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Abstract: The influence of cannabidiol (CBD) on brain development is inadequately understood.
Since CBD is considered a non-intoxicating drug, it has attracted great interest concerning its potential
medical applicability, including in pregnant women and children. Here, we elucidated the response of
perinatal rat cortical neurons and astrocytes to CBD at submicromolar (0.1, 0.5, 1, 5 µM) concentrations
attainable in humans. The effect of CBD was concentration- and time-dependent and cell-specific. In
neurons, 0.1 µM CBD induced an early and transient change in mitochondrial membrane potential
(∆Ψm), ATP depletion, and caspase-8 activation, followed by rapid ATP recovery and progressive
activation of caspase-9 and caspase-3/7, resulting in early apoptotic cell death with reduction and
shortening of dendrites, cell shrinkage, and chromatin condensation. The decrease in neuronal
viability, ATP depletion, and caspase activation due to CBD exposure was prevented by transient
receptor potential vanilloid 1 (TRPV1) antagonist. In astrocytes, 0.5 µM CBD caused an immediate
short-term dysregulation of ∆Ψm, followed by ATP depletion with transient activation of caspase-8
and progressive activation of caspase-9 and caspase-3/7, leading to early apoptosis and subsequent
necroptosis. In astrocytes, both TRPV1 and cannabinoid receptor 1 (CB1) antagonists protected
viability and prevented apoptosis. Given that CBD is a non-intoxicating drug, our results clearly
show that this is not the case during critical periods of brain development when it can significantly
interfere with the endogenous cannabinoid system.

Keywords: cannabidiol; astrocytes; neurons; perinatal; cytotoxicity; apoptosis

Key Contribution: CBD impairs the function of perinatal rat cortical neurons and astrocytes at
concentrations that are attainable in humans. CBD can significantly interfere with the endogenous
cannabinoid system during critical periods of brain development.

1. Introduction

The cerebral cortex is a complex brain structure that coordinates sensory and motor
information and enables the performance of many higher-level cognitive functions. Correct
establishment of this structure is critically dependent on dynamic interactions of neurons
and glia during development [1–4]. The endogenous cannabinoid system (ECS) is an
important brain modulatory network with a broad regulatory role throughout all stages of
development, such as neurogenesis, glial formation, neuronal migration, synaptogenesis,
and regulation of signalling pathways and synaptic transmission [5]. The ECS comprises
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cannabinoid receptors 1 and 2 (CB1 and CB2), endogenous ligands, including the most
studied 2-arachidonoylglycerol (2-AG) and anandamide (AEA), and endocannabinoid
metabolic enzymes [6]. The ECS was discovered after cannabinoid receptors were identified
as primary targets of compounds present in psychotropic preparations of the Cannabis
sativa plant. The widespread legalization of cannabis for recreational and medical use
has dramatically increased the potential health risk for vulnerable populations in recent
years. Various studies indicate that exposure to ∆

9-tetrahydrocannabinol (∆9-THC), the
main intoxicating component of cannabis and a relatively specific CB1 receptor agonist,
during the prenatal/perinatal and adolescent period could alter the pathways of many
neurobiological systems and consequently impair synaptic plasticity and behavioural
phenotypes in the adult brain [7,8].

The influence of cannabidiol (CBD), the main non-psychoactive phytocannabinoid, on
brain development is inadequately understood. Being considered a non-intoxicating drug,
CBD has attracted a great deal of interest for its potential broad medical applicability [9–11].
Unlike ∆

9-THC, the pharmacology of CBD is complex and highly variable. It can modulate
the activity of several non-canonical receptors, transporters, and enzymes in addition to
cannabinoid receptors [12]. Some effects of CBD on these targets in vitro are only mani-
fested at high concentrations [13], which may be difficult to achieve in vivo, specifically due
to CBD’s relatively poor bioavailability [14–16]. In the particular study, we sought to eluci-
date the response of perinatal rat cortical neurons and astrocytes to CBD at submicromolar
concentrations attainable in humans. Impaired mitochondria function, ATP depletion,
reduced viability, and a significant rate of cell death due to CBD exposure were observed in
both neural cell types. Our findings suggest that not only ∆

9-THC [7,8] but also CBD may
impair cortical brain cells during critical periods of development in concentration, time,
and in a cell-specific manner, with differential regulation of processes that could contribute
to cell reprogramming and cause cell death.

2. Results and Discussion

Recent comprehensive reviews on pharmacokinetic parameters in humans following
CBD administration revealed that pharmacologically relevant dosing of CBD, depending
on the four main routes of administration, ranges from nanomolar to, at most, the 2–3 µM
range [6,15]. To ascertain whether concentrations attainable in humans hamper brain
cells during critical periods of development, we treated perinatal rat cortical neurons and
astrocytes with increasing concentrations of CBD (0.1, 0.5, 1 or 5 µM) or a vehicle control,
conducted a resazurin-based metabolic assay as well as LDH assay, and analyzed cell
viability after 24 h of exposure (Figure 1A,B). We found evidence of a significant decrease in
metabolic activity of neurons when exposed to 0.1 µM CBD and astrocytes when exposed
to five-fold higher CBD concentration (Figure 1A). Moreover, CBD dose-dependently
increased LDH efflux, which is a marker of cell death (Figure 1B). Treatment of neurons and
astrocytes with the lowest effective CBD concentration (0.1 µM and 0.5 µM, respectively)
for 1 to 24 h showed a rapid (after 2 h) decrease in astrocyte viability and a delayed yet
significant decrease in neuronal viability (Figure 1C). Cell death as a function of time was
confirmed by monitoring LDH release (Figure 1D). In contrast to our results, no reduction of
cell viability was observed in the CTX-TNA2 rat astrocyte cell line after prolonged exposure
(24 and 48 h) to CBD (range 1–1000 nM) [17] nor in the HT22 mouse hippocampal neuronal
cell line after prolonged exposure (24 h) [18], nor perinatal rat cortical neurons after a
brief exposure (i.e., 20–30 min) [19] to CBD at therapeutically relevant levels. However,
CBD dose-dependently (range 0.1–10 µM, 20–30 min) induced cell death in rat optic nerve
oligodendrocytes [19] and showed a toxic effect on perinatal rat hippocampal neurons [20]
and murine microglial cells [21] at concentrations above 5 µM. Thus, the effects of CBD are
not only concentration- and time-dependent but are likely to be cell-specific.
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Figure 1. CBD decreases viability of rat cortical neurons and astrocytes in a concentration and time-
dependent manner. (A) Cells were treated with 0.1, 0.5, 1, or 5 µM CBD for 24 h. Cell viability was
evaluated by resazurin-based metabolic assay; data (relative fluorescence units-RFU) were normalized
to protein concentration and shown as mean ± SD (n = 5). Two-way ANOVA [F4,40 = 5.278; p = 0.0016]
followed by Tukey’s post hoc test, * p < 0.05 vs. control. (B) Cells were treated with 0.1, 0.5, 1, or
5 µM CBD for 24 h. Levels of non-viable cells were estimated by measuring LDH release; data were
normalized to the mean value of the control and shown as mean ± SD (n = 5). Two-way ANOVA
[F4,40 = 3.11; p = 0.0256] followed by Tukey’s post hoc test, * p < 0.05 vs. control. (C) Neurons
were treated with 0.1 µM CBD and astrocytes were treated with 0.5 µM CBD for 1 to 24 h. Cell
viability was evaluated by resazurin-based metabolic assay; data (relative fluorescence units-RFU)
were normalized to protein concentration and shown as mean ± SD (n = 5). Two-way ANOVA
[F7,64 = 2.886; p = 0.0110] followed by Tukey’s post hoc test, * p < 0.05 vs. control. (D) Neurons
were treated with 0.1 µM CBD and astrocytes were treated with 0.5 µM CBD for 1 to 24 h. Levels of
non-viable cells were estimated by measuring LDH release; data were normalized to the mean value
of the control and shown as mean ± SD (n = 5). Two-way ANOVA [F7,64 = 9.8; p < 0.0001] followed
by Tukey’s post hoc test, * p < 0.05 vs. control.

Indeed, despite approximately the same cytotoxic effect on neurons and astrocytes,
leading to 14.6 ± 0.8% and 15.9 ± 0.8% cell loss, respectively (Figure 2A), flow cytomet-
ric analysis and morphology observation indicated differences in the mechanism of cell
response to CBD. As cells can die in various ways [22], the double staining with Annexin
V-FITC and 7-AAD makes it possible to distinguish cells in the early stages of apoptosis
(Annexin V/7-AAD +/−) from those that die in a different manner (Annexin V/7-AAD
−/+) in the same sample. A 24 h exposure to 0.1 µM CBD showed that perinatal cortical
neurons underwent early apoptotic cell death, as Annexin V/7-AAD −/+ staining detect-
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ing necroptosis, a form of regulated necrosis [23], did not exceed control cells (Figure 2C,E).
Acute exposure to CBD induces cytoskeletal disruption that contributes to the development
of neurotoxicity [24]. By labelling neuronal β III tubulin and nuclei, we observed a reduc-
tion and shortening of dendrites, cell shrinkage, and chromatin condensation in neurons,
all of which are characteristic morphological changes associated with apoptosis (Figure 2B).
Astrocytes, however, responded differently. Following the 24 h exposure to 0.5 µM CBD,
8.9 ± 0.6% of cells (compared with 6.1 ± 0.7% control) were in the early apoptotic phase
(Annexin V/7-AAD +/−), while 17.7 ± 1.6% of cells (compared with 8.5 ± 0.6% control)
underwent necroptotic cell death (Annexin V/7-AAD −/+) (Figure 2D,F). The coexistence
of various modes of cell death often occurs in a wide range of human pathologies [22,24].
Our data suggest that CBD could cause different morphological and biochemical changes
in individual astrocytes, thus triggering different cell death pathways [22–26]. Astrocytes
were shrunk with cytoplasmic vacuolation. Their protrusions were slanted, but their length
did not appear affected. Examining the alignment of the specific intermediate filament
GFAP revealed that the GFAP network is retracted toward the cell body and that the
filaments in the protrusions are piled together (Figure 2B). The neurotoxicity of CBD on
perinatal cortical neural cells may therefore be manifested at submicromolar concentrations,
which cause the reorganization of the microfilament cytoskeleton along with suppression
of cell viability and/or disruption of cell membrane integrity.

As CBD promotes cell death, we subsequently investigated biochemical pathways
that lead to brain cell dysfunction. CBD transiently disrupted membrane potential across
the mitochondrial inner membrane (∆Ψm) (Figure 3A) and depleted ATP (Figure 3B) in
neurons already during the first hour of exposure. The loss of ∆Ψm that affects cellular
energetic supply [27] was parallel to a transient increase of caspase-8 activation (Figure 3C),
so the curious short-term change in neuronal ATP homeostasis may be also linked to
the increased ATP consumption required to trigger the proapoptotic pathway [22]. This
was succeeded by a phase of rapid partial recovery, during which sufficient ATP was
presumably still present to progressively activate the initiator caspase-9. This cleaved and
activated executioner caspases, resulting in eventual apoptotic death after 24 h of CBD
exposure (Figure 3C). A different response to CBD was observed in astrocytes. Under our
experimental conditions, dysregulation of ∆Ψm was observed in the first hour of CBD
treatment (Figure 3A), leading to transient ATP depletion over the next hour (Figure 3B)
and concomitant activation of extrinsic and intrinsic caspases converging after 6 h to the
level of executioner caspases, which reached the activity plateau two hours later (Figure 3D).
Caspase activity then gradually decreased over time but remained significant even after
prolonged exposure (24 h) to CBD. The parallel mechanism of transient activation of
caspase-8 might be responsible for suppressing necroptosis [28,29], acting as a molecular
switch that controls different modes of cell death (Figure 2), as previously documented
in non-neuronal cells [30–32]. Therefore, the fast-triggered apoptosis may be succeeded
by caspase-8 inhibition, which, over time, enables the interplay between apoptosis and
necroptosis signalling in astrocytes. Thus, the neurotoxicity of CBD in perinatal cortical
neurons and astrocytes probably involves not only intrinsic (caused by mitochondrial
stress) but also extrinsic (death receptor-induced) proapoptotic pathways, with the latter
being possibly of more significance in astrocytes.
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Figure 2. CBD reduces the viability of neurons and astrocytes by triggering various forms of cell death.
(A,C–F) Neurons and astrocytes were incubated with 0.1 µM CBD and 0.5 µM CBD, respectively, for
24 h and then regenerated for an additional 22 h. (A) Viability of the cells was determined by flow
cytometry, revealing percentages of overall cell viability (Annexin V/7-AAD −/−). Data were shown
as mean ± SD. Independent sample t-test, p values vs. control were indicated. (B) Representative
fluorescence images of the cultures after incubation with CBD or vehicle. Primary neurons were
exposed to 0.1 µM CBD for 24 h and stained for neuron-specific β-III-tubulin (green), astrocyte-specific
GFAP (red), and nuclear stain Hoechst (blue). Primary astrocytes were exposed to 0.5 µM CBD for 24 h
and stained for GFAP (red) and nuclear stain Hoechst (blue). Scale bar = 30 µm. (C) Representative
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flow cytometry dot plot images, showing simultaneous binding of Annexin V (FL1) and 7-AAD
(FL3) uptake by neurons after 0.1 µM CBD treatment. Control cells were not exposed to CBD.
(D) Representative flow cytometry dot plot images, showing simultaneous binding of Annexin
V (FL1) and 7-AAD (FL3) uptake by astrocytes after 0.5 µM CBD treatment. Control cells were
not exposed to CBD. (E) Cell survival of neurons after 24 h exposure to 0.1 µM CBD and 22 h
regeneration was measured by flow cytometry, revealing the percentages of early apoptotic cells
(Annexin V/7-AAD +/−) and necroptotic cells (Annexin V/7-AAD −/+). Data were shown as
mean ± SD. Independent sample t-test, p values vs. control were indicated. NS: not significant.
(F) Cell survival of astrocytes after 24 h exposure to 0.5 µM CBD and 22 h regeneration was measured
by flow cytometry, revealing the percentages of early apoptotic cells (Annexin V/7-AAD +/−) and
necroptotic cells (Annexin V/7-AAD −/+). Data were shown as mean ± SD. Independent sample
t-test, p values vs. control were indicated.

Due to very low affinity and low agonist activity at canonical cannabinoid recep-
tors [33], several non-canonical receptors, including peroxisome proliferator-activated
receptor-γ (PPAR-γ) and transient receptor potential vanilloid 1 (TRPV1)—both targets of
endogenous AEA [34–36]—have been identified to mediate CBD activity [12,37]. These
receptors are dynamically and spatially positioned in the brain from early embryonic
stages [37–41], with a prominent role in various developmental processes [7,40–42]. Phar-
macological analysis revealed that under given conditions, only pre-treatment with TRPV1
antagonist AMG 9810 provided significant protection against compromised cell viability
(Figure 4A), decrease in intracellular ATP concentration (Figure 4B), and activation of
caspase 3/7 (Figure 4C). Therefore, it seems that TRPV1 is a possible molecular target
mediating the action of CBD on perinatal neurons. TRPV1 is a stress response protein
and a nonselective calcium-permeable polymodal cation channel [43]. It has a role in pain
transmission, neurogenic inflammation, synaptic plasticity, neuronal overexcitability, and
neurotoxicity [44–46]. Evidence from studies on cultured retinal [47] and trigeminal [48]
ganglion cells, mesencephalic dopaminergic neurons [49,50] and cortical microglia [51],
and rat hippocampal and cortical neurons [52,53] suggests that overactivation of TRPV1
by cannabinoid ligands may induce cell death via oxidative stress [52,54], mitochondrial
disruption [55], and intracellular Ca2+ overload [43,52,56,57]. CBD is a full but less po-
tent agonist of TRPV1 [37], binding the same specific site as capsaicin, a highly potent
TRPV1-specific agonist [58]. Bisogno et al. [37] suggested that CBD is less capable than
capsaicin at inducing a TRPV1-mediated functional response at low concentrations. How-
ever, our observation is in line with findings of other authors that confirmed the ability of
capsaicin [50,52,53], endogenous AEA, and N-arachidonoyldopamine (NADA) to bind at
micromolar concentrations functional TRPV1 expressed on cultured neurons [52] and cause
Ca2+ influx, ERK phosphorylation, and reactive oxygen and nitrogen species production.
Prolonged capsaicin treatment and thus prolonged activation of TRPV1 (24 h) increased
the level of active caspase-3, followed by cell death.

The detrimental effect of CBD on cell viability (Figure 4D) and induction of apoptosis
(Figure 4F) in cortical astrocytes was effectively inhibited by targeting both TRPV1 and CB1
receptors. However, only the CB1 receptor antagonist AM 251, but not the TRPV1 antago-
nist AMG 9810, effectively reversed CBD-induced ATP depletion and thus maintained the
energetic balance in the cells (Figure 4E). CBD has a low binding activity to CB1 receptor
and due to its complex pharmacology can modulate the activity of several non-canonical
receptors, transporters, and enzymes in addition to cannabinoid receptors [12]. The ECS is a
fundamental effector of astrocyte function, with the crucial importance of CB1 receptor con-
trolling complex processes such as synaptic, metabolic, and behavioral responses [59]. CB1
receptor is highly expressed in neurons. Its presence in astrocytes is barely detectable [60]
and has been proven at the plasma membrane and at several subcellular locations, includ-
ing mitochondria [61,62], adding complexity to the CB1-dependent regulation of astrocyte
activity [59]. Recently reported findings demonstrated that prolonged exposure to ∆

9-THC



Toxins 2022, 14, 720 7 of 14

reduces glycolytic capacity and lactate release by engaging the astroglial mtCB1 receptor,
resulting in neuronal bioenergetic stress and impaired social behavior [62]. Therefore,
CBD-mediated signaling in cortical astrocytes affects the CB1 receptor, and perhaps the
mtCB1 receptor, in addition to TRPV1, where their simultaneous expression allows for
presently unknown functional interactions, leading to cell dysfunction.

− −

−
−

γ γ

Figure 3. CBD impairs mitochondrial function, affects cellular energetic supply, and activates caspases
in rat cortical neurons and astrocytes. Neurons were treated with 0.1 µM CBD, and astrocytes were
treated with 0.5 µM CBD for 1 to 24 h. (A) Mitochondrial membrane potential was assessed with JC-1
dye; data (JC-1 fluorescence ratio) were shown as mean ± SD (n = 5). Two-way ANOVA (F7,48 = 6.516;
p < 0.0001) followed by Tukey’s post hoc test, * p < 0.05 vs. control. (B) ATP levels were determined
using ATPlite 1-step assay system; data were normalized to protein concentration and shown as
mean ± SD (n = 5). Two-way ANOVA (F7,63 = 3.958; p = 0.0012) followed by Tukey’s post hoc test, *
p < 0.05 vs. control. (C) Neurons were treated with 0.1 µM CBD for 1 to 24 h. Caspase activity was
evaluated by Caspase-Glo 8, Caspase-Glo 9, and Caspase-Glo 3/7 assay; data were normalized to the
mean value of the control and shown as mean ± SD (n = 5). One-way ANOVA, Dunnett’s post hoc
test, * p < 0.05 vs. control. (D) Astrocytes were treated with 0.5 µM CBD for 1 to 24 h. Caspase activity
was evaluated by Caspase-Glo 8, Caspase-Glo 9, and Caspase-Glo 3/7 assay, data were normalized
to the mean value of the control and shown as mean ± SD (n = 5). One-way ANOVA, Dunnett’s post
hoc test, * p < 0.05 vs. control.
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γ

Figure 4. CBD decreases viability, affects cellular energetic supply, and activates caspases 3/7 in
rat cortical neurons and astrocytes by TRPV1 and CB1/TRPV1 receptor activation, respectively.
(A–C) Neurons were preincubated for 1 h with specific antagonists of CB1 (AM 251), CB2 (AM 630),
PPARγ (T 0070907), or TRPV1 (AMG 9810) receptors, all at 0.1 µM, prior to 24 h challenge with 0.1 µM
CBD. (A) Cell viability was evaluated by resazurin-based metabolic assay; data (relative fluorescence
units—RFU) were normalized to protein concentration and shown as mean ± SD (n = 5). One-way
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ANOVA, Dunnett’s post hoc test, * p < 0.05 vs. control, # p < 0.05 vs. 0.1 µM CBD. (B) ATP levels
were determined using ATPlite 1-step assay system; data were normalized to protein concentration
and shown as mean ± SD (n = 5). One-way ANOVA, Dunnett’s post hoc test, * p < 0.05 vs. control,
# p < 0.05 vs. 0.1 µM CBD. (C) Caspase 3/7 activity was evaluated by Caspase-Glo 3/7 Assay; data
were normalized to the mean value of the control and shown as mean ± SD (n = 5). One-way ANOVA,
Dunnett’s post hoc test, * p < 0.05 vs. control, # p < 0.05 vs. 0.1 µM CBD. (D–F) Astrocytes were
preincubated for 1 h with specific antagonists of CB1 (AM 251), CB2 (AM 630), PPARγ (T 0070907), or
TRPV1 (AMG 9810) receptors, all at 0.5 µM, prior to 24 h challenge with 0.5 µM CBD for viability and
ATP evaluation or to 8 h challenge for caspase 3/7 evaluation. (D) Cell viability was evaluated by
resazurin-based metabolic assay; data (relative fluorescence units-RFU) were normalized to protein
concentration and shown as mean ± SD (n = 5). One-way ANOVA, Dunnett’s post hoc test, * p < 0.05
vs. control, # p < 0.05 vs. 0.5 µM. (E) ATP levels were determined using ATPlite 1-step assay system;
data were normalized to protein concentration and shown as mean ± SD (n = 5). One-way ANOVA,
Dunnett’s post hoc test, * p < 0.05 vs. control, # p < 0.05 vs. 0.5 µM CBD. (F) Caspase 3/7 activity
was evaluated by Caspase-Glo 3/7 Assay; data were normalized to the mean value of the control
and shown as mean ± SD (n = 5). One-way ANOVA, Dunnett’s post hoc test, * p < 0.05 vs. control,
# p < 0.05 vs. 0.5 µM CBD.

This study could have clinical implications as we have demonstrated that CBD can
injure perinatal brain cells in concentrations measured in patients with epilepsy taking
CBD therapy [15]. Moreover, the lower level of CBD toxicity for perinatal cortical neurons
was not established, since neurotoxicity was observed at the lowest tested concentration. It
is interesting that clinical symptoms of CBD neurotoxicity have not yet been documented,
but discrete symptoms could be easily overlooked in severely ill patients treated with high
doses of CBD. At the moment, the only pharmaceutical preparation containing solely CBD
is Epidiolex® (Epidyolex® in Europe), which is extracted directly from plants specifically
grown to yield a high amount of CBD [63]. It is used for seizure control activity in patients
with Dravet syndrome, without a fully elucidated mechanism of action [63]. According to
PubMed search, this pharmaceutical preparation has not been used in published in vitro
studies, only pure CBD provided by the producer. In future, the cytotoxic effects of CBD
containing compositions should be evaluated as well. In summary, this study suggests
caution in the use of CBD in humans, especially in pregnant women and children.

3. Conclusions

CBD impairs the function of perinatal rat cortical neurons and astrocytes at concen-
trations that are attainable in humans. Given that it is a non-intoxicating drug, our results
clearly show that this is not the case during critical periods of brain development when
CBD, as ∆

9-THC [7,8], can significantly interfere with the endogenous cannabinoid system.
By causing bioenergetic stress, reduced viability, and cell death, CBD may disrupt a delicate
homeostatic balance between neural cells and contribute to developmental malfunction.

4. Materials and Methods
4.1. Materials

We purchased cannabidiol (CBD) (nat.) from Bionorica® ethics (Neumarkt, Germany),
and CB1 selective antagonist/inverse agonist AM 251, CB2 antagonist AM 630, PPARγ
antagonist T 0070907, and TRPV1 antagonist AMG 9810 from Tocris Bioscience (Bio-Techne
Corporation, Minneapolis, USA). CBD and antagonists were dissolved in ethanol absolute
and diluted in culture medium prior to addition to the cells. The reagents and materials
supplied with each kit are mentioned with each method.

4.2. Primary Cortical Neuron Culture

Cultures of primary neurons were prepared from cerebral cortices of Wistar rat fetuses
(E18-19) by the protocol approved by the Veterinary Administration of the Republic of
Slovenia (No. U34401-3/2013/3). Cells were plated on poly-L-lysine (Sigma, Merck
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KGaA, Darmstadt, Germany) coated vessels and cultured in Neurobasal medium with 2%
B27 Supplement, 0.5 mM GlutaMax, and 5 µg/mL gentamicin (all Gibco, Thermo Fisher
Scientific Inc., Waltham, MA, USA). Glial proliferation was stopped by adding of 2 µM
cytosine arabinoside (Sigma, Merck KGaA, Darmstadt, Germany) on day 3. Half of the
medium was replaced every 3–4 days with fresh medium. Experiments were performed at
10–12 days in vitro.

4.3. Primary Cortical Astrocyte Culture

Cultures of primary astrocytes were prepared from cerebral cortices of 2-day-old
neonatal Wistar rats by the protocol approved by Veterinary Administration of the Republic
of Slovenia (No. 34401-87/2008/3) as previously described by Mele and Juric [64]. Cells
were grown in DMEM/F12 (1:1), 10% (v/v) FBS, 100 U/mL penicillin, and 100 mg/mL
streptomycin (all from Gibco BRL, Scotland, UK) and maintained in a humified atmosphere
of 5% CO2 at 37 ◦C. After three overnight shakings, the monolayer cells were trypsinized,
sub-cultivated, and then re-plated at an appropriate density in 6-well and 96-well culture
plates (Nunc, Roskilde, Denmark) or poly-L-lysine-coated coverslips.

4.4. Treatment

Cultured cells were treated with a serum-free medium containing 0.1, 0.5, 1, or 5 µM
CBD and incubated in a 5.0% CO2 humidified incubator at 37 ◦C for 1 to 24 h. Control cells
were treated with an equivalent amount of vehicle (0.001% (v/v) ethanol). For inhibitor
studies on neurons, cultured cells were preincubated for 1 h with 0.1 µM AM 251, AM 630,
T 0070907, or AMG 9810 prior to 24 h challenge with 0.1 µM CBD. For inhibitor studies
on astrocytes, cultured cells were preincubated for 1 h with 0.5 µM AM 251, AM 630, T
0070907, or AMG 9810 prior to 24 h challenge with 0.5 µM CBD. Antagonists did not affect
control cells (data not shown).

4.5. Cell Viability Assays

4.5.1. Metabolic Activity

Viability of cultured cells was quantified by monitoring metabolic activity with
AlamarBlue® redox indicator resazurin (Molecular Probes, Eugene, OR, USA) accord-
ing to the manufacturer’s instructions. Fluorescence was quantified at the excitation and
emission wavelengths of 540 and 595 nm, respectively, using a Synergy HT microplate
reader (BioTek, Shoreline, WA, USA). Data (relative fluorescence units—RFU) were nor-
malized to protein concentration determined by Bradford’s method [65] using BIO-RAD
Protein Assay.

4.5.2. LDH Release

Cell viability was determined by measuring LDH released using a CytoTox-ONE
Homogenous Membrane Integrity Assay (Promega Corporation, Madison, WI, USA). The
reaction mixture was added to the cells, and fluorescence was quantified at the excitation
and emission wavelengths of 560 and 590 nm, respectively, using a Synergy HT microplate
reader (BioTek, Shoreline, WA, USA).

4.5.3. Flow Cytometry Detection of Cell Death

Cell death was determined after double staining of the cells with Annexin V-FITC and
7-Aminoactinomycin D (7-AAD) staining kit (Beckman-Coulter, Brea, CA, USA), which
allows the determination of viable cells (Annexin V/7-AAD −/−), the fraction of early
apoptotic cells (Annexin V/7-AAD +/−), the cells in necroptosis (Annexin V/7-AAD
−/+), and late apoptotic and necrotic cells (Annexin V/7-AAD +/+). The cells were
stained according to the manufacturer’s instructions. Briefly, cells were centrifuged at
500 rcf at 4 ◦C for 5 min and washed with cold PBS. Then, the cells were resuspended in
100 µL of cold 1x binding buffer and stained with 10 µL of Annexin V-FITC and 20 µL of
7-AAD solution. After staining, the mixture was incubated in the dark at 4 ◦C for 15 min.
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After incubation, an additional 400 µL of 1× binding buffer was added. Data acquisition
was carried out in a Quanta SC MPL flow cytometer (Beckman Coulter, Brea, CA, USA).
Every measurement includes 10,000 cells.

4.6. Change in Mitochondrial Membrane Potential (∆Ψm)

Cells were subjected to several treatments, incubated in the presence of the JC-1 probe
(Cayman Chemical Company, Ann Arbour, USA) (5 µg/mL) at 37 ◦C for 15 min, and then
washed twice with Assay Buffer. Fluorescence was detected on a Synergy HT microplate
reader (BioTek, Shoreline, WA, USA). The ratio of fluorescence intensity of JC-1 aggregates
to monomers was used as an indicator of mitochondrial membrane potential.

4.7. ATP Measurement

Intracellular ATP concentration was determined using an ATPlite 1-step assay system
(Perking Elmer, Boston, MA, USA), which generates a luminescence signal proportional to
the amount of ATP present [66]. ATP content was calculated using a generated standard
ATP curve (1 pM–1 µM) and normalized to the protein concentration determined by
Bradford’s method [65].

4.8. Detection of Caspase Activity

Following CBD exposure, the cells were harvested and solubilized in a cell culture
lysis buffer. The activity of caspase-8, caspase-9, and caspases-3/7 was determined from the
formation of luminescent substrates using Caspase-Glo 8, Caspase-Glo 9, and Caspase-Glo
3/7 Assay (Promega, Madison, WI, USA).

4.9. Immunocytochemistry

Cells grown on coverslips were rinsed with PBS, fixed in 4% paraformaldehyde
(Sigma, Merck KGaA, Darmstadt, Germany) for 15 min, and permeabilized with 0.1%
Triton-X for 5 min at room temperature. The coverslips were rinsed and then incubated
overnight at 4 ◦C with rabbit anti-β III tubulin (1:500, Abcam, Cambridge, UK) and/or
mouse anti-glial fibrillary acidic protein (GFAP) (1:500, Millipore, Burlington, MA, USA).
The next day, coverslips were rinsed and incubated with corresponding Alexa Fluor 488
and 546 conjugated secondary antibodies (1:500, Molecular Probes, Eugene, OR, USA) for
1 h at 37 ◦C. The nuclei were labelled by Hoechst (2 µg/mL, Molecular Probes, Eugene, OR,
USA) for 10 min at 37 ◦C. Following the washing, the coverslips were mounted in ProLong
Diamond (Molecular Probes, Eugene, OR, USA) and observed under the fluorescence
microscope (Olympus, Tokyo, Japan).

4.10. Data Analysis

All data are presented as mean ± SD from five independent experiments (n = 5)
carried out in triplicate. Data analysis was performed using GraphPad Prism version 9.3.0
(GraphPad Software, San Diego, CA, USA, www.graphpad.com) (accessed on 2 November
2021). The statistical significance of differences between the values was evaluated by
analysis of variance (ANOVA) followed by Tukey’s or Dunnett’s post hoc test for multiple-
group comparisons or independent sample t-test. A p value of <0.05 was considered to be
statistically significant.

Author Contributions: Conceptualisation, D.M.J. and M.B.; methodology, D.M.J., K.B.R. and M.L.-Š.;
formal analysis, D.M.J., K.B.R. and M.L.-Š.; investigation, D.M.J., K.B.R. and M.L.-Š.; resources,
M.B. and D.Š.; data curation, D.M.J., K.B.R. and M.L.-Š.; writing—original draft preparation, D.M.J.;
writing—review and editing, D.M.J., M.B. and D.Š.; visualization, D.M.J., K.B.R., M.L.-Š. and M.B.;
supervision, D.Š.; project administration, M.B.; funding acquisition, M.B. and D.Š. All authors have
read and agreed to the published version of the manuscript.

Funding: The work was financially supported by Slovenian Research Agency, grants P3-0019 and
P3-0067.

www.graphpad.com


Toxins 2022, 14, 720 12 of 14

Institutional Review Board Statement: The animal study protocol was approved by the Veterinary
Administration of the Republic of Slovenia (No. 34401-87/2008/3, No. U34401-3/2013/3). Approved
date: 9 February 2009.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, M.B., upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cadwell, C.R.; Bhaduri, A.; Mostajo-Radji, M.A.; Keefe, M.G.; Nowakowski, T.J. Development and Arealization of the Cerebral

Cortex. Neuron 2019, 103, 980–1004. [CrossRef] [PubMed]
2. Ullian, E.M.; Sapperstein, S.K.; Christopherson, K.S.; Barres, B.A. Control of synapse number by glia. Science 2001, 291, 657–661.

[CrossRef] [PubMed]
3. Allen, N.J.; Lyons, D.A. Glia as architects of central nervous system formation and function. Science 2018, 362, 181–185. [CrossRef]
4. Farhy-Tselnicker, I.; Allen, N.J. Astrocytes, neurons, synapses: A tripartite view on cortical circuit development. Neural. Dev.

2018, 13, 7. [CrossRef] [PubMed]
5. Lu, H.C.; Mackie, K. Review of the Endocannabinoid System. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2021, 6, 607–615.

[CrossRef] [PubMed]
6. Cristino, L.; Bisogno, T.; Di Marzo, V. Cannabinoids and the expanded endocannabinoid system in neurological disorders. Nat.

Rev. Neurol. 2020, 16, 9–29. [CrossRef] [PubMed]
7. Alpár, A.; Di Marzo, V.; Harkany, T. At the Tip of an Iceberg: Prenatal Marijuana and Its Possible Relation to Neuropsychiatric

Outcome in the Offspring. Biol. Psychiatry 2016, 79, e33–e45. [CrossRef]
8. Bara, A.; Ferland, J.N.; Rompala, G.; Szutorisz, H.; Hurd, Y.L. Cannabis and synaptic reprogramming of the developing brain.

Nat. Rev. Neurosci. 2021, 22, 423–438. [CrossRef]
9. Ujváry, I.; Hanuš, L. Human Metabolites of Cannabidiol: A Review on Their Formation, Biological Activity, and Relevance in

Therapy. Cannabis Cannabinoid Res. 2016, 1, 90–101. [CrossRef]
10. Friedman, D.; French, J.A.; Maccarrone, M. Safety, efficacy, and mechanisms of action of cannabinoids in neurological disorders.

Lancet Neurol. 2019, 18, 504–512. [CrossRef]
11. Nelson, K.M.; Bisson, J.; Singh, G.; Graham, J.G.; Chen, S.N.; Friesen, J.B.; Dahlin, J.L.; Niemitz, M.; Walters, M.A.; Pauli, G.F. The

Essential Medicinal Chemistry of Cannabidiol (CBD). J. Med. Chem. 2020, 63, 12137–12155. [CrossRef] [PubMed]
12. Ibeas Bih, C.; Chen, T.; Nunn, A.V.; Bazelot, M.; Dallas, M.; Whalley, B.J. Molecular Targets of Cannabidiol in Neurological

Disorders. Neurotherapeutics 2015, 12, 699–730. [CrossRef] [PubMed]
13. Chan, J.Z.; Duncan, R.E. Regulatory Effects of Cannabidiol on Mitochondrial Functions: A Review. Cells 2021, 10, 1251. [CrossRef]
14. Mechoulam, R.; Parker, L.A.; Gallily, R. Cannabidiol: An overview of some pharmacological aspects. J. Clin. Pharmacol. 2002, 42,

11S–19S. [CrossRef] [PubMed]
15. Millar, S.A.; Stone, N.L.; Yates, A.S.; O’Sullivan, S.E. A Systematic Review on the Pharmacokinetics of Cannabidiol in Humans.

Front. Pharmacol. 2018, 9, 1365. [CrossRef]
16. Millar, S.A.; Maguire, R.F.; Yates, A.S.; O’Sullivan, S.E. Towards Better Delivery of Cannabidiol (CBD). Pharmaceuticals 2020,

13, 219. [CrossRef] [PubMed]
17. di Giacomo, V.; Chiavaroli, A.; Recinella, L.; Orlando, G.; Cataldi, A.; Rapino, M.; Di Valerio, V.; Ronci, M.; Leone, S.; Brunetti, L.;

et al. Antioxidant and Neuroprotective Effects Induced by Cannabidiol and Cannabigerol in Rat CTX-TNA2 Astrocytes and
Isolated Cortexes. Int. J. Mol. Sci. 2020, 21, 3575. [CrossRef]

18. Sun, S.; Hu, F.; Wu, J.; Zhang, S. Cannabidiol attenuates OGD/R-induced damage by enhancing mitochondrial bioenergetics
and modulating glucose metabolism via pentose-phosphate pathway in hippocampal neurons. Redox. Biol. 2017, 11, 577–585.
[CrossRef]

19. Mato, S.; Sánchez-Gómez, V.M.; Matute, C. Cannabidiol induces intracellular calcium elevation and cytotoxicity in oligodendro-
cytes. Glia 2010, 58, 1739–1747. [CrossRef]

20. Kim, J.; Choi, J.Y.; Seo, J.; Choi, I.S. Neuroprotective Effect of Cannabidiol against Hydrogen Peroxide in Hippocampal Neuron
Culture. Cannabis Cannabinoid Res. 2021, 6, 40–47. [CrossRef]

21. Wu, H.Y.; Goble, K.; Mecha, M.; Wang, C.C.; Huang, C.H.; Guaza, C.; Jan, T.R. Cannabidiol-induced apoptosis in murine
microglial cells through lipid raft. Glia 2012, 60, 1182–1190. [CrossRef] [PubMed]

22. Fricker, M.; Tolkovsky, A.M.; Borutaite, V.; Coleman, M.; Brown, G.C. Neuronal Cell Death. Physiol. Rev. 2018, 98, 813–880.
[CrossRef] [PubMed]

23. Sun, L.; Wang, X. A new kind of cell suicide: Mechanisms and functions of programmed necrosis. Trends Biochem. Sci. 2014, 39,
587–593. [CrossRef] [PubMed]

24. Moujalled, D.; Strasser, A.; Liddell, J.R. Molecular mechanisms of cell death in neurological diseases. Cell Death Differ. 2021, 28,
2029–2044. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuron.2019.07.009
http://www.ncbi.nlm.nih.gov/pubmed/31557462
http://doi.org/10.1126/science.291.5504.657
http://www.ncbi.nlm.nih.gov/pubmed/11158678
http://doi.org/10.1126/science.aat0473
http://doi.org/10.1186/s13064-018-0104-y
http://www.ncbi.nlm.nih.gov/pubmed/29712572
http://doi.org/10.1016/j.bpsc.2020.07.016
http://www.ncbi.nlm.nih.gov/pubmed/32980261
http://doi.org/10.1038/s41582-019-0284-z
http://www.ncbi.nlm.nih.gov/pubmed/31831863
http://doi.org/10.1016/j.biopsych.2015.09.009
http://doi.org/10.1038/s41583-021-00465-5
http://doi.org/10.1089/can.2015.0012
http://doi.org/10.1016/S1474-4422(19)30032-8
http://doi.org/10.1021/acs.jmedchem.0c00724
http://www.ncbi.nlm.nih.gov/pubmed/32804502
http://doi.org/10.1007/s13311-015-0377-3
http://www.ncbi.nlm.nih.gov/pubmed/26264914
http://doi.org/10.3390/cells10051251
http://doi.org/10.1002/j.1552-4604.2002.tb05998.x
http://www.ncbi.nlm.nih.gov/pubmed/12412831
http://doi.org/10.3389/fphar.2018.01365
http://doi.org/10.3390/ph13090219
http://www.ncbi.nlm.nih.gov/pubmed/32872355
http://doi.org/10.3390/ijms21103575
http://doi.org/10.1016/j.redox.2016.12.029
http://doi.org/10.1002/glia.21044
http://doi.org/10.1089/can.2019.0102
http://doi.org/10.1002/glia.22345
http://www.ncbi.nlm.nih.gov/pubmed/22535572
http://doi.org/10.1152/physrev.00011.2017
http://www.ncbi.nlm.nih.gov/pubmed/29488822
http://doi.org/10.1016/j.tibs.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25455759
http://doi.org/10.1038/s41418-021-00814-y
http://www.ncbi.nlm.nih.gov/pubmed/34099897


Toxins 2022, 14, 720 13 of 14

25. Šimenc, J.; Lipnik-Štangelj, M. Staurosporine induces apoptosis and necroptosis in cultured rat astrocytes. Drug Chem. Toxicol.

2012, 35, 399–405. [CrossRef] [PubMed]
26. Simenc, J.; Lipnik-Stangelj, M. Staurosporine induces different cell death forms in cultured rat astrocytes. Radiol. Oncol. 2012, 46,

312–320. [CrossRef]
27. Magistretti, P.J.; Allaman, I. Lactate in the brain: From metabolic end-product to signalling molecule. Nat. Rev. Neurosci. 2018, 19,

235–249. [CrossRef]
28. Tummers, B.; Green, D.R. Caspase-8: Regulating life and death. Immunol. Rev. 2017, 277, 76–89. [CrossRef]
29. Fritsch, M.; Günther, S.D.; Schwarzer, R.; Albert, M.C.; Schorn, F.; Werthenbach, J.P.; Schiffmann, L.M.; Stair, N.; Stocks, H.; Seeger,

J.M.; et al. Caspase-8 is the molecular switch for apoptosis, necroptosis and pyroptosis. Nature 2019, 575, 683–687. [CrossRef]
30. Fricker, M.; Vilalta, A.; Tolkovsky, A.M.; Brown, G.C. Caspase inhibitors protect neurons by enabling selective necroptosis of

inflamed microglia. J. Biol. Chem. 2013, 288, 9145–9152. [CrossRef]
31. Kim, S.J.; Li, J. Caspase blockade induces RIP3-mediated programmed necrosis in Toll-like receptor-activated microglia. Cell

Death Dis. 2013, 4, e716. [CrossRef] [PubMed]
32. Fan, H.; Zhang, K.; Shan, L.; Kuang, F.; Chen, K.; Zhu, K.; Ma, H.; Ju, G.; Wang, Y.Z. Reactive astrocytes undergo M1

microglia/macrohpages-induced necroptosis in spinal cord injury. Mol. Neurodegener. 2016, 11, 14. [CrossRef]
33. Pertwee, R.G. The diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids: Delta9-tetrahydrocannabinol,

cannabidiol and delta9-tetrahydrocannabivarin. Br. J. Pharmacol. 2008, 153, 199–215. [CrossRef]
34. Zygmunt, P.M.; Petersson, J.; Andersson, D.A.; Chuang, H.; Sørgård, M.; Di Marzo, V.; Julius, D.; Högestätt, E.D. Vanilloid

receptors on sensory nerves mediate the vasodilator action of anandamide. Nature 1999, 400, 452–457. [CrossRef]
35. O’Sullivan, S.E. Cannabinoids go nuclear: Evidence for activation of peroxisome proliferator-activated receptors. Br. J. Pharmacol.

2007, 152, 576–582. [CrossRef]
36. O’Sullivan, S.E. An update on PPAR activation by cannabinoids. Br. J. Pharmacol. 2016, 173, 1899–2910. [CrossRef] [PubMed]
37. Bisogno, T.; Hanus, L.; De Petrocellis, L.; Tchilibon, S.; Ponde, D.E.; Brandi, I.; Moriello, A.S.; Davis, J.B.; Mechoulam, R.; Di

Marzo, V. Molecular targets for cannabidiol and its synthetic analogues: Effect on vanilloid VR1 receptors and on the cellular
uptake and enzymatic hydrolysis of anandamide. Br. J. Pharmacol. 2001, 134, 845–852. [CrossRef]

38. Mezey, E.; Tóth, Z.E.; Cortright, D.N.; Arzubi, M.K.; Krause, J.E.; Elde, R.; Guo, A.; Blumberg, P.M.; Szallasi, A. Distribution
of mRNA for vanilloid receptor subtype 1 (VR1), and VR1-like immunoreactivity, in the central nervous system of the rat and
human. Proc. Natl. Acad. Sci. USA 2000, 97, 3655–3660. [CrossRef]

39. Roberts, J.C.; Davis, J.B.; Benham, C.D. [3H] Resiniferatoxin autoradiography in the CNS of wild-type and TRPV1 null mice
defines TRPV1 (VR-1) protein distribution. Brain Res. 2004, 995, 176–183. [CrossRef] [PubMed]

40. Berghuis, P.; Rajnicek, A.M.; Morozov, Y.M.; Ross, R.A.; Mulder, J.; Urbán, G.M.; Monory, K.; Marsicano, G.; Matteoli, M.; Canty,
A.; et al. Hardwiring the brain: Endocannabinoids shape neuronal connectivity. Science 2007, 316, 1212–1216. [CrossRef]

41. Vitalis, T.; Lainé, J.; Simon, A.; Roland, A.; Leterrier, C.; Lenkei, Z. The type 1 cannabinoid receptor is highly expressed in
embryonic cortical projection neurons and negatively regulates neurite growth in vitro. Eur. J. Neurosci. 2008, 28, 1705–1718.
[CrossRef] [PubMed]

42. Farrelly, A.M.; Vlachou, S. Effects of Cannabinoid Exposure during Neurodevelopment on Future Effects of Drugs of Abuse: A
Preclinical Perspective. Int. J. Mol. Sci. 2021, 22, 9989. [CrossRef] [PubMed]

43. Juárez-Contreras, R.; Méndez-Reséndiz, K.A.; Rosenbaum, T.; González-Ramírez, R.; Morales-Lázaro, S.L. TRPV1 Channel: A
Noxious Signal Transducer that Affects Mitochondrial Function. Int. J. Mol. Sci. 2020, 21, 8882. [CrossRef] [PubMed]

44. Gibson, H.E.; Edwards, J.G.; Page, R.S.; Van Hook, M.J.; Kauer, J.A. TRPV1 channels mediate long-term depression at synapses on
hippocampal interneurons. Neuron 2008, 57, 746–759. [CrossRef] [PubMed]

45. Alter, B.J.; Gereau, R.W. Hotheaded: TRPV1 as mediator of hippocampal synaptic plasticity. Neuron 2008, 57, 629–631. [CrossRef]
[PubMed]
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