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SUMMARY
A’-Tetrahydrocannabinol  (A’-THC),  a prototypic compound
belonging to the family of agents known as cannabinoids,
produces a wide variety of biological effects, including inhibi-
tion of immune function The putative mechanism for cannabi-
noid biological action involves binding to cannabinoid receptor
types 1 and 2 (CBI and CB2)  to negatively regulate adenylate
cyclase and inhibit intracellular signaling via the CAMP  cas-
cade. In the current study, we show that A’-THC produces a
marked inhibition of inducible nitric oxide Synthase  (iNOS)  tran-
scription arid nitric oxide production by the macrophage  line
RAW 264.7 in response to lipopolysaccharide (LPS). Analysis of
RAW 264.7 cell RNA demonstrated transcripts for CB2 but nut
CB!. Treatment of RAW 264.7 with A’-THC inhibited forskolin-
stimulated  CAMP production in a dose-related manner, verify-
ing the expression of functional cannabinoid receptors by this
cell line. iNOS  transcription, which is regulated in part by the

nuclear factor-KB/Rel  (NF-kB/Rel)  family of transcription fat_
tots, has been shown to be under the control of the carp
signaling cascade. We demonstrate that A’-THC inhibits the
activation and binding Of NF-KB/Rei  proteins to their cognat&
DNA site, KB, in response to LPS stimulation. LPS treatment of
RAW 264.7 ceils also induced the activation of the CAMP cas-
cads, as indicated by an increase in binding of nuclear factors
to the CAMP response element. Activation of CRE binding
proteins was inhibited by A’-THC.  Forskolin treatment of RAW
264.7 cells induced both KB and CAMP response element bin&
ing activity and was likewise inhibited by A’-THC.  Cotleotiv&y,
this series of experiments indicates that NF-~6/Rel  is pasitii~
regulated by, the CAMP cascade to help initiate iNOS  m
expression in response to LPS stimulation of macrophaggs,
This activation of iNCS is attenuated by A3=THC  through the
inhibition of CAMP signaling.

Currently, two major types of cannabinoid receptors, CBl
and (332,  have been isolated and cloned. Both receptors are
involved in mediating the diverse biological actions of canna-
binoid compounds, including immune suppression and alter-
ations in central nervous system function. CBl is expressed
in greatest abundance within the brain (1, 2) but is also
present at low levels in peripheral tissues, notably in spleen
(3). CB2 has been identified only within the immune system
(4). Both receptor types are negatively coupled to adenylate
cyclase through a pertussis toxin-sensitive G protein (5) and
inhibit the CAMP  signaling cascade. Structure-activity stud-
ies show a strong correlation among the magnitude of inhi-
bition by cannabinoids on adenylate cyclase activity, their
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binding-affinity,  and their respective rank order of potency in
modifying biological responses (6).

Although the mechanism for immune suppression by can-
nabinoids has not been clearly established, disruption of the
CAMP signaling cascade initiated by receptor/ligand  interac-
tion is a critical event in the suppression of a number of
immune responses. This is made evident by the ability of
membrane-permeable CAMP  analogs to reverse cannabinoid-
mediated inhibition of immune responses, including the anti-
sheep erythrocytes IgM antibody-forming cell response and
lymphoproliferation (6). Similarly, ADP-ribosylation  of inbib-
itory  G proteins in splenocytes  by pertussis toxin blocks
cannabinoid inhibition of both adenylate cyclase activity and
antibody-forming cell responses !6). Cannabinoid receptor
expression has been identified in all of the major immune
logical cells types, including B and T cells, monocytes,  and

ABBREVIATIONS: CBl , cannabinoid receptor type 1; CB2, cannabinoid receptor type 2; LI’-THC,  A-9-tetrahydrocannabinol;  PMA, phorbol-12-
myristate-13-acetate; RPM1  1640, Roswell Park Memorial Institute 1640; bp, base pair(s); RT-PCR, reverse transcription-polymerase chain
reaction; INOS,  inducible nitric oxide synthase; CRE, CAMP  response element; NF-KB,  nuclear factor for immunoglobulin K chain in B cells; !J’%
lipopolysaccharide: NO, nitric oxide: PKA, CAMP-dependent protein kinase; PDTC, pyrrolidine dithiocarbamate; IS, internal standard; EMSA
electrophoretic mobility shift assay; BSA, bovine serum albumin: CREB;  CAMP response element binding protein; ATF, activating transcnp~~
factor; IFN-y, interferon-y; HEPES, 4-(2-hydroxyethyl)-1  -piperazineethanesulfonic  acid.
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mast cells, providing a rationale for the sensitivity of the
immune system to modulation by cannabinoids (3, 4,7, 8).
Furthermore, it is likely that immunocellular responses reg-
ulated by CAMP signaling will exhibit sensitivity to cannabi-
noids and account for the wide range of immunological re-
sponses  effected by this class of compounds.

We investigated the effect of A’-THC on the LPS-induced
NO response in macrophages, an important aspect ofinflam-
mation and innate host defense to bacterial pathogens. Stim-
ulation of murine macrophages by LPS results in the expres-
sion of an iNQS,  which catalyzes the production of large-
amounts of NO from L-arginine  and molecular oxygen m(9).
NO. in turn, participates in the cytolytic function of macro-
phages  I 7 01. The promoter of the murine gene encoding iNOS
contains two ~3 binding sites, located at 55 and 971 bp
upstream of the TATA  box, respectively m(  11). It has been
reported that protein binding to the I& site is necessary to
confer inducibility by LPS (12). The NF+B/Rel  family of
transcription factors are pleiotropic regulators of many genes
involved in immune and inflammatory responses, including
WOS  (12, 13). NJ?-&/Rel  exists in the cytoplasm of unstimu-
lated cells in a cpriescent  form bound to its inhibitor, IKB.

Macrophage  activation by certain external stimuli results in
the phosphorylation  of IKB by PKA, thus releasing the active
DNA-binding form of NF-KB/Rel  to translocate to the nucleus
to bind KB  motifs in the regulatory region of a variet.y  of
genea  114). LPS treatment of macrophages activates both
protein kinase C and PKA, the latter being induced by an
elevation of intracellular CAMP  (15, I6 1. ~41so. mterleukin-1,
an inflammatory cytokine  induced by LPS, contributes to the
elevation of CAMP. The coordinate activation mediated-
through LPS and interleukin-l is followed by increased iNOS
expression and nitrite formation (17,  18). These results sug-
gest that (a) the CAMP signaling cascade is involved in both
I’@-KB/Rel  activation and iNOS induction after LPS stimu-
lation and (b) the LPS-induced NO response is a likely can-_
-didate for modulation by cannabinoids. Here, we examine the
role of’cAMP signaling on LPS-induced  iNOS activity and NO
formation in the macrophage  cell line RAW 264.7 by using
the adenylate cyclase inhibitor A’-THC.

Materials and Methods
Reagents. A’-THC was provided by the National Institute on

l>rug  Abuse (National  Institutes of Health, Rockville, MD). LPS.
PBTC. and 8bromo-CAMP were purchased from Sigma Chemical
(St. Louis, MO); forskolin was purchased from CalBiochem  (La Jolla,
C-41;  PCR reagents were purchased from Promega (Madison. WI);
and reagents used for cell culture were purchased from GIBCO-BRL
‘Grand  Island, NY).

himals. Virus-free 4-6-week-old  female B6C3Fl  mice were pur-
chased from the Frederick Cancer Research Center. On arrival,
randomized  mice were transferred to cages containing sawdust bed-
ding !iive  mice/cage), given food (Purina Certified Lab Chow) and
M’akr  ad tibitum,  and used for experimentation when their body
weis% was 17-20 g. Animal holding rooms were maintained at_-.
‘l-24” and 4&60%  relative humidity with a 12-hr light/dark cycle.

Cell  culture. The peritoneal macrophages and RAW 264.7 cells
I&y’L,  ?33_71;  Am erican Type Culture Collection, Rockville, MD i were
f@Qm: in RPM1  1640 supplemented with 10% fetal bovine serum, 2
rrQ I-glutamine,  100 units/ml penicillin, and 100 pg/ml streptomy-
.$&-P.m&meal  cells were harvested by sterile peritoneal lavage~. &I&S balanced  salt solution, washed, resuspended in culture

medium, and plated at 5 x IO* cells/ml. Nonadherent cells were
removed by repeated washing after a 2-hr  incubation at 37’.

Nitrite  quantification. NO,-  accumulation was used as an in-
dicator of NO production in the medium as described previously (19 ).
Peritoneal macrophages and RAW 264.7 cells were plated at 5 X 10’
cells/ml onto 24-well culture plates and stimulated with LPS 1200
ng/mli in the presence or absence of A,“-THC  (2.5. 5, 10, and 20 I.LM’
for 24 hr. The isolated supernatants were mixed with an equal
volume of Griess  reagent t 1% sulfanilamide. 0.1% naphthylethylene
diamine &hydrochloride, 2% phosphoric acid) and incubated at room
temperature for 10 min. Using NaNO, to generate a standard curve,
nitrite production was measured by an absorbance reading at 550
nm.

Preparation of IS for RT-PCR. An artifmial’reoomhinant
mRNA (rcRNAi was used as an IS containing specific PCR primer
sequences for iNOS that were added to RNA samples in a dilution
series. A rat /3-globin  sequence was used as the spacer gene for the
CBl, CB2, and iNOS IS. This method, developed by Vanden Heuvel.
avoids sample-to-sample variation in reference gene expression (e.g..
@actin)  as well as gene-to-gene differences in amplification effi-
ciency (20, 21). The primer sequences from 5’ to 3’ for CBl and CB2
are forward primer, ACCTGATGTTCTGGATCGGA;  reverse primer,
TGTTATCTAGAGGCTGCGCA; and forward primer, ‘M’CTTACCT-
GCCGCTCATG; reverse primer, CGGATCTCTCCACTCCGTAG? re-
spectively, The primer sequences from 5’ to 3’ for iNOS  are forward
primer, GGATAGGCAGAGATTGGAGG; and reverse primer. _4AT-
GAGGATGCAAGGCTGG. The CB1  and CB2 IS primer design from
5’ to 3’ is as follows: IS forward primer, T7 promoter YIAATAC-
G_4CTCACTATAGG):  CBl or CB2 forward primer. as stated above;
and rat 8-globin forward primer, CCTGCAGTGTCTGAT,4TTGTTG;
and IS reverse primer, poly d(T),,; CBl or CBZ reverse primer, as
stated above; and rat, @globin  reverse primer, ACACACCATTGC-
GATGAA.  The iNOS IS primer design from 5’ to 3’ is as follows: IS
forward primer, T7 promoter; iNOS  forward primer, as stated above;
and rat P-globin  forward primer, AAGCCTGGATACCAACCTGCC;
and IS reverse primer, poly d(T),*; iNOS  reverse primer, as stated
above; and rat /3-globin  reverse primer, AACCTGGATACCAACCT-
GCC. PCR reaction conditions for generating the IS were perfo,rmed
as stated previously using 100 ng of rat genomic DNA (211. PCR-
amplified products were purified using the PCR Prep DNA purifica-
tion system !Promega) and transcribed into RNA using the Gemini II
in vitro  transcription system iPromega).  The rcRNA  was subse-
quently treated with RNase-free  DNase  to remove the DNA tem-
plate. After quantification, the IS concentration was calculated:
330 i: bp is an approximation for the molecular weight of the IS, and
the concentration is expressed in molecules of IS!$.

Quantitative RT-PCR. RNA was isolated using Tri Reagent
(Molecular Research Center, Cincinnati, OH) as described by Chom-
czynski  and Mackey  (221. To avoid any DNA contamination, RNA
samples were incubated with RNase-free  DNase  for 15 min at 37” in
10 mM MgCI,, 1 mM  dithiothreitol, 25 units of RNasin, 10 mM Tris,
and 1 mM  EDTA. RNA was then extracted by phenouchloroform and
precipitated. Competitive RT-PCR was performed according to Gilli-
land et al. (23, 241, except that rcRNA was used as an IS instead of
genomic DNA. Briefly, total RNA (100 ngi and IS rcRNA of known
amount were reverse-transcribed into cDNA  using oligo(dTj,,  as a
primer. Eight aliquots of RNA were taken from each treatment
groups, and an aliquot of IS rcRNA ranging from lo3 to 10” mole-
cules was added to the appropriate treatment group RNA aliquot. A
PCR mix consisting of PCR buffer (20 mM  ammonium sulfate, 67 mhf

Tris, 6.7 pM EDTA, 80 pg!ml  BSA, and 5 mM P-mercaptoethanol),  4
mM MgCl,, 6 pmol each of iNOS  forward and reverse primers, and 2.5
units of Tuq  DNA polymerase was added to the cDNA  samples.
Samples were then heated to 94” for 4 min and cycled 30 times at a
94” denaturing step for 15 set, a 55” annealing step for 30 set, and a
72” elongation step for 30 set, after which an additional extension
step at 72” for 5 min was included. PCR products were electropho-
resed in 3% NuSieve 3:1 gels (FMC  Bioproducts, Rockland, ME) and P
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visualized by ethidium bromide staining. The CB1,  CB2, and iNOf
primers produce amplified products at 450,429, and 379 bp from the
RNA sample and at 371, 370, and 301 bp from the PS rcRNA,
respectively. Quantification was performed using the Gel DOC 1000
(Bio-Rad,  Hercule$,  CA), with which the amount of target mRNA
present is determined according to Gilliland et al. (23 1. For example,
the ratio of the volume of'  the IS rcRNA  to iNOS  RNA band is plotted
against the  amount of 1S rcRNA  (in molecules! added to each reac-
tion. The point at which the ratio of IS (rcRNA)  to iNOS  mRNA is
equal to 1 is denoted the “cross-over” point and represents the
amount of iNOS  mR_hJA  present in the initial RNA sample. After
performance of the 103-101’ range-finding experiment, a second set
of much-narrower IS dilutions (i.e., for iNOS  lo”-1OL0  molecules/
tube) were examined to more accurately quantify RNA message
levels.

EMSA  Nuclear ext;racts  were prepared as described previously
(25). Treated and untreated RAW 264.7 cells were lysed with kypo-

tonic buffer (10 IXVI HEPES, 1.5 a~ MgCl,. pH 7.5).  and the nuclei
were pelleted by centrifugation at 3000 x g for 5 min. Nuclear lysis
was performed using a hypertonic buffer (30 m&i HEPES, 1.5 rnM
Mg61,,  450 rnM  KU, 0.3 rnM EDTA, 10% glycerol) that contained 1
mu dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 1 pg/rnl
concentration each of aprotinin and leupeptin. After lysis, the sam-
ples were centrifuged a’c  14,500 x g for 15 min, and the supernatant,
was retained for use in the DNA binding assay. T WO double-stranded
deoxyoligonucleotides containing the CRE (5’-TGACGTCA-3’)  (26)
and the NF-~13 binding site (5’-GGGGACTTTCC-3’)  (27) were end-
labeled with [Y-~~P]~ATP.  Nuclear extracts (3 pg)  were incubated
with poly(dI-dC) (0.5 I_L~  for CREB/ATF  binding and 2 pg for NF-KB/
Rel binding) and the “‘P-labeled DNA probe in binding buffer (100
rnM NaCl, 30 m.?-I  HEPES, 1.5 m&f  MgCl,, 0.3 rn.u  EDTA, 10% glyc-
erol, 1 n-&f dithiothreitol, 1 m&r phenylmethylsulfonyl fluoride, 1
pg/ml  concentration each of aprotinin and leupeptin) for 10 min on
ice. DNA binding activity was separated frum  free probe using a 4.8%
polyacrylamide gel in IX TrialBorateiEDTA buffer (89 rnM Tris, 89
rnM boric acid. 2 n~f  EDTA,.  -After  electrophorcsis, the gel was dried
and subjected to autoradiogaphy.

cA.IUP  determinations. RAW 264.7  cells  were washed with
RPM1 1640, resuspended in RPMI  1640 with 1 mg/ml fatt,y  acid-poor
BSA (CalBiochem). and adjusted to 5 >I 10” cells/ml. One-milliliter
aliquots of cells were treated with either vehicle ilQ ethanol) or
A’-THC  (2.5,5, 10, and 20 irr;&f) and then incubated for 10 min at room
temperature. The appropriate cell preparations were then stimu-
lated with 50 FV forskolin for 15 min at 37” in 5% CO,. After
stimulation, the adenylate cyclase was inactivated by the addition of
the CAMP  extraction buffer (95% ethanol, 0.01 N HCI). Supernatants
were collected and dried. Aliquots of reconstituted cell lysates were
quantified for CAMP  using a CAMP  assay kit (Diagnostic Products,
Los Angeles, CA,  (28).

Statistical analysis. Mean f standard deviation values was
determined for each treatment group in a given experiment, When
significant differences occurred, treatment groups were compared
with the vehicle controls using a Dunnett’s two-tailed t test (29).

Results
Cannabinoid receptor expression. Expression of

mRNA for the cannabinoid receptors CB1 and CBZ  was
quantified using RT-PCR. Total RNA of RAW 264.7 cells was
prepared, reverse-transcribed into cDNA,  and amplified by
PCR using primers specific for the cDNA of interest. In RAW
264.7 cells, CB2 was highly expressed at -1 X lo5 molecules/
100 ng RNA, whereas CBl expression was undetectable.

Effect of A’-THC  on forskolin-stimulated adenylate
cyclase activity in RAW 264.7 cells. The effect of A’-THC
on forskolin-stimulated adenylate cyclase activity was mea-
sured to indirectly verify whether RAW 264.7 cells express

functional cannabinoid receptors (Fig. li. Forskolin  treat :
ment  alone  markedly activated adenylate cyclase as demo& i
&rated by a lo-fold elevation in intracddar cAYhIP  corn_
pared  with forskolin-unstimulated cells. Pretreatment of
RAW  264.7 cells with A”-THC  before forskolin stimulation
significantly decreased CAMP formation by 31%:  45%. and
84% at 5, 10, and 20 +&I  respectively. NO effect on cell  viabil_
ity was observed in any of the treatment groups  and al*.vay@
exceeded 85% as determined by eosin Y staining (data not
shown).

Effects of Ag-THC  on nitrite production and irJos
gene  expression in macrophages. LPS (200 @‘ml)  alone i
increased  the  production of nitrite 2 12-fold over basal levels !
in peritoneal macrophages and RAW 264.7 cells (Fig. 2).
Basal levels of nitrite in unstimulated peritoneal macro_
phages  and RAW 264.7 cells were <I nmol/ml  (mean z
standard deviation, three experiments). On LPS-stimulation,
nitrite synthesis by peritoneal macrophages and RAW 2~~; :
cells  increased by 13- and 26-fold,  respectively. Furthermore.
this induction in nitrite generation by LPS was inhibited by
A”-THC.  Consistent with these finding, iNOS mRNA  was not
detectable in unstimulated RAW  264.7 cells. Conversely,
RNA isolated from RAW 264.7 cells treated for 6 hr with LpS
showed the active transcription of the iNOS gene as demon_
&rated  by RT-PCR. Furthermore, A’-THC ilO and 20

;
N{i ’

inhibited LPS-induced iNOS  transcription (Table 1). In t& ;
same series  of experiments, it is notable that a very moda
increase in iNOS  transcript was observed in experiment 1 b
the 5 PM A”-THC-plus-LPS treatment group; however, we ;
believe this was most likely due to biological variability b
cause it was not observed in a subsequent experiment,

Because LPS treatment of macrophages activates bo&
PIW and protein kinase C signaling pathways, RAW 264.7
cells were cotreated with P&IA  or 8-bromo-cikMP  in the pres_
ence  of LPS and A”-THC  (20 PM) for 24 hr to identify which

”

NA , 0 2.5 5 20

Fig. 1. Inhibition of cAMP production by 19-THC in forskolin-stimu-
lated RAW 264.7 cells. RAW 264.7 cells at 5 x IO5  cells/ml  Were
incubated with either vehicle (0.1% ethanol) or lQ-THC (25. 5, IO, and
20 PM) for IO min, followed by a 15-min stimulation with forskolin (50
FIM). Intracellular cAfvlP concentrations are expressed as the mean -Z
standard deviation of triplicate determinations. *, Response that 9
significantly different from the control group as determined by Dun*
nett’s two-tailed t test at p < 0.05. One of two representative eXF-
ments is shown.
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TABLE 1
inhibition of iNOS gene expression by As-THC  in LPS-stimulated
RAW 264.7 cells
RAW 264.7 celis  were treated with aS-THC  (2.5, 5, 10: and 20 FM) in the presence
of LPS (200 ng!ml)  for 6 hr. Total RNA was isolated and the molecules of iNOS
t?IRRiA  were quantitated as outlined in Materials and Methods.

Treatment

NA
LPS
LPS + A’-THC (2.5 PM)
LPS + A’-THC (5 PM)
LFS + A'=THC(lO pM)
PS + Ag=THC(20  pM)

N.D.,  not detectable.

iNOS

Experiment ! Experiment 2

molecules x lo;ilOO  n_o MA

N.D. ND.
5.89 10.4
6.05 6.41
6.62 4.73
3.82 4.29
3.65 2.27

of the two potential signaling pathways may be involved in
the inhibition of nitric  oxide production by cannabinoids  (Fig.
3 J. E-bromo=cmP,  a membrane-permeable CAMP analog, but
not PI&4 restored nitrite production in the presence of A”=
THC.

Inhibition  of N%-&VRel binding activity by Ag-T~C
treatment  in LP$-stimulated  RAW 264.7 cells. It has
~KW-~  reported that protein binding at the KB binding site is
necessary  to confer inducibility  by LPS of iNOS  (12).  In the
Present  series of experiments, we investigated the role of
adenylate  cyclase  inhibition by 4”-THC on regulation of NF-
KB/JFlel  and the relationship between NF-KB/Rel  and LPS-
Induced  iNOS  gene expression. Our initial studies demon-
**rated  that LPS (200 ngiml)  treatment of RAW 264*7  cells
induced  a marked increase in NF+B/R.el  binding to its cog-
nate site at I and 2 hr, which could be visualized as two
distinct  bands (Fig. 4). This banding pattern was similar to
that previously described by Xie et al. (12). In their study, the
uPr,‘er  band was composed of p5O/ReL4(p65)  and p50/c-rel
heicrt~dimers,  whereas the lower band consisted of a ~50
h”l”odimer  as identified by gel supershift assays (12). In the
Pre%%x  of Ag=THC, LPS-induced NF-KB/Rel  binding was
“Dticeably  inhibited at 1 and 2 hr, and this inhibition by
3=TBC was dose related, as show-n in Fig. 4B. To confirm the
‘VQjVement  of NF-KB/Rel  in the induction of iNOS  gene

by _LPS=stimulated  RAW 264.7 cells, we used

Fig. 2. Inhibition of nitrite production by A9-THC  in LPS-
stimulated peritoneal cells and RAW 264.7 cells. Perito-
neal adherent cells (A) and RAW 264.7 cells (E) were
treated with A’-THC (2.5, 5, 10, and 20 pb~) in the pres-
ence of LPS (200 ng/ml) for 24 hr. The supernatants were
subsequently isolated and analyzed for nitrite. Bars,
mean 2 standard deviation of triplicate determinations. *,
Response that is significantly different from the control
group as determined by Dunnett’s two-tailed t test at p <
0.05. One of two representative experiments is shown.

LPS = +
MC - -

+ + +
+ + +

PMA 8=Bromo
-CAMP

Fig. 3. Reversal of A’-THC-mediated inhibition of nitrite production in
LPS-stimulated RAW 264.7 cells by 8-bromo-CAMP.  RAW 264.7 ceils
were treated with PMA or 8-bromo=cAMP  in the presence of LPS (200
ng/ml) and A’=THC  (20 PM) for 24 hr. The supernatants were subse-
quently isolated and analyzed for nitrite. Bars, mean 2 standard devi-
ation, triplicate determinations; *, Significant difference from the control
group as determined by Dunnett’s two-tailed t test at p < 0.05. One of
two representative experiments is shown.

PDTC, an antioxidant that inhibits NF=KB/Rel  activation
(39). Concomitant treatment of RAW 264.7 cells with PDTC
and LPS significantly inhibited NF-KB/Rel  binding activity
(Fig. 5A). Under identical conditions (i.e., preincubation with
PDTC), LPS-activated RAW 264.7 cells exhibited a dose-
dependent inhibition in nitrite generation, confirming the
involvement of NF-KBIRel  in LPS-induced nitrite generation
(Fig. 5B).  Collectively, this series of experiments indicates
that NF=&/Rel  is positively regulated by the CAMP cascade
to help initiate iNOS gene expression in response to LPS.

Activation of CREB/ATF binding with LPS in RAW
264.7 cells. In addition to the regulation of NF=KB/Rel,  the
CAMP signaling cascade is best known for its activation of the
CREB/ATF family of DNA binding proteins. Because 4’=THC
inhibits CAMP signaling through the inhibition of adenylate
cyclase, the present series of experiments were performed to
investigate whether CREB/,LZTF  DNA binding factors are
activated by LPS stimulation of macrophages and, if so, b
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Time (min) 0 60 120
LPS - + + + ;
THC - - + -

- .

-WC (PM)
5 10 20

LpP- + + + +

Free
prooek

Free
proDeb

Fig. 4. Inhibition of NF-KB/Bel  binding by ~‘-T#c  ;r!
LpS-stimulated  RAW 264.7 cells. RAW 264.7 ceils wetn
treated with (A) A’-THC  (20 ELM)  in the Presence sf  ~6
(200 ng/ml) for 1 or 2 hr or (B) I’-THC (2.5: 5.10. snd -,<
11~) for 2 hr. Nuclear extracts were then prepared G
subjected to EMSA. Arrowheack,  NF-&‘Rel bindinS,
Results are representative of three separate expM_
ments.

whether their regulation would also be adversely affected by
A’-THC. Nuclear extracts were prepared from R4W 264.7
cells stimulated with LPS (~200  q/ml)  for various lengths of
time (O-2.5 hrj and then subjected to EMSA using a CRE
double-stranded oligonucleotide, the cognate binding site for
the CREBiATF  family of nuclear factors. RAW 264.7 cells
were found to express a moderate constitutive level of CRE
binding activity before LPS stimulation that substantially
increased 1 hr after LPS treatment and peaked at 1.5 hr. By
2.5 hr after LPS stimulation, CRE binding decreased to basal
levels (Fig, 6A). CRE binding was visualized as two bands: a
major bottom band and a minor top band that was only
apparent in LPS-activated RAW 264.7 ceils. In the presence
of 1”-THC (20 ,uI!, LPS-induced CRE binding was dimin-
ished at 1 and 2 hr with almost complete abrogation of the
minor band (Fig. 6B). The specificity of the retarded bands
was confirmed by the addition of an excess of ““P-unlabeled
doubie-stranded CRE oligonucleotide that competed for pro-
tein binding (Fig. 6C).

Effects of ~g-THC on NF’-KB/Rel  and CREB/ATF bind-
ing activity in forskolin-stimulated RAW 264.7 cells. To
further characterize the role of the CAMP  signaling cascade
in the modulation of nuclear factor binding to KB and CRE
motifs, RAW 264.7 cells were treated with forskolin, an agent
that elevates CAMP by directly activating adenylate cyclase.
As shown in Fig. 7> both NF-KBlRel  and CREB/ATF bindings
were enhanced at 30 and 60 min after forskolin treatment.
However; stimulation of cells with forskolin in the presence
of A’-THC (20 FM)  resulted in the inhibition of nuclear factor
binding to both KB  and CRE.

class of compounds exerts their broad range of biolog:.cal
effects, including immune suppression. Although the relative
distribution of this family of receptors on specific cell  types
within the immune system has not been widely studied.
radioligand binding analysis indicates that there are --:OJQ
receptor binding sites in mouse spleen cell preparations s 3 j
Progress  has been made in describing which of the two can_
nabinoid receptor types, CBl and/or CB2, is expressed within
the immune system and other tissues. Results of radioligand
binding, Northern analysis, and structure-activity relation.
ship studies strongly suggest that CB2 is the predominant
form of cannabinoid receptor expressed within the irnrngne
system (3: 4, 7, 311. It is notable that CBl,  although exh&
iting  low expression at the transcriptional level, has $een
identified in a variety of immunological preparations by RT-
PCR 13,  7’1.  In these experiments, examination of RAW 264.7
cell RNA by quantitative RT-PCR revealed transcripts for
CB2 only and no detectable CBl. The functionality of canny-
binoid receptors in RAW 264.7 cells was verified by the
ability of a’-THC to inhibit forskolin-stimulated CAMP  accu-
mulation in a dose-related manner.

Discussion

We demonstrated-that 9’-THC treatment significantly at-
tenuates LPS-induced iNOS  transcription through an inhi-
bition of the CAMP signaling cascade in the macrophage line
RAW 264.7. As previously shown by a number of researchers,
including ourselves, lymphoid and myeloid cells express can-
nabinoid receptors (3, 4, 7, 8, 311,  which negatively regulate
adenylate cyclase and lead to a decrease in cellular cAJMP  (6,
32, 33). Ligand binding to these receptors by cannabinoids.

Recently, it was demonstrated that initiation of iNO$ tran-
scription is under the control of the CAMP cascade. Treat-
ment of various cell preparations, including rat peritoneal
macrophages (18)  and vascular smooth muscle cells i l7:,
with membrane-permeable CAMP  analogs (dibutyryl-cAMP
and 8-bromo-cA&lP)  or with forskolin resulted in an au,gme.r?.
tation  in NO synthesis. Most pertinent to our studies, it hii>
been shown in macrophages that induction of NO by ins&
ble complexes of monoclonal  IgE anti-dinitrophenol antibud:
and dinitrophenol-BSA is mediated through an increase  ‘2
iNOS  expression that is independent of elevations in either
cytosolic calcium or protein tyrosine phosphorylation  /is’
Consistent with these findings, our experiments show that
dg-THC,  at concentrations that inhibit adenylate cyclase
simultaneously inhibits LPS-induced NO production in both
RAW 264.7 cells and peritoneal macrophages. Furthermer@~
this cannabinoid-mediated inhibition of NO production ~32
be abrogated by concomitant treatment of RAW  264.7 c&
with &bromo-CAMP  but not with phorbol  ester. These find-

represents one of the putative mechanisms by which this ings suggest the involvement of the CAMP cascade in tht*
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Fig. 5. Inhibition  of NF-KB/Rel  binding and nitrite production by PDTG
il LPS-stimul&d RAW 264.7 cells. A, RAW  264.7 cells were treated
Gth PGTG  (50  pM) in the presence or absence of LPS (200 ng!ml)  for 2
Y. Nuclear  extracts  were then prepared and subjected to EMSA.  Ar-
~W+xz&,  NF-&/F&l  binding. B, RAW 264.7 cells were treated with
‘3TC (5, 10, 25, and 56 PM) in the presence of LPS (2CKJ  ng/mi) for 24
‘:r. The sgpernatants  were subsequently isolated and analyzed for
-;tfite.  Ea;h bar represents the mean ? standard deviation for triplicate
:‘+!erminations.  *, Significant difference from the control group as
;“lerrnine2  by Dunnett’s two-tailed t test at p < 0.05. Results are
“%resentative of three separate experiments.

‘%U&XI  of ipJ0S  by RAW 264.7 cells as previously sug-
@Bted  bv studies in rat peritoneal macrophages (181._I

The  activation of NO production is closely tied to transcrip-
rienal  activation of iN0.S. Insight into the regulation of the
a% gene comes from the results of recent studies that have
IdWifiec!  several known nuclear regulatory factor recogni-
‘Ion motifs within the iNOS  promoter region. Deletion anal-
!+% of the iYOS promoter using luciferase reporter con-
‘“Q& identified two regions that significantly increased
i”ciferaee  activity in RAW 264.7 cells after LPS treatment
‘tirnxd regions I and II> (111. Region I (position -48 to
‘mj contains binding motifs for NF-KB  and NF-interleu-
im* and was found to be essential for luciferase activity.
!%&n  II (position -913 to - 1029)  contains motifs for bind-

Free
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Fig. 6. A’-THC-mediated inhibition of CREEVATF  binding in LPS-stim-
ulated RAW 264.7 cells. A, Nuclear extracts from LPS (200 ng/ml)-
stimulated RAW 264.f cells were incubated with 32P-labeled  CRE
probe. B, RAW 264.7 cells were treated with A’-THC  (20 PM)  in the
presence of LPS. C, In competition studies, 1 pmol of unlabeled KB or
CRE was added to the reaction mixture. Reaction products were elec-
trophoresed, and the gels were dried and autoradiographed. Arrow-
heads, CWEEVATF  binding. Results are representative of three separate
experiments.

ing IFN-y-related transcription factors (IFN-stimulated re-
sponse element and Pu.l/IFN-y element) as well as a KB
motif. Constructs containing region II alone exhibited no
activity in LPS-activated RAW 264.7 cells. Constructs con-
taining both regions I and II exhibited a greater magnitude of
activity than found in region I alone, and activity was further
enhanced by cotreatment with IFN--y. These studies suggest
that region II functions as an enhancer for region I. The
involvement of NF-KBEM  family member proteins in iNOS
gene regulation by macrophages in response to LPS-stimu-
lation was confirmed by gel shift studies and iNOS  luciferase
constructs using RAW 264.7 cells (1.2). Deletion of KB motifs
from iNOS  constructs resulted in the abrogation of luciferase
activity after LPS treatment (12).  Gel shift and supershift
studies demonstrated that LPS treatment induced a rapid
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Fig. 7. Inhibition of NF-KB/R~I  and CREWATF  binding by A’-THC  in
forskolin-stimulated RAW 264.7 ceils. RAW 264.7 cells were treated
with A’-THC (20 JLM) in the presence of forskolin (50 PM)  for 30 Or 60
min. Nuclear extracts were then prepared and incubated with 3zP-
labeled (A) K6 probe or (6) CRE probe. Reaction products were elec-
trophoresed:  and the gels were dried and autoradiographed. Arrow-
heads, CREWATF  and NF-KB/Rel  binding. Results are representative of
three separate experiments.

(530 min) and persistent (measurable at 2 hr, activation of
several ilr’F-KB/Rel  family member complexes, including het-
erodimers of  p50/c-rel, pXVRe1  A!p65j, and p5OipSO  ho-
modimers !12). As discussed, our experiments show that
AS-THC  efrectively  inhibits LPS activation of iNOS  transcrip-
tion and NO activity in RAW 264.7 cells. To further investi-
gati the putative mechanism by which cannabinoids,i&ibit
iNOS,  we chose to monitor the effects of cannabinoid com-
pounds on the activation of two families of transcription
factors by gel shift assays during LPS activation of macro-
phagea. NF-KB/Rel  family member binding activity was ex-
amined in light of their critical role in the regulation of iNOS.
Also, CREIYATF  binding was monitored as a measure of
inhibition of the CAMP  signaling cascade by cannabinoids.
Kinetics studies showed strong induction by LPS of two sep-
arate KB binding complexes at 60 min and more enhanced
induction at 120 min. A”-THC  inhibited the activation of both
of these KB binding complexes; however, the magnitude of
inhibition seemed to be greater for the protein complex rep-
resented by the top of the two bands. This finding suggests
that A’-THC may inhibit the formation of either~-p60/er&or
p50/Rel  Aip65) heterodimers based on the study by Xie et al.
i 12) in which the authors identified these NF-KB/Rel  proteins
as being responsible for this top band. Our experiments ver-
ified that the inhibition of LPS-induced KB binding by A’-
THC was dose dependent and that the binding was KB  spe-
cific as demonstrated by competition assays with “P-
unlabeled KB probe. Additional control experiments were
performed to verify a role for NF-rcB/Rel  family member-s in
iNOS  regulation using the PDTC, an inhibitor of NF-KB
activation, in our LPS-treated RAW 264.7 cell preparations
(30).  PDTC effectively inhibited the activation of NF-KB/Rel
bindifig  complexes and NO production.

Because of the inhibitory effects that cannabinoids exert on
the CAMP  formation and signaling coupled with the fact that
LPS-induced NF-KB  activation has been reported to be pri-

maely  regulated bye  PIG4  (14, 15, 34), our experiments also
focused on cAJ$$P signaling. Treatment of RAW 264.7 ce&
with either LPS or the adenylate cyclase activator forskolh
resulted  in the activation of CRE binding proteins. Both
activation stimuli induced two CRE binding complexes that
were visualized as a minor (top) and a major !bottom)  band h_
gel shift assays.  Likewise, activation of MW 264.7 ceils with
either stimuli (i.e., LPS or forskolin) in the presence of ~9.
THC resulted in a decrease in CRE binding of both of the
DNA  bind&g  complexes and is indicative that hg-THC  pro--
duces an inhibition in the CAMP signaling cascade. Further_
more, concordant with previous studies suggesting that PI&~_
is responsible  for the activation of NF-&/Rel  as shown in
macrophages  (14, 151 and B cells (341, treatment of RAW_
264.7  cells with forskolin resulted in the activation of NF-&
binding that was also attenuated by lag-THC.  Additional
evidence that c&VP  signaling is involved in LPS-iEduced
responses by macrophages was provided by the activation of-
CRE  binding  after LPS treatment of RAW 264.7 cells. This
LPS-induced activation of CRE DNA binding proteins peaked
at -90-120  min after LPS treatment and resulted in a~
similar banding pattern to that observed after forskolin_
stimulation. Taken together, our findings strongly suggest
that NF-KB/R~~  is activated by the CAMP signaling cascade
b y  Pm-mediated  phosphorylation  of the NF-KB  inhibitory
protein, IKB (35).

In summary, these experiments demonstrate that 9’-l’Hc:
_inhibits LPS-induced activation of iNOS in macrophages and
N0 production. Based on our findings? the most likely me&_
anism that can account for this biological effect involves the ~~~
inhibition of CAMP formation through negative regulation of
adenylate cyciase  by G protein-coupled cannabinoid recep
tors. Inhibition of the cA&fP  signaiing cascade attenuates &e
activar;ton  of NF-KB binding proteins, which are necessary for
the activation of the iNOS  gene. r?t. ieast two significant
points are brought out by these studies. First, these sxperi-
ments father confirm the critical role  of CAMP signaling in
the regulation of iNOS  via NF-xB.  Furthermore? due to the
critical role that NO release plays in mediating inflammatop
responses, the inhibitory effects of cannabinoida on iNOS
suggest that this family of compounds may represent a useful
new class of anti-inflammatory agents. This is further sup-
ported by our recent findings  that cannabinoid compounds
also inhibit interleukin-2,  a critical mediator of T cell clonal
expansion 136).
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