Neuropharmacology 40 (2001) 702-709

Tetrahydrocannabinol-induced apoptosis of cultured cortical
neurones is associated with cytochrome c release and caspase-3
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Abstract

A°-Tetrahydrocannabinol (THC), the principal psychoactive component of marijuana, is associated with impaired cognition and
altered cortical function. THC transduces its central effects via activation of the G-protein linked cannabinoid receptor CB1. In this
study we report that THC induces morphological degenerative changes in cultured cortical neurones, such as membrane blebbing
and formation of apoptotic bodies, that are consistent with the apoptotic pathway of cell death. The THC-induced apoptosis was
blocked by the CB1 receptor antagonist AM251 and pertussis toxin (PTX), suggesting that this effect of THC involves receptor-
mediated activation of the G-protein subtypes G; or G,. THC also promoted translocation of mitochondrial cytochrome c to the
cytosol and increased the activity of the cysteine protease caspase-3, in a PTX-sensitive manner. The results from this study suggest
that coupling of THC to a PTX-sensitive G-protein promotes cytochrome c release, caspase-3 activation and subsequent degeneration
of cultured cortical neurones. This apoptotic pathway may underlie the compromised neuronal function that is associated with

marijuana usage.
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1. Introduction

A®-tetrahydrocannabinol (THC), the major psychoac-
tive component of marijuana, has been shown to induce
behavioural changes such as compromised cognition
(Reisine and Brownstein, 1994) and impaired verbal and
memory retrieval skills (Block and Ghoneim, 1993). The
behavioural manifestations of THC have been proposed
to be due to altered functional activity of the frontal cor-
tex in humans (Mathew et al., 1997) and rats (Jentsch
et al., 1997), possibly by altering neurotransmitter
release in this brain region (Jentsch et al., 1998; Gessa
et al., 1998).

To date, two subytpes of cannabinoid receptor, CB1
and CB2, have been identified (Howlett, 1990) with the
CB1 receptor being responsible for mediating the central
effects of THC (Matsuda et al., 1990). The CB1 has been
localised in several brain regions including the cortex,
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hippocampus and cerebellum (Berrendero et al., 1998)
and the amino acid sequence of this receptor is consistent
with a tertiary structure typical of G-protein coupled
receptors (Matsuda et al., 1990). The CB1 receptor has
been shown to couple to a variety of signalling pathways
including the cCAMP pathway (Howlett, 1995), mitogen-
activated protein (MAP) kinase (Bouaboula et al., 1999)
and the regulation of ion channels (Mackie and Hille,
1992) in a pertussis toxin (PTX)-sensitive manner, pro-
viding evidence for the CB1 receptor coupling to the G-
protein subtypes G; or G,.

While THC modulates a variety of neuronal functions
including ion channel activity (Mackie and Hille, 1992)
and neurotransmitter release (Jentsch et al., 1998), recent
studies have demonstrated that THC has a toxic effect
on cultured hippocampal neurones (Chan et al., 1998),
C6 glioma cells (Sanchez et al., 1998) and non-neuronal
cells such as macrophages and lymphocytes (Zhu et al.,
1998). The proposed mechanisms underlying the apop-
totic effects of THC include the generation of reactive
oxygen species (Chan et al., 1998), sphingomyelin
hydrolysis (Sanchez et al., 1998) and activation of the
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cysteine protease, caspase-1 (Zhu et al., 1998). Apop-
totic cell death may be characterised by several morpho-
logical and biochemical parameters, including reduced
cell volume, blebbing of the plasma membrane, conden-
sation of nuclear chromatin and DNA fragmentation
(Raffray and Cohen, 1997). These apoptotic events are
initiated by members of the caspase superfamily and
activation of caspase-3 has been demonstrated to be of
particular significance in the induction of apoptosis, by
virtue of its ability to cleave structural and nuclear pro-
teins (Janicke et al., 1998; Hampton et al., 1998). The
trigger for caspase-3 activation involves translocation of
mitochondrial cytochrome c to the cytoplasm (Rosse et
al., 1998), a process which is regulated by the Bcl family
of mitochondria-associated proteins (Korsmeyer, 1995).

In this study we demonstrate that exposure of cultured
cortical neurones to THC induces the morphological and
biochemical features of apoptosis including membrane
blebbing, DNA fragmentation, release of mitochondrial
cytochrome ¢ and activation of caspase-3. These apop-
totic events proceed in a PTX-sensitive manner suggest-
ing that THC-induced apoptosis is dependent upon acti-
vation of PTX-sensitive G-proteins in this preparation.

2. Methods
2.1. Culture of cortical neurones

Primary cortical neurones were established from post-
natal one day old Wistar rats and maintained in neuroba-
sal medium. Rats were decapitated and cerebral cortices
removed. The dissected cortices were incubated in phos-
phate-buffered saline (PBS) containing trypsin (0.25%)
for 20 min at 37°C. The tissue was then triturated (x5)
in PBS containing soyabean trypsin inhibitor (0.1%) and
DNAse (0.2 mg/ml) and gently filtered through a sterile
mesh filter. Following centrifugation, 2000xg for 3 min
at 20°C, the pellet was resuspended in neurobasal
medium, supplemented with heat inactivated horse
serum (10%), penicillin (100 U/ml), streptomycin (100
U/ml) and glutamax (2 mM). Suspended cells were
plated out at a density of 0.25x10° cells on circular 10
mm diameter coverslips, coated with poly-L-lysine (60
ug/ml), and incubated in a humidified atmosphere con-
taining 5% CO,:95% air at 37°C. After 48 h 5 ng/ml
cytosine-arabino-furanoside was included in the culture
medium to prevent proliferation of non-neuronal cells.
Culture media were exchanged every 3 days and cells
were grown in culture for up to 14 days.

2.2. Drug treatment
PTX was reconstituted in phosphate-buffered saline

and cells were incubated with 200 ng/ml PTX for 24 h at
37°C. THC was obtained from Sigma—Aldrich Company

Ltd. (Dorset, UK) and was diluted to the required con-
centration with warmed culture media. Absolute alcohol
was used as carrier or vehicle for THC. Cells were incu-
bated with the CB1 receptor antagonist AM251 (10 uM)
for 30 min prior to THC treatment.

2.3. Evaluation of cell degeneration

Following treatment of cultured cortical neurones with
THC the cells were fixed in 4% paraformaldehyde for
30 min at room temperature, stained using the Rapi-diff
Il staining procedure (DiaCheM International Ltd.,
Lancs, UK) and viewed under x100 magnification. Cells
displaying degenerative features (e.g shrinkage, mem-
brane blebbing, formation of apoptotic bodies) were
counted and expressed as a percentage of the total num-
ber of cells examined (400-500 cells/coverslip). At least
four coverslips were counted for each treatment in a sin-
gle culture preparation, and the average value was taken.
Pooled data was obtained from a total of 4-5 primary
cultures prepared on different days.

2.4. TdT-mediated-UTP-end nick labelling (TUNEL)

Apoptotic cell death was assessed using the DeadEnd
colorimetric apoptosis detection system (Promega Cor-
poration, Madison, USA). Briefly, cells were fixed with
paraformaldehyde (4%), permeabilised with Triton-
X100 (0.1%), and biotinylated nucleotide was incorpor-
ated at 3'-OH DNA ends using the enzyme Terminal
deoxynucleotidyl Transferase (TdT). Horseradish-per-
oxidase-labelled streptavidin then bound to the biotinyl-
ated nucleotide and this was detected using the peroxi-
dase  substrate H,O, and the  chromogen
diaminobenzidine. Cells were then viewed under light
microscopy at x100 magnification, where the nuclei of
TUNEL positive cells stained brown. Apoptotic cells
(TUNEL positive), were counted and expressed as a per-
centage of the total number of cells examined (400-
500 cells/coverslip).

2.5. Cytochrome ¢ western immunobl ot

Following incubation with THC (5 uM) cortical neu-
rones were harvested in lysis buffer (20 mM HEPES, 10
mM KCI, 1.5 mM MgCl,, 1 mM EGTA, 1 mM EDTA,
1 mM dithiothreitol, 0.1 mM PMSF, 5 pg/ml pepstatin
A, 2 ug/ml leupeptin, 2 ug/ml aprotinin, pH 7.4) and
left on ice for 20 min. Cells were then centrifuged
(10 000xg for 10 min at 4°C) and the supernatant con-
taining the cytosolic fraction was prepared for SDS-
polyacrylamide gel electrophoresis. The cytosolic frac-
tion was diluted to 50 pg protein/ml with sodium dode-
cyl sulphate (SDS) sample buffer (150 mM Tris-HCI pH
6.8, 10% v/v glycerol, 4% w/v SDS, 5% v/v B-mercapto-
ethanol, 0.002% w/v Bromophenol Blue). Samples were
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then heated to 100°C for 3 min. Cytosolic proteins (1
ug per lane) were separated by electrophoresis on a 10%
polyacrylamide minigel, transferred to nitrocellulose
membrane (Sartorius, Germany) and immunoblotted
with a polyclonal anti-cytochrome ¢ antibody (Santa

Fig. 1. THC promotes degeneration of cultured cortical neurones. (a)
Cortical neurones were exposed to THC (5 uM) for 30-360 min. A
significant increase in neuronal degeneration was observed following
exposure to THC for 30, 60, 120, 180 and 360 min. Results are
expressed as meants.e.m. for 5 observations, * p<0.05, ** p<0.01.
(b) Preincubation of the cortical neurones with the CB1 receptor antag-
onist AM251 (10 uM) for 30 min abolished the THC-induced increase
in apoptotic cells (as assessed by TUNEL) observed at 180 min.
Results are expressed as meants.e.m. for 7 observations, ** p<<0.01.
(c) Representative image of cortical neurones stained with TUNEL. (i)
Under control conditions few cells stained positive for DNA fragmen-
tation using TUNEL. (ii) THC-treated neurones exhibited a significant
increase in TUNEL-positive cells. (iii) Treatment with AM251 alone
had no effect on the number of TUNEL-positive neurones. (iv) Treat-
ment with AM251 in the presence of THC significantly reduced the
number of TUNEL-positive cells (—ve, TUNEL-negative neurones;
+ve, TUNEL-positive neurones; scale bar is 25 um).

Cruz Biotechnology Inc., California, USA) purified from
rabbit serum. Immunoreactive bands were detected using
horseradish  peroxidase conjugated anti-rabbit 1gG
(Sigma, UK) and an enhanced chemiluminescence
(ECL) system (Amersham, UK). Molecular weight mar-
kers were used to verify the molecular weight of protein
bands and purified cytochrome c protein was used for
positive identification of protein bands corresponding to
cytochrome c¢. Band widths were quantified using densi-
tometric analysis (GelWorks PC software).

2.6. Measurement of caspase-3 activity

Cleavage of the fluorogenic caspase-3 substrate
(DEVD-aminofluorocoumarin (AFC); Alexis Corpor-
ation, USA) to its fluorescent product was used as a mea-
sure of caspase-3 activity. Cortical neurones were har-
vested in lysis buffer (25 mM HEPES, 5 mM MgCl,, 5
mM DTT, 5 mM EDTA, 2 mM PMSF, 10 ug/ml leupep-
tin, 10 pug/ml pepstatin; pH 7.4), subjected to 3 freeze—
thaw cycles and centrifuged at 10 000 rpm for 10 min
at 4°C. Samples of supernatant (90 ul) were incubated
with the DEVD peptide (500 uM; 10 ul) for 1 h at 30°C.
Incubation buffer (900 ul; 100 mM HEPES containing
10 mM DTT; pH 7.4) was added and fluorescence was
assessed (excitation, 400 nm; emission, 505 nm).

2.7. Measurement of caspase-1 activity

Cleavage of the fluorogenic caspase-1 substrate
(YVAD-AFC; Alexis Corporation, USA) to its fluor-
escent product was used as a measure of caspase-1
activity. Cortical neurones were harvested in lysis buffer
(25 mM HEPES, 5 mM MgCl,, 5 mM DTT, 5 mM
EDTA, 2 mM PMSF, 10 pug/ml leupeptin, 10 ug/ml pep-
statin; pH 7.4), subjected to 3 freeze-thaw cycles and
centrifuged at 10 000 rpm for 10 min at 4°C. Samples
of supernatant (90 ul) were incubated with the YVAD
peptide (500 uM; 10 ul) for 1 h at 30°C. Incubation
buffer (900 wl; 100 mM HEPES containing 10 mM



V.A. Campbell / Neuropharmacology 40 (2001) 702709 705

DTT; pH 7.4) was added and fluorescence was assessed
(excitation, 400 nm; emission, 505 nm) by spectrofluor-
imetry.

3. Results
3.1. Time course for THC-induced cell death

Exposure of cultured cortical neurones to THC (5 uM)
induced cell death, as assessed by analysis of morpho-
logical features of degeneration, in a time dependent
manner with maximal cell death occurring 120-360 min
following THC treatment (Fig. 1). In control cells, 7%
of cells displayed degenerative features and this was sig-
nificantly increased to 34% (p<<0.05, ANOVA, n=5),
36% (p<<0.05, ANOVA, n=5), 57% (p<<0.01, ANOVA,
n=>5), 62% (p<<0.01, ANOVA, n=5) and 69% (p<<0.01,
ANOVA, n=5) in cells treated with THC for 30, 60, 120,
180 and 360 minutes, respectively. The proclivity of
THC to induce neurodegeneration was concentration-
dependent since exposure of neurones to a lower THC
concentration (0.5 uM) for 180 min also significantly
increased the number of degenerating neurones from 8%
to 43% (p<<0.05, ANOVA, n=5), while THC at a con-
centration of 5 nM failed to induce neurodegeneration
(6% degenerating neurones).

The TUNEL technique was used to demonstrate that
THC-induced DNA fragmentation was blocked by the
CB1 receptor antagonist AM251 (10 uM: Fig. 1(b)). In
control cells 17% of cells were TUNEL positive and this
was significantly increased to 68% TUNEL-positive
cells following treatment with THC (5 uM) for 180
minutes (p<<0.01, Student’s paired t-test, n=7). Exposure
of cells to THC in the presence of AM251 failed to pro-
duce any significant increase in TUNEL staining (19%
TUNEL-positive cells). Representative TUNEL staining
of cortical neurones treated with THC+AM251 is shown
in Fig. 1(c).

3.2. PTX pretreatment prevents THC-induced cell
death

Treatment of cortical neurones with PTX (200 ng/ml)
for 24 h prevented the THC-induced neurodegeneration
(Fig. 2). Since a maximal THC-induced cell death was
found to occur at 180 min the effect of PTX on cell
death at this timepoint was evaluated. In cells treated
with THC for 3 h the percentage of cells displaying mor-
phological features of degeneration was significantly
increased from 10% to 59% (p<<0.01, Student’s t-test,
n=5). While pretreatment of cells with PTX alone had
no effect on neuronal viability (12% neurones
degenerating), it prevented the THC-induced increase in
cell degeneration (20% neurones degenerating).
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Fig. 2. PTX prevents THC-induced neurodegeneration. (a) Cortical
neurones were pretreated with PTX (200 ng/ml) for 24 h and exposed
to THC (5 uM) for 3 h. The number of cells displaying morphological
features of degeneration was assessed. THC significantly increased
neuronal degeneration and this was reduced by PTX. Results are
expressed as meants.e.m. for 5 observations, * p<<0.01. (b) Sample
photos of (i) control cortical neurones, (ii) THC-treated cells, (iii)
PTX-treated cells and (iv) cells treated with THC in the presence of
PTX, which were stained with the RapiDiff kit. The arrows indicate
examples of healthy (h) and apoptotic (ap) neurones. Scale bar is 50

um.

3.3. THC-induced release of mitochondrial
cytochrome c is PTX-sensitive

The ability of THC to promote translocation of mito-
chondrial cytochrome c into the cytoplasm was assessed
by western immunoblot on cytoplasmic samples using
an anti-cytochrome c antibody, in conjunction with
densitometric analysis (Fig. 3(a)). In control cells the
mean band width was 2.49+0.15 (arbitrary units;
meants.e.m., n=4) and this was significantly increased
by THC to 3.48+0.27 (p<<0.05, Student’s paired t-test,
n=4). PTX treatment had no effect on band width
(2.1140.21) and it prevented the THC-induced increase
in band width (2.294+0.43). A sample immunoblot dem-
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Fig. 3. THC promotes translocation of cytochrome ¢ from the mito-
chondria to the cytosol. Cortical neurones were incubated with THC
(5 uM) for 3 h, cells were harvested and cytosolic fractions were ana-
lysed for cytochrome c expression using western immunoblot. (a) THC
significantly increased cytochrome c concentration in the cytosol.
While PTX treatment had no effect on cytosolic cytochrome c
expression, PTX inhibited the THC-induced release of mitochondrial
cytochrome c. Results are expressed as meants.e.m. of 5 obser-
vations, * p<<0.01. (b) A sample western immunoblot which demon-
strates the increase in cytosolic cytochrome c expression in THC-
treated cortical neurones (lane 2) compared to control cells (lane 1).
While PTX had no effect on cytosolic cytochrome ¢ expression (lane
3) it abolished the ability of THC to promote translocation of mito-
chondrial cytochrome c to the cytoplasm (lane 4).

onstrating the translocation of cytochrome ¢ following
THC treatment, and the abolition of this effect in PTX-
treated samples is shown in Fig. 3(b).

3.4. THC has no effect on caspase-1 activity in
cultured cortical neurones

Exposure of cortical neurones to THC (5 um) for 3 h
had no effect on activity of caspase-1 (Fig. 4(a)). Cas-
pase-1 activity was 0.23+0.06 pmoles AFC produced/mg
protein/min  (meants.e.m., n=4) in control cells,
0.17+£0.03 pmoles AFC produced/mg protein/min in
THC-treated cells and 0.15£0.01 pmoles AFC
produced/mg protein/min in cells treated with THC in
the presence of PTX (200 ng/ml).

3.5. THC increases caspase-3 activity in a PTX-
sensitive manner

Treatment of cortical neurones with THC (5 um) for
3 h significantly increased the activity of caspase-3 (Fig.
4(b)). Caspase-3 activity in control cells was 0.11+0.09
pmoles AFC produced/mg protein/min (meants.e.m.)
and this was significantly increased to 0.26+0.05 pmoles
AFC produced/mg protein/min in THC-treated cells
(p<<0.05, Student’s paired t-test, n=5). In the presence
of PTX (200 ng/ml), THC had no effect on caspase-3
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Fig. 4. Effect on THC on caspase activity in cultured cortical neu-
rones. (a) Caspase-1 activity was assessed by cleavage of the fluorog-
enic peptide YVAD. Exposure of cells to THC (5 uM) for 3 h had no
effect on caspase-1 activity. Results are expressed as meants.e.m. for
5 observations. (b) Caspase-3 activity was assessed by cleavage of the
fluorogenic peptide DEVD. Exposure of cells to THC (5 uM) for 3 h
significantly increased caspase-3 activity. Pretreatment of the cells with
PTX abolished the THC-induced increase in caspase-3 activity. Results
are expressed as meants.e.m. for 5 observations, * p<<0.01.

activity  (0.1740.03 pmoles AFC produced/mg
protein/min, n=5). In cortical neurones exposed to PTX
alone, caspase-3 activity was comparable to that meas-
ured in control cells (0.11£0.06 pmoles AFC
produced/mg protein/min).

Since activation of caspase-3 is likely to precede cell
death the time-course of THC-induced activation of cas-
pase-3 was examined. Caspase-3 activity was 0.09+0.03
pmoles AFC produced/mg protein/min in control cells
and was not significantly affected by exposure to THC
(5 uM) for 5 min (0.15+0.09 pmoles AFC produced/mg
protein/min) or 15 min (0.19+0.05 pmoles AFC
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produced/mg protein/min). However, exposure of the
neurones to THC for 30 min significantly increased cas-
pase-3 activity to 0.23+0.08 pmoles AFC produced/mg
protein/min (p<<0.05, Student’s paired t-test, n=5) and a
120 min exposure to THC significantly increased cas-
pase-3 activity to 0.25+£0.04 pmoles AFC produced/mg
protein/min (p<<0.05, Student’s paired t-test, n=5). Thus,
THC-induced activation of caspase-3 occurs prior to the
morphological features of degeneration, reaching a
maximal activation at 120 min.

4, Discussion

The aim of this study was to examine the effects of
THC on neuronal viability and to characterise the mech-
anisms underlying THC-induced cell death. THC was
found to promote degeneration of cultured cortical neu-
rones in a time-dependent manner, with a maximal effect
occurring 3 hours post-treatment. The proclivity of THC
to induce neurodegeneration was blocked by the CB1
antagonist AM251 and PTX, implicating a role for the
CB1 receptor and subsequent activation of the G-protein
subtypes G,/G; in this cell death cascade. While THC
had no effect on caspase-1 activity, it significantly
increased cytochrome c release from the mitochondria
and caspase-3 activity, in a PTX-sensitive manner. These
results suggest that G-protein coupling of the canna-
binoid receptor to effectors involved in the regulation of
cytochrome c release and caspase-3 activation may be
pertinent in mediating the neurotoxic properties of THC.

The finding that THC promotes degeneration of cul-
tured cortical neurones is consistent with the effects of
THC on hippocampal neurones (Chan et al., 1998) which
has been shown to be due to CB1 receptor activation.
The results presented here demonstrate that the toxic
effects of THC involve a PTX-sensitive G-protein,
which is consistent with the evidence that links the CB1
receptor to activation of the G-protein subtypes Gi/G,
(Howlett, 1995). The role of G-proteins in neuronal
apoptosis is not clear since PTX-sensitive G-proteins
have been found to exert both pro-apoptotic (Farkas et
al., 1998) and anti-apoptotic effects (Jakob and
Kreiglsten, 1997). This study implicates PTX-sensitive
G-proteins as facilitators of THC-induced apoptosis,
with potential effectors being members of the Bcl family
of mitochondria-associated proteins. This suggestion
stems from the finding that THC caused the release of
cytochrome ¢ from the mitochondria in a PTX-sensitive
manner. Cytochrome c release is regulated by the mito-
chondria-associated proteins Bcl and Bax, which are
anti- and pro-apoptotic, respectively, by virtue of their
ability to inhibit or promote cytochrome c release (Rosse
et al., 1998). In macrophages, THC has been found to
decrease expression of Bcl-2 (Zhu et al., 1998) which
would be expected to promote cytochrome c release. The

accumulation of cytochrome c in the cytosol plays a piv-
otal role in the activation of caspase-3, a key executor
of cell death which has been shown to cleave structural
and nuclear proteins as part of the death cascade (Janicke
et al., 1998). In this study THC was found to activate
caspase-3 in cultured cortical neurones, presumably as a
downstream consequence of the THC-induced liberation
of cytochrome ¢ from the mitochondria. The ability of
THC to impact on these components of the cell death
pathway was blocked by PTX, suggesting that the neuro-
toxic effects of THC are mediated by coupling of a PTX-
sensitive G-protein to cytochrome c release and caspase-
3 activation. The nature of the link between PTX-sensi-
tive G-protein activation and release of mitochondrial
cytochrome ¢ was not addressed in this study, however,
PTX-sensitive G-proteins have been demonstrated to
couple to the monomeric GTP-binding protein Ras
(Crespo et al., 1994) and Ras has the proclivity to regu-
late expression of members of the Bcl-2 family (Yu et
al., 1997). Therefore, an interaction between Ras and
Bcl-2 may underlie the release of cytochrome c, and sub-
sequent caspase-3 activation, which is stimulated by a
PTX-sensitive G-protein following exposure of cells to
THC. The CB1 receptor is also linked to induction of c-
jun-N-terminal kinase and p38 mitogen-activation pro-
tein kinase activity in a PTX-sensitive manner (Rueda
et al., 2000), and since these kinases have been linked
to neuronal apoptosis by increasing mitochondrial bax
expression and promoting caspase activation (Ghatan et
al., 2000), it is possible that they play a role in THC-
induced neuronal cell death. The CB1 receptor is also
linked to inhibition of adenylyl cyclase activity (Childers
and Deadwyler, 1996) and ceramide accumulation
(Galve-Roperh et al., 2000) both of which may play a
role in linking the CB1 receptor-associated G-protein to
cytochrome c release and caspase-3 activation.

In macrophages and lymphocytes the toxic effects of
THC have been shown to involve caspase-1 (Zhu et al.,
1998), a cysteine protease which is responsible for con-
verting the proinflammatory cytokine interleukin-1% into
its biologically active form. While caspase-1 has been
shown to play a role in apoptosis in other neuronal sys-
tems (Vereker et al., 2000), THC did not alter caspase-
1 activity in cortical neurones, suggesting that this cas-
pase is not pertinent in THC-induced neuronal cell death.

Plasma concentrations of THC are in the low uM
range following consumption of a single marijuana ciga-
rette (Chiang and Barnett, 1984), and THC concen-
trations in the brain are likely to be comparable given
that THC is a lipophilic molecule and will readily cross
the blood-brain barrier. The dose of THC used in this
study, which was found to be neurotoxic to cultured
cortical neurones, was within this concentration range.
Our finding that neonatal cultured neurones responded
to THC by undergoing apoptosis within a few hours may
reflect a developmental response profile to THC, since
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studies have shown that adult animals exposed to THC
for longer periods of time do not undergo neuronal
apoptosis (Galve-Roperh et al., 2000). Our results are
more likely to reflect responses of the neonatal nervous
system to THC, such as would occur when THC crosses
the fetoplacental barrier. The proclivity of THC to
induce apoptosis in neonatal neurones may underlie the
central nervous system abnormalities (Freid, 1980) and
impaired neurobehavioral development (Freid and Wat-
kinson, 1990) that occurs in infants exposed to marijuana
in utero.

It is of interest note that in vivo administration of THC
fails to induce neurotoxicity in rats (Galve-Roperh et al.,
2000). Similarly, THC has neuroprotective properties
against glutamate-induced toxicity and ischemia, which
are due to its antioxidant effects (Hampson et al., 2000).
The ability of THC to protect against oxidative cell death
is thought to occur via a receptor-independent mech-
anism (Chen and Buck, 2000). In contrast, THC is toxic
to cultured hippocampal neurones (Chan et al., 1998)
and subcutaneous administration of cannabinoids
induces morphological changes in the hippocampus that
are consistent with ischemic or toxic damage (Lawston
et al., 2000). Thus, the data regarding the effects of THC
on neuronal viability is conflicting and this may reflect
the influence of developmental factors and differential
responsiveness of specific brain regions to THC (Louw
et al., 2000).

In summary, the finding that THC activates the cas-
pase-3 cell death pathway to cause degeneration of
cortical neurones may contribute to the impaired cogni-
tive function and neurodevelopmental deficits that are
associated with exposure to marijuana.
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