesis in mice following chronic exposure to cannabi-
noids. Andrologia 23, 151-156,

Schatz, A.R., Kessler, F.K. and Kaminski, N.E. (1992) Inhibition of

oo adenylate cyclase by delta 9-tetrahydrocannabinol in mouse spleen
cells: a potential mechanism for cannabinoid-mediated immuno-
suppression. Life. Sci. 51, 25-30:

Schuel, H.,, Berkery..D., Schuel, R., Chang, M.C., Zimmerman, A.M.
and Zimmerman, S. (1994) Reduction of the fertilizing capacity
of sea urchin sperm by cannabinoids derived from marihuana. L.
Inhibition of the acrosome reaction induced by egg jelly. Mol.
Reprod. Dev. 29, 51-59.

Specter,-S., Lancz, G., Westrich; G. and Friedman, H. (1991) Delta-
9-tetrahydrocannabinol augments murine retroviral induced im-

' munosuppression and infection. Int. J. Immunopharmacol. 13,
411-417.~

Verma, R.S,, Conte, R.A., Luke, S., Sindwani, V. and Macera, M.J.
(1992) Deciphering the fluorescent variability of human genomic
heterochromatin by DA /DAPI technique. Clin. Genet. 42, 267-
270.

Villiger, P.M., Cronin, M.T., Amenomori. T., Wachsman, W. and
Lotz, M. (1991) IL-6 production by human T lymphocytes. Ex-
pression in HTLV-1-infected but not in normal T cells. J. Im-
munol. 146, 550-559.

Vogel, Z., Barg, J., Levy. R., Sava, D.. Heldman, E. and Mechoulam,
R. (1993) Anadamide, a brain endogenous compound. interacts
specifically with cannabinoid receptors and inhibits adenylate
cyclase. J. Neurochem. 61, 352-355.



