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Abstract
The anti-inflammatory activity of cannabinoids has been widely demonstrated in experimental
animal models and in humans. CD40-CD40-ligand (L) interactions are among the most crucial
initiators of inflammation. This study investigated the effects of Δ9-THC on CD40L expression in
mouse splenic T cells after activation with various stimuli. Time course studies demonstrated that
peak surface expression of CD40L by CD4+ T cells after anti-CD3/CD28 or phorbol ester plus
calcium ionophore (PMA/Io) occurred 8 h post activation. Peak CD40L mRNA levels were
observed at 2 h post PMA/Io treatment and at 4 h post anti-CD3/CD28 treatment. Pretreatment
with Δ9-THC significantly impaired the upregulation of CD40L induced by anti-CD3/CD28 at
both the protein and mRNA level. By contrast, Δ9-THC did not affect PMA/Io-induced surface
CD40L expression on CD4+ T cells. Additionally, Δ9-THC also attenuated anti-CD3/CD28-
induced CD40L expression on CD4+ T cells derived from CB1−/−/CB2−/− mice. We investigated
whether the mechanism by which Δ9-THC suppressed CD40L expression involved putative
cannabinoid activation of the glucocorticoid receptor (GR). Although activation of GR resulted in
suppression of CD40L induction by anti-CD3/CD28, no interaction between Δ9-THC and GR was
observed by a glucocorticoid response element (GRE) luciferase reporter assay in HEK293T cells.
Collectively, these results suggest that Δ9-THC targets proximal T cell receptor-associated
signaling in a cannabinoid receptor- and glucocorticoid receptor-independent manner. These
findings identify suppression of CD40L expression as a novel part of the mechanism by which Δ9-
THC exerts anti-inflammatory activity.
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Introduction
Δ9-THC, the major psychoactive component of Cannabis sativa, possesses
immunomodulatory properties [reviewed in (Croxford and Yamamura 2005)]. Previous
studies by this laboratory have identified a number of T cell-mediated responses modulated
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by Δ9-THC including T cell-dependent humoral immune responses, T cell proliferation,
production of cytokines, and expression of inducible co-stimulator (ICOS) molecules (Lu et
al. 2009; Springs et al. 2008). Nuclear factor of activated T cells (NFAT), a transcription
factor, controls many aspects of T cell regulation including activation, differentiation,
thymocyte development, and self-tolerance [reviewed in (Macian 2005)]. Suppressive
effects of Δ9-THC on T cell functions were mediated, at least in part, through impairment of
NFAT signaling as evidenced by decreased NFAT reporter gene activity after treatment with
Δ9-THC (Lu et al. 2009).

Two cannabinoid receptors, cannabinoid type 1 receptor (CB1) and cannabinoid type 2
receptor (CB2), have been identified and extensively characterized [reviewed in (Mackie
2006)]. Δ9-THC binds both receptors, but with greater affinity to CB1 [reviewed in
(Pertwee 1999)]. CB1 and CB2 are members of the G protein-coupled receptor superfamily
and couple to inhibitory (Gαi/o) heterotrimeric G proteins. Binding of ligands to these
receptors inhibits adenylyl cyclase activity resulting in decreased level of cAMP [reviewed
in (Demuth and Molleman 2006)]. Studies from our laboratory showed that cannabinoid-
mediated suppression in cAMP signaling is one of many putative contributing mechanisms
responsible for the suppressive effects on T cell function [reviewed in (Kaminski 1998)].
However, the precise role of CB1 and/or CB2 in cannabinoid-mediated immune modulation
remains elusive. Both receptor-dependent and receptor-independent mechanisms are
involved depending on cell type and response being measured. Specifically, CB1 and/or
CB2 were found to be involved in Δ9-THC-mediated suppression of the T cell-dependent
IgM response induced by sRBC in vivo or by CD40 in vitro (Springs et al. 2008).
Conversely, CB1 and CB2 involvement were ruled out in Δ9-THC-mediated suppression of
interleukin 2 and interferon-gamma production in mouse splenocytes (Newton et al. 2009;
Kaplan et al. 2003; Springs et al. 2008). This suggested the existence of additional targets
other than CB1/CB2 receptors [reviewed in (Brown 2007)].

The CD40-CD40L interaction is initially thought to play a predominant role in the T cell-
dependent humoral immune response. However, emerging evidence suggests that CD40-
CD40L interactions are also involved in allograft rejection, oxidative stress, and vascular
disease [reviewed in (Elgueta et al. 2009; Law and Grewal 2009; Rizvi et al. 2008)]. The
expression of CD40, a member of the tumor necrosis factor receptor superfamily, is found
on a variety of cell types including endothelial, epithelial, and immune cells. In immune
cells, CD40 is constitutively expressed on the surface of antigen-presenting cells, such as B
cells, macrophages, and dendritic cells (Schonbeck and Libby 2001; van Kooten and
Banchereau 2000). CD40L (CD154) is the endogenous ligand for CD40. Similar to its
receptor, the expression of CD40L is also found in both immune and non-immune cells.
However, the highest level of CD40L expression is on activated CD4+ T cells (Schonbeck et
al. 2000). Aberrant CD40L expression on activated T cells was demonstrated in the
pathogenesis of many autoimmune and inflammatory diseases. Mutations in the gene
encoding CD40L were found in patients suffering from X-linked hyper-IgM syndrome
resulting in antibody class switching deficiencies. In addition, T cells derived from patients
with systemic lupus erythematosus, rheumatoid arthritis, psoriatic arthritis, or inflammatory
bowel disease showed higher induction of surface CD40L compared to T cells derived from
healthy volunteers after in vitro stimulation. Thus, modulating signaling initiated by CD40-
CD40L interactions serves as a potential therapeutic target in uncontrolled immune reactions
or chronic inflammatory diseases [reviewed in (Law and Grewal 2009)]. With the potential
therapeutic use of cannabinoids in treating inflammatory disorders (Croxford and
Yamamura 2005), the objective of the present study was to investigate the effect of Δ9-THC
on the expression of CD40L on activated CD4+ T cells.
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Materials and methods
Reagents

Δ9-THC was provided by the National Institute on Drug Abuse (Bethesda, MD) dissolved in
100 % ethanol (EtOH). Unless otherwise noted, all other chemicals were obtained from
Sigma-Aldrich (St Louis, MO).

Animals
Female C57BL/6 mice (6 weeks of age) were purchased from Charles River Laboratories
(Portage, MI). CB1/CB2 null mice (CB1−/−/CB2−/−) on C57BL/6 background were a
generous gift from Dr. Andreas Zimmer (University of Bonn, Germany) and were bred at
Michigan State University (MSU). Mice were maintained under specific pathogen-free
conditions as previously described (Kaplan et al. 2003). All experimental mouse protocols
were reviewed and approved by the Institutional Animal Care and Use Committee at MSU.

Lymphocyte activation
Spleens were aseptically isolated and made into single-cell suspensions in RPMI media
(Gibco Invitrogen, Carlsbad, CA) supplemented with either 2 % bovine calf serum or 5 %
Charcoal/Dextran Treated Fetal Bovine Serum (HyClone, Logan, UT), 50 μM 2-
mercaptoethanol, and the antibiotics Penicillin (100 units/mL)/Streptomycin (100 μg/mL)
(Gibco Invitrogen). Splenocytes, 5×106 cells/mL, were cultured in 48-well plates at 37 °C in
5 % CO2. Cells were stimulated with 40 nM PMA plus 0.5 μM ionomycin (PMA/Io) or with
1 μg/mL immobilized anti-mouse CD3 (clone 145-2C11; BD Pharmingen, San Diego, CA)
plus 1 μg/mL soluble anti-mouse CD28 (clone 37.51; BD Pharmingen) antibodies (anti-
CD3/CD28) in the presence or absence of Δ9-THC. Stock solutions of Δ9-THC, 0.1 μM
cyclosporin A (CsA) and 0.5 μM dexamethasone (DEX) were used at a final EtOH
concentration of 0.1 % and were added 30 min before T cell stimulation. 0.1 % EtOH was
used as a vehicle control (VH).

Cell culture
HEK293T were purchased from Open Biosystems and maintained in DMEM media (Gibco
Invitrogen) supplemented with 5 % Charcoal/Dextran Treated Fetal Bovine Serum (CD-
FBS, Hyclone), 1X HT supplement (Gibco Invitrogen), and the antibiotics Penicillin (100
units/mL)/Streptomycin (100 μg/mL). Jurkat T cells (clone E6-1) were obtained from
American Type Culture Collection (Manassas, VA) and maintained in RPMI media
supplemented with 5 % CD-FBS, 1X non-essential amino acids (Gibco Invitrogen), 1X
sodium pyruvate (Gibco Invitrogen), and the antibiotics Penicillin (100 units/mL)/
Streptomycin (100 μg/mL). In all cases, cells were cultured at 37 °C in 5 % CO2.

Surface staining for flow cytometry
At the indicated time points, 1×106 cells were harvested and washed once with FACS buffer
[1X Hank’s Balanced Salt Solution containing 1 % bovine serum albumin (Calbiochem, San
Diego, CA) and 0.1 % sodium azide, pH 7.4–7.6]. Fcγ III/II receptors were blocked using
purified anti-mouse CD16/CD32 (BD Biosciences, San Jose, CA) for 10 min at 4 °C. Cell
surface expression of CD40L on mouse CD4+ T cells was assessed by simultaneously
staining with allophycocyanin (APC)-conjugated anti-mouse CD154 (CD40L) antibodies
(eBiosciences, San Diego, CA) and fluorescein isothiocyanate (FITC)-conjugated anti-
mouse CD4 antibodies (BD Biosciences) for 30 min at 4 °C in the dark. After washing with
FACS buffer, cells were fixed with BD CytoFix™ Buffer (BD Biosciences) for 10 min at 4
°C in the dark. Following washing, cells were resuspended in FACS buffer, and analyzed on
a FACSCanto II cell analyzer (BD Biosciences). Data were analyzed using FlowJo
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(TreeStar, Ashland, OR) and presented as percentage of CD4+CD40L+ within the CD4+

population.

Real time polymerase chain reaction (Real-time PCR)
Total RNA was isolated from activated mouse splenocytes using TRI Reagent. RNA was
quantified using a Nanodrop 1000 (Thermo Scientific, Wilmington, DE). Total RNA was
reverse-transcribed into cDNA using random primers with the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA). TaqMan® Gene
Expression Assay primers for mouse CD40L (Mm00441911_m1) were purchased from
Applied Biosystems. The relative steady-state levels of CD40L mRNA was determined
using ABI PRISM® 7900HT Sequence Detection System (Applied Biosystems). The fold
change value of relative steady-state CD40L mRNA levels were calculated using the delta-
delta-Ct method as described previously (Livak and Schmittgen 2001) and normalized to the
endogenous reference, 18s rRNA.

Plasmids
GRE-luciferase reporter gene plasmid (pGRE-luc) and the vector control plasmid (pTAL-
luc) were purchased from Clontech (Mountain View, CA).

Transient transfection assays
HEK293T, 1×106 cells, were cultured in 6-well plates at 37 °C in 5 % CO2 overnight before
transfection. Cells were incubated with transfection reagents [1 μg of plasmid and 10 μL of
Lipofectamine 2000 (Invitrogen)] for 3 h. The transfected HEK293T cells were treated with
either Δ9-THC or DEX alone and the combination of Δ9-THC and DEX. 24 h after
treatment, luciferase activity was assayed using the Promega luciferase assay system
according to the manufacturer’s protocol (Promega). Fluorescence was measured using the
BioTek Synergy™ HT autoreader. Data were analyzed using KC4 software (Bio-Tek
Instruments, Highland Park, VT) and presented as count per second (CPS) normalized to
total protein. Protein determinations were performed using a Bicinchoninic Acid Assay.

Statistical analyses
GraphPad Prism 4.00 (Graphpad Software, San Diego, CA) was used for all statistical
analysis. The percentage data from flow cytometry were transformed into log scale before
performing statistical analysis. The delta-Ct values representing the steady-state mRNA
level of CD40L and the normalized CPS data representing luciferace activity were used in
statistical analysis. For comparisons among treatment groups, one-way ANOVA was used.
Dunnett’s post-hoc test was used to test for significance between treatment groups and
control. A value of p<0.05 was considered significant.

Results
Kinetics of CD40L expression by splenic T cells activated with different stimuli

Expression of CD40L is readily induced on T cells upon activation both in vivo and in vitro
(Roy et al. 1993; Fuleihan et al. 1994; Ford et al. 1999; Nusslein et al. 1996; Van den
Eertwegh et al. 1993; Klaus et al. 1994). Here the peak time of CD40L expression in
response to two different T cell activation stimuli, PMA/Io and anti-CD3/CD28, was defined
at both the protein (cell surface expression) and mRNA level in splenic T cells. As shown in
Fig. 1a and b, upregulation of surface CD40L by PMA/Io-activated CD4+ T cells was
detectable as early as 4 h (23.04±4.75 %), maximal at 8 h (29.90±2.93 %), and was
declining by 18 h (19.29±1.26 %). In concordance with surface expression, induction of
CD40L mRNA levels by PMA/Io was rapid (as early as 2 h post activation), but transient, as
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evidenced by a decrease as early as 4 h after activation (Fig. 1c). We observed similar
kinetic profiles of CD40L surface expression induced by anti-CD3/CD28 and PMA/Io.
However, the proportion of CD4+CD40L+ cells induced by PMA/Io was greater than with
anti-CD3/CD28. As shown in Fig. 1d and e, the upregulation of cell surface CD40L on
activated CD4+ T cells by anti-CD3/CD28 was detectable at 4 h (9.97±0.34 %), maximal at
8 h (15.23±0.91 %), and decreased by 18 h (9.83±0.31 %) after activation. By contrast, the
induction of CD40L mRNA by anti-CD3/CD28 had a different profile in which it peaked at
4 h post stimulation and then reached a plateau (Fig. 1f). Although splenocytes were used as
a source of T cells, we found enrichment of T cells did not further increase the magnitude of
anti-CD3/CD28-induced CD40L surface expression (data not shown).

Differential effects by Δ9-THC on CD40L upregulation in response to different T cell
activation stimuli

Based on the above kinetic studies, the effects of Δ9-THC on CD40L expression levels by
CD4+ T cells activated with either anti-CD3/CD28 or PMA/Io was investigated at 8 h (i.e.,
the peak time of CD40L surface expression). CsA was included as a positive control for
suppression of T cell activation. As shown in Fig. 2, Δ9-THC suppressed anti-CD3/CD28-
induced CD40L surface expression by reducing the number of CD4+ T cells expressing
CD40L, but not the expression level of CD40L on each CD4+ T cell (no differences in mean
fluorescence intensity between treatment groups, data not shown). Significant suppression
by Δ9-THC of CD4+CD40L+ double positive cells occurred in a concentration-dependent
manner and was most pronounced at 10 and 15 μM Δ9-THC. Conversely, Δ9-THC
treatment did not suppress PMA/Io-induced upregulation of CD40L surface expression on
CD4+ T cells (Fig. 3).

Δ9-THC decreases steady-state mRNA levels of CD40L induced by anti-CD3/CD28
The expression of surface CD40L on activated T cells is tightly controlled and occurs at the
transcriptional, post-transcriptional, and/or post-translational level. However, it appears to
be primarily controlled at the level of transcription and post-transcription [reviewed in (Cron
2003; van Kooten and Banchereau 2000; Vavassori and Covey 2009)]. Therefore the effect
of Δ9-THC was investigated on the steady-state mRNA levels of CD40L induced by anti-
CD3/CD28. Splenocytes were treated with increasing concentrations of Δ9-THC followed
by anti-CD3/CD28 activation for 4 h (i.e., the peak time of CD40L mRNA). Δ9-THC
suppressed the induction of CD40L mRNA level by anti-CD3/CD28 in a concentration-
dependent manner (Fig. 4).

CB1 and/or CB2 are not involved in suppression by Δ9-THC of anti-CD3/CD28-induced
CD40L expression on mouse splenic CD4+ T cells

CB1 and/or CB2-dependent and -independent mechanisms have been suggested to account
for cannabinoid-mediated effects on immune function (Kaplan et al. 2003; Springs et al.
2008). To investigate the involvement of CB1 and/or CB2 on Δ9-THC-mediated
suppression of anti-CD3/CD28-induced CD40L expression, comparative studies were
performed using splenocytes from C57BL/6 wild type and CB1−/−CB2−/− mice. As shown
in Fig. 6, the absence of CB1 and CB2 did not affect Δ9-THC-mediated suppression of
either anti-CD3/CD28-induced surface CD40L expression in CD4+ T cells (Fig. 5a) or
CD40L mRNA level (Fig. 5b). Although we observed an increase of CD40L mRNA
expression in CD4+ T cells derived from C57BL/6 at 5 μM Δ9-THC (Fig. 5b), it was not
consistent across the experiments.
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The effects of Δ9-THC are not mediated via GR
Since we have demonstrated that Δ9-THC-mediated suppression of CD40L protein and
mRNA expression was not mediated through CB1 or CB2, we attempted to identify an
alternative receptor. One possibility is the GR since it was demonstrated that Δ9-THC
specifically bound rat hippocampal GR in vivo and in vitro (Eldridge and Landfield 1990)
and activation of GR is well known to be immune suppressive [reviewed in (Baschant and
Tuckermann 2010)]. First, we demonstrated that activation of GR using DEX, a GR agonist,
suppressed CD40L expression-induced by anti-CD3/CD28 (Fig. 6). We next investigated
the interaction between Δ9-THC and GR using a GRE-luc reporter assay in HEK293T cells.
However, treatment with Δ9-THC did not affect basal or DEX-induced luciferase activity
(Fig. 7). In addition, Δ9-THC did not affect the expression of glucocorticoid-induced leucine
zipper or IkB mRNA, which are GRE-dependent genes, in both HEK293T and Jurkat T cells
(data not shown).

Discussion
The strength and duration of CD40 signaling is crucial in initiating inflammatory responses
and is controlled by the presence of its cognate ligand, CD40L, which is mainly expressed
on the surface of activated CD4+ T cells. Δ9-THC impairs multiple aspects of T cell action,
including activation, accessory, and effector functions (Lu et al. 2009; Springs et al. 2008).
Toward this end, this study investigated the influence of Δ9-THC on the upregulation of
CD40L on activated CD4+ T cells. Using mouse splenic T cells, we observed that the effect
of Δ9-THC on CD40L induction depends on the mode of T cell activation, and its
suppressive effect occurs, at least in part, at the transcriptional level, independently of CB1
and CB2. Additionally, we excluded the possibility that GR might be a cellular target of Δ9-
THC.

In concordance with prior reports, similar CD40L expression kinetics were observed with
CD4+ T cells activated by either PMA/Io or anti-CD3/CD28 [reviewed in (Cron 2003)]. It is
noteworthy that while we observed a similar kinetic profile, the magnitude of surface
CD40L expression induced by both stimuli under our experimental condition was modest
compared to published reports and could be due to several factors including differences in
culture conditions, mouse strain, and species (human versus mouse). Another possibility that
might contribute to the modest CD40L induction is the internalization of CD40L after
binding to its receptor, CD40, on B cells (Yellin et al. 1994). Although it seems possible
since we utilized splenocytes, which are heterogeneous and contain B cells, we excluded this
possibility, as T cell enrichment did not increase the magnitude of CD40L expression. We
also found that the kinetics of CD40L mRNA upregulation induced by these two stimuli
were quite different. PMA/Io induced CD40L mRNA levels rapidly, but transiently, while
steady-state CD40L mRNA levels induced by anti-CD3/CD28 were slow, but sustained.
These differences might be explained by the observation that the CD28 costimulatory signal
promoted mRNA stability for many T cell-derived cytokines (Lindstein et al. 1989).
However, CD40L mRNA is still very unstable, with a t1/2 of approximately 23 min in mouse
(Vavassori et al. 2009).

We show here that Δ9-THC distinctly modulated the upregulation of surface CD40L
induced by different T cell activation stimuli. Δ9-THC suppressed the upregulation of both
surface CD40L expression and CD40L mRNA levels induced by anti-CD3/CD28 in a
concentration-dependent manner. Δ9-THC did not affect the upregulation of surface CD40L
induced by PMA/Io. This is in contrast to our previous reports showing thatΔ9-THC
suppressed PMA/Io-induced cytokines (such as interleukin 2 and interferon gamma), and
co-stimulatory molecules like ICOS (Lu et al. 2009; Springs et al. 2008). Unlike other
proteins that are induced by T cell activation, the expression of CD40L on activated T cells
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largely depends on an increase in intracellular calcium through the activation of calcineurin
and Ca2+/Calmodulin kinase Type IV (Lobo et al. 1999; Nusslein et al. 1996). This
correlates well with numerous reports showing that NFAT, the activation of which requires
calcineurin, is a critical transcription factor in regulating CD40L expression (Crist et al.
2008; Lindgren et al. 2001; Lobo et al. 2000). The importance of NFAT is also evidenced by
a marked decrease in CD40L expression in the presence of CsA, an immunosuppressive
drug that blocks NFAT activation and nuclear translocation (Fuleihan et al. 1994). As stated
previously, our laboratory has demonstrated marked suppression by Δ9-THC of NFAT
activation (Lu et al. 2009) and leads us to speculate that impaired NFAT likely also
contributes to suppression of CD40L by Δ9-THC. It is also noteworthy that the
downregulation of surface CD4, a co-receptor on helper T cells, after PMA/Io treatment as
observed here is a common phenomenon (Kaldjian et al. 1988; Martinez-Valdez et al. 2002;
Pelchen-Matthews et al. 1993; Weyand et al. 1987), but did not affect the upregulation of
CD40L.

Based on the fact that PMA/Io activates T cells by bypassing the proximal TCR signaling, it
is possible that Δ9-THC might target one or more signaling molecules between the T cell
receptor and the activation of PKC-θ and/or induction of intracellular calcium. This is in
accordance with a study demonstrating that Δ9-THC suppressed the activation of proximal
TCR signaling components, partly due to the stabilization of Lck, the kinase responsible for
initiating TCR signaling, when present in its inactive form (Borner et al. 2009). Borner and
coworkers also demonstrated the involvement of CB1 and CB2 in Δ9-THC-mediated
impairment of proximal TCR signaling, as evidenced by reversion of the suppressive effect
of Δ9-THC, in the presence of CB1 and CB2 antagonists. This is in contrast to the results
reported here, in which the suppressive effect of Δ9-THC on anti-CD3/CD28-induced
CD40L expression occurred in the presence and absence of CB1 and CB2. It is noteworthy
that Borner and coworkers studied the involvement of CB1 and CB2 by using IL-4
stimulated Jurkat or primary human T cells to induce CB1 expression (prestimulated cells)
together with CB1 and CB2 selective antagonists (AM281 and AM630, respectively). In
contrast, in our experiments, splenocytes from CB1/CB2 null mice (CB1−/−CB2−/− mice)
were used eliminating the need for cannabinoid receptor antagonists, which are known to
have inverse agonist activity as well as off-target effects, particularly in case of AM281
(Pertwee 2010). These differences in experimental conditions might account for the
discrepancy between our findings and that of Borner and coworkers. At this time, we cannot
exclude the possibility that cannabinoids target various orphan G protein-coupled receptors
(e.g. GPR55 and GPR119), nuclear hormone receptors (e.g. the peroxisome proliferator-
activated receptors α and γ), or ion channels (e.g. the transient receptor potential vanilloid
type 1 and 2 receptors, and the transient receptor potential cation channel, subfamily A,
member 1) [reviewed in (Brown 2007; Pertwee 2010)]. However, we have ruled out the
possible involvement of GR in suppression of CD40L by Δ9-THC. Finally, although less
likely, the CB1/CB2-independent mechanism may also be explained by the fact that Δ9-
THC, which is very lipophilic, preferentially aligns its hydrophobic portion parallel with the
membrane phospholipid chain [reviewed in (Makriyannis et al. 2005)]. This perpendicular
orientation results in alteration of plasma membrane’s thermodynamic properties
(Makriyannis et al. 1990) and may disrupt the migration and interaction of TCR/co-receptors
in the plasma membrane during activation. Thus, it is possible with that Δ9-THC may exert
its suppressive effect by interfering with the formation of TCR microcluster, which has been
shown to be important in T cell activation [reviewed in (Yukosuka and Saito 2010)].

In conclusion, the present study shows the suppressive effects of Δ9-THC on CD40L
upregulation on mouse CD4+ T cells are dependent on the mode of T cell activation. We
also show that suppression of anti-CD3/CD28-induced CD40L expression in mouse splenic
CD4+ T cells by Δ9-THC likely occurs at the transcriptional level and is mechanistically
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independent of CB1, CB2 and GR. Our findings provide further insights toward
understanding the effect of Δ9-THC on CD40L regulation by activated T cells and suggests
a role for immunomodulatory cannabinoids in the treatment of certain inflammatory-
diseases.
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Fig. 1.
Kinetics of CD40L expression in mouse splenocytes after stimulation with various T cell
stimuli. Splenocytes (5×106 cells) were stimulated with either 40 nM PMA plus 0.5 μM
ionomycin (a, b, and c) or immobilized anti-CD3 plus soluble anti-CD28 antibodies, 1 μg/
ml each (d, e, and f). a and d Cell surface CD40L on activated CD4+ T cells was determined
at indicated time points by flow cytometry. Numbers in parentheses represent the percentage
of CD4+CD40L+ cell population ± SEM from triplicates. b and e Bar graphs represent data
in a and d, respectively. c and f Steady-state expression of CD40L mRNA was determined
at indicated time points by real-time PCR. The fold difference of CD40L mRNA molecules
relative to unstimulated cells (cells at 0 h) was normalized using the endogenous reference,
18s rRNA. Results are the mean of triplicates per time point. The **=p≤0.01 compared to
unstimulated cells. Results are representative of two separate experiments
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Fig. 2.
Δ9-THC suppresses anti-CD3/CD28-induced surface CD40L expression on CD4+ T cells.
Splenocytes (5×106 cells) were treated with various concentrations of Δ9-THC (1, 5, 10, and
15 μM) for 30 min and then stimulated with immobilized anti-CD3 plus soluble anti-CD28
antibodies (1 μg/ml each). a Cell surface CD40L expression on activated CD4+ was
determined by flow cytometry 8 h after stimulation. Numbers in parentheses represent the
percentage of CD4+CD40L+ cell population ± SEM from triplicates. b Bar graph is a
representation of data in a. The * or ** indicates significant effect compared to vehicle
control (VH=0.1 % EtOH) at p≤0.05 or p≤0.01, respectively. 0.1 μM CsA was used as the
positive control. Results are representative of two separate experiments with three replicates
per treatment group
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Fig. 3.
Δ9-THC does not suppress PMA/Io-induced surface CD40L expression on CD4+ T cells.
Splenocytes (5×106 cells) were treated with various concentrations of Δ9-THC (5, 10, 15,
and 20 μM) for 30 min and then stimulated with 40 nM PMA plus 0.5 μM ionomycin for 8
h. a Cell surface CD40L expression on activated CD4+ was determined by flow cytometry.
Number in parentheses represents the percentage of CD4+CD40L+ cell population±SEM. b
Bar graph is a representation of data in a. The * or ** indicates significant effect compared
to vehicle control (VH=0.1 % EtOH) at p≤0.05 or p≤0.01, respectively. Results are
representative of two separate experiments with three replicates per treatment group
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Fig. 4.
Δ9-THC suppresses anti-CD3/CD28-induced CD40L mRNA expression in mouse
splenocytes. Splenocytes (5×106 cells) were treated with various concentrations of Δ9-THC
(1, 5, 10, and 15 μM) for 30 min and then stimulated with immobilized anti-CD3 plus
soluble anti-CD28 antibodies (1 μg/ml ) each. Steady-state expression of CD40L mRNA
was determined by real-time PCR at 4 h after stimulation. The fold difference of CD40L
mRNA relative to unstimulated cells (naïve, NA) was normalized using the endogenous
reference, 18s rRNA and results are the average of triplicates at various concentrations of
Δ9-THC. The * or ** indicates significant effect compared to vehicle control (VH=0.1 %
EtOH) at p≤0.05 or p≤0.01, respectively. 0.1 μM CsA was used as the positive control.
Results are representative of two separate experiments with three replicates per treatment
group
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Fig. 5.
Comparison of the effect of Δ9-THC on anti-CD3/CD28-induced CD40L expression in
splenic T cells derived from wildtype or CB1−/−CB2−/− mice. Splenocytes (5×106 cells)
from wildtype or CB1−/−CB2−/− mice were treated with various concentrations of Δ9-THC
(1, 5, 10, and 15 μM) for 30 min and then stimulated with immobilized anti-CD3 plus
soluble anti-CD28 antibodies (1 μg/ml each). a Cell surface CD40L expression on activated
CD4+ was determined by flow cytometry at 8 h after stimulation. The bar graph represents
the percentage of CD4+CD40L+ cell population ± SEM. b Steady-state expression of
CD40L mRNA was determined by real-time PCR at 4 h after stimulation. The fold
difference of CD40L mRNA molecules relative to unstimulated cells (naïve, NA) was
normalized using the endogenous reference, 18s rRNA and results are the average of
triplicates at various concentrations of Δ9-THC. The * or ** indicates significant effect
compared to vehicle control (VH=0.1 % EtOH), at p≤0.05 or p≤0.01, respectively. 0.1 μM
CsA was used as the positive control. Results are representative of two separate experiments
with three replicates per treatment group
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Fig. 6.
DEX suppresses anti-CD3/CD28-induced surface CD40L expression on CD4+ T cells.
Splenocytes (5×106 cells) from wildtype or CB1−/−CB2−/− mice were treated with 0.5 μM
DEX or 15 μM Δ9-THC for 30 min and then stimulated with immobilized anti-CD3 plus
soluble anti-CD28 antibodies (1 μg/ml each). a Cell surface CD40L expression on activated
CD4+ was determined by flow cytometry at 8 h after stimulation. Number in parentheses
represents the percentage of CD4+CD40L+ cell population ± SEM. b Bar graph is a
representation of data in a. The ** indicates significant effect compared to vehicle control
(VH=0.1 % EtOH), at p≤0.01. Results are representative of two separate experiments with
three replicates per treatment group
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Fig. 7.
GRE luciferase reporter activity in HEK293T cells treated with Δ9-THC and/or DEX.
HEK293T cells (5×106 cells) were preseeded in a 6 well plate in growth medium overnight.
The cells were then transiently transfected with pGRE-luc or pTAL-luc (vector control
plasmid). After transfection, cells were treated with 0.1 % EtOH (VH), 0.5 μM DEX,
different concentration of Δ9-THC (1, 5, and 10 μM), or the combination of 0.5 μM DEX
plus 10 μM Δ9-THC. 24 h after transfection, luciferase activity was quantified in CPS and
normalized to total protein (μg). The results are the mean±SEM. The “ns” indicates no
significant difference. Results are representative of two separate experiments with three
replicates per treatment group

Ngaotepprutaram et al. Page 17

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


