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Abstract

Introduction: Reports on the neurotoxic and neuroprotective effects of cannabidiol (CBD) have not been in
complete accord, showing different and somewhat contradictory results depending upon the brain cell types
and experimental conditions employed. This work systematically examines the neuroprotective capability of
CBD against oxidative stress (i.e, hydrogen peroxide [H,0,]) as well as its toxicity profile in the in vitro culture
platform of primary hippocampal neurons.

Materials and Methods: The low cell-density (100 neurons per mm?) culture was used for analyzing the viability
and morphology of neurons at a single-cell level with a confocal laser-scanning microscope (CLSM). Primary
neurons were obtained from the hippocampal tissues of embryonic day-18 (E18) Sprague-Dawley rat pups
and treated with CBD (0.1-100 uM) and/or H,O, (0.1-50 uM) at 1 DIV (days in vitro).

Results: The lethal concentration 50 (LCsp) value (the concentration causing 50% cell death) of CBD was calcu-
lated to be 9.85 uM after 24 h of incubation, and that of H,O, was 2.46 uM under the same conditions. The neuro-
protection ratio of CBD against H,O, ([H>O,]= 10 uM) was 2.40 with 5 uM of CBD, increasing the cell viability to
57% from 24%. The CLSM analysis suggested that the cell-death mechanisms were different for CBD and H,0,,
and CBD did not completely rescue the morphological alterations of primary hippocampal neurons caused by
H,0,, such as neurite degeneration, at least in the in vitro neuron culture.

Conclusion: Although CBD showed both neurotoxic and neuroprotective effects on hippocampal neurons in
the in vitro setting, the use of low-concentrated (i.e, 5 uM) CBD, not causing toxic effects on the neurons, sig-
nificantly rescued the neurons from the oxidative stress (H,0,), confirming its neuroprotection capability.
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Introduction

(—)-Cannabidiol (CBD, ITUPAC name: 2-[(1R,6R)-
3-methyl-6-prop-1-en-2-ylcyclohex-2-en-1-yl]-5-
pentylbenzene-1,3-diol, C,;H3¢0,), the main nonpsy-
choactive compound among 100+ phytocannabinoids
extracted from the genus Cannabis, anecdotally—if
not clinically—shows potential therapeutic benefits in
various health care applications, including epilepsy, in-
flammation, cancer, and neurodegenerative diseases.!™
The year of 2018 witnessed the first approval of
Cannabis-derived CBD (Epidiolex®) for the treatment
of epileptic seizures associated with the Lennox—Gastaut
or Dravet syndrome in patients 2 years of age and older
by the U.S. Food and Drug Administration (FDA).®™®

In addition to the therapeutic effect on epileptic
seizures, previous reports suggest that CBD is neuro-
protective. The earliest research involved the neuro-
protective action of CBD in the rat cortical neuron
culture exposed to toxic levels of glutamate and tert-
butyl hydroperoxide.” The bidirectional Ca** regula-
tion capability of CBD for primary hippocampal
cells (neuron:glia=2:1) was reported, indicating the regu-
latory role of CBD in Ca>* homeostasis'*~'*: for example,
the intracellular calcium concentration ([Ca®*];) was re-
duced by about 25% of basal Ca*>* level in both neurons
and glia by CBD application to a HEPES-based buffer so-
lution with double K concentration, while CBD caused
the [Ca®"]; elevation, with no significant cell death, by
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about 45% of basal Ca** level under physiological condi-
tions. The neuroprotective properties of CBD against
oligomycin, an inhibitor of ATP synthetase,'® and am-
monium acetate and ethanol in the hippocampal neuron
culture also have been reported."

Oxidative stress is thought to cause pathological
conditions in neurodegenerative diseases, such as Alz-
heimer’s disease, Parkinson’s disease, Huntington’s
disease, and amyotropic lateral sclerosis.'*'” The cyto-
protective effect of CBD against hydrogen peroxide
(H,0,), a crucial metabolic molecule in the oxidative
stress,'® was reported for cerebellar granule cells'” and
oligodendrocyte progenitor cells,'”® but there have
been no reports on its effect against H,O, in the neu-
rons that are more relevant to the brain function, such
as hippocampal neurons.'” H,0, has been used as a
model molecule to study oxidative stress-induced neural
death and also to screen neuroprotective agents on the
cultured neurons.'®**"*> As our on-going research pro-
gram on neurochemistry and neurophysiology,”®™’
this study investigates the neuroprotective effect of
CBD against H,0O, in the hippocampal neuron culture.

In addition to the neuroprotective property, CBD has
also been reported to show different toxicity profiles on
different brain cell types. For example, even 0.1 uM of
CBD increased [Ca”*]; and induced cell death in the
case of optic nerve oligodendrocytes after 24 h of incu-
bation, while 10 uM of CBD did not affect the viability
of cortical neurons (CBD exposure time: 20-30 min).>?
However, no cytotoxicity was observed with 1M of
CBD for oligodendrocyte progenitor cells (CBD exposure
time: 24 h)."® Furthermore, CBD of below 4 uM did not
significantly increase hypodiploid apoptotic cells for pri-
mary microglial cells, but CBD of above 8 uM induced
apoptosis in a time- and concentration-dependent man-
ner, confirmed by increase in hypodiploid cells and
DNA-strand breaks, and activation of capase-8 and -9
(CBD exposure time: 24 h).”> Considering the previous
somewhat contradictory results, we first systematically
evaluated the in vitro neurotoxic effect of CBD to hippo-
campal neurons with different CBD concentrations.

Materials and Methods

Chemicals and reagents

CBD (10-mM stock in dimethyl sulfoxide (DMSO),
storage at—20°C) was obtained from Cayman Chemical
Company. Neurobasal™ medium (Thermo Fisher Sci-
entific), B-27™ serum-free supplement (50 x; Thermo
Fisher Scientific), GlutaMAX™ supplement (100x;
Thermo Fisher Scientific), calcein acetoxymethyl ester
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(AM; Thermo Fisher Scientific), ethidium homodimer-1
(Thermo Fisher Scientific), CellTracker™ Red CMTPX
Dye (Thermo Fisher Scientific), Hank’s Balanced Salt
Solution (HBSS; Welgene), phosphate-buffered saline
(PBS, 10 mM, pH 7.4; Welgene), penicillin/streptomycin
(5000 U/mL of penicillin and 5000 pg/mL of streptomy-
cin; Welgene), L-glutamic acid (Sigma), poly-D-lysine
hydrobromide (Sigma), paraformaldehyde (Sigma),
Triton™ X-100 (Sigma), anti-f-tubulin III antibody
produced in rabbit (Sigma), Alexa Fluor™ 488 phalloi-
din (Invitrogen), Alexa Fluor 594 anti-rabbit goat anti-
body (Invitrogen), DMSO (Junsei), H,O, (Junsei),
and Accumax™ (Stemcell Technologies) were used
as received. Antifade mounting medium with 4’,6-
diamidino-2-phenylindole (DAPI) was obtained from
Vector Laboratories.

Primary hippocampal neuron culture

Primary hippocampal neurons were dissected from em-
bryonic day-18 (E18) Sprague-Dawley rat pups and
treated with Accumax for 10 min to detach the cells
from primary tissues. Hippocampi were washed four
times with HBSS, suspended in HBSS, centrifuged at
1000 rpm for 3 min, and resuspended with Neurobasal
medium containing B-27 serum-free supplement,
2-mM GlutaMAX, 12.5-uM L-glutamic acid, and 1%
penicillin/streptomycin. After filtration using a cell
strainer, the hippocampal neurons were seeded on
glass coverslips coated with poly-D-lysine in a 24-well
plate at density of 100 cells/mm?” The cultures were
maintained at 37°C under a humidified atmosphere
of 5% CO,. This study was approved by IACUC (Insti-
tutional Animal Care and Use Committee) of KAIST.

Cell viability assay

For neurotoxicity experiments, the culture media were
replaced with the Neurobasal medium containing CBD
(0.1-100 uM) or H,0O, (0.1-50 uM) at 1 DIV (days
in vitro). In the case of H,0O,, heat potentially acceler-
ated the decomposition rate of H,O,, and, therefore,
0.1- or 1-mM H,O, stock solution was prepared in
the 4°C cold medium. The fresh Neurobasal medium
was poured to the wells and diluted with a predetermined
amount of the H,O, stock solution at 4°C to minimize
the decomposition of H,0,, instead of diluting the
media at ambient temperature. For neuroprotection ex-
periments, the culture media were replaced, at 1 DIV,
with 990 uL. of fresh Neurobasal medium containing
CBD of various concentrations (0, 0.1, 1, 2, 3, or
5 uM), followed by the addition of 10 uL of 0.1-mM
H,0, stock solution. For the 0-uM case of CBD 0.1%
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DMSO was used. As another set, the neurons were also
preincubated with 5 uM of CBD for 1 h at 1 DIV, before
H,O, treatment. After incubation for 24 h, the cells were
treated with 2-uM calcein AM and 4-uM ethidium
homodimer-1 in PBS for 20 min at 37°C. Images of
live and dead cells were obtained with an LSM 700 con-
focal microscope (Carl Zeiss). Cell viability was esti-
mated by using Image] software (NIH) and image
analysis of ZEN software (Carl Zeiss), and expressed
as %viability (meantstandard error) after at least
three independent cultures with three replicates.

Fluorescent staining

Neurons were treated with the Neurobasal media con-
taining CBD (1, 5, or 10 uM) or 0.1% DMSO at 1
DIV. After incubation for 24 h, the neurons were trea-
ted with Celltracker Red CMTPX Dye at 37°C for
30 min, fixed with 4% paraformaldehyde in PBS for
15min at room temperature, and washed three times
with PBS each for 5min. The fixed samples were per-
meabilized with 0.1% Triton X-100 solution in PBS
for 10 min at room temperature and washed three
times with PBS each for 5 min. The samples were then
treated with Alexa Fluor 488 phalloidin for visualizing
F-actin or rabbit-produced f-tubulin Il primary anti-
body, incubated at 37°C, and washed with PBS three
times each for 5min. For visualizing f-tubulin Ill, the
samples were additionally treated with Alexa Fluor
594 goat anti-rabbit secondary antibody. Finally, the
samples were mounted on slide glasses with the DAPI
solution to stain nuclei for 30 min. Fluorescence images
were obtained with an LSM 700 confocal microscope.

Results and Discussion

The primary hippocampal neurons, after dissociation
from the hippocampal tissues of E18 Sprague-Dawley
rat pups, were seeded on a poly-D-lysine-coated glass
coverslip at density of 100 cells/mm? in the Neurobasal
medium, which was replaced with the medium con-
taining CBD (0.1-100 uM) at 1 DIV. In the case of
1% DMSO, which was the DMSO concentration for
preparation of 100-uM CBD solution, we did not ob-
serve any noticeable difference compared with the
nontreated control in cell viability and morphology.
Throughout this article, we used the value of %viabil-
ity, which was defined as % of cell viability with the
nontreated control as a reference (i.e., the observed
viability divided by the viability of the nontreated
cells). After incubation for 24h (i.e., at 2 DIV), the
cells were stained with calcein AM for live cells
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(green) and ethidium homodimer-1 for dead cells
(red), and the confocal laser-scanning microscope
(CLSM) images were taken for the viability analysis.

The CLSM images (Fig. 1a) arguably showed the
concentration-dependent neurotoxicity of CBD in
the hippocampal neuron culture. For example, while
the cell death was not noticeable up to 5uM of CBD,
the red fluorescence in CLSM images indicated that
most hippocampal neurons were dead with 30 uM of
CBD. The quantitative analysis showed that the %viabil-
ity decreased to 44.80% with 10 uM of CBD, and the le-
thal concentration 50 (LCs,) value, the concentration at
which the %viability was 50%, was calculated to be
9.85uM (Fig. 1b). It is to be noted that this result is
the first quantitative in vitro data, affording the LCs,
value of CBD, for the hippocampal-neuron culture.

The careful analysis of the CLSM images suggested
that CBD might disrupt the cell adhesion. Some
CLSM images had green-stained vestiges, and some
dying cells, stained in both red and green, had partially
detached neurites and cell body. We could frequently
find the costained neurons with partial detachment as
well as live neurons with no or few neurites, especially
in the case of 10 uM of CBD.

To get some insights into the death-related cell de-
tachment, the cells that remained attached to the cul-
ture plate were stained, at 2 DIV, with phalloidin for
F-actin (green), CellTracker Red CMTPX Dye for cyto-
plasm (red), and DAPI for nuclei (blue). The CLSM
images (Fig. 2) clearly showed that the neurons did
not develop properly in the CBD-containing medium
([CBD] =10 uM), although the quantitative analysis
was not feasible due to the cell detachment.

Although the developmental rate, judged by the Bank-
er’s classification of developmental stages,”* seemed not to
be affected by CBD, it was apparent that the neurons pre-
sented few, if not no, filopodia and lamellipodia struc-
tures. For example, no axonal branches were observed,
and the growth cones were shrunken in size noticeably.
In addition, we observed some cellular debris, such as
only nuclei (top image in Fig. 2), condensed chromatin,
and ruptured cells (middle image in Fig. 2). Based on
the observation, it was hypothesized that the neuronal
death by CBD might be considered to be a kind of
detachment-induced apoptosis/anoikis (i.e., apoptosis
following the loss of cell anchorage, especially the loss
of cell/matrix interaction).>>>¢

Detailed elucidation on the neurotoxic mechanism
of CBD remains to be seen at this moment, but our re-
sults implied that the lipophilic CBD might interfere
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FIG. 1. Neurotoxicity of CBD to primary
hippocampal neurons. The neurons were treated
with CBD (0, 0.1, 1, 3,5, 10, 15, 30, 50, and 100 M)
at 1 DIV, and the CLSM images were taken after
24 h of incubation. (a) CLSM images of
hippocampal neurons (green: live, red: dead). (b)
A graph of %viability versus log[CBD]. LCsq was
calculated as the concentration at which the
%viability was 50%. Data are expressed as
mean = SE of n=3, each with three replicates.
CBD, cannabidiol; CLSM, confocal laser-scanning
microscope; DIV, days in vitro; LCs, lethal
concentration 50; SE, standard error.

0.1% DMSO

CBD 10 pM

[CellTracker/DAPI

FIG. 2. Effects of CBD on cell adhesion and
morphology. Representative CLSM images of
primary hippocampal neurons in CBD (10 uM) or
0.1% DMSO, after staining F-actin (green), cytoplasm
(red), and nuclei (blue). DMSO, dimethyl sulfoxide.

with the integrity of cell membranes, causing the cell rup-
ture and death, at its high concentration. However, it is also
to mention that our neurotoxicity results are not translated
directly to the in vivo conditions. The brain is composed
of neuronal and non-neuronal cells and others, and the
in vivo tolerance of hippocampal neurons to CBD would
be different from the in vitro conditions. For example,
glial cells, such as astrocytes, play supporting roles in
the brain. Relevant reports showed that the in vitro neu-
rotoxicity of unnatural monosaccharides to primary hip-
pocampal neurons was mitigated when a hippocampal
tissue was used’®”® or a neuron/astrocyte coculture
was employed.”” In this respect, it could be explained
that the coculture system of neuron and glia (2:1) did
not show the neurotoxicity of CBD.'*""?

It is to note that the H,O, neurotoxicity experiments
should be performed with caution under the tightly con-
trolled conditions to ensure the data reproducibility,
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FIG. 3. Neurotoxicity of H,0, to primary
hippocampal neurons. The neurons were treated
with H,0, (0, 0.1, 1, 3,5, 7, 10, 30, and 50 uM) at 1 DIV,
and the CLSM images were taken after 24 h of
incubation. (@) CLSM images of hippocampal neurons
with different H,O, concentrations. (b) A graph of
%viability versus log[H,0,]. LCsq was calculated as the
concentration at which the %viability was 50%. Data
are expressed as mean £ SE of n=3 each with three
replicates. H,O,, hydrogen peroxide.

because of the rapid decomposition of H,O, at ambient
temperature. Specifically, the H,O, stock solution (0.1
or 1mM) was to be prepared at the low temperature
(4°C) and transferred to the culture medium right after
preparation (within 5 min). It was also found to be critical

CBD 2 pM

1.5
£ 103 124 141 188 240
0.1 1 2 3 5

CBD (uM)

FIG. 4. Neuroprotective effect of CBD against
H,0,. Hippocampal neurons were treated with
H,0, (10 uM) and CBD (0, 0.1, 1, 2, 3, and 5 uM) at
1 DIV and incubated for 24 h. (a) CLSM images of
primary hippocampal neurons after 24-h
incubation with CBD and H,0.,. (b) A graph of
PRicsp; versus the CBD concentration. Data are
expressed as the mean %viabilities of the

[+ H,0,][+CBD] cases divided by the mean
%viability of the [+ H,0,][—CBD] case, repeated
n=4 cultures, each with three replicates. The
0.1% DMSO was used for 0-uM CBD.
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that the dilution of the H,0, stock solution in the culture
medium was done at 4°C, not at ambient temperature.

After 24 h of incubation at 37°C, the %viability was
obtained by the analysis of the CLSM images (Fig. 3a).
There was no significant difference in viability, compared
with the control, up to 1 uM of H,O,, but the %viability
decreased with H,O, of 3 uM and above. The LCs,
value of H,O, for hippocampal neurons was calculated
to be 2.46 uM, and the %viability decreased to 16.49%
with 10 uM of H,0, (Fig. 3b). The LCsy value of
H,O, has previously been reported to be about 40 uM
at the cell density of 700 cells/mm?® and about 92 uM
at that of 2000 cells/mm?, after 24 h of incubation, for
cortical neurons.?’ In comparison, we obtained a
lower LCs, value (2.46 uM), which might be caused
by the difference in cell type and/or the lower cell den-
sity (100 cells/mm?) used for our system.

H,0, is known as a trigger of oxidative stress-
induced apoptosis.'®*' Accordingly, we observed the
round neuronal morphology of neurons with no or
few neurites, one of the major features of apoptosis,
after the treatment of H,O,. In addition, the weak and
broken degenerative neurites and cellular debris after de-
generation in the CLSM images also suggested H,0,-
induced apoptosis.””>®
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CBD is known to be an antioxidant,’® with the
similar oxidation potential to butylhydroxytoluene
(BHT).>** CBD was reported to reduce the toxic levels
of glutamate-induced neurotoxicity to about 40%, with
its neuroprotective ability that was similar to BHT and
more efficient than commercial antioxidants, such as
ascorbate and a-tocopherol, for primary cortical neu-
rons.” Phenolic cannabinoids, including CBD, also
have been shown to be the potent cannabinoid recep-
tor 1-independent antioxidants, and protected the
mouse hippocampal HT22 cell line up to ~60% from
oxidative stress induced by H,0, ([CBD]=5 uM).Y”

In addition, CBD (10 uM) was reported to reduce
the death of neuron-like PCI12 cells from 39% to
12% against f-amyloid peptides, and decrease the re-
active oxygen species production, lipid peroxidation, in-
tracellular calcium, and caspase-3 levels.*! Several other
compounds have also been studied for potential protection
of cortical or hippocampal neurons against H,O,.*>™**
Y-27632, a Rho-associated kinase (ROCK) inhibitor,
increased the cell viability to 87% from 66.5% against
H,0, at maximum.*> N-Acetyl cysteine, inhibiting the
oxidative stress by downregulating mitogen-activated
protein kinase (MAPK) signal transduction and tau
phosphorylation, was reported to be effective in the

Control

lanti-B-tubulinllI/DAPI

H202 10 HM

FIG. 5. High-magnification CLSM images of hippocampal neurons after 24-h treatment of (middle) H,O, (10 uM),
and (right) H,0, (10 uM), and CBD (5 uM). The cells were stained in green (F-actin), red (f-tubulin lll), and blue (nuclei).

H202 10 yM + CBD 5 uM

20 pm
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neuroprotection against H202.43 In the case of vitamin
E, a fat-soluble antioxidant, also exhibited a neuropro-
tective capability, increasing the cell viability from 32%
to 78% in the hippocampal neuron culture.**

In this work, we investigated the neuroprotective ef-
fect of CBD against H,O, for primary hippocampal neu-
rons. Specifically, we used 10 uM of H,0, based on our
result of the neurotoxicity effect of H,O,: this concen-
tration of H,O,, inducing about 80% cell death, gave a
suitable condition for neuroprotective studies. We also
limited the CBD concentrations to less than 10 uM, con-
sidering the previous studies on the plasma and brain
pharmacokinetic profile of CBD in rats and mice, indicat-
ing that the CBD concentrations of >210-20 uM in the
in vitro studies would be supraphysiological.***®

The CLSM images clearly showed that CBD was effec-
tive in the neuroprotection of primary hippocampal neu-
rons against H,O, (10 uM) (Fig. 4a). The quantitative
analysis on the neuroprotection was performed by calcu-
lating the protection ratio of CBD, PR(cppj, by dividing
the %viability values for [+H,0,][+ CBD] cases by that
for the [+H,0,][—CBD] case ([H,O,] =10 uM).

The bar graph of PRjcpp; versus [CBD] confirmed
the concentration-dependent neuroprotective effects
of CBD against H,O, in the in vitro culture of primary
hippocampal neurons (Fig. 4b). For example, the
PR(cpp) value was 1.88 for 3 uM of CBD, which further
increased to 2.40 for 5 uM of CBD. Interestingly, this
PR(cpp) value was similar to the reported maximum
PR value for vitamin E, 2.43,%** implying that the anti-
oxidant property of CBD played an important role in
the neuroprotection against H,O,. The preincubation
of the neurons with CBD (5 uM, 1h) did not lead to
any noticeable neuroprotection against H,O,.

Although CBD increased the %viability against
H,0,, showing its neuroprotective capability, the anal-
ysis of the high-resolution CLSM images indicated that
CBD did not completely prevent the neurite degenera-
tion in apoptotic process even at its concentration of
5uM (Fig. 5). Therefore, we hypothesized that CBD
acted as an antioxidant based on its phenolic structure
and partially protected the hippocampal neurons from
the initiation and progress of apoptosis caused by oxida-
tive stress. It has been reported that CBD protected oligo-
dendrocyte progenitor cells from apoptosis by decreasing
the expression of the proapoptotic proteins or apoptotic
effectors, such as Bax and caspase-12, and also in-
creasing the antiapoptotic proteins, such as Bcl-2."®

Another possibility would be the regulation of
[Ca®*],.1%72 In the H,O,-induced apoptosis was reported
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the [Ca®*]; increase, by the disruption of Ca®*-storing
organelles and also calcium influx through activation of
several receptors and channels, such as N-methyl-D-
aspartate (NMDA) subtype receptor and transient recep-
tor potential melastatin 7 (TRPM?7) channel.?"**=2 Pre-
vious reports also showed that the H,O,-induced cell
death could be prevented by controlling the Ca*" in-
flux. For example, H,0,-induced neuronal apoptosis
was inhibited by using the antagonist of NMDA recep-
tors, such as MK801.>> The cytotoxicity of H,0, was
also attenuated by blocking the TRPM7 channel with
the antagonist, 2-APB, or knocking down the TRPM7
channel expression.**

Another plausible mechanism on the neuroprotec-
tive effects of CBD against H,O, might be activation
of selective receptor mechanisms; H,O, is reported
to reversibly sulfenylate cysteines C201 and C208
and deactivate monoacylglycerol lipase, which cleaves
2-arachidonoyl-sn-glycerol, a ligand for cannabinoid
receptor type 1 receptor.*’

Conclusions

In summary, we used a low-density, neuron culture plat-
form for evaluating both neurotoxic and neuroprotective
effects of CBD on primary hippocampal neurons. Our
in vitro study showed that CBD was neurotoxic, although
its LCs value was high (about 10 uM), suggesting that the
detailed pharmacokinetic studies on the bioavailability of
CBD be done with various administration methods, such
as ingestion, inhalation, and transdermal or topical deliv-
ery. Biological modes of CBD action on neurons have not
been elucidated fully, but our work clearly confirmed that
CBD was highly effective in neutralizing the H,O,-
induced neurotoxicity on primary hippocampal neu-
rons, which is intimately involved in the onset and prog-
ress of neurodegenerative diseases.
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Abbreviations Used

AM = acetoxymethyl ester
BHT = butylhydroxytoluene
CBD = cannabidiol
CLSM = confocal laser-scanning microscope
DAPI = 4’,6-diamidino-2-phenylindole
DIV = days in vitro
DMSO = dimethyl sulfoxide
E18 = embryonic day 18
FDA = US. Food and Drug Administration
H,0, = hydrogen peroxide
HBSS = Hank’s Balanced Salt Solution
LCso = lethal concentration 50
MAPK = mitogen-activated protein kinase
NMDA = N-methyl-D-aspartate
PBS = phosphate-buffered saline
ROCK = Rho-associated kinase
SE = standard error
TRPM7 = transient receptor potential melastatin 7
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