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Summary

Normal tissue toxicity limits the efficacy of current treatment modalities for glioblastoma multiforme (GBM). We
evaluated the influence of cannabinoids on cell proliferation, death, and morphology of human GBM cell lines and
in primary human glial cultures, the normal cells from which GBM tumors arise. The influence of a plant derived
cannabinoid agonist, A’-tetrahydrocannabinol (A~ THC), and a potent synthetic cannabinoid agonist, WIN 55,212-
2, were compared using time lapse microscopy. We discovered that A-THC decreases cell proliferation and in-
creases cell death of human GBM cells more rapidly than WIN 55,212-2. A>-THC was also more potent at inhibiting
the proliferation of GBM cells compared to WIN 55,212-2. The effects of A>-THC and WIN 55,212-2 on the GBM
cells were partially the result of cannabinoid receptor activation. The same concentration of A’-THC that signifi-
cantly inhibits proliferation and increases death of human GBM cells has no significant impact on human primary
glial cultures. Evidence of selective efficacy with WIN 55,212-2 was also observed but the selectivity was less
profound, and the synthetic agonist produced a greater disruption of normal cell morphology compared to A’-THC.

Abbreviations: CB — cannabinoid; ERK — extracellular signal regulated kinases; FBS — fetal bovine serum; GBM —

glioblastoma multiforme; MANOVA — multivariate analysis of variance; MAPK — mitogen-activated protein
kinases; A’ THC — A’-tetrahydrocannabinol; TLM — time lapse microscopy

Introduction

Cannabinoids have been shown to control cell growth
and death in multiple types of cancer [1]. The endoc-
annabinoid system was discovered through research
focusing on the primary active component of Cannabis
sativa, A°-THC, and other synthetic cannabinoids [2].
To date, two G-protein coupled receptors, CB; and CB,,
have been demonstrated to mediate a majority of the
pharmacological effects of the compounds [3]. There is,
however, evidence for the existence of subtypes of can-
nabinoid receptors [4]. The present literature suggests
that cannabinoids could provide a two-tiered approach
for inhibiting tumor growth [5]. First, cannabinoids
have been shown to produce direct antiproliferative and
apoptotic effects in cell lines derived from many types of
cancers [6]. This direct antitumor activity has been pri-
marily attributed to the activation of both CB; and CB,
receptors but there is also data suggesting that canna-
binoids can directly inhibit the growth of cancer through
other mechanisms [7,8]. The possibility that cannabi-
noids might also inhibit tumor growth indirectly is
supported by studies demonstrating that cannabinoid

compounds can decrease angiogenesis through modu-
lation of proangiogenic factors [9,10].

Of potential clinical relevance is the selective efficacy
apparent with cannabinoids. Compounds activating the
endocannabinoid system can induce apoptosis in rat C6
glioma cells in vitro as well as inhibit growth and erad-
icate tumors in vivo [11]. Importantly, cannabinoid-in-
duced cell death was observed in C6 glioma cells but this
phenomenon was not seen in rodent primary astrocytes
and neuronal cultures [12]. This finding was further
supported by in vivo data showing cannabinoids could
inhibit, and in some cases eradicate, C6 glioma tumors
but there was no discernable tissue damage in sur-
rounding healthy tissue [11]. The potential of these
compounds to inhibit growth of gliomas has prompted a
human clinical trial [13].

The prior studies indicating selective efficacy against
glioma tumors in rodent models prompted us to evalu-
ate the effects of cannabinoids in human cells. We
compared the responses of normal human glial cells with
those of human cell lines derived from the highest
grade glioma tumor, glioblastoma muliforme (GBM).
The use of time lapse microscopy (TLM) in addition to
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end-point assays allowed a more complete evaluation of
the cellular responses to cannabinoids. Here we directly
quantify cannabinoid-induced changes in cell prolifera-
tion, death, and morphology. We also document indi-
rect evidence for an influence of cannabinoids on cell
motility. Detailed analysis using both a plant derived
cannabinoid agonist, A>THC, and a potent synthetic
agonist, WIN 55,212-2, are presented.

Materials and methods
Cell culture and treatments

Human cell lines derived from brain tumor biopsy
specimens from patients with GBM were maintained at
37 °C and 5% CO,. The human GBM cell lines used
were SF126, U87-MG, U251, SF188, and U373-MG. In
experiments determining the sensitivity of multiple
human GBM cell lines to WIN 55,212-2, cells were first
cultured in RPMI media containing 10% fetal bovine
serum (FBS). The serum concentration was reduced to
0.1% FBS on the first day of the treatment with can-
nabinoid compounds. Primary human mixed glial cul-
tures were isolated from second trimester elective
abortion fetal brain by established methods [14] and
were confirmed to be glia by uniform staining (data not
shown) with an antiglial fibrillary acid protein (GFAP)
antibody (Boehringer, Mannheim). In the TLM experi-
ments, SF126 GBM cells and normal glial cells were
grown in 6 well plates in Eagle’s Basal Medium (EBM)
with 0.02 pg/ml human epidermal growth factor,
0.025 mg/ml  insulin, 0.025 pg/ml  progesterone,
0.05 mg/ml transferrin, 0.05 mg/ml gentamicin, and
10% FBS. The EBM-based media assured viable growth
of the primary glial cultures. Prior to the first day of
treatment with cannabinoid compounds, the cells were
allowed to grow uninterrupted for three days. The ser-
um concentration was reduced to 0.1% FBS on the first
day of treatment with cannabinoid compounds because
high concentrations of serum have been shown to inhibit
the antiproliferative effects of A’-THC [15]. A°>-THC,
SR141716A, and SR144528 were obtained from the
National Institutes on Drug Abuse. WINS55,212-2 was
purchased from Sigma/RBI (St. Louis, MO). The media
with the appropriate compounds was replaced every
24 h.

MTT assay

To quantify cell proliferation the 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyl tetrasodium bromide (MTT) assay
was used (Chemicon, Temecula, CA). Cells were seeded
in 96 well plates at 1000 cells/well and in 6 well flat-
bottomed dishes at 8000 cells/well to obtain optimal cell
density throughout the experiment. In all assays cells
were first incubated at 37 °C with MTT for four hours
and then isopropanol with 0.04 N HCI was added and
absorbance was measured. The absorbance was read at
one hour in a plate reader with a test wavelength of
570 nm.

The ICsy and E,,x values with corresponding 95%
confidence limits were compared by analysis of logged
data (GraphPad Prism, San Diego, CA). Significant
differences were determined using analysis of variance
(ANOVA) or the unpaired Student’s t-test, where
suitable (GraphPad Prism, San Diego, CA). Bonferroni—
Dunn post-hoc analyses were conducted when appro-
priate. P-values <0.05 defined statistical significance.

Time lapse microscopy (TLM )

For each experiment, cell cultures were transferred from
the incubator to a time-lapse microscope equipped with
a heated stage and a plexi-glass environmental chamber
(Axiovert 200; Zeiss, Gottingen, Germany). Cell cul-
tures were maintained at routine incubation settings
(37 °C, 5% CO,) and optimum humidity. Temperature
and CO, concentration were independently maintained
using digital controlling units (Zeiss, Gottingen, Ger-
many). Two sets of phase contrast images from each
well were taken in 300 s intervals using a Cohu 2600
Series compact monochrome interline transfer CCD
camera. An Openlab software automation (Improvision,
Lexington, MA) drove the camera and stage move-
ments, and compiled the acquired phase images. Each
TLM experiment ran for a total of 72 h. Images were
subsequently processed as Quicktime movies using
Openlab (Improvision, Lexington, MA).

TLM data analysis

Every cell in the initial microscopic field was identified
and numbered. We counted the initial number of cells in
each of 12 microscopic fields and then followed each
cell individually to quantify divisions, deaths and emi-
grations. Emigration was measured as the rate that cells
initially in the microscopic field moved out of the field
and were no longer able to be tracked. All numbered
cells and their progeny were tracked for the duration of
their onscreen viability using compiled Quicktime
movies. Each cell’s life events were identified using a
modified version of a previously described cell pedigree
system [16]. Cells identified as dead at the start of the
video or that entered the microscopic field after the
initial frame were not included in this analysis. Cata-
loged data was entered into a Microsoft Excel
spreadsheet for further analysis.

TLM statistical analysis

Division counts during 4-h periods of observation were
converted to rates per cell by the following formula:

rate(t) = In[N(t — 1) + b(t)] — In[N(t — 1)],

where N(z—1) is the number of cells at the start of the
time period and b(7) is the number of divisions during
the time period. These estimates are based on an
assumption that counts are dependent on the number of
cells present. Similar formulas were used to convert
counts of deaths and emigrations to rates.



There were three replicate experiments for each
treatment/cell type combination. We plotted average
rates as well as a locally smooth function, called lowess,
against time period to get a visual picture of changes in
rates over time. Because of the small numbers of repli-
cates at each time point, statistical power is low for
detecting differences in rates at any individual time
point. Also, there was no consistent shape for smoothed
rate functions over time, so that parametric models
could not easily be fit to the observed data. Thus the
most practical method for making inferences about
division rates was to use multivariate analysis of vari-
ance (MANOVA) with rates at each time point con-
sidered as a separate variable. This method of analysis
does not allow modeling of changes as a smooth func-
tion of time, but does provide a test of whether rates
differed, by treatment, over a collection of time points
(e.g., the first 24 h). We used STATA version 8 to per-
form MANOVA. This program calculates four multi-
variate statistics that are commonly used in MANOVA:
Wilks’ lambda, Pillai’s trace, Lawley—Hotelling trace
and Roy’s largest root. Each is optimal under certain
conditions and none is under all conditions. The
advantages of using MANOVA over a collection of time
points rather than testing individual time points sepa-
rately are stability in estimating variance and allowance
for correlations among pairs of time points. The
advantage of using four MANOVA statistics rather
than relying on one is that there will be more sensitivity
in detecting treatment differences.

MANOVA was not appropriate for analyzing death
(and emigration) rates because the counts of cell death
during 4-h observation periods were often zero. We
pooled data over 24-h periods, from each of the three
experiments for each treatment (Vehicle, WINS55,212-2
or A’>-THC), and then used the nonparametric Kruskal—
Wallis (KW) test to determine whether death rates dif-
fered by treatment. If the KW test was significant (i.e.
P < 0.05) pairwise treatment differences were tested
using the ranksum (Mann—Whitney) test.

Results

Treatment of multiple human GBM cell lines
with cannabinoids

WIN 55,212-2 and A’-THC significantly reduced the
growth of all of the human GBM cell lines examined
(Figure 1). Five human GBM cell lines were treated for
seven days with WIN 55,212-2 and A’-THC to evaluate
their sensitivity to the antiproliferative effects of a can-
nabinoid. We chose this time point to take into account
the variable sensitivities of different cell lines [12,17].
Compared to controls, the percentage of growth for
each cell line in the presence of the cannabinoid agonist
WIN 55,212-2 was SF126=2% (£0.4), US§7-
MG =3% (£1.0), U251=37% (=£11), U373-
MG = 56% (£12) and SF188 = 64% (+10). In the
presence of A>-THC the values were SF126 = 7% (+4),
U87-MG = 19% (£11.0), U251 = 14% (£13), U373-
MG = 10% (£1), and SF188 = 16 % (+6). SF126 was
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Figure 1. The cannabinoid agonists, WIN 55,212-2 and A°-THC,
inhibit the proliferation of multiple human GBM cell lines. Cells were
treated for 7 days with vehicle (ethanol, 1 pl/ml), or (a) 1.25 uM
WIN55,212-2 or (b) 2 uM A°-THC. The MTT assay was used to
quantify cell proliferation. The absorbance of the media alone at
570 nm was subtracted, and % control was calculated as the absor-
bance of the treated cells/control cells x 100. Data are the mean of at
least three independent experiments; bars, £SE.

the most sensitive to the antiproliferative effects of WIN
55,212-2 and A°-THC. This cell line was used for further
studies.

Concentration response analysis with WIN 55,212-2
and A°-THC

The initial experiments with SF126 suggested the anti-
proliferative effects of WIN 55,212-2 began to occur by
48 h. Accordingly, we shortened the agonist treatment
periods during the detailed concentration response
analysis experiments. Cells were treated for three days
with multiple concentrations of A’-THC and WIN
55,212-2 ranging from 0.1 nM to 2 uM (Figure 2). Cell
proliferation was compared between groups and ICs
values for the antiproliferative effects of each compound
were calculated. The ICs, values for A>>THC and WIN
55,212-2 were 0.60 pM (0.39-0.91) and 0.98 uM (0.77—
1.2), respectively. A biphasic effect on cell proliferation
was observed with A’-THC but not WIN 55212-2.
Compared to control, 100 nM A’-THC produced a
slight increase in cell growth, 129% (104—153). This was
not seen in the presence of 100 nM WIN 55,212-2, 98%
(81-111).
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Figure 2. The cannabinoid agonists, A>THC and WIN 55,212-2, in-
hibit the proliferation of human GBM cells. Cells were treated for
3 days with vehicle (ethanol, 1 pl/ml), or increasing concentrations of
(a) A>-THC or (b) WIN55,212-2. The MTT assay was used to deter-
mine cell proliferation. The absorbance of the media alone at 570 nm
was subtracted, and % control was calculated as the absorbance of the
treated cells/control cells x 100. Data are the mean of at least three
independent experiments; bars, & SE.
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Cell division rates in GBM and glial cultures
during cannabinoid treatments

We next determined how A’-THC and WIN 55,212-2
would alter the proliferation of human GBM cells
compared to human primary glial cultures. We used
human primary glial cultures as a model of normal cells
since they are not transformed or derived from a tumor.
1 uM A’-THC or 1.25 uM of WIN 55,212-2 reduced the
growth of SF126 cells by approximately 75% (Figure 2).
We therefore treated human primary glial cultures and
SF126 cells with these same concentrations and analyzed
both groups with TLM. Beginning on day one, a mini-
mum of 87 cells was tracked for each treatment (A’-
THC or WIN 55,212-2) in both groups.

Treatment of SF126 cells with each agonist inhibited
or completed blocked cell division. There were clear
examples of cell division in control SF126 cell experi-
ments. This event was observed as the rounding up of a
single cell followed by the emergence of two daughter
cells. Division rates were more or less constant over time
for untreated cells. In contrast, A>>THC and WIN
55,212-2 significantly inhibited the rate of division of
SF126 cells (Figure 3a). The plot of the observed divi-
sion rates by time suggests different patterns of inhibi-
tion for each treatment. The rates demonstrate that the
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Figure 3. In the presence of cannabinoids, cell division rates of human
GBM cells are selectively decreased compared to normal human glial
cells. (a) Treatment of SF126 GBM cells with 1 pM A’-THC or
1.25 uM of WIN 55,212-2 for three days. (b) Treatment of normal glial
cells with the same concentrations of the agonists. Phase contrast
images from each well were taken from three independent experiments.
Cell division rates are plotted per every 4 h. Rates are depicted as
individual points and smooth lines represent the locally weighted least
squared fit.

onset of this inhibition occurred more rapidly in the
presence of A>-THC as compared to WIN 55,212-2. The
inhibition of cell division produced by A>~THC begins
during the first 4 h of treatment whereas significant
inhibition in the presence of WIN 55,212-2 is not
observed until after day one. Analysis of variance
(MANOVA) on the data from the first day (24 h)
showed significant differences among the three treat-
ments (P =0.026 for Wilks’ lambda, P =0.01 for
Lawley-Hotelling trace, P = 0.001 for Roy’s largest root
and P =0.17 for Pillai’s trace). During the first day,
post-hoc pairwise comparisons showed no significant
difference between vehicle and WIN 55,212-2 (P = 0.35
for all four statistics); significant inhibition of divisions
by A’-THC (P = 0.006 vs. vehicle for all four statistics);
and significant differences between A’~THC and WIN
55,212-2 (P = 0.027 for all four statistics).

During the second and third days there were signif-
icant differences among the three treatments
(P < 0.001 for all statistics except Pillai’s trace,
which had P = 0.62 for day two and P = 0.58 for day
three). These differences were attributable to continued



divisions in vehicle in contrast to none in A>~THC and
very few in WIN 55,212-2 treated cells after the first
day (Figure 3a). The response to both cannabinoid
agonists differed significantly from vehicle (P < 0.001
for all four statistics). There was no difference between
each agonist for the rate of cell division (P = 0.69 for
day two and P =0.97 for day three for all four sta-
tistics). The high P-Value for Pillai’s trace statistic
when comparing all three treatment is attributable to
the preponderance of zero values for A>-THC and WIN
55,212-2 during the second and third days. Pillai’s trace
statistic has been reported to produce more conserva-
tive P-values when data are not multivariate normal.
To further verify our findings, we performed rank tests
(which do not require assuming a normal distribution)
to compare the division rates during the second and
third days. These tests confirmed that division rates for
both treatments were significantly lower than those for
vehicle, as is evident in the plot (Figure 3a).

In comparison, the same experimental protocol was
followed using human primary glial cultures. 1 pM of
A’-THC and 1.25 uM of WIN 55,212-2 did not signifi-
cantly inhibit the division rate of the cells after one day
(Figure 3b). MANOVA revealed no differences among
the three treatments during the first day (P = 0.26 for
Wilks, P = 0.16 for Pillai, P = 0.41 for Lawley—Hotell-
ing and P = (.14 for Roy statistics). During the second
day there was some evidence to support reduced rates of
division in WIN 55,212-2 treated cells compared to
vehicle (P = 0.07 for Wilks, P = 0.22 for Pillai, P = 0.04
for Lawley—Hotelling and P = 0.006 for Roy’s largest
root). Again, the conservative P-value for the Pillai
statistic is attributable to a preponderance of zero divi-
sion rates during the second day. There were few divi-
sions during the third day under any of the experimental
conditions, so comparisons had to be based on rank
tests of division rates over the 24-h period. Overall, the
KW test showed no differences among the treatments
(P =0.31). Only the comparison of WIN (no divisions
during day three) with control almost demonstrated a
significant difference (P = 0.06).

Cell death rates in GBM and glial cultures
during cannabinoid treatments

Treatment of SF126 cells with both cannabinoids sig-
nificantly increased the death rate of SFI126 cells
(Figure 4a). This event was observed as the rounding up
of a cell followed by the rupture of the membrane.
Death rates following treatment with A>-THC reached a
maximum during the first day and were significantly
greater than those for WIN 55,212-2 (P = 0.0001 for
Kruskal-Wallis test for equality of all three, P < 0.001
for each pairwise comparison). Following treatment
with WIN 55,212-2, death rates increased throughout
the treatment period and were consistently greater than
those for controls on all three days (P < 0.001 for each
day). This is in contrast to the response of the GBM cells
to A’-THC which only differed from controls during the
first day (P = 0.0003 for day one, P = 0.051 for day two
and P = 0.40 for day three). This was the result of a
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Figure 4. In the presence of cannabinoids, cell death rates of human
GBM cells are selectively decreased compared to normal human glial
cells. (a) Treatment of SF126 GBM cells with 1 pM A’-THC or 1.25
uM of WIN 55,212-2 for three days. (b) Treatment of normal glial cells
with the same concentrations of the agonists. Phase contrast images
from each well were taken from three independent experiments. Cell
death rates are plotted per every 4 h. Rates are depicted as individual
points and smooth lines represent the locally weighted least squared fit.

large decrease in number of cells that could be evaluated
since a majority of the cell population was dead by day
two.

In normal glial cultures, the death rates for all treat-
ments were zero during the first day (Figure 4b).
Toward the end of the second day, treatment with WIN
55,212-2 resulted in significantly higher death rates than
treatments with A’>-THC and vehicle (P = 0.04 and 0.07,
respectively). A~THC and vehicle did not differ signifi-
cantly during this time period. During the third day,
treatments with WIN 55,212-2 produced significantly
higher death rates than those with A°THC or vehicle,
both of which were zero during this time period
(P < 0.001 for each comparison).

Cell emigration rates in GBM and glial cultures
during cannabinoid treatments

Treatment with A’ THC reduced emigration
(P =0.0008) of SF126 cells during the first day, while
there was no significant reduction in the presence of
WIN 55,212-2 relative to vehicle (P = 0.98) (Figure 5a).
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Emigration was measured as the rate that cells migrated
out of the microscope field and were no longer able to be
tracked. Highly motile cells are more likely to move out
of the microscopic field during the course of the exper-
iment and their emigration rates will be high. In con-
trast, less motile cells will have low emigration rates.
During the second and third days, SF126 cells treated
with both A>-THC and WIN 55212-2 showed signifi-
cantly lower rates of emigration compared to control
(P < 0.001 for each pairwise comparison).

A’-THC only marginally reduced the emigration rate
of the normal glial cells, compared to vehicle, during the
first day (P = 0.06) (Figure 5b). No significant differ-
ences were observed during the second and third day of
treatment with A>-THC. Treatment with WIN 55,212-2
caused a significant reduction in emigration rates of glial
cells during the first and second day (P < 0.001) and
reductions continued into the third day. Emigration
rates following A~ THC treatments were between those
for WIN 55,212-2 and vehicle i.e. A>~THC did not differ
from WIN 55,212-2 nor from vehicle.
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Figure 5. In the presence of cannabinoids, cell emigration rates of
human GBM cells are selectively decreased compared to normal hu-
man glial cells. (a) Treatment of SF126 GBM cells with 1 uM A’-THC
or 1.25 uM of WIN 55,212-2 for three days. (b) Treatment of human
primary glial cells with 1 uM A°~THC or 1.25 uM of WIN 55212-2 for
three days. Phase contrast images from each well were taken from
three independent experiments. Cell emigration rates are plotted per
every 4 h. Rates are depicted as individual points and smooth lines
represent the locally weighted least squared fit.

End-point assay determination of cell proliferation
during cannabinoid treatments

At the completion of the TLM experiments, all samples
were analyzed with the MTT assay to quantify changes
in cell proliferation. Treatment of SF126 cells with 1 uM
of A>-THC or 1.25uM WIN 55,212-2 for three days
caused a dramatic reduction in cell growth (Figure 6).
Compared to controls, the proliferation of SF126 cells
in the presence of A>-THC or WIN 55,212-2 was 26 %
(£4) and 30% (+9), respectively. Treatment of normal
glial cultures with the same concentrations of agonists
caused significantly less inhibition of cell proliferation.
The percentage of proliferation in glial cultures in the
presence of A>-THC or WIN 55212-2 was the 84%
(£0.4) and 71% (=£1.0), respectively.

Evaluation of cannabinoid receptor involvement

To determine the involvement of CB; and CB, receptors
in the agonist effects that were observed with SF126
cells, we repeated the experiments in the presence of
specific antagonists (Figure 7). When applied alone, the
agonists A>-THC and WIN 55,212-2 reduced cell growth
to 24% (£7) and 23% (=£3), respectively. In the pres-
ence of the CB; antagonist SR141716A, the reduction in
cell growth produced by both agonists was significantly
reversed: A’-THC =59% (+4) and WIN 55212-
2=156% (£7) (P < 0.01). In the presence of the CB,
antagonist SR144528, the reduction in cell growth pro-
duced by both agonists was also significantly reversed:
A’-THC = 61% (£4) and WIN 55212-2 = 59% (+£8)
(P < 0.01). Increase blockade, however, did not occur
when the antagonists were administered in combination.
In the combined presence of SR141716A and SR144528,
the reduction in cell growth produced by A’-THC
and WIN 55,212-2 was 54% (+£3) and 55% (+£3),

100 1

Cell Viability (% Control)

Figure 6. End point analysis confirms selective inhibition of human
GBM cells observed by TLM. Treatment of SF126 GBM cells or
normal glial cells with 1 uM A°-THC or 1.25 pM of WIN 55,212-2 for
three days. The MTT assay was used to quantify cell proliferation. The
absorbance of the media alone at 570 nm was subtracted, and %
control was calculated as the absorbance of the treated cells/control
cells x 100. Data are the mean of at least three independent experi-
ments; bars, =SE. The asterisk (*) indicates statistically significant
differences from control (P < 0.05).
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Figure 7. CB; and CB,; receptor antagonists partially block the anti-
proliferative effects of A°-THC and WIN 55,212-2. Human SF126
GBM cells were treated with 1 pM A>-THC or 1.25 pM WIN 55,212-2
in the presence or absence of 0.5 uM SR141716A, 0.5 uM SR 144528,
or a combination of both 0.5 puM SR141716A and 0.5 pM SR144528.
The absorbance of the media alone at 570 nm was subtracted, and %
control was calculated as the absorbance of the treated cells/control
cells x 100. Data are the mean of at least three independent experi-
ments; bars, =SE. The asterisk (*) indicates statistically significant
differences from control (P < 0.05).
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respectively. Neither antagonist significantly influenced
cell proliferation when given alone or in combination
(data not shown).
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Morphology of treated GBM and glial cultures

Unique characteristics within the cytoplasm of both cell
types were noted for each agonist when compared to
control cells. A>-THC produced the formation of small
round vacuoles in both SF126 cells and primary glial
cultures (Figure 8b and f). These vacuoles were con-
centrated around the cell nucleus. The morphology of
the glial cultures was comparable to controls over the
three day treatment period except for the presence of the
small vacuoles in the A°~THC treated cells. Approxi-
mately 69% (% 13) of the primary glial cells contained
vacuoles during the first day of treatment. By the last
day of treatment 55% (£9) demonstrated this charac-
teristic. The rapid effect of A>-THC on SF126 cell divi-
sion and death precluded us from quantifying the
amount of cells containing these vacuoles.

Large webbed compartments within the cytoplasm of
both cell types were apparent during treatments with
WIN 55,212-2 (Figure 8c and g). During the first day of
treatment, a greater percentage of glial cells (91% =+ 6)
compared to SF216 cells (66% =+ 3) were affected in
this manner (P < 0.02). By the last day of treatment, 80
% (£ 10) of the primary glial cultures demonstrated this
morphological characteristic. After one day of treat-
ment, this observation could not be followed in SF126
cell because a majority of the cells had rounded up or
began to die. We also treated both cell populations with
the receptor inactive enantomer of WIN 55,212-2, sim-
ilarly named WIN 55,212-3, and studied them with
TLM (Figure 8d and H). In these experiments, the
morphological characteristics of the treated cells were
similar to controls.

Discussion

We observed that both WIN 55212-2 and A’-THC
could inhibit the proliferation of multiple human
GBM cell lines. The most sensitive of these to the

5]

Figure 8. A°-THC and WIN 55,212-2 produce distinct morphological alterations in human GBM and normal human glial cells. Vehicle-treated
control cultures of S126 GBM cells (a) and normal glial cells (e) are shown for reference. Lipid body formation, denoted by black arrows, was
observed in SF126 cells (B) and normal glial cells (f) as a result of treatment with A>THC. Large webbed compartments in SF126 cells (black
arrow in ¢) and normal glial cells (g) were seen during treatments with WIN55,212-2. The morphology of SF126 cells (d) and normal glial cells (h)
treated with the inactive enantomer of WIN 55,212-2, WINS5,212-3, was similar to controls. Scale bar represents 100 pm.
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antiproliferative effects was the GBM cell line SF126.
Further analysis with SF126 cells using TLM revealed
distinct responses to different cannabinoid agonists. A°-
THC rapidly inhibited the division of SF126 cells
within the first four hours of treatment. In the presence
of WIN 55,212-2, the division of SF126 cells was not
significantly inhibited until the second day of treat-
ment. Analysis of cell death also revealed differences in
the responses to the agonists. Most of the cell death
following A’-THC treatment occurred during the first
day. WIN 55,212-2 produced a more delayed effect
with cell death beginning on the second day of treat-
ment and continuing throughout the duration of the
experiment.

A’-THC proved a more potent agonist compared to
WIN 55,212-2 in our experiments and the onset of
action for ATHC was more rapid. The observed
potencies were surprising because the synthetic amin-
oalkylindole WIN 55,212-2 has a significantly higher
affinity for both CB; and CB, receptors compared to the
classical ~cannabinoid A’-THC [18]. Similarly,
WINS55,212-2 is consistently more potent and efficacious
compared to A’-THC when cannabinoid receptor
pathways are evaluated [19], including effects on cAMP,
mitogen activated protein kinases (MAPK), and ion
channel activity [3]. It has been shown that cannabinoid
receptor-mediated generation of ceramide, leading to
long-term stimulation of extracellular signal regulated
kinase (ERK), plays a pivotal role in inducing GBM cell
death [1]. The assessment of cannabinoid activities
through this signal transduction pathway may explain
the apparent discrepancy in potencies because long-term
effects are being evaluated. Another potential explana-
tion may be the activation of additional receptors other
than CB; and CB; [8,20]. This explanation is supported
by our observation that the antiproliferative effects of
both A>THC and WIN 55212-2 were only partially
reversed when CB; or CB, antagonists were given alone
or in combination. We cannot, however, rule out the
possibility that the conditions of the experiment were
not optimal to produce full blockade.

Our findings differ somewhat from one report of
cannabinoid treatment in rat C6 glioma cell lines but are
consistent with another [11,21]. In one study it was re-
ported that when CB; and CB, antagonists were given
alone, they could not reverse the antiproliferative effects
of A>-THC [11]. Only when the two antagonists were
used in combination could full reversal of the antipro-
liferative effects be produced. This suggested that both
receptors would need to be activated to limit cell growth.
On the other hand, another investigation using rat C6
glioma cells found that either antagonist could partially
reverse the antiproliferative effects of A>-THC [21]. The
data suggest that a common pathway could be activated
through either CB; or CB, receptors and this leads to
reductions in cell growth and increases in cell death.
Consistent with this model involving a common path-
ways an in vivo study demonstrated a selective CB,
agonist could inhibit C6 glioma tumor growth as effec-
tively as a mixed CB; and CB, agonist [22].

Although A’-THC could inhibit the proliferation of
SF126 cells with an ICs, of 600 nM, we did observe a

small mitogenic effect when cells were treated with
100 nM of A’-THC. This biphasic effect was not
observed during treatments with WIN 55,212-2. Recent
reports have demonstrated that A~THC and the endoc-
annabinoid methanadamide can stimulate cancer cell
growth at concentrations of 100-200 nM [23-25]. A
general hypothesis has been proposed that cannabinoid
receptor activation of short term or low levels of ERK
stimulation vs. long-term and high levels of ERK stim-
ulation is the switch between cell growth and cell death
[13]. Two pathways have been described that lead to
stimulation of cell growth by cannabinoids. The first is
linked to direct CB; and CB, receptor activation of the
PKC-PI3K-ERK pathway and subsequent up-regulation
of androgen and nerve growth factor receptors [23,24].
Alternatively, the mitogenic effects of cannabinoids
might be the result of tumor necrosis factor alpha-con-
verting enzyme (TACE/ADAM17)-mediated trans-acti-
vation of the epidermal growth factor receptor leading to
stimulation of ERK [25]. This biphasic modulation of
cancer cell proliferation has also been observed with the
effective anticancer agent retinoic acid [26].

Mitogenic activity was not evident when SF126 cells
were treated with WIN 55,212-2. Past investigations
studying cannabinoid receptor activation demonstrated
that A>-THC acts as partial agonists whereas WIN
55,212-2 is a full agonist [27,28]. At lower concentra-
tions, partial agonists at CB; and/or CB, receptors may
promote cell proliferation in cancer cell lines. The am-
inoalkylindoles (ex. WIN 55,212-2) have also been
shown to have a unique binding site and activation
profile in cannabinoid receptors [29,30]. It is possible that
distinct initial interactions of each class of agonist at CB;
and CB, could lead to a divergence of down-stream
signaling; this could produce altered responses in cell
growth. Our data suggest that cannabinoid anti-tumor
agents could be designed to lack this stimulatory phase.

The activity of cannabinoid compounds, especially
A°-THC, was markedly different in SF126 cells com-
pared to normal glial cells. In GBM cells, compared to
the primary glial cultures, the inhibition of cell division
and increases in cell death where much greater. There
are several potential explanations for this selective effi-
cacy. The apoptotic actions of A’>-THC in rat C6 glio-
mas require the long-term up-regulation of ERK [11].
Glioma cell lines may be more susceptible to this up-
regulation compared to normal glial cells because of
differences in signal transduction in apoptotic and cell
survival pathways [13]. Increased CB, receptor expres-
sion has been reported in highly malignant human gli-
oma tumors [22]. This increase in CB, receptor
expression may facilitate cannabinoids in producing
long-term up-regulation of ERK in GBM cells.

In both SF126 cells and normal glial cultures, A>-THC
and WIN 55,212-2 produced distinct alterations in cell
morphology. Treatment of both SF126 cells and pri-
mary glia with A>-THC resulted in an increase produc-
tion of small vacuoles concentrated around the nucleus
of the cell within the cytoplasm. The appearance of these
vacuoles has been previously described in rat C6 glioma
cells during treatment with A’-THC [21]. Noted also in
this study was that the appearance of the vacuoles was



restricted to neoplastic cells compared to a non-neo-
plastic model (fibroblasts). In contrast, we observed
these vesicles in both our primary glial cultures as well as
in SF126 cells. Recht et al. [21] demonstrated the vac-
uoles within the rat C6 glioma cells contained triglyce-
rides or cholesteryl oleate. A direct link between the
appearance of these lipid bodies in the presence of A’-
THC and decrease in cell proliferation has not been
made. There is the potential that metabolites of A’ THC
may inhibit enzymes responsible for lipid metabolism
and could lead to the formation of the vacuoles [31]. We
did not observe these lipid bodies in the presence of
WIN 55,212-2, providing evidence against cannabinoid
receptor activation as a potential mechanism for their
formation.

WIN 55,212-2 produced significant disruption in the
cytoplasmic region of both cell types. This was observed
as the formation of sizeable webbed compartments
surrounding the nucleus and extending to the plasma
membrane. These were especially evident in the large
normal glial cells. The intracellular disruptions were not
apparent following treatment with the receptor inactive
enantomer of WIN 55,212-2. This indicated that the
disruptions may be cannabinoid receptor mediated.
However, A>~THC did not produce these cytoplasmic
disruptions suggesting that the effect of WIN 55,212-2
on cell morphology is the result of additional receptor
interactions unique to the ligand.

Since normal tissue toxicity limits the efficacy of cur-
rent GBM treatment, the selectivity we observed in hu-
man tissues with both cannabinoid agonists is of clinical
importance. A>-THC is currently being used in clinical
trials to treat recurrent GBM [13,32]. Consistent with
previous reports our results suggest that high concen-
trations of cannabinoid agonists would be required to
achieve anti-tumor activity. It is likely that higher con-
centrations could be achieved due to recent technological
advances that enable delivery of high concentrations of
compounds directly to the site of GBM tumors [33]. The
unexpected reversal of potencies observed with A>-THC
and WIN 55,212-2 suggest the development of future
cannabinoid-based anticancer agents using past struc-
ture—activity relationship at CB; and CB, receptors may
not be appropriate. A more detailed structure-activity
analysis of the antiproliferative and apoptotic effects of
cannabinoids is warranted to test this hypothesis.
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