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SUMMARY

ENnD, Davip W., THOURSEN, KENNETH, DEWEY, WiLLIAM L. & CARCHMAN, RICH-
ARD A. (1977) A comparative study of the disposition of (—)-A®-tetrahydrocannabinol
in neuroblastoma and glioma cells in tissue culture: relation to cellular impair-
ment. Mol. Pharmacol., 13, 864-871.

(—)-A®-Tetrahydrocannabinol (A®-THC) at a concentration of 100 uM irreversibily in-
hibited the proliferation of mouse neuroblastoma (NB2A) cells in tissue culture. Only a
60% reduction in rat glioma (C6) cell proliferation was observed at 100 um A®-THC,
which could be reversed by removing the drug. Dose-dependent inhibition of protein,
RNA, and DNA synthesis, accompanied by inhibition of precursor uptake, was observed
in NB2A cells at 1, 10, and 100 uM A*-THC, with the highest concentration of drug
producing greater than 90% inhibition of DNA and RNA synthesis. Inhibition of DNA
and RNA synthesis to less than 50% of control was observed only at 100 um A®-THC in C6
cells. The pattern of subcellular distribution of [*H]A®>-THC in NB2A cells did not differ
appreciably from the distribution of the radioactive drug in C6 cells. In both cell lines, a
large amount of intracellularly bound [3H]A®*-THC appeared in the crude nuclear frac-
tions. NB2A cells displayed a 10-fold greater uptake of drug. This enhanced uptake of
drug could be related to the greater sensitivity of NB2A cells to inhibition of growth and
macromolecular synthesis by A>-THC as compared with the C6 cells.

INTRODUCTION

Recent investigations have demon-
strated that (-)-A%-tetrahydrocannabinol
and related cannabinoids can alter several

observed in laboratory rodents and hu-
mans (1-3). This laboratory has previously
reported on the antineoplastic activity of
cannabinoids in murine tumors in vivo

basic cellular processes in mammalian
cells in vivo and in tissue culture. Depres-
sion of the immune response following
chronic exposure to cannabinoids has been

This work was supported in part by Grants DA-
00490, CA-17840, and GM-07111 from the National
Institutes of Health.

! Predoctoral Fellow of the National Science
Foundation (5M-17622901).

and in vitro (4-6). Inhibition of macromo-
lecular synthesis and cell proliferation by
micromolar concentrations of A>-THC? has
recently been demonstrated in numerous
cell lines, including human lymphocytes,
tetrahymena, slime mold (D. discoi-
deum), and human neuroblastoma (7-10).

2 The abbreviation used is: A*THC, (-)-A°-te-
trahydrocannabinol.
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Such a divergent array of A°>-THC-sensi-
tive cells showing similar effects would
suggest that a single mechanism may be
involved. However, these investigations
have been complicated by the preponder-
ance of toxic biochemical alterations pro-
duced by this drug at high concentrations
and by subsequent cell degeneration.

Our initial studies with rat glioma (C6)
cells in tissue culture revealed that this
cell line was relatively unaffected by con-
centrations of A°>-THC which severely im-
paired functions of mouse neuroblastoma
(NB2A) cells. After characterizing the re-
sponses of these two neurally derived cells
to A*-THC, a comparative study of the dis-
position of [*H]A*-THC was conducted to
determine whether there were binding
sites unique to the NB2A cells, which
could be related to the effects of the drug.

MATERIALS AND METHODS

Tissue culture. Rat glial (C6) and mouse
neuroblastoma (NB2A) cells were ob-
tained from the American Type Culture
Collection. The NB2A cells were grown in
Eagle’s minimal essential medium con-
taining Hanks’ balanced salt solution and
supplemented with 2% 5 X nonessential
amino acids, 10% fetal calf serum, 2 mm
glutamine, and penicillin-streptomycin
(50 IU/ml1-50 ug/ml). Rat C6 cells were
maintained in Ham’s F-10 medium supple-
mented with 12.5% horse serum, 2.5% fetal
calf serum, glutamine (2 mm), and penicil-
lin-streptomycin (50 IU/ml-50 ug/ml).
Cultures were incubated in a humidified
atmosphere of 95% air and 5% CO, at 37°.
Tissue culture reagents were obtained
either from Flow Laboratories or from
Grand Island Biological Company. Under
the above conditions the NB2A cells dou-
bled in number every 19 hr, and the C6
cells, every 10 hr. A>-THC was received
from the National Institute of Drug
Abuse.

Cell growth. Cells were transferred from
dense cultures grown in 250-ml T-flasks
(Falconware) to Petri dishes (60 mm) at a
density of 5 x 10* cells/plate. Four hours
after plating, A°>-THC (1, 10, or 100 uM) in
ethanol or an equivalent volume (10 ul) of
ethanol was added to each plate (3 ml of
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medium per plate). At 12-hr intervals the
medium was removed and the cells were
enumerated on a Coulter counter (model
ZB,). Medium and drug or drug vehicle
were replenished daily.

Cell morphology. A 1-2-mg pellet of A®-
THC resin was placed in the center of 60-
mm Petri dishes containing cultures of
NB2A cells. Because of its hydrophobic na-
ture, A*-THC did not immediately go into
solution. This allowed a transient diffu-
sion gradient to form from the center to
the periphery of the dishes. A piece of ster-
ile glass equivalent to the size of the drug
pellet was placed in control plates. Cell
morphology was observed during a 2-hr
period by means of a Nikon inverted phase
microscope. Photomicrographs were made
with a Polaroid attachment under a mag-
nification of 200 x.

Macromolecular synthesis. The cell cul-
tures were refed twelve hours prior to the
determination of uptake and incorporation
of radiolabeled precursors. The cells were
incubated with A®-THC (1, 10, or 100 uMm)
or drug vehicle for 15 min prior to the
addition of 1 uCi (10 ul) of either tritiated
thymidine (specific activity 100 pCi/mg),
uridine (specific activity 100 uCi/mg), or
leucine (specific activity 200 uxCi/mg)
(New England Nuclear).

Following a 2-hr incubation with radio-
label, cellular uptake and incorporation of
radiolabeled precursor into trichloracetic
acid-soluble and -insoluble material was
determined as previously described (4, 5).
Each experimental point was determined
in triplicate, and there was less than 10%
variability within each experimental
group.

Drug uptake. Confluent cell cultures in
60-mm Petri dishes were obtained as pre-
viously described, and [*H]A°-THC (Na-
tional Institute of Drug Abuse; specific ac-
tivity, 100 »Ci/mg) was delivered in a 10-
ul volume of ethanol to achieve a concen-
tration of 50 uM labeled drug in 3 ml of
medium. Uptake was terminated at 15 or
60 min by removing the medium and
washing the cell monolayers twice with
ice-cold phosphate-buffered NaCl. Cells
were scraped into 3 ml of this buffer and
collected by centrifugation at 2000 x g for
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10 min at 4°. The pellet was digested in 2
ml of 1 N NAOH. A 0.5-ml aliquot was
removed and neutralized with 1 N HCI
before addition of 10 ml of Aquasol-2 scin-
tillation fluor. Protein determinations (11)
were performed on the remaining digest.
For each experiment, plates were grown in
parallel with the experimental groups for
the determination of cell number.

Subcellular distribution of [*(H]A*-THC.
Confluent cell cultures (4-5 x 10° cells)
were administered 50 um [*H]A®-THC
(specific activity, 100 uCi/mg). Following
a 15-min incubation the medium was re-
moved, and cell monolayers were washed
with two 10-ml portions of ice-cold phos-
phate-buffered NaCl. Cells were scraped
into 14 ml of ice-cold 0.32 M sucrose con-
taining 10 uM CaCl; and homogenized in a
ground glass Dounce apparatus. The ho-
mogenate was centrifuged at 1000 x g for
10 min to obtain a low-speed pellet, which
was subsequently resuspended in 15 ml of
0.32 M sucrose and layered over 3 ml of 2.0
M sucrose for centrifugation (104,000 x g
for 60 min) to separate nuclear debris from
the crude nuclear pellet.

A mitochondrial fraction was obtained
from the low-speed supernatant by centrif-
ugation (11,400 x g for 20 min), and the
pellet was washed once. The mitochon-
drial supernatant plus the 5 ml of wash
were centrifuged at 104,000 x g for 60 min
to pellet the microsomal fraction. Protein
and radioactivity for each fraction were
determined as previously described.

RESULTS

Cell growth. Figures 1 and 2 describe
the effects of 1, 10, and 100 uMm A*-THC on
the growth of NB2A and C6 cells over a 5-
day period. Each point represents the av-
erage of duplicate plates. The ethanol ve-
hicle did not produce a significant effect on
cell proliferation in either cell line. In
NB2A cultures, no significant retardation
of growth was observed at 1 or 10 um A®-
THC until 72 hr of exposure, at which time
the cell number was reduced to approxi-
mately 75% of control. Concentrations of
100 uMm A°-THC were extremely toxic to
NB2A cells, as evidenced by a rapid reduc-
tion in cell number, which decreased to
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Fi1c. 1. Effects of A-THC on proliferation of
NB2A cells

Cells incubated with A®>-THC (1-100 M) or 10 ul
of ethanol vehicle were compared with untreated
control cultures. After 72 hr of exposure to 100 um
A°*-THC, drug was removed from the cell cultures.
Each point represents the average of two plates.

less than 1.0% of control at the end of 5
days. These cells did not recover when 100
uM AS-THC was removed on day 3.

No significant inhibition of C6 cell pro-
liferation was observed at 1 or 10 um A®-
THC. After 72 hr of incubation with 100
uM A%-THC, the cell number was reduced
to approximately 13% of control. When
drug was removed from cultures previ-
ously exposed to 100 um A%-THC by refeed-
ing plates in drug-free medium, C6 cells
recovered to growth rates comparable to
those in control cultures.

NB2A cell morphology. Figure 3 repre-
sents a composite of morphological changes
observed in NB2A cells grown in the pres-
ence of A>-THC resin. NB2A cells imme-
diately adjacent to the A®-THC pellet
(Fig. 3A) appeared sparse, rounded, and
extensively infiltrated with translucent
vacuoles, a state indicative of cell death.
In a broad band (Fig. 3B) interposed be-
tween the ring of dead cells and the pe-
riphery of the plates, the NB2A cells were
differentiated, as shown by the appear-
ance of long, axon-like processes projecting
from the nucleated soma. At the periphery
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F1G. 2. Effects of A-THC on proliferation of C6 cells
Cells incubated with A°-THC (1-100 uM) or 10 ul of ethanol vehicle were compared with untreated control
cultures. After 72 hr of exposure to 100 umM A*-THC, drug was removed from the cell cultures. Each point

represents the average of two plates.

of the plates (Fig. 3C), the cell population
was predominantly rounded, with the
axon-like processes absent. Cell densities
were maximal (periphery), which sup-
ported the presumption that this rounded
morphology reflected an undifferentiated,
rapidly proliferating state. Control Plates
(Fig. 3D) had mixed populations of differ-
entiated and rounded cell types distributed
randomly over the entire surface of the
plates.

Macromolecular synthesis. A*-THC in-
hibited the incorporation of radiolabeled
precursor into acid-precipitable material
(DNA, RNA, and protein) in NB2A cells in
a dose-dependent manner (Table 1). Thy-
midine incorporation appeared to be the
most sensitive parameter tested; cells
treated with 1 um A®-THC had incorpora-
tion reduced to 54% of control. The cellular
uptake of [*H]thymidine was similarly but
less extensively inhibited. The cellular up-
take and incorporation of [*H]uridine were
equally inhibited by approximately 20%
and 50% at 1 and 10 uM A®-THC, respec-
tively. Tritiated uridine cellular uptake
and incorporation were barely detectable
at 100 uM drug (99% inhibition). Tritiated

leucine uptake was more resistant to A®-
THC, in that significant inhibition (62%)
occurred only at 100 pum A°-THC, while
leucine incorporation was inhibited 26%
and 74% by 10 and 100 umM A®-THC, respec-
tively.

NB2A cell number after 4 days of drug
administration, expressed as a percentage
of control, correlated quite closely with the
dose-dependent inhibition of [*H]thymi-
dine incorporation (DNA synthesis) by A®-
THC 49%, 32%, and 7% vs. 54%, 32%, and
3%, respectively, for increasing concentra-
tions of A°-THC (1, 10, and 100 um).

Rat glioma (C6) cells, which appeared to
be quite refractory to growth inhibition by
A%-THC, were also more resistant than
NB2A cells to inhibition of macromolecu-
lar synthesis by the drug. Only at 100 um
A°-THC was there inhibition of DNA syn-
thesis (43% of control), while [*H]thymi-
dine uptake was 80% of control (Table 2).
Tritiated uridine uptake and incorporation
were equally inhibited by the drug in a
dose-dependent fashion. A°THC (1, 10, and
100 pM) reduced these parameters to 84%,
75%, and 43% of the controls. Tritiated
leucine uptake and incorporation were un-
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Fic. 3. Morphological changes in NB2A cells induced by A*THC resin

Shown are cells immediately adjacent to the A*THC pellet (A), 2 em from the A*-THC (B), and around the
periphery of the 6-cm Petri dish (C), and control cells immediately adjacent to a sterile glass pellet (D). All
% 200.
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affected by A°-THC (1-100 p.m) (Table 2).
Subcellular distribution of [*(H]A*>-THC.
Table 3 contains the results of our investi-
gation into the subcellular distribution of
[*HJA®-THC in NB2A and C6 cells, ex-
pressed as the percentage of label found in
the homogenate and as tissue concentra-
tion of A°-THC plus metabolites (micro-
grams per milligram of protein). In NB2A
cells, 45% of the label appeared in the
crude nuclear fraction. The concentration
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of [*H]A*-THC plus metabolites (0.78 ug/
mg) was approximately twice that of the
homogenate (0.40 ug/mg). The crude
NB2A mitochondrial fraction showed a
similar affinity for the drug, with concen-
trations of 0.75 ug/mg, which represented
13% of the total radioactivity. Accumula-
tions of label elsewhere in the cells were
not as striking, with 8.8% (0.25 ug/mg) in
nuclear debris, 3.5% (0.34 pug/mg) in mi-
crosomes, and 8.8% (0.11 ug/mg) sus-

TaBLE 1
Effects of A>-THC on macromolecular synthesis in NB2A cells

Cells were incubated with A°>-TCH (1, 10, or 100

uM) and radiolabeled precursor for 2 hr prior to the

determination of acid-soluble (uptake) and acid-precipitable (incorporation) radioactivity. Values are re-
ported as percentages of ethanol-treated controls. Differences greater than 10% of control were significant at

the p < 0.05 level (n = 3).

A*-THC Uptake Incorporation
[*H]Thymi- [*H]Leucine [*H]Uridine [*H]Thymi- [*H]Leucine [*H]Uridine
dine dine
M % control % control
1 91 108 82 54 92 79
10 77 105 55 32 74 50
100 12 38 1 3 26 0.6
TABLE 2

Effects of A>-THC on macromolecular synthesis in glioma cells
Experimental conditions were the same as in Table 1.

A*-THC Uptake Incorporation
[*H]Thymi- [*H]Leucine [*H]Uridine [*H]Thymi- [*H]Leucine [*H]Uridine
dine dine

M % control % control
1 106 108 84 90 118 83
10 103 104 75 107 114 75
100 80 102 43 43 114 47

TABLE 3

Subcellular distribution of [*H]A®>-THC in neurally derived tumor cells in tissue culture
Cells were incubated with 50 um [*H)A®-THC for 15 min and fractionated as described under MATERIALS

AND METHODS. Results are the means and standard errors of six determinations.

Cell fraction NB2A Glioma

Distribution Concentration Distribution Concentration

% pglmg protein % p8/mg protein

Homogenate 0.40 + 0.01 0.065 + 0.001

Nuclei 45.1 = 1.8 0.78 + 0.03 20.6 + 2.1 0.079 + 0.004

Nuclear debris 8.8 + 0.6 0.25 + 0.01 10.3 + 1.2 0.029 + 0.006

Mitochondria 13.1 = 0.8 0.75 + 0.05 10.5 + 0.4 0.068 + 0.002

Microsomes 3.5 +0.3 0.34 + 0.03 7.6 = 0.6 0.041 + 0.003
104,000xg su-

pernatant 8.8+ 0.4 0.11 = 0.02 28.7 + 0.9 0.080 + 0.008




870

pended in the 104,000 x g supernatant.

The C6 crude nuclear fraction contained
21% of the total bound [*H]A*>-THC. This
fraction of drug produced a concentration
of 0.079 ug/mg, which was again greater
than the 0.065 ug/mg concentration ob-
served for the homogenate. Crude mito-
chondrial fractions showed no appreciable
accumulation of drug (0.069 ug/mg, or 11%
of the total bound label). Tritiated A>-THC
was also found in soluble cellular constitu-
ents, with 29% of the drug appearing in
the 104,000 x g supernatant at a concen-
tration of 0.08 pg/mg. Both microsomal
and nuclear debris contained approxi-
mately 10% of the drug at concentrations
of 0.041 and 0.029 ug/mg, respectively.

Uptake of [*H]A>-THC. NB2A cells took
up 10 times more [*H]A®-THC than did C6
cells when incubated with 50 um [*H]A®-
THC for 15 and 60 min (Fig. 4). These
results agree quite closely with the 10-fold
differences in drug concentrations ob-
served in the subcellular distribution stud-
ies (Table 3).

When C6 cells were incubated for 60 min
in NB2A tissue culture medium contain-
ing 50 uM [*H]A®-THC, uptake of label was
increased approximately 3-fold (Fig. 4).
Conversely, if NB2A cells were transferred
to C6 medium plus labeled drug, uptake
was substantially decreased. To account
for these medium dependent influences on
the uptake of [SH]A®-THC, florisil was
added to each of the culture media to
precipitate the unbound drug. Aliquots
of Florosil-treated media were assayed
for radioactivity to measure the ratio of
bound to free [*H]A®-THC. In C6 medium
82% of the added label was bound to me-
dium constituents, while in NB2A me-
dium only 43% of the label was bound.

DISCUSSION

Differential sensitivity to the growth-
inhibitory effects of A>-THC was studied in
two cell lines. At 10 umM A%-THC, both cell
proliferation and DNA synthesis were in-
hibited by 70% of control in NB2A cells.
Inhibition of RNA and protein synthesis
(60% and 36%, respectively) accompanied
these effects. These data agreed quite
closely with the findings of Blevins and
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Fi1c. 4. Uptake of [*H]ATHC in drug-sensitive
NB2A cells and drug-resistant C6 cells

Cells were incubated with 50 um [*H]A®*-THC for
15 or 60 min. The means and standard errors of five
determinations are shown.

Regan (12) for mouse and human neuro-
blastoma cells exposed to A>-THC in tissue
culture. Rat glioma cells (C6) were resist-
ant to the effects of 1 and 10 um A®-THC.
Only at 100 um A®-THC were significant
reductions in C6 proliferation and macro-
molecular synthesis observed. This differ-
ential sensitivity appeared to be specific
for A>-THC, inasmuch as C6 cells were
more sensitive than NB2A cells inhibition
of protein synthesis by cycloheximide.

To better characterize the mechanism of
cytotoxicity of A®-THC, a comparison of
the disposition of labeled drug in these two
cell lines was undertaken. The 10-fold
greater uptake of [H]JA®-THC in NB2A
cells could account for the enhanced sensi-
tivity of these cells to the drug. Binding of
[*H]A®-THC to medium constituents was
shown to have a marked effect on the dis-
position of the drug in the two cell lines. In
C6 medium, 82% of the labeled drug was
bound (as opposed to 43% in NB2A me-
dium), which restricted drug access to C6
cells, since when C6 cells were transferred
to NB2A medium (which contained 3 times
more free [*(H]A®-THC), a 3-fold increase in
[*H]A®-THC uptake was observed. This ob-
servation may explain the competitive in-
teractions between medium serum concen-
tration and inhibition of DNA synthesis by
A°-THC in lymphocytes reported by Nahas
et al. (13).
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However, when culture conditions were
controlled, NB2A uptake of [*H]A®-THC
still exceeded C6 drug uptake. This sug-
gests that C6 cells may exclude or rapidly
clear A>-THC. Our data support the find-
ings of Martin et al. (14) that white mat-
ter, which has its embryological origins in
glial cells, accumulated less [3H]A*>-THC
than did neurally derived gray matter in
the brains of dogs.

Subcellular fractionation studies re-
vealed large accumulations of intracellu-
larly bound [3H]A®-THC in crude nuclear
fractions of NB2A (45%) and C6 (21%)
cells. This is in agreement with the reports
of Colburn et al. (15) and Martin et al. (14)
that large amounts of labeled A*-THC ap-
peared in the crude nulcear fractions of
mammalian brains.

This accumulation of drug in nuclear
fractions, in addition to the close correla-
tion of inhibition of DNA synthesis by A°®-
THC with inhibition of cell proliferation in
both cell lines, suggested that interference
with DNA replication might be the pri-
mary event in the cytotoxicity of A>-THC.
The magnitude of inhibition may depend
upon the amount of A®>-THC reaching the
nucleus. The morphological differentiation
observed for NB2A cells in the presence of
A®-THC lends further support to this hy-
pothesis. Other DNA synthesis inhibitors,
such as fluorodeoxyuridine, induce similar
morphological changes (16). Furthermore,
Huot (9) demonstrated that A®-THC in-
duced clumping of chromatin and other
morphological changes in monkey kidney
fibroblasts, and Friedman® has observed
single strand breaks in liver DNA from
mice treated with A>-THC. Evidence is ac-
cumulating to suggest that A>-THC may
produce physical changes in the DNA tem-
plate which prevent its replication and
transcription.

Finally, the sensitivity of cells to A°-
THC appears to depend in part on the
uptake of the drug by the cells. The differ-

3 M. A. Friedman, personal communication.
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ential uptake and sensitivity of the NB2A
and C6 cells were also seen (data not
shown) in Lewis lung adenocarcinoma
cells and normal bone marrow cells, where
the differences in sensitivity to A*-THC
[Lewis lung was more sensitive than bone
marrow (6)] were mirrored by the larger
uptake of drug by the Lewis lung adeno-
carcinoma cells.
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