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Abstract

Cannabinoids are lipophilic substances derived from Cannabis sativa that can exert a variety of effects
in the human body. They have been studied in cellular and animal models as well as in human clinical
trials for their therapeutic benefits in several human diseases. Some of these include central nervous
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system (CNS) diseases and dysfunctions such as forms of epilepsy, multiple sclerosis, Parkinson’s
disease, pain and neuropsychiatric disorders. In addition, the endogenously produced cannabinoid
lipids, endocannabinoids, are critical for normal CNS function, and if controlled or modified, may
represent an additional therapeutic avenue for CNS diseases. This review discusses in vitro cellular,

ex vivo tissue and in vivo animal model studies on cannabinoids and their utility as therapeutics in
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multiple CNS pathologies. In addition, the review provides an overview on the use of cannabinoids
in human clinical trials for a variety of CNS diseases. Cannabinoids and endocannabinoids hold
promise for use as disease modifiers and therapeutic agents for the prevention or treatment of
neurodegenerative diseases and neurological disorders.
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Introduction

The psychotropic and medicinal properties of the plant, Cannabis sativa,
have been known to humans for thousands of years (Ibeas Bih et al., 2015).
In the last 20 years, however, the medicinal properties of cannabinoids
have been the focus of much research and important discoveries have been
made. Cannabinoids are compounds that directly or indirectly influence the
activity of cannabinoid receptors and include phytocannabinoids (plants) and
synthetic cannabinoids. Phytocannabinoids such as A9-tetrahydrocannabinol
(THC) and cannabidiol (CBD) are present in Cannabis species (reviewed in
Sarne and Mechoulam, 2005). There is not currently a strong consensus on
what function phytocannabinoids like THC and CBD have in plant biology, but
it is widely accepted that their presence may serve as a protective strategy to
ward off herbivores (Chapman, 2004).

Another type of cannabinoids, endogenous cannabinoids or endocannabinoids
(eCBs), are lipids produced de novo in a variety of plant species and in animal
species including humans. Mammals produce eCBs that are essential for
normal physiological function. The best characterized endocannabinoids
include 2-arachidonoylglycerol (2-AG) and N-acylethanolamine (NAE),
N-arachidonoylethanolamine or anandamide (AEA). NAEs are synthesized in
organisms ranging from bacteria to plants to vertebrates. Several NAEs play
an important role in seedling development in plants and in the protective
response against environmental stress (Chapman, 2004). Because plants do
not have cannabinoid receptors, they are not referred to as eCBs in the plant
literature.

In vertebrates, they are generated in numerous cell types, including neurons
(Sarne and Mechoulam, 2005). NAE and eCB levels are increased in response
to cerebral ischemia and trauma and can trigger neuroprotection. The
neuroprotective activities of eCBs and cannabinoids make them suitable
candidates as potential therapeutics for a variety of conditions (Sarne and
Mechoulam, 2005).

Early studies with THC and synthetic cannabinoids, including levonantradol
(CP 50,556-1) and desacetyl levonantradol (CP 54939), were used to help
identify the presence of a cannabinoid receptor in cell-free in vitro radioligand

binding assays (Howlett et al., 1984). Several phytocannabinoids and synthetic
CB1 receptor agonists were found to bind a G protein-coupled receptor that
inhibited adenylate cyclase activity (Howlett et al., 1984; Devane et al., 1988;
Matsuda et al., 1990). The inhibition of adenylyl cyclase was specific for
psychoactive cannabinoids. The cloning and expression of a gene encoding a
G protein-coupled receptor have been identified in cell lines, tissues and brain
regions that possess binding sites (Matsuda et al., 1990).

Endocannabinoids are produced by mammalian cells in response to a variety
of stimuli including excitotoxicity, ischemia, inflammation, and trauma and
target cannabinoid receptor 1 (CB1), cannabinoid receptor 2 (CB2), transient
receptor potential V1 (TRPV1), G protein-coupled receptor 55 (GPR55) and
peroxisome proliferator antigen receptors (PPARs) (Hohmann et al., 2019;
Bouskila et al., 2021; Lana et al., 2022; Landucci et al., 2022; Table 1). The
prototypical eCBs are 2-AG and AEA. 2-AG is a full CB1 agonist, whereas
AEA is a partial agonist at CB1 and full agonist at TRPV1 and GPR55. The
evolutionary evidence available suggests that eCBs have existed long before
the emergence of CB1/2 receptors and TRPV1 channels that they activate.
Similarly, the phytocannabinoid, THC, is a non-selective full agonist of CB1 and
CB2 and it does activate TRPV1 and GPR55. CBD, on the other hand, is not
believed to activate CB1 or CB2 at normal physiological concentrations, but it
still activates TRPV1 and GPR55 (Hohmann et al., 2019; Bouskila et al., 2021).
In addition, phytocannabinoids have a phenolic ring structure not found in
eCBs that exhibit antioxidant activity.

Synthetic cannabinoids have been synthesized with selectivity for CB1 or
CB2 or other targets such as TRPV1. In addition, inhibitors of the enzymes
that degrade endocannabinoids, such as fatty acid amide hydrolase (FAAH),
N-acylethanolamine-hydrolyzing acid amidase (NAAA) and monoacylglycerol
lipase (MAGL), may be potential therapeutics by regulating eCB levels. Dual
selectivity has also been achieved with synthetics (Nagayama et al., 1999;
Solbrig et al., 2010). Synthetics may also exhibit different pharmacokinetics
than phytocannabinoids and may be more resistant to enzymatic degradation.

Recently, phytocannabinoids have been prescribed with limited medical use
for a variety of health issues, including epilepsy, pain and cancer-related
anorexia (Table 2). This new therapeutic approach may improve some
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Table 1 | Endocannabinoids covered in this review

Endocannabinoid Abbreviation Target Reference

N-arachidonoyl- AEA TRPV1, Leweke et al., 2007; Webb et al,,
ethanolamine GPR5S5, 2008; Montgomery et al., 2016; Cui
(anandamide) CB1,CB2 etal, 2017; Campbell et al., 2021
2-Arachidonoylglycerol  2-AG CB1,CB2 Cabral et al., 2008; Hohmann et al.,
2019; Campbell et al., 2021
N-palmitoylethanolamine PEA GPR5S5, Webb et al., 2008; Duncan et al.,
GPR119, 2009; Garg et al., 2010; Hohmann
PPARa,  etal, 2019; Im, 2021
TRPV1,
FAAH
N-linoleylethanolamine  LEA GPR119, Syedetal, 2012
TRPV1,
PPARs
N-linoleoylethanolamine LLEA GPR119, Duncan et al.,, 2010; Garg et al.,
PPARs 2011

2-AG: 2-Arachidonoylglycerol; AEA: arachidonoylethanolamide; CB1/CB2: cannabinoid
receptor 1/cannabinoid receptor 2; FAAH: fatty acid amide hydrolase; GPR119: G-protein-
coupled receptor 119; GPR55: G-protein-coupled receptor 55; LEA: linoleoylethanolamine;
LLEA: linoleoylethanolamine; PEA: palmitoylethanolamine; PPARy: peroxisome proliferator
antigen receptor y; TRPV2: transient receptor potential V1 or vanilloid receptor.

Table 2 | Phytocannabinoids and synthetic cannabinoids/cannabinoid signaling
compounds covered in this review

Cannabinoid Abbreviation Type Target Reference
A9-Tetrahydro- THC phyto CB1/CB2, Howlettetal., 1984;
cannabinol direct Hampson et al., 1998;
antioxidant Baker et al., 2000; van
der Stelt et al., 2001;
Cabral et al., 2008;
Kozela et al., 2013;
Aguado et al., 2021;
Landucci et al., 2021;
Lanaetal., 2022
Cannabidiol CBD CB2, Hampson et al., 1998;
GPR5S5, Jones et al., 2010; Ruiz-
PPARYy, Valdepefias et al., 2011;
TRPV2, Kozela et al., 2013; Sun
SHTAL, et al., 2017; da Silva et
direct al., 2018; Hohmann et
antioxidant al., 2019; Bouskila et al.,
2021; Landucci et al.,
2021, 2022; Lana et al.,
2022; Patel et al., 2022
Levonantradol (CP CP50,556-1 synth CB1/CB2 Howlett et al., 1984
50,556-1) agonist
Decacetyllevonantradol CP54939 CB1/CB2 Howlett et al., 1984
(CP 54939) agonist
R(+) WIN 55212-2 WIN 55212-2 CB1/CB2 Nagayama et al., 1999;
agonist Baker, et al., 2000;
Bilsland et al., 2006;
Solbrig et al., 2010;
CP55940 CP55940 CB1/CB2  Cabral et al., 2008
agonist
BAY 38-7271 BAY 38-7271 CB1/CB2  Mauler et al., 2003
agonist
SR141716 SR141716 CB1 Nagayama et al., 1999;
antagonist van der Stelt et al.,
2001; Spyridakos et al.,
2022
JWH-133 JWH-133 CB2 agonist Baker, et al., 2000;
Wang et al., 2018; Cakir
etal, 2019
VCE-004.8 VCE-004.8 CB2/PPARy Navarrete et al., 2022
agonist
AM1710 AM1710 CB2 agonist Spyridakos et al., 2022
Dexabinol (HU-211) HU-211 NMDA Shohami et al., 1993
receptor
antagonist
URB597 URB597 FAAH Celorrio et al., 2016;
inhibitor Wang et al., 2021
N-arachidonoyl- AM404 eCB Saliba et al., 2019
phenolamine (AM404) transport
inhibitor

5-HT1A: 5-Hydroxytryptamine 1A; CB1/CB2: cannabinoid receptor 1/cannabinoid
receptor 2; CBD: cannabigerol; eCB: endocannabinoid; FAAH: fatty acid amide
hydrolase; GPR55: G-protein-coupled receptor 55; NMDA: N-methyl-D-aspartate; PPARy:
peroxisome proliferator antigen receptor y; THC: A9-Tetrahydro-cannabinol; TRPV2:
transient receptor potential V1 or vanilloid receptor.

symptoms of certain diseases, but the psychoactive properties can make
the drug unattractive for many people. There is a significant focus on CBD
in neurological diseases, as CBD does not activate cannabinoid receptors
except at very high concentrations in vitro, and therefore does not have
the psychotropic effects of THC (Ibeas Bih et al., 2015). This has prompted
researchers to find cannabinoids, or cannabinoid mimetics that can alleviate
symptoms of disease but not negatively affect the cognitive function of the
patient. Cannabinoids can be chemically modified in various ways, resulting in
drugs that may alter their selectivity, stability, and efficacy.

Many types of cell and animal models have been utilized to determine the
molecular, cellular, and physiological function of cannabinoids and eCBs. Early
studies on cannabinoids utilized simple cellular model systems, such as cell
lines and primary cells and rodent models, for studying the pharmacokinetic,
pharmacodynamic and behavioral properties of cannabinoids. For example,
neural progenitor cell-derived neurons, such as ReN cells, are becoming more
common for studying human neuronal development and neurodegeneration.
ReN cells are easily differentiated, eliminating the need to use transformed
cell lines and primary neuronal models (Duncan et al., 2022). In recent
years, new experimental models are being implemented that circumvent the
limitations of single cell and whole animal models. Some of these models
include 3-dimensional cell cultures, ex vivo cultures and organotypic explant
cultures. Organotypic cultures have been widely used due to the preservation
of tissue architecture and the maintenance of native cellular function (Jones
et al., 2010; Landucci et al., 2022).

These experimental models have allowed scientists to determine the receptors,
enzymes, and signaling pathways that cannabinoids affect, and have supported
the idea that cannabinoids are generally safe, have physiological effects on
multiple organ systems and are readily metabolized and removed from tissues
(Table 3). This review focuses on the preclinical experimental models that have
been utilized to understand the mechanism of how cannabinoids function
in the central nervous system, how new models are becoming available to
improve and speed up research on cannabinoids, and the current state of
clinical trials on cannabinoids for various human diseases.

Search Strategy

Results from the search strategies using the titles of each sub-heading as
search terms and selection criteria in PubMed (accessed May 6, 2023) for all
available years are being presented subsequently.

Cannabinoids in Neuroprotection — Cell and
Tissue Models

Cannabinoids encompass a diverse range of molecules and elicit diverse
functions in the CNS such as neuronal development, function, and viability
(Sarne and Mechoulam, 2005). In vitro studies have uncovered a role of
endocannabinoids in tissue development in the CNS. Better understanding
the role they play on development is important as the recreational use of
cannabis has a possible effect on neuronal development (Galve-Roperh et al.,
2013).

A balance between enzymes involved in eCB biosynthesis and degradation
regulating the optimal eCB concentration elicit neuroprotection in ischemic,
inflammatory, and traumatic injuries (Sarne and Mechoulam, 2005).
Several in vitro studies have determined that cannabinoids and eCBs exhibit
neuroprotective properties either via a CB1/CB2 receptor-dependent or
CB1/CB2-independent mechanism (Nagayama et al., 1999; van der Stelt et
al., 2001; Marsicano et al., 2002; Mauler et al., 2003; Duncan et al., 2009).
A few ubiquitous pathophysiological processes occur in the CNS, including
excitotoxicity, oxidative stress, and inflammation. The combination of these
pathophysiological processes can contribute to the development and/or
progression of several neurodegenerative diseases. As such, studies have
been conducted to determine whether cannabinoids and/or eCBs are
neuroprotective against these pathophysiological processes.

Excitotoxicity

Excitotoxicity is a neuronal injury that occurs from over activation of
jonotropic glutamate receptors in neurons leading to excessive intracellular
calcium concentrations that trigger cell death. Diseases that exhibit
excitotoxicity as a pathophysiological event include seizures, ischemic stroke,
and trauma, but excitotoxicity can play a role in many other neurological
disorders and diseases.

Phytocannabinoids can elicit neuroprotection in models of excitotoxicity. CBD
and THC protect rat cortical neurons against glutamate toxicity produced by
jonotropic glutamate receptor over-activation independent of cannabinoid
receptor function (Hampson et al., 1998). Cannabinoids also inhibit peroxide-
induced oxidative damage like other antioxidant compounds and have been
shown to be more effective than ascorbate or a-tocopherol against glutamate
toxicity (Hampson et al., 1998).

Organotypic cultures are ex vivo model systems consisting of a piece of
tissue, particularly from an organ, that is maintained in culture long enough
for experimental treatments or interventions to be performed. Studies
utilizing explant or organotypic culture systems have been proved useful
in determining whether cannabinoids/endocannabinoids can reduce
excitotoxicity in ex vivo models of epileptic activity. CBD attenuated kainite
mediated CA3 injury in rat organotypic hippocampal slice cultures (OHSCs)
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Table 3 | Neuropathology/neuroprotection studies using in vitro/ex vivo models
Pathology Model Pathology eCB/CB Target Reference
Excito-toxicity Rat cortical neurons Glutamate toxicity CBD, THC AO function Hampson et al., 1998
OHSCs 4-Aminopyridine-induce seizures ~ CBD Not determined Jones et al., 2010
NMDA-induced excitotoxicity 2-AG, PEA GPR55, GPR18 and GPR119 (2-AG); PPARa Hohmann et al., 2019
(PEA)
NMDA-induced excitotoxicity AM-404 Reduced glutamate release increase in 2-AG,  Saliba et al., 2019
AEA (via presynaptic CB1R?)
Kainate excitotoxicity CBD SHT1A, TRPV1/2, PPARy Landucci et al., 2022
Retina explants Glutamte excitotoxicity LLEA Not determined Duncan et al., 2010

Oxidative Stress

HT-22, cerebellar

Glutamate-, peroxide-induced

CBD, THC, WIN 55212,

Direct AO effect

Marsicano et al., 2002

granule cells oxidative stress CP55940
HT-22 cells Peroxidative stress PEA Unknown- possibly Akt activity Duncan et al., 2009
Ischemia HT-22 cells 0OGD CBD Not determined Sun et al., 2017

Primary cortical neurons OGD

N-stearoyl-tyrosine

Reduced FAAH activity, inhibition of
anandamide transporter

Cuietal., 2017

Primary cortical neurons OGD WIN 55212-2 CB1/CB2-independent Nagayama et al., 1999
OHSCs 0OGD THC, CBD PPARy, 5-HT1A and TRPV2 Lana et al., 2022
0OGD Bedrocan®, THC, CBD  CBD neuroprotection involved PPARy, 5-HT1A Landucci et al., 2021
and TRPV2 THC toxicity involved CB1
Inflammation OHSCs Secondary to kainate excitotoxicity CBD 5-HT1A, TRPV1/2, and PPARy Landucci et al., 2022

Secondary to NMDA excitotoxicity

2-AG, AEA, THC and
AM630

Inhibited microglial chemotaxis (2-AG) via CB2

Cabral et al., 2008

LPS CBD Inhibited LPS-mediated vasodilation, reduced  Ruiz-Valdepefias et al.,
leukocyte margination 2011
Infection Amoeba Infection eCBs Inhibited amoeba chemotaxis & growth via Dey et al., 2010
CB2
AD/PD HEK293 Hyperphosphorylated tau JWH133 Decreased tau phosphorylation Wang et al., 2018
STHdhQ7/Q7 cells thapsigargin CBD Increased cell viability Patel et al., 2022

2-AG: 2-Arachidonoylglycerol; 5-HT1A: 5-hydroxytryptamine 1A; AD: Alzheimer’s disease; AEA: arachidonoylethanolamide; AO: Antioxidant; CB: cannabinoid; CB1/CB2: cannabinoid
receptor 1/cannabinoid receptor 2; CBD: cannabigerol; eCB: endocannabinoid; FAAH: fatty acid amide hydrolase; LLEA: linoleoylethanolamine; LPS: lipopolysaccharide; OGD: oxygen-
glucose deprivation; OHSCs: organotypic hippocampal slice cultures; PD: Parkinson’s disease; PEA: palmitoylethanolamine; PPARy: peroxisome proliferator antigen receptor y; THC:

A9-Tetrahydro-cannabinol; TRPV2: transient receptor potential V1 or vanilloid receptor.

while THC worsened hippocampal damage. CBD neuroprotection was
inhibited by antagonists of receptors, 5-hydroxytryptamine 1A (5-HT1A),
TRPV1/2, and PPARy, suggesting that these are targets for CBD (Landucci et
al., 2022).

The impact of CBD treatment was determined in vitro with multielectrode
array recordings utilizing an Mg”—free and 4-aminopyridine epilepsy model
in OHSCs (Jones et al., 2010). Using the Mgz*—free model, CBD was shown to
reduce amplitude of local field potential (LFP) burst (in dentate gyrus (DG) and
CA1 hippocampal regions) and decrease duration of LFP bursts and increase
frequency of LFP burst (in all regions). In a 4-aminopyridine model of epilepsy,
CBD treatment reduced amplitude (in CA1), duration of burst (in DG and CA3)
and frequency of bursts (all regions) (Jones et al., 2010).

Like phytocannabinoids, eCBs can elicit neuroprotection against N-methyl-
D-aspartate (NMDA)-induced excitotoxicity. 2-AG or palmitoylethanolamine
(PEA) reduced microglial cell activation and neuronal damage after
excitotoxicity in OHSCs (Hohmann et al., 2019). 2-AG activation of abnormal
cannabidiol (abn-CBD) receptors, which include GPR55, GPR18 and GPR119,
led to neuroprotection while PEA neuroprotection was mediated by PPARa.
While 2-AG and PEA themselves were neuroprotective, co-application was not
(Hohmann et al., 2019). PEA and 2-AG had opposing activities on nitric oxide
generation. No changes in microglial proliferation occurred after treatment
(Hohmann et al., 2019). PPARa distribution was affected by the addition of
PEA or 2-AG, but the expression of PPARa was unaltered.

Like phytocannabinoids and endocannabinoids, synthetic cannabinoids
can elicit neuroprotection against excitotoxicity. The activity of
N-arachidonoylphenolamine (AM404), an AEA/NAE transporter, on NMDA-
mediated Ca” release was measured in hippocampal slices (Saliba et al.,
2019). AM404 reduced NMDA-mediated cell death by reducing glutamate
release, Ca’* signaling, and interleukin-1pB expression (Saliba et al., 2019).

In glaucoma, the neuroprotection of retinal ganglion cells (RGCs) has been
an approach to decrease the severity of the disease. Excitotoxicity is one
of the contributors to RGC death and treatment of retinal explants with
N-linoleoylethanolamine (LLEA) reduced RGC apoptosis due to glutamate
excitotoxicity (Duncan et al., 2010). Taken together, the studies discussed
above and others provide strong evidence that CBD and eCBs, and possibly
THC, in some cases, provide neuroprotection against excitotoxicity.

Oxidative stress

Oxidative stress, caused by excessive reactive oxygen species, is implicated in
many diseases. While this section focuses on the effects of cannabinoids and
eCBs in models of oxidative stress, the results of the studies reviewed may
be relevant to several of the neurodegenerative diseases discussed below.
Endocannabinoids cannot act as direct antioxidants due to their molecular
structure, but phytocannabinoids have a multi-ring structure containing a
phenolic group that can act as a direct antioxidant.

The mouse hippocampal cell line HT22 has been used for several years
to study glutamate- and peroxide-induced oxidative stress. The phenolic
structure appears to be required for the antioxidant activity of cannabinoids
(Marsicano et al., 2002). Results from CB1-overexpressing HT22 cells
and cultured cerebellar granule cells indicate that the antioxidant
neuroprotective effects of cannabinoids are independent of CB1 (Marsicano
et al., 2002). Endocannabinoid NAEs protect neuronal cells from oxidative
stress by activating pro-survival signaling pathways (Duncan et al., 2009).
Palmitoylethanolamine (PEA) protected HT22 cells from oxidative stress via
phosphorylation and nuclear translocation of Akt and upregulation of ERK1/2
expression (Duncan et al., 2009). The protective effects described in this study
were CB2 receptor independent.

Many neuronal cell lines have limitations including a lack of a phenotype
similar to primary neurons. The aforementioned human neural stem cell
derived line, ReN, can grow in the presence of growth factors and then be
differentiated with growth factor withdrawal. ReN cells have been used to
measure how oxidative stress mediates the expression of multiple proteins
involved in cannabinoid signaling (Duncan et al., 2022). Mild, non-lethal,
oxidative stress upregulates the expression of CB1, CB2, FAAH, NAAA and
NAPE-PLD, supporting the idea that they can defend against oxidative stress in
neurons derived from progenitor cells (ReN cells). Oxidative stress in ReN cells
results in the nuclear localization of FAAH, an enzyme that degrades eCBs
(Duncan et al., 2022).

Hypoxia/oxygen-glucose deprivation

CBD neuroprotective potential was determined using an oxygen-glucose
deprivation and reperfusion (OGD/R) paradigm in a mouse hippocampal
neuronal cell line (Sun et al., 2017). During reperfusion, CBD treatment
prevented OGD/R-mediated cell death, reduced ROS production and
lipid peroxidation. CBD improves basal respiration, oxygen consumption
rate, glucose utilization, and spare respiratory capacity (Sun et al., 2017).
N-stearoyltyrosine, an AEA analogue, exhibited neuroprotection against OGD-
mediated injury accompanied by reduced FAAH activity and inhibition of the
anandamide transporter (Cui et al., 2017). In addition, the synthetic CB1/2
agonist, R(+)-WIN 55212-2, protected cultured cortical neurons from hypoxia
and glucose deprivation in vitro and this effect was non-stereoselective and
was not affected by antagonists of CB1 and CB2 receptors (Nagayama et al.,
1999).

Organotypic hippocampal slice cultures from rat brains have been widely used
as an explant model to study ischemic injury. CBD or THC activity in rat OHSCs
subjected to OGD was determined (Lana et al., 2022). Expression of neuronal
TRPV2 was diminished after OGD, but was elevated in activated microglia (Lana
et al., 2022). CBD augmented the expression of TRPV2, reduced microglia
phagocytosis, and amplified microglia following OGD (Lana et al., 2022). THC
had opposing effects to those of CBD as it exacerbated the ischemic effects.
CBD elicited neuroprotection generated in part by TRPV2 channels. Incubation
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with the Bedrocan® cultivar extract, which has a low concentration of CBD or
incubation with THC, increased CA1 injury elicited by OGD (Landucci et al.,
2021). A9-THC toxicity was blocked by antagonists of CB1. CBD administration,
on the other hand, mediated neuroprotection that was inhibited by PPARYy,
5-HT1A and TRPV2 antagonists (Landucci et al., 2021). Altogether, these
studies suggest that CBD and eCBs provide neuroprotection against OGD.

Inflammation/infection

CB1 is expressed at basal levels in the CNS, while CB2 is upregulated during
inflammation, particularly in microglia, which exerts an important function
during inflammation (Cabral and Griffin-Thomas 2008). Cannabinoid receptors
may play a role in the prevention of neuropathological diseases, such as
multiple sclerosis, Alzheimer’s disease, traumatic head injury, amyotrophic
lateral sclerosis (ALS) and HIV encephalitis (reviewed in Cabral and Griffin-
Thomas 2008). CB2R is upregulated during inflammation in brain tissue,
predominantly in microglia, and primary brain microvascular endothelial
cells (BMVECs) (Cabral et al., 2008; Ramirez et al., 2012). The addition of CB2
agonist increased transendothelial electrical resistance and upregulated tight
junction proteins. CB2 agonists reduced vascular cell adhesion molecule-1 and
intercellular adhesion molecule-1 surface expression in brain microvascular
endothelial cells when exposed to proinflammatory conditions (Ramirez et al.,
2012).

In rat OHSCs, CBD inhibited microglial activation from an MO transition toward
an M2 phenotype (Landucci et al., 2022). Constitutive expression of CB1 is
low while CB2 expression is elevated. Elevated expression of CB2 is associated
with primed microglia. 2-AG can initiate microglial chemotaxis via CB2 (Cabral
et al., 2008). These data suggest that CB2 may be therapeutic target to
prevent inflammation in the CNS.

In vitro, treatment with a dual CB2/PPARy agonist, VCE-004.8, inhibited
microvascular endothelial cell barrier dysfunction under proinflammatory
conditions (Navarrete et al., 2022).

Several eCBs reduce the growth of amoebae at low doses (Dey et al.,
2010). THC and CP55940 reduce the chemotactic activity of microglia
to Acanthamoeba culbertsoni, the cause of granulomatous amoebic
encephalitis, via CB2R activation (Cabral et al., 2008). THC can also reduce
the in vitro growth of some pathogenic amoebae and worsens amoebic
encephalitis in animal models (Dey et al., 2010). Overall, in addition to
reducing inflammation, CB2 activation may reduce the severity of amoebic
encephalitis.

Neurodegenerative diseases

In HEK293 tau cells, the CB2 agonist, JWH133, decreases tau phosphorylation,
but the effect is blocked by AMPK inhibition (Wang et al., 2018). In transfected
HEK-293T cells, CB2-orexin receptor complexes have been identified (Raich
et al., 2022). The OX1R antagonist, SB334867, augments activation of CB2 by
JWH133, which is also observed in transfected HEK-293T cells and microglia,
and even more prominent in the APPSw/Ind animal model of Alzheimer’s
disease (Raich et al., 2022). This study suggests that CB2 may be a potential
therapeutic target for treating some pathophysiological aspects found
Alzheimer’s disease.

The aggregation of misfolded endoplasmic reticulum (ER) proteins is a
pathophysiological feature common to many neurodegenerative diseases. The
unfolded protein response and ER stress lead to apoptosis. In a study by Patel
et al. (2022), mouse STHdhQ7/Q7 striatal cells were exposed to thapsigargin,
an ER stress inducer, and/or CBD. And the cells pretreated with CBD prior to
exposure to thapsigargin showed increased cell viability (Patel et al., 2022).

R6/2 mice express fragment of the human huntingtin (HTT) protein with
multiple CAG repeats which makes them a useful mouse model to study
Huntington’s disease (HD). PET resonance spectroscopy analysis of ex vivo
striatal cultures from R6/2 mice exhibited changes in predictive indicators
typical in HD patients, some of which were prevented by administration of
the nabiximols oromucosal spray (THC and CBD in a 1:1 ratio) (Valdeolivas et
al.,, 2017).

Cannabinoids in Neuroprotection — Animal
Models

Excitotoxicity and seizures

Animal studies are useful to determine whether cannabinoids can elicit
neuroprotection against excitotoxicity (Table 4). In a longitudinal study with
magnetic resonance imaging, THC decreased excitotoxic nerve cell damage in
neonatal rats intracerebrally injected with ouabain, a Na'/K'-ATPase inhibitor
and inducer of seizure activity (van der Stelt et al., 2001). THC diminished the
volume of edema and reduced neuronal damage (van der Stelt et al., 2001).
Co-administration of the CB1 antagonist SR141716 with THC blocked the THC-
mediated neuroprotection. In addition, THC-treated rats showed a reduction
in the volume of astrogliotic tissue (van der Stelt et al., 2001).

Animal studies are also critical to determine whether eCBs can reduce
epileptic activity in models of epilepsy. Temporal lobe epilepsy is often
characterized by epileptic foci in the limbic system, a precipitating injury, a
period of latency, and sclerotic lesions in the hippocampus causing neuronal
network remodeling (Curia et al., 2008).

NEURAL REGENERATION RESEARCH @
www.nrronline.org .~

CBD effects were determined in vivo using the pentylenetetrazole model of
generalized seizures. CBD produced anticonvulsant effects with decreased
incidence of severe seizures and mortality (Jones et al., 2010). In the
pilocarpine model, status epilepticus is followed by a latent period followed
by the development of spontaneous recurrent seizures (Curia et al., 2008).
The use of these models could prove useful in studying the efficacy of
cannabinoids and eCBs in epilepsy.

Synthetic cannabinoids are being tested for their ability to treat multiple
neurodegenerative diseases. The benefits of developing and using synthetic
cannabinoids against disease include their potential specificity (selectivity)
for a particular target protein and their potential superior distribution and
resistance to degradation compared to phytocannabinoids. HU-211, a
synthetic non-psychotropic cannabinoid, exhibits NMDA receptor antagonism
which can reduce seizure activity (Shohami et al., 1993).

Oxidative stress

Oxidative stress is a ubiquitous pathophysiological condition that occurs when
oxidative damage reaches a point where the cell’s antioxidant system cannot
keep up. Oxidative stress occurs in most diseases and is co-pathology of
excitotoxicity, inflammation and trauma. Iron can catalyze the generation of
highly reactive hydroxyl radicals from reactive oxygen species. Iron overload
in the brain induces oxidative stress and memory deficiency in adult rats. da
Silva et al. (2018) investigated whether iron overload during the neonatal
period resulted in long-term consequences in memory function in adult rats.
Postnatal male rats received iron carbonyl which induced the expression of
several pro-apoptotic proteins and CBD administration prevented the iron-
mediated effects (da Silva et al., 2018).

Hyperglycemia can induce endocannabinoid system (ECS) perturbations
and preclinical studies suggest that the ECS can affect oxidative stress,
inflammation and tissue injury mediated by diabetes (Gruden et al., 2016).
The neuroprotective properties of CB1 inhibition and CB2 activation were
determined in diabetes-mediated (using a streptozotocin (STZ)-induced
diabetes model) retinal toxicity (Spyridakos et al., 2022). CB2R activation (with
AM1710), CB1 inhibition (with SR141716), or dual treatment (SR141716/
AM1710) reduced diabetes-induced nitrative stress, a form of free radical
stress. Each type of single exposure protected RGC axons and decreased
vascular permeability, while CB2 activation (AM1710) alone prevented all
toxic effects (Spyridakos et al., 2022).

Ischemia and stroke

Animal studies have proved useful for determining whether eCBs are
neuroprotective in models of ischemic stroke (Table 4). The middle cerebral
artery occlusion (MCAQ) model in rats has been utilized extensively to induce
ischemia-reperfusion injury in vivo. Use of this model led to the discovery
of many potential neuroprotectants including cannabinoids and eCBs.
Several studies with NAE eCBs have revealed a neuroprotective effect in
stroke models. For example, PEA administration prior to or following stroke
diminished cortical and subcortical infarct volume and was associated with
improved neurological function (Garg et al., 2010). The neuroprotection
was CB1 and VR1 independent. AM404 administration to prevent NAE
uptake prevented PEA-elicited neuroprotection, indicating that its effects
are mediated through an intracellular mechanism or via TRV1 activation or
COX1/2 inhibition (Garg et al., 2010). PEA decreased the number of apoptotic
cells and decreased expression of NFkB and inducible nitric oxide synthase.

The non-cannabinoid NAE, LLEA, was tested for its ability to protect against
ischemia-reperfusion injury in a rat MCAO model. LLEA administration prior
to ischemia/reperfusion (I/R) injury led to decreased cortical infarct volume
and improved neurological deficit score (Garg et al., 2011). The plant derived
NAE, lauroylethanolamine, improved neurological deficits without reducing
lesion size (Garg et al., 2011). Using a lipidomics approach, alterations in the
composition and concentration of NAE intermediates were measured in a rat
model of cerebral ischemia (Kilaru et al., 2011). Ischemia resulted in elevated
levels of PEA and stearoylethanolamine, NAPE, and free fatty acid species.
PEA pretreatment decreased infarct volume, neurological deficiencies, and
the composition of free fatty acids in ischemic tissues of rats (Kilaru et al.,
2011).

Synthetic cannabinoids have been tested in animal models of stroke to
determine if they exhibit neuroprotective properties. CB1 agonist (WIN
55212-2) administration reduced the loss of hippocampal neurons following
transient global cerebral ischemia and it decreased infarct volume following
focal cerebral ischemia elicited by MCAO in rats (Nagayama et al., 1999). The
WIN 55212-2-mediated neuroprotection was inhibited by the CB1 receptor
antagonist, SR141716A (Nagayama et al., 1999). The CB1 receptor agonist,
BAY 38-7271, elicited significant neuroprotection when administered after
subdural hematoma (Mauler et al., 2003). BAY 38-7271 generated cortical
and striatal neuroprotection in the rat MCAO model decreasing intracranial
pressure (Mauler et al., 2003).

FAAH inhibitors prevent the degradation of eCBs leading to an increase in
their concentrations. A vascular dementia animal model was created by
utilizing bilateral common carotid artery occlusion. Treatment of animals
with the FAAH inhibitor, URB597, prevented the reduction in growth factor
expression and spatial memory and learning deficiencies induced by bilateral
common carotid artery occlusion (Wang et al., 2021).
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Table 4 | Cannabinoid studies in animal models

Disease model Animal Disease model eCB/CB Target/mechanism Reference
Seizures Rat Pentylenetetrazole CBD Not determined Jones et al., 2010
Rat (neonatal) Quabain THC CB1-mediated neuroprotective effect van der Stelt et al., 2001
Oxidative stress Rat (postnatal to Iron overload (iron CBD Prevented loss of memory function da Silva et al., 2018
adult) carbonyl)
Rat STZ-induced oxidative ~ SR141716, CB1 inhibition (SR141716) and/or CB2 activation (AM1710) Spyridakos et al., 2022
stress AM1710 reduced nitrative stress
Stroke Rat MCAO PEA Neuroprotection was CB1-/VR1-independent but AM404 Garg et al., 2010
prevented protection
Rat MCAO LLEA Decreased cortical infarct volume and improved neurological ~ Garg et al., 2011
deficit score
Rat MCAO WIN 55512-2, Neuroprotection elicited by CB1 agonist (WIN 55512-2), was ~ Nagayama et al., 1999
SR141716A inhibited by CB1 antagonist (SR141716A)
Rat MCAO BAY 38-7271 Generated neuroprotection; decreased intracranial pressure  Mauler et al., 2003
Rat BCCAO URB597 FAAH inhibition improved spatial memory and learning; Wang et al., 2021
prevented neuronal death
Inflammation Mouse LPS injection CBD Inhibited vasodilation, reduced leukocyte margination, blocked Ruiz-Valdepefias et al., 2011
TNFa, COX-2 and iNOS upregulation, and maintained integrity
of the blood-brain barrier
Mouse Human PBL/HIVE Gpla Gplais a CB1 agonist; decreased human cell penetration into  Gorantla et al., 2010
immunodeficient mice the mouse brain
Rat (neonatal) Quabain THC THC reduced astogliosis van der Stelt et al., 2001
Rat Borna virus infection WIN 55,212 Protected proliferating striatal progenitor cells, inhibition Solbrig et al., 2010
of microglia activation; augmented striatal progenitor cell
proliferation/survival; increased number of proliferating
oligodendrocyte progenitor cells and reduced phagocytic cells
Traumatic brain injury Mouse Controlled cortical VCE-004.8 Promoted neovascularization, blocked infiltrations of immune Navarrete et al., 2022
impact cells, and reduced neuroinflammation and inhibited neuronal
death
Rat Closed concussive injury BAY 38-7271 Neuroprotection Mauler et al., 2003
Rat Closed concussive injury HU-211 Improved motor function in a head trauma model Shohami et al., 1993
Multiple sclerosis Mouse Experimental THC & CBD THC and CBD reduced IL-6 and IL-17, elevated Kozela et al., 2013

FAAH KO mouse

autoimmune
encephalitis (EAE)
Chronic mouse EAE
model

Elevated eCBs

Mouse Experimental allergic WIN 55,212,
uveitis model CP55,940,
SR141716
C57BI/6 mouse  Cuprizone-induced THC

demyelination

Mouse Chronic relapsing WIN 55,212, THC,
experimental allergic methanandamide
encephalomyelitis and JWH-133

Alzheimer’s disease Mouse CB27" mice n.a.

Rat Okadaic acid (OKA) JWH-133
induced spatial memory
impairment

Parkinson’s disease Mouse MPTPp URB597
Monkey MPTP, L-DOPA n.a.
AMD Mouse SOD1G93A mutant mice WINS5,212-2
Huntington’s disease  Mouse R6/2 mouse Nabiximols
Pain Rat Sciatic nerve CBD
constriction;
inflammatory pain
Rat Arthritis pain CBD
Mouse Neuropathic pain CBD-NLC-gel
Neuropsychiatric Mouse Chronic stress model CBD
disorders Mouse Olfactory bulbectomy ~ CBD

model of depression

immunosuppressive cytokine, IL-10; THC and CBD decrease
the Th17 phenotype

Displayed greater clinical remission compared to wild type
mice

CB1 agonists elicited neuroprotection

Regeneration of oligodendrocytes, remyelination of white
matter, and recovery of motor function

Ameliorated both tremor and spasticity

Tau hyperphosphorylation, mitochondria dysfunction, and
memory dysfunction

Prevented the increase in caspase-3, AB, phosphorylated tau,
and IL-1P in cortical and hippocampal regions

Inhibited motor impairment via CB1/CB2

MPTP & L-DOPA treatments altered the expression of CB1 &
2-AG metaboloc enzymes

WIN55,212-2 (CB1/CB2 agonist) slows disease progression
Reduced clasping behavior
Reduced hyperalgesic effect via TRPV1

Transdermal delivery of CBD reduced inflammation and pain
Nasal delivery of CBD-nano-structured lipid carrier complex
Anxiolytic effects, increase in hippocampal neurogenesis

Increase in glutamate and serotonin in the ventromedial
prefrontal cortex via SHT1A inhibition

Webb et al., 2008

Pryce et al., 2003

Aguado et al., 2021

Baker et al., 2000

Wang et al., 2018

Gakir et al., 2019

Celorrio et al., 2016
Rojo-Bustamante et al., 2018

Bilsland et al., 2006
Valdeolivas et al., 2017
Costa et al., 2007

Hammell et al., 2016
Matarazzo et al., 2020
Schiavon et al., 2016
Linge et al., 2015

AB: Amyloid B; AMD: age-related macular degeneration; BCCAO: bilateral common carotid artery occlusion; CB: cannabinoid; CBD: cannabidiol; EAE: experimental autoimmune
encephalitis; IL-1B: interleukin-1B; IL-10: interleukin-10; IL-17: interleukin-17; IL-6: interleukin-6; KO: knockout; L-DOPA: levodopa; LLEA: N-linoleoylethanolamine; LPS:
lipopolysaccharide; MCAO: middle cerebral artery occlusion; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MPTPp: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine and
probenecid; PEA: N-palmitoylethanolamine; STZ: streptozotocin; Th17: T helper cell 17; THC: A9-Tetrahydro-cannabinol.

Infection, inflammation and autoimmunity

The ECS plays a role in neurotropic infections and neuroinflammation. CB1
was upregulated in brains with HIV encephalitis and CB2 was upregulated in
the preferentially in the white matter (Cosenza-Nashat et al., 2011). CB1 was
expressed in neurons, and both CB1 and CB2 were expressed in meningeal
macrophages and subpial glia. In brains with HIV encephalitis, CB1 was
expressed in microglia and perivascular cells, while CB2 was upregulated in
astrocytes, microglia, and perivascular macrophages (Cosenza-Nashat et al.,
2011). Chronic viral CNS infections can induce a reduction in prefrontal cortex
(PFC) and striatal activity (Solbrig et al., 2010). Chronic HIV-1 infection damages

cognitive and motor functions because of leukocyte entry into cerebral
perivascular regions, causing blood-brain barrier and neuronal injury (Gorantla
et al., 2010). The ECS regulates immune functions as well as neuronal and glial
activity. Human PBL/HIVE immunodeficient mice exhibited microglial activation
(positive for Iba-1 staining) and elevated CB2 expression in the brain. The
CB2 agonist, Gpla, decreased the penetration of human cells into the mouse
brain (Gorantla et al., 2010). Cannabinoids exhibit beneficial effect on vascular
endothelial cell function, which is important for blood-brain barrier function
and neuronal viability. The use of bacterial lipopolysaccharide (LPS) has been
used to elicit some of the effects of bacterial blood infections and septic shock.
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For example, CBD inhibited LPS-mediated vasodilation in pia vessels and
reduced leukocyte margination (Ruiz-Valdepefias et al., 2011). CBD blocked
LPS-mediated upregulation of TNFa, COX-2 and iNOS and it maintained the
integrity of the blood-brain barrier (Ruiz-Valdepefias et al., 2011).

A common model of CNS-immune system interactions is rats infected
with Borna disease virus. Borna disease virus in rats leads to cortical and
subcortical infection with motor dysfunction. Borna disease virus infection of
the hippocampus inhibits neurogenesis (Solbrig et al., 2008). CB1/2 agonist,
WIN 55,212, treatment protected proliferating striatal progenitor cells via
inhibition of microglia activation. Proliferating progenitor cell populations
were reduced in rats with Borna disease virus. WIN 55,212-2 augmented
striatal progenitor cell proliferation and survival. WIN 55,212-2 increased
the number of proliferating oligodendrocyte progenitor cells and reduced
phagocytic cells (Solbrig et al., 2010).

The myelin oligodendrocyte glycoprotein model of experimental autoimmune
encephalomyelitis (EAE) in rats has been useful in identifying potential
neuroprotective strategies in demyelinating diseases such as multiple
sclerosis. The release of the proinflammatory cytokine, interleukin (IL)-17,
from T-helper 17 cells leads to chemokine release and subsequent neutrophil
infiltration which can cause local tissue damage. THC and CBD decrease the
Th17 phenotype which is increased in Multiple Sclerosis (Kozela et al., 2013).
Reactivation of myelin oligodendrocyte glycoprotein 35-55-specific T cells
generating EAE resulted in increases in IL-6 and IL-17. These increases in
IL-6 and IL-17 could be attenuated by CBD and THC. CBD pretreatment also
elevated the concentration of the immunosuppressive cytokine, IL-10 (Kozela
et al., 2013). CB1 deficient mice are more susceptible to inflammation and
exhibit neurodegeneration in EAE and CB1 agonists elicit neuroprotection
against inflammation in an experimental allergic uveitis model (Pryce et al.,
2003). Since FAAH regulates the concentration of some endogenous eCBs,
FAAH inhibition or knockout may elicit anti-inflammatory and neuroprotective
effects (Webb et al., 2008). AEA, PEA and oleoylethanolamine concentrations
were increased in mice lacking FAAH displayed greater clinical remission in a
chronic EAE model compared to wild type mice (Webb et al., 2008).

THC administration can increase the regeneration of oligodendrocytes,
remyelination of white matter, and recovery of motor function (Aguado et
al., 2021). THC also initiates axonal remyelination in organotypic cerebellar
cultures. THC remyelinating activity was dependent on the differentiation of
oligodendrocyte precursor via CB1 (Aguado et al., 2021). In mouse models,
cannabinoid receptor agonists reduce spasticity associated with multiple
sclerosis (MS) (Baker, et al., 2000). THC administration can prevent the onset
of a chronic relapsing experimental allergic encephalomyelitis model of
MS in rodents. Overall, these animal studies provide ample evidence that
cannabinoids may be potential therapies in the treatment of MS.

Age-related neurodegenerative diseases

The eCB system may play a role in the development or progression of some
neurodegenerative diseases. For example, CB2 may play a role in Alzheimer’s
disease (AD) pathology (Wang et al., 2018). CB2”™ mice exhibit tau
hyperphosphorylation, mitochondria dysfunction, and memory dysfunction
similar to what is observed in AD. Agonists of AMP-activated protein kinase
reversed most changes caused by CB2 deficiency in mice (Wang et al., 2018).
In AD animal models, the CB2-orexin receptor (CB2-OX1) complex is elevated
in microglia where OX1R inhibition increases the neuroprotective activity of
CB2 (Raich et al., 2022).

In the Okadaic acid (OKA) induced spatial memory impairment rat model,
caspase-3, amyloid B, phosphorylated tau, and IL-1B levels were elevated in
cortical and hippocampal regions (Cakir et al., 2019). Treatment with the CB2
agonist, JWH-133, prevented the increase in these proteins and improved
spatial memory (Cakir et al., 2019).

ECS components are found in the basal ganglia and dopamine depletion alters
their function. Inhibition of monoacylglycerol lipase and subsequent elevation
of 2-AG reduces glial activation and elicits neuroprotection in a chronic
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) administration mouse
model of Parkinson’s disease (Celorrio et al., 2016). The FAAH inhibitor,
URB597, was administered to mice treated with the dopaminergic neuron
toxin, MPTP and probenecid. URB597 inhibited motor impairment by MPTP
and probenecid and were prevented by CB1 and CB2 inhibitors and were
absent in CB1/2 deficient animals. Other FAAH antagonists exhibited similar
effects (Celorrio et al.,, 2016).

Levodopa-induced dyskinesia (LID) is a major side effect during the treatment
of Parkinson’s disease. The basal ganglia nuclei and striatum were dissected
from two groups of levodopa treated parkinsonian monkeys which exhibited
dyskinesia (Rojo-Bustamante et al., 2018). There were changes in CB1 and
2-AG metabolic enzyme expression which indicates that they may be involved
in and may be a therapeutic target for levodopa-induced dyskinesia (Rojo-
Bustamante et al., 2018).

Genetic diseases of the CNS

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease with
selective loss of motor neurons in the spinal cord, brainstem, and motor
cortex. Post-symptomatic treatment with WIN55,212-2 slows disease
progression in SOD1 mutant mice (SOD1G93A) (Bilsland et al., 2006). In
addition, genetic knockout of FAAH blocked the onset of disease in post-
symptomatic SOD1G93A mice, but it did not increase lifespan. Knockout
of CB1, however, had no impact on disease onset but increased lifespan,
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suggesting that the neuroprotective effects may be through a CB1-
independent mechanism (Bilsland et al., 2006).

Cannabinoids are also neuroprotective in models of HD (Valdeolivas et
al., 2017). The R6/2 mouse strain is a model for HD as they exhibit poor
performance in rotarod tasks and increased clasping behavior suggestive of
dystonia. Nabiximols given to R6/2 mice during the initial motor symptom
onset provided some improvements. Treatment with nabiximols reduced
clasping behavior but had no effect on rotarod performance (Valdeolivas
et al., 2017). Positron emission tomography carried out on R6/2 mice show
decreased basal ganglia metabolism which was reversed by treatment with
nabiximols.

Traumatic brain injury

Systemically administered PEA stabilized in rats the amplitude of cortical
spreading depression, which can be caused by traumatic brain injury, indicating
that mechanism other than direct modulation of neuronal excitability, such as
control of inflammation, could be relevant to eCB activity in the CNS (Richter
et al,, 2016). In a rat traumatic brain injury model, administration of the CB1/
CB2 agonist, BAY 38-7271, was neuroprotective (Mauler et al., 2003). The
synthetic cannabinoid, HU-211 improved motor function in a head trauma
model by increasing beam walking ability and reducing blood-brain barrier
breakdown and cerebral edema (Shohami et al., 1993).

Similarly, in a model of closed concussive injury, the CB2/PPARa dual agonist,
VCE-004.8, reduced cerebral edema by maintaining blood-brain barrier
integrity and prevented initial motor deficiencies following injury (Navarrete
et al.,, 2022). VCE-004.8 promotes neovascularization, blocked infiltrations of
immune cells, and reduced neuroinflammation and inhibited neuronal death
in the affected area (Navarrete et al., 2022).

Vision

The ECS is found in most tissues of the eye and is important for the visual
information processing in numerous species, including humans. Cannabinoid
receptors are expressed in both the glutamatergic and GABAergic pathways
in the monkey retina (Bouskila et al., 2021). The eCB system mediates normal
retinal function. Typical (canonical) cannabinoid receptors are comprised of
CB1 and CB2 while atypical (non-canonical) cannabinoid receptors include
GPR55 and TRPV1 (Bouskila et al., 2021).

Intravitreal administration of the CB1 inverse agonist, AM251, or the CB2
inverse agonist, AM630, increased ERG photopic (light) and scotopic (dark)
responses while the GPR55 agonist, lysophosphatidylglucoside, elevated the
scotopic response while the GPR55 antagonist, CID16020046, reduced the
scotopic response (Bouskila et al., 2021). Agonists of GPR55 can enhance
night vision in monkey rod photoreceptors and augment TRPV1 to maintain
contrast perception by enhancing horizontal cell lateral inhibition (Bouskila et
al., 2021).

Numerous studies have determined the neuroprotective properties of
phytocannabinoids, and eCBs, in retinal diseases (Rapino et al., 2018). The
presence of eCBs and respective receptors was identified in the retina of
many species and their role in visual processing has been determined, with
an emphasis on retinal neurodegeneration and neuroprotection (Rapino et
al., 2018).

Endogenous administration of eCBs has been used to determine
neuroprotective effects in a variety of models. A PEA emulsion in sterile
corn oil was administered via depot injection into young DBA/2 mice, a
commonly utilized mouse model of glaucoma, to increase tissue levels of
PEA. PEA concentrations were elevated in blood serum, heart, brain, and
retina. Elevated concentrations of other NAEs were also detected likely due
to the entourage effect of PEA, as NAE levels in the retina can be controlled
therapeutically (Grillo et al., 2013; Montgomery et al., 2016). These data
suggest that systemic administration of PEA via depot injection may present a
potential therapeutic strategy for increasing NAE-mediated neuroprotection.

Endocannabinoid receptors, CB1 and CB2 receptors, GPR55, and TRPV1,
are differentially distributed in the retina of the vervet monkey (Bouskila et
al., 2021). By activating the CB1 receptor in the monkey retina, cells were
protected from AMPA excitotoxicity. By activating the CB2 receptor in Muller
cells of the monkey retina, cytokines, nitric oxide, and reactive oxygen species
production can be regulated (Bouskila et al., 2021).

A study quantified NAEs and three oxylipin derivatives in retinas from young
and aged DBA/2Crl mice (Montgomery et al., 2016). AEA concentration was
reduced and the AEA oxylipin derivative, 15(S)-HETE ethanolamide, was
elevated in aged mice. Depletion of AEA by 15-lipoxygenase and subsequent
elevation of 15(S)-HETE ethanolamine suggests a possible role in the reduced
visual function in glaucomatous mice (Montgomery et al., 2016). Overall,
these studies suggest that the ECS and cannabinoids may be potential
therapeutic targets in retinal diseases.

Pain

In animal models of arthritis, cannabinoids reduce joint injury (Mbvundula et
al., 2006). CBD exhibits anti-inflammatory and immunomodulatory activity
and may elicit therapeutic benefits on chronic sciatic nerve constriction
(neuropathic pain) and inflammatory pain (Costa et al., 2007). The anti-
hyperalgesic effects of CBD in animals with neuropathic pain were blocked
by capsazepine, a TRPV1/vanilloid receptor antagonist. CBD reduced
prostaglandin E(2) (PGE(2)) and lipid peroxides, but not the activation of NFkB
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and tumor necrosis factor alpha (TNFalpha) expression (Costa et al., 2007).
CBD reduces inflammation and pain, but because of its low oral bioavailability,
topical CBD application has been used to improve plasma levels by averting
first pass metabolism. Transdermal CBD gel decreased joint swelling, pain,
and thickening of the synovial membrane (Hammell et al., 2016). Paw
withdrawal latency improved to near normal levels and there were decreases
in inflammatory proteins in the spinal cord (Hammell et al., 2016).

The delivery strategy for CBD has been studied in animal models of pain.
For example, a positively charged nanostructured lipid carrier (NLCs) for
the nasal delivery of CBD was developed (Matarazzo et al., 2021). Two
formulation, CBD-NLC (a solution) and CBD-NLC-gel (a gel), were tested and
both exhibited high mucoadhesion and similar in vitro drug release profiles.
Intranasal administration of the CBD-NLC formulation generated a greater and
longer lasting antinociception in animals with neuropathic pain compared to
treatment with the CBD solution. These results suggest that gelling hydrogels
are poor vehicles for lipophilic drugs including CBD, while cationic CBD-NLC
shows potential for nasal delivery of CBD (Matarazzo et al., 2021). Altogether,
in animal models of pain, CBD showed promise in reducing neuropathic and
inflammatory pain and new CBD delivery strategies may make CBD treatments
in humans more useful.

Neurogenesis in depression

CBD plays a role in synaptic plasticity, promotes neurogenesis and has positive
effects on reducing some psychotic-, anxiety- and depressive-like behaviors
(Campos et al., 2016). Antidepressant effects arise in part from the promotion
of neurogenesis (Schiavon et al., 2016). CBD treatment exhibits anxiolytic-
like effects in chronically stressed animals and is associated with an increase
in hippocampal neurogenesis. In non-stressed Swiss mice, repeated low dose
CBD administration increased neurogenesis in the DG and sub ventricular
zone (SVZ), but high dose CBD administration reduced neurogenesis
(Schiavon et al., 2016). CBD administration to olfactory bulbectomy model of
depression (OBX) in mice reduced hyperactivity and anhedonia suggestive of
antidepressant activity (Linge et al., 2015). CBD treatment elevated glutamate
and serotonin levels in the ventromedial prefrontal cortex and this was
blocked by 5-HT1A receptor inhibition (Linge et al., 2015).

Neural regeneration and regenerative medicine approaches

Stem cell-based therapies have become a promising strategy for replenishing
damaged cells in tissues and are especially attractive for the use in replacing
non-regenerative cells such as neurons (Zimmermann et al., 2018). As a
result, it is important to determine the roles that cannabinoids and eCBs play
in cellular growth, differentiation and migration.

CB1 and CB2 are expressed in stem cells and neural progenitor cells (NPCs)
early in embryonic development and are critical for NPC proliferation and
neuronal development (Galve-Roperh et al., 2013). The expression of CB1
increases and CB2 decreases during neuronal differentiation. CBRs are also
expressed in mesodermal and mesenchymal stem cells, indicating that the
eCB system could be an important therapeutic target in human diseases
(Galve-Roperh et al., 2013). eCB signaling is involved in neural progenitor
cell proliferation and subsequent neurogenesis. In HiB5 hippocampal
NPCs, activation of CB2 with HU-308 led to AKT-mTOR1 activation and NPC
proliferation (Palazuelos et al., 2012).

The role that eCBs, CB1, and monoacylglycerol play in Miller glia transition to
progenitor-like cells was investigated in mouse and chick models (Campbell
et al.,, 2021). The endogenous CB1 agonists, 2-AG and AEA, induced the
formation of Miller glia progenitor cells. NFKB expression in damaged mouse
retinas was decreased by CB1 activation but not in retinal microglia (Campbell
etal., 2021).

Increased endogenous 2-AG generation in neurosphere-derived neuroblasts
initiates surges of neuroblast motility that move further distances and exhibit
less frequent turning as well as a decrease in neuron-to-neuron contacts
(Turunen et al., 2018). Differentiation of SVZ and DG neurons was promoted
by activation of CB1 and/or CB2 via endogenous BDNF (Ferreira et al., 2018).
CB2 activation with HU-308 led to NPC proliferation in embryonic cortical
slices (Palazuelos et al., 2012). In SVZ cells, BDNF effects were blocked via
CB1 or CB2, while in DG cells it was via CB2 (Ferreira et al., 2018). In mouse
hippocampal organotypic slices, activation of CB1 promotes the formation
and stabilization of inhibitory boutons (Liang et al., 2021). Inhibitory bouton
development was mediated by elevated cAMP concentrations and activated
stimulatory G-proteins. PKA inhibition blocked CB1 receptor-mediated bouton
development indicating that axonal CB1 receptors may be coupled to different
second messengers (Liang et al., 2021).

Neural stem cells (NSCs) contain a functional ECS, including CB1. Using
triple-transgenic mice with conditional inactivation of CB1 in NCSs, it
was determined that CB1 deficiency in NSCs leads to reduced stem cell
proliferation and fewer neurons in newborns (Zimmermann et al., 2018).
Neuronal differentiation reduced the degree of dendritic maturation
suggesting a postsynaptic function of CB1. Impaired neurogenesis in NSC-
specific CB1 knockouts led to decreased hippocampal long-term potentiation
(Zimmermann et al., 2018). Human astrocyte spheroids, derived from the
D384 astrocyte cell line, were treated with the synthetic cannabinoid, MAM-
2201 which altered the cell growth, morphology, and viability (De Simone
et al., 2023). Since stem cell therapy holds promise as a new therapeutic
paradigm for the treatment of human diseases, determining the role of
cannabinoids and their receptors in stem cells has provided opportunities to
potentially improve stem cell therapy.

Cannabinoids in Human Disease

A systematic review of preclinical studies with CBD and neurological disorders
was carried out where CBD molecular targets were explored for their possible
use in neurological therapeutics with variable results (Ibeas Bih et al., 2015).
While over 65 molecular targets for CBD were reported, few were likely
targets for CBD activity in neurological disorders. It was concluded that CBD
was unlikely to elicit effects in neurological disorders via alteration of the ECS.
Furthermore, other reported molecular targets of CBD are likely not relevant
due to its use at high concentrations.

The therapeutic potential of cannabinoids exhibit variability in the quality
of evidence depending upon on the type of cannabinoid studied (Table 5).
CBD exhibits a therapeutic effect for epilepsy, MS and Parkinsonism while
there is a moderate degree evidence for dronabinol (synthetic THC) use in
chronic pain, appetite and Tourette. Likewise, there is a moderate degree
of quality evidence for the use of nabiximols for chronic pain, spasticity and
sleep (Bilbao and Spanagel, 2022). eCBs have been studied for their potential
neuroprotective and anti-inflammatory effects in Parkinson’s disease and
Alzheimer’s disease, respectively (Cooray et al., 2020).

Although cannabinoids and NAEs exhibit neuroprotective properties in
rodent models of ischemic stroke, human clinical studies and clinical trials
have not fully supported their use in patients. One clinical study found
that intracerebral hemorrhage patients with cannabinoids present in their
urine toxicology screen exhibit better outcomes such as milder IHC and less
disability at discharge (Di Napoli et al., 2016).

In a major double-blind, placebo-controlled clinical trial, Comprehensive
Rimonabant Evaluation Study of Cardiovascular ENDpoints Outcomes
(CRESCENDO), the CB1 inhibitor, Rimonabant, was tested to determine if it
exhibits therapeutic properties in cardiovascular disease and stroke patients
(Topol et al., 2010). There were 18,695 participants from 974 hospitals across
42 countries that were randomly assigned to the Rimonabant versus placebo
control group. The trial was prematurely discontinued, however, due to
concerning reports of an increase in neuropsychiatric side effects and suicides
(Topol et al., 2010). While this study was designed to measure an effect of
blocking cannabinoid receptors, it did not address whether cannabinoids,
or activation of CB1, would have a positive effect on stroke similar to that
observed in animal models.

Epilepsy and other seizure syndrome diseases

CBD elicits anticonvulsant effects in animal models of epilepsy and decreased
the frequency of seizure in limited human trials (Jones et al., 2010). To date,
there have been numerous studies of CBD as an add-on treatment with
traditional anti-seizure medications for drug-resistant forms of epilepsy.
Studies were initially performed on children and young adults due to the
prevalence of drug resistant epilepsy diseases in pediatric populations for
diseases like Dravet syndrome before progressing to adult populations
(Devinsky et al., 2016, 2017, 2019; Szaflarski et al., 2018).

A prospective study was carried out to assess the effect of CBD treatment
on interictal epileptiform discharge (IED) frequency in children with drug-
resistant epilepsy (Klotz et al., 2021). The rate of IEDs at three months was
reduced compared to baseline. In addition, sleep microstructure was irregular
in 56.5% of recordings, but CBD enhanced sleep in 84.6% of those cases (Klotz
et al., 2021). The safety of a CBD transdermal gel was determined in children
with encephalopathies and evaluated to measure frequency of seizures,
sleep, and quality of life. CBD treatment twice daily was associated with a
decrease in the frequency in tonic-clonic seizures (TCS) and focal impaired
awareness seizures (FIAS) (Scheffer et al., 2021). Patients exhibited a monthly
seizure reduction of 58% at 5 months and 43.5% over the study duration.
There were noted improvements in social engagement, sleep, and cognitive
function (Scheffer et al., 2021). Another trial studied the effectiveness of
two concentrations of CBD delivered via a transdermal patch placed on the
skin to adults with drug-resistant focal epilepsy. At 12 weeks, there was no
decrease in the number of seizures per month. However, when the study
was extended into an open-label period 60.8% of the participants exhibited
at least a 50% decrease in seizures (O’Brien et al., 2022). Pharmacogenetic
variation is related to CBD efficacy and may affect the expression of CBD
target proteins in treatment-resistant epilepsy. In one study, enrolled patients
were genotyped and associations between gene variants and CBD tolerability
and seizure reduction were determined (Davis et al., 2021). Patients with
the aldehyde oxidase (AOX1) rs6729738 CC gene variant (OR 6.69) or the
diamine oxidase (ABP1) rs12539 variant (OR 3.96) were more responsive to
CBD, while carriers of the solute carrier 15A1 (SLC15A1) rs1339067 TT variant
had reduced likelihood of CBD response (OR 0.06) (Davis et al., 2021). The
ABCCS rs3749442 variant was associated with a reduced CBD effectiveness
and greater sedation. The study also uncovered that SLC15A1 rs1339067
reduced the expression of GPR18 (an abnormal CB receptor) in white matter,
and ABCCS rs3749442 reduced hippocampal 5-hydroxytryptamine receptor
3E expression (Davis et al., 2021).

CBD is effective in reducing seizures in tuberous sclerosis complex (TSC)
patients and other neurological syndromes involving seizures, but little is
currently understood regarding its ability to decrease interictal epileptiform
activity (Klotz et al., 2021). CBD treatment in human patients TSC experiencing
seizures showed positive, significant effects. The largest double-blind, placebo-
controlled trial to date showed that for two different high-dose regimens there
was a 48.6% reduction in primarily focal seizures per month as opposed to a
26.5% reduction per month in the placebo group (Thiele et al., 2021).
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Table 5 | Human clinical studies and trials on cannabinoids

Disease eCB/CB Trial Outcome Reference
Stroke Rimonabant Comprehensive Rimonabant Evaluation Study of Trial discontinued due to side effects Topol et al., 2010
(SR141716) Cardiovascular ENDpoints Outcomes (CRESCENDO) trial
Epilepsy CBD Prospective study Reduced interictal epileptiform discharge frequency; Klotz et al., 2021
improved sleep
Nonrandomized controlled trial in children aged 3 to 18 CBD transdermal gel reduced frequency of tonic-clonic ~ Scheffer et al., 2021
years seizures; improved social engagement, sleep, and
cognitive function
Open-label extension trial CBD transdermal patch led to 60.8% of the participants  O'Brien et al., 2022
exhibiting > 50% decrease in seizures
Genetic study- gene variants Genetic associations between gene variants, CBD Davis et al., 2021
tolerability, seizure reduction were determined
Tuberous sclerosis  CBD Double-blind, placebo-controlled trial Reduction in primarily focal seizures/month; 50% of Thiele et al., 2021,
complex seizures patients had 50% reduction in seizures 2022
CBD Randomized, placebo-controlled, phase 3 trial CBD-mediated decline in seizures emerged on day 6 and Wu et al., 2022
by day 10
Lennox-Gastaut CBD GWPCARES open label extension trial CBD led to 48-71% median decrease in atonic seizures  Patel et al., 2021
syndrome seizures and 48-68% decrease in all seizures
Multiple sclerosis  THC/CBD oro- 20 MS patients (10 with and 10 without neuropathic Nabiximols reduced pain rating and improved quality of Russo et al., 2016

Alzheimer’s disease
Parkinson’s disease
Huntington’s

disease

Pain

Neuropsychiatric
disorders

mucosal spray

THC, synthetic
cannabinoids

THC, CBD
Cannabinoids
CBD

Inhaled cannabis
vapor (Bedrocan,
Bediol, Bedrolite &
placebo)

Inhaled cannabis
vapor (THC/CBD)
THC (oral)

Oral THC-rich
cannabis oil

Inhaled THC
(metered dose)
Aerosolized THC
Sublingual THC
administration

Intravenous THC

Oral CBD
oral CBD
Topical CBD

(with shea butter)
Synthetic CBD (add-

on therapy)
Topically CBD oil
CBD

THC and CBD

Transdermal CBD gel
(ZYN002)
CBD

CBD

AEA

pain) with clinical and neurophysiological assessment
Pilot, single center, open, and prospective study

SAVANT RCT study (post hoc analysis)
Meta-analysis of clinical studies

119 patients evaluated in outpatient clinic
7 early-onset HD patients

Double-blind, randomized cross-over design; 15
neuroleptic-free patients with HD

Randomized, placebo-controlled, crossover trial

Randomized crossover trial with individuals with sickle
cell disease

Randomized placebo-controlled crossover study with
evoked pain tasks

Double-blind, randomized, placebo-controlled trial with
women with fibromyalgia pain

Randomized, double-blinded, placebo-controlled, cross-
over trial with 27 patients with chronic pain

Pain from diabetic peripheral neuropathy

Measurement of functional brain changes and THC
improvement of chronic neuropathic pain

Exploratory randomized, double-blind, placebo-
controlled, cross-over study using evoked pain in healthy
participants

Double-blind, placebo-controlled, clinical study in
healthy subjects

Random, double-blinded, placebo-controlled trial on
pain associated with surgical procedures

Therapeutic activity of CBD for thumb basal joint
arthritis pain

Randomized, double-blind, placebo-controlled trial for
for osteoarthritis or psoriatic arthritis pain
Randomized, placebo-controlled, crossover trial for
neuropathic pain

Double-blind, placebo-controlled Pavlovian fear-
conditioning study

Regional brain activation, electrodermal activity, and
anxiety ratings to determine effects of THC & CBD on
anxiety

Measure effectiveness of transdermal CBD gel, ZYN002,
in children with FXS

Add-on CBD treatment administered in participants on
antidepressant medication

Administered to patients with psychosis followed by
functional magnetic resonance imaging during a verbal
learning exercise

Cerebrospinal fluid (CSF) measured from schizophrenic
patients

life
Positive subjective effect on MS-related spasticity

Reduced the average spasticity and pain severity scores
in all subgroups

Trend toward improvement in agitation with synthetic
cannabinoids

THC had no effect; possible CBD effect in improving
quality of life in PD patients

Reduction in dystonia and motor symptoms; led to
improvement in fine motor skills and gait

No effect on chorea severity

Bediol reduced spontaneous pain scores

No reduction in pain or in pain interference ratings, but
improvement in mood

THC reduced pain from electrical and pressure stimuli
and altered calmness and alertness

Decrease in the Fibromyalgia Impact Score (reduced
pain)
Decrease in pain intensity

THC reduced pain ratings at moderate levels

Decreased in pain associated with anterior cingulate
cortex-sensorimotor cortex and dorsolateral prefrontal
cortex function

No analgesic effects in hyperalgesia or induced thermal,
electrical, chemical, or mechanical pain

No effect on pain threshold/ tolerance in cold pressor
test; increased pain ratings

Pain score reduced on first day after procedure;
improved patient satisfaction with pain control
Improvement in patient-reported visual analogue scale
pain rating

Exhibited no therapeutic effects; did not improve
depression, anxiety, or sleep quality

Decreased intense and sharp pain, cold and itch

Improved consolidation of extinction learning

THC exacerbated anxiety; CBD decreased anxiety

Decreased the anxiety, depression, and mood scores

Reduced in anxiety and depression scores after several
weeks

Led to a trend toward a decrease in psychotic symptoms

AEA concentrations in CSF negatively correlated with
psychotic symptoms

Contin et al., 2018

Meuth et al., 2020

Ruthirakuhan et al.,
2019

Chagas et al., 2014
Saftetal., 2018

Consroe et al., 1991

van de Donk et al.,
2019

Abrams et al., 2020
van Amerongen et al.,
2018

Chaves et al., 2020
Almog et al., 2020
Wallace et al., 2020
Weizman et al., 2018

Schindler et al., 2020

Arout et al., 2022
Alaia et al., 2022
Heineman et al., 2022
Vela et al., 2022

Xu et al.,, 2020

Das et al., 2013

Fusar-Poli et al., 2009

Heussler et al., 2019
Berger et al., 2022

O'Neill et al., 2021

Leweke et al., 2007

AEA: N-arachidonoylethanolamine; CB: cannabinoid; CBD: cannabidiol; eCB: endocannabinoid; FXS: Fragile X syndrome; HD: Huntington’s diseases; MS: multiple sclerosis; THC: A9-
Tetrahydro-cannabinol.
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More than 80% of patients, caregivers and physicians indicated an
improvement in TSC patient’s conditions after 26 weeks of CBD treatment in
the form of 25 mg/kg/d CBD treatment (Thiele et al., 2022). Roughly 85% of
patients with TSC experience epileptic seizures with initial onset commonly
occurring in the first two years of life. Greater than 60% of TSC patients exhibit
treatment-resistant epilepsy, which is linked to neurodevelopmental disorders
(Thiele et al., 2022). CBD treatment of patients in the study produces a 54%
reduction compared to the baseline. Epileptic seizure reduction increased to
61-68% for patients who completed 37-48 weeks of CBD treatment. 50% of
patients had a 50% reduction in TSC-associated seizures and 25% of patients
had a 75% reduction across a 12-week period. Greater than 5% of patients
were free of TSC-associated seizures during this period (Thiele et al., 2022).

The timing of CBD treatment onset was determined in patients with drug-
resistant epilepsy related to TSC. Data analyzed from a randomized, placebo-
controlled, phase 3 trial revealed that seizure decline between CBD and
placebo emerged on day 6 and by day 10, it exhibited a > 50% responder rate
(Wu et al.,, 2022).

As mentioned earlier, CBD is efficacious in reducing seizures in patients with
Dravet syndrome and TSC (Klotz et al., 2021; Patel et al., 2021). Lennox-
Gastaut syndrome is another epilepsy-associated encephalopathy that is also
frequently treatment resistant. CBD showed therapeutic potential for the
treatment of seizures associated with Lennox-Gastaut syndrome. Patients
who completed the RCT enrolled in an open-label extension trial (GWPCARES)
where they received CBD (Epidiolex) oral solution daily over 2 weeks (Patel
et al., 2021). CBD administration led to a 48—=71% median reduction in
atonic seizures and a 48-68% reduction in all seizures for up to a 156-week
period. Eighty-seven percent or more of caregivers or patients described
improvements in the patient’s condition (Patel et al., 2021).

Multiple sclerosis

In clinical studies, oral THC administration improved muscle spasticity in MS
patients (Killestein et al., 2002). The role of nabiximols oromucosal spray
(THC and CBD in a 1:1 ratio) in alleviating neuropathic pain in MS patients
was determined utilizing clinical or neurophysiological assessment (Russo et
al., 2016). Using cannabinoids to treat pain in MS is promising as the side-
effects associated with other therapies make them unsuitable for chronic
use. Nabiximols are likely to act on the a3 subunit of the glycine receptor,
which also play an important role in antinociception (Russo et al., 2016). Post-
mortem analysis of the brains of MS patients exhibited reduced expression
of CB1 and CB2, suggesting that THC or CBD may be neuroprotective in MS.
Nabiximols were also assessed in clinical trials as a therapeutic for spasticity
in MS (Pagano et al., 2022).

A prospective study was administered in MS patients chronically treated
with THC/CBD to determine the association between plasma concentrations
of THC/CBD and clinical effects of THC/CBD administration (Contin et al.,
2018). Patients self-rated their spasticity using the Numerical Rating Scale
(NRS) during blood draws. Patients” NRS scores decreased following drug
administration and an inverse correlation was measured between NRS scores
and plasma levels of THC and CBD. THC/CBD treatment had no effect on
postural measurements and motor tests (Contin et al., 2018).

A post-hoc analysis on SAVANT RCT study data was administered to determine
the effect of add-on THC:CBD oromucosal spray on spasticity severity and
duration, status of disability, and the evolution of pain severity over a 12-week
period in treatment-resistant MS patients (Meuth et al., 2020). Nabiximols
treatment reduced the average spasticity and pain severity scores in all
subgroups (Meuth et al., 2020).

Alzheimer’s, Parkinson’s and Huntington’s diseases

Cannabinoid effects on agitation in patients with AD were determined
(Ruthirakuhan et al., 2019). A meta-analysis of clinical studies revealed that
cannabinoids, as a combined group, had no effect on agitation, but there was
a trend toward an improvement in agitation with synthetic cannabinoids over
THC (Ruthirakuhan et al., 2019). Cannabinoids exhibited a greater effect on
agitation with more pronounced cognitive dysfunction. Cannabinoids had
no neuropsychiatric effect, but there was an improvement in patients with
a lower BMI. There may be a benefit of synthetic cannabinoids on agitation
associated with AD (Ruthirakuhan et al., 2019).

The ECS is expressed at high levels in the basal ganglia making cannabinoid
receptors of interest when considering movement control and motor
inhibition, especially in PD. In brain samples from post-mortem patients with
PD, there was lowered expression of CB1 in the basal ganglia (Sanchez et al,,
2018). In clinical studies, THC was not found to have any beneficial effect
on patients with PD, but daily administration of CBD was found to alleviate
some motor symptoms of PD with an improved quality of life for PD patients
(Sanchez et al., 2018).

Cannabinoids may also be a possible therapy for patients with dystonia of
a different origin (Saft et al., 2018). Early onset HD patients treated with
cannabinoids exhibited a reduction in dystonia and motor symptoms and
led to an improvement in fine motor skills and gait. Patients treated with
cannabinoids also exhibited reduced apathy and irritability (Saft et al.,
2018). The effects of CBD on chorea severity, however, suggest that it has no
clinically significant effect (Consroe et al., 1991).

Traumatic brain injury
The efficacy of oromucosal nabiximols as an adjunct therapy was assessed

over a 12-week period in children with spasticity resulting from cerebral
palsy/traumatic CNS injury (Fairhurst et al., 2020). Nabiximols had no effect
on the severity of spasticity or secondary endpoints including sleep quality,
pain, comfort, and depression compared to the placebo group (Fairhurst et
al., 2020).

Currently, no drugs have been identified that improve severe head injury
outcomes. The dual CB1/CB2 agonist, KN38-7271, is neuroprotective in
animal models of head trauma (Firsching et al., 2012). A randomized,
double-blind, placebo-controlled clinical trial was carried out to measure the
potential efficacy of KN38-7271 in patients with severe head trauma (Firsching
et al., 2012). KN38-7271 was provided within 4.5 hours of the traumatic
injury. Survival rates within a month of the injury increased in the KN38-7271
group compared to the placebo group, but its effect on survival was absent
after 6 months. In addition, intracranial and cerebral perfusion pressures were
reduced by KN38-7271 (Firsching et al., 2012).

Traumatic spinal cord injury has been difficult to treat as neuronal
regeneration is reduced by apoptosis. An injectable hydrogel was established
for the local administration of CBD using a method derived from a
carboxymethylcellulose- and chitosan-based system (Zhang et al., 2022). This
hydrogel can be injected into the spinal cavity as a liquid and gelled within
minutes. Its mechanical properties are like that of the spinal cord. CBD-
loaded hydrogels sustain CBD delivery for a few days to reduce apoptosis
in spinal cord injury by improving mitochondrial biogenesis and increasing
neurogenesis, both in vivo and in vitro, compared to other hydrogels, leading
to motor function recovery (Zhang et al., 2022).

Pain

Human studies with cannabinoids and their effects on pain have been carried
out for decades. Both THC and CBD appear to affect pain associated with
specific conditions including arthritis and chronic neuropathies. Inhaled
vaporous cannabis has been tested in clinical trials for its potential pain
modifying effects. The effectiveness of THC on fibromyalgia pain has been
tested in clinical trials with promising results. In a randomized, placebo-
controlled, crossover trial, the analgesic activity of inhaled vaporized varieties
of cannabis was measured in fibromyalgia patients. Four varieties of cannabis
were examined: Bedrocan (with 22.4-mg THC/< 1-mg CBD), Bediol (with
13.4-mg THC/17.8-mg CBD), Bedrolite (with 18.4-mg CBD/< 1-mg THC) and
a placebo version lacking THC or CBD (van de Donk et al., 2019). None of the
cannabis varieties affected pain responses, except for Bediol which reduced
spontaneous pain scores. Varieties containing high THC elicited an elevation
in pressure pain threshold compared to placebo (van de Donk et al., 2019).
Another randomized crossover clinical trial determined the efficacy of inhaled
cannabis vapor (4.4% A-9-THC/4.9% CBD) on chronic pain relief in individuals
with sickle cell disease (Abrams et al., 2020). Participants inhaled cannabis (or
vaporized placebo cannabis) three times daily. There was no reduction in pain
or in pain interference ratings (Brief Pain Inventory and visual analog scale
(VAS) score) between cannabis and placebo groups, except for a reduction in
interference with mood (Abrams et al., 2020).

Orally delivered THC has been utilized in human clinical studies for its
therapeutic potential in reducing pain, although THC delivered this way is
subjected to first-pass metabolism. There are a couple of studies carried out
that determined the effect of THC on evoked (experimenter-administered)
pain. In a randomized placebo-controlled crossover study, a sequence of
evoked pain tasks was utilized to determine potential analgesic effects
(van Amerongen et al., 2018). The pain tasks included heat, cold pressure,
electrical, and inflammatory pain, where participants were orally administered
THC or placebo. THC administration led to a reduction in pain from electrical
and pressure stimuli and it altered calmness and alertness (van Amerongen
et al., 2018). A double-blind, randomized, placebo-controlled clinical trial was
carried out for an eight-week period to measure the potential efficacy of THC-
rich cannabis oil on symptoms in women with fibromyalgia (Chaves et al.,
2020). After an 8-week period, the group receiving daily oral cannabis drops
exhibited a decrease in the Fibromyalgia Impact Score compared to placebo
and day one baseline score. This result suggests that THC-rich oil can improve
pain symptoms associated with fibromyalgia in women (Chaves et al., 2020).

THC inhalation has been studied in human trials as an optimal way of
delivering THC in patients experiencing chronic pain. A clinical trial was
conducted to determine the analgesic and cognitive effects of precise inhaled
THC doses in participants with chronic pain (Almog et al., 2020). THC doses
elicited a decrease in pain intensity (determined by VAS score) compared to
baseline and placebo. There were also no measured decrements in cognitive
function (determined by Cambridge Neuropsychological Test Automated
Battery) (Almog et al., 2020). Another study was carried out in subjects with
diabetic peripheral neuropathy receiving 1%, 4%, or 7% aerosolized THC dose
(or placebo) and exposed to pain tests (Wallace et al., 2020). Participants were
provided aerosolized cannabis (or placebo) and pain intensity and cognitive
performance was measured. THC administration resulting in reduced pain
ratings at moderate, but not low or high, levels of THC. THC dose-dependently
affected one out of three cognitive tests (Wallace et al., 2020). Another trial
was carried out to characterize the functional brain changes involved in
A-9-THC improvement of chronic neuropathic pain (Weizman et al., 2018).
Functional interaction between the anterior cingulate cortex (ACC) and
pain-related network activity was measured. Sublingual THC administration
decreased pain which was also associated with diminished anterior cingulate
cortex-sensorimotor cortex functional connectivity and in an area correlated
with pain reduction, the dorsolateral prefrontal cortex (Weizman et al., 2018).
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In another exploratory randomized, double-blind, placebo-controlled,
cross-over study, the efficacy of intravenous THC on several painful stimuli
was measured in healthy human participants (Schindler et al., 2020).
THC exhibited no analgesic effects in capsaicin-elicited hyperalgesia or
experimentally induced thermal, electrical chemical or mechanical pain
(Schindler et al., 2020).

Unlike THC, CBD is not believed to be a cannabinoid receptor agonist at
physiological concentrations. Therefore, reports of the efficacy of CBD in
pain relief suggest that its effects may be through a different mechanism of
action than THC. Oral CBD has been tested in clinical studies for its potential
effects in pain reduction. A double-blind, placebo-controlled, clinical study
determined the analgesic effects of acute oral CBD in healthy subjects
(Arout et al., 2022). CBD exhibited no effect on pain threshold and tolerance
in the cold pressor test. In fact, CBD increased pain ratings and exhibited
only a modest improvement in mood (Arout et al., 2022). The efficacy of
CBD was also determined in pain associated with surgical procedures. A
random, double-blinded, placebo-controlled trial was conducted to measure
the analgesic activity of orally absorbed CBD in patients who experienced
arthroscopic surgery (Alaia et al., 2022). On the first day, the pain score was
reduced in patients receiving CBD but was absent on the following day. Patient
satisfaction with pain control was greater in the CBD group, but after one
week of CBD administration, the improvements in VAS scores, or satisfaction
with pain control the CBD group disappeared (Alaia et al., 2022).

Topical CBD delivery was studied in trials to determine if it elicits local (non-
systemic) effects. A human clinical trial was conducted to measure the
therapeutic activity of CBD for thumb basal joint arthritis pain (Heineman
et al., 2022). Patients were treated twice daily for 2 weeks with topical CBD
with shea butter or shea butter alone. CBD treatment led to an improvement
in patient-reported VAS pain. There were similar reported improvements
in grip and pinch strength and range of motion (Heineman et al., 2022). In
another randomized, double-blind, placebo-controlled trial, the effectiveness
of a synthetic CBD as add-on analgesic therapy for osteoarthritis or
psoriatic arthritis was conducted over a 12-week period (Vela et al., 2022).
The synthetic CBD compound exhibited no therapeutic effects, nor did it
improve depression, anxiety, or sleep quality scores (Vela et al., 2022). In a
randomized, placebo-controlled, crossover trial, the effectiveness of topically
delivered CBD oil for improving neuropathic pain was examined (Xu et al.,
2020). The Neuropathic Pain Scale was utilized to evaluate changes in pain
throughout the treatment interval. CBD administration led to a decrease in
intense and sharp pain, cold and itch (Xu et al., 2020).

Neuropsychiatric disorders

CBD exhibits efficacy in neuropsychiatric disorders. CBD effects on extinction
learning and consolidation were determined in a double-blind, placebo-
controlled Pavlovian fear-conditioning study (Das et al., 2013). Subjects were
conditioned to a colored box by using electric shocks in one scenario and were
extinguished in a second scenario. CBD was given following before or after
extinction (Das et al., 2013). At recall, subjects were exposed to colored boxes
and conditioning contexts before and after electric shock exposure. CBD given
after extinction improved consolidation of extinction learning. CBD given at
either time caused a trend toward a reduction in reinstatement, suggesting
that CBD can improve consolidation of extinction learning and that it may be
useful as an adjunct treatment for anxiety disorders (Das et al., 2013).

Regional brain activation, electrodermal activity, and anxiety ratings were
used to determine the effects of THC and CBD on anxiety (Fusar-Poli et al.,
2009). THC exacerbated anxiety, intoxication, and psychotic symptoms, while
CBD led to a trend toward a decrease in anxiety. THC administration increased
fluctuations in electrodermal activity during the processing of fearful faces, but
this was reduced after CBD administration (Fusar-Poli et al., 2009). CBD reduced
the regional brain activation in the amygdala and cingulate cortex during the
processing of fearful face stimuli, while THC mainly altered activation in frontal
and parietal areas. The effect of CBD was associated with the concurrent
decrease in fluctuations of electrodermal activity (Fusar-Poli et al., 2009).

Fragile X syndrome (FXS) causes multiple developmental and neuropsychiatric
impairments (Heussler et al., 2019). A study was carried out to measure the
effectiveness of transdermal CBD gel, ZYNOO2, administration in children with
FXS. ZYNOO2 administration decreased the anxiety, depression, and mood
scores by 12 weeks and reduced the Aberrant Behavior Checklist-Community
for FXS and Pediatric Anxiety Rating Scale scores as well as scores for quality
of life (Heussler et al., 2019).

Add-on CBD treatment was administered in participants on antidepressant
medication (Berger et al., 2022). Subjects receiving add-on CBD exhibited
reductions in anxiety and depression scores after several weeks (Berger et al.,
2022).

The efficacy of a single oral dose of CBD was determined in patients with
psychosis (O’Neill et al., 2021). Shortly after receiving CBD, patients were
subjected to functional magnetic resonance imaging during a verbal learning
exercise. CBD effects on brain region activation were measured in the
prefrontal, mediotemporal, and striatal regions. Subjects with psychosis
exhibited specific changes in mediotemporal and prefrontal region activity
during verbal encoding. Functional connectivity between mediotemporal
and striatal regions was also higher during verbal recall (O’Neill et al., 2021).
CBD reduced the psychosis-associated activities in these regions and led to a
trend toward a decrease in psychotic symptoms, suggesting that CBD may be
effective in reducing symptoms of psychosis.
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Cerebrospinal fluid (CSF) from schizophrenic patients contains higher AEA
concentrations than from healthy individuals (Leweke et al., 2007). AEA
concentrations in CSF are negatively correlated with psychotic symptoms.
Schizophrenic low-frequency cannabis consumers have elevated CSF AEA
concentrations compared to high-frequency users (Leweke et al., 2007).
Although CSF AEA concentrations and symptoms of schizophrenia were
inversely correlated, schizophrenic individuals with frequent cannabis
exposure exhibit reduced CNS AEA signaling (Leweke et al., 2007). This
study suggests that eCBs may play a role in schizophrenia and that eCBs may
represent a potential therapeutic option for neuropsychiatric disorders.

Conclusions and Future Directions

Cannabinoid administration elicits powerful effects on many organ systems
including the CNS and some of these effects are therapeutic. The major
drawback of some cannabinoids, particularly THC and other CB1 agonists, is
the complex side effect profile. On the one hand, THC and THC-like synthetics
hold some promise in pain and anxiety, but they induce significant cognitive
dysfunction. On the other hand, the psychotropic effects of THC and similar
synthetics may be partly responsible for their therapeutic effects by altering
the perception of pain and anxiety. One of the major challenges for future
research is designing synthetic cannabinoids that elicit positive effects of CB1
activation in peripheral neurons and in specific brain regions, but without
significant cognitive effects.

The non-psychotropic cannabinoid, CBD, holds perhaps more promise as a
therapeutic for some neurodegenerative diseases. The challenge for CBD
therapeutics may lie in the controlled delivery to the proper site of action.
Studies have clearly demonstrated the safety of CBD, so the design of CBD
analogs that are more stable and more potent is a likely future development.
Finally, eCBs hold promise for positively affecting CNS dysfunction and
degeneration. One approach already studied is the inhibition of enzymes that
metabolize eCBs, resulting in higher concentrations at the site where they are
induced. Another step forward may also be the development of eCB analogs
that exhibit higher potency and that are more resistant to degradation for the
treatment of neurodegenerative diseases. Cannabinoid and endocannabinoid
research will continue for decades to come, with certain breakthroughs very
likely to occur.

Acknowledgments: We gratefully acknowledged the support of Megan
Florance. We also thank Margaret, Richard, and Sara Koulen for generous
support and encouragement.

Author contributions: PK and RSD conceived and designed the manuscript.
All authors contributed to the writing, editing, review of the manuscript, and
approved the submitted version.

Conflicts of interest: The authors declare no conflicts of interest.

Data availability statement: Not applicable.

Open access statement: This is an open access journal, and

articles are distributed under the terms of the Creative Commons
AttributionNonCommercial-ShareAlike 4.0 License, which allows others

to remix, tweak, and build upon the work non-commercially, as long as
appropriate credit is given and the new creations are licensed under the
identical terms.

References

Abrams DI, Couey P, Dixit N, Sagi V, Hagar W, Vichinsky E, Kelly ME, Connett JE, Gupta
K (2020) Effect of inhaled cannabis for pain in adults with sickle cell disease: a
randomized clinical trial. JAMA Netw Open 3:22010874.

Aguado T, Huerga-Gomez A, Sdnchez-de la Torre A, Resel E, Chara JC, Matute C, Mato S,
Galve-Roperh |, Guzman M, Palazuelos J (2021) A9-Tetrahydrocannabinol promotes
functional remyelination in the mouse brain. Br J Pharmacol 178:4176-4192.

Alaia MJ, Hurley ET, Vasavada K, Markus DH, Britton B, Gonzalez-Lomas G, Rokito AS,
Jazrawi LM, Kaplan K (2022) Buccally absorbed cannabidiol shows significantly
superior pain control and improved satisfaction immediately after arthroscopic rotator
cuff repair: a placebo-controlled, double-blinded, randomized trial. Am J Sports Med
50:3056-3063.

Almog S, Aharon-Peretz J, Vulfsons S, Ogintz M, Abalia H, Lupo T, Hayon Y, Eisenberg E
(2020) The pharmacokinetics, efficacy, and safety of a novel selective-dose cannabis
inhaler in patients with chronic pain: A randomized, double-blinded, placebo-
controlled trial. Eur J Pain 24:1505-1516.

Arout CA, Haney M, Herrmann ES, Bedi G, Cooper ZD (2022) A placebo-controlled
investigation of the analgesic effects, abuse liability, safety and tolerability of a range
of oral cannabidiol doses in healthy humans. BrJ Clin Pharmacol 88:347-355.

Baker D, Pryce G, Croxford JL, Brown P, Pertwee RG, Huffman JW, Layward L (2000)
Cannabinoids control spasticity and tremor in a multiple sclerosis model. Nature
404:84-87.

Berger M, Li E, Rice S, Davey CG, Ratheesh A, Adams S, Jackson H, Hetrick S, Parker A,
Spelman T, Kevin R, McGregor IS, McGorry P, Amminger GP (2022) Cannabidiol for
treatment-resistant anxiety disorders in young people: an open-label trial. J Clin
Psychiatry 83:21m14130.

Bilbao A, Spanagel R (2022) Medical cannabinoids: a pharmacology-based systematic
review and meta-analysis for all relevant medical indications. BMC Med 20:259.

Bilsland LG, Dick JR, Pryce G, Petrosino S, Di Marzo V, Baker D, Greensmith L (2006)
Increasing cannabinoid levels by pharmacological and genetic manipulation delay
disease progression in SOD1 mice. FASEB J 20:1003-1005.

NEURAL REGENERATION RESEARCH | Vol 19 | No. 4 | April 2024 | 797



NEURAL REGENERATION RESEARCH

°
] .
% - Www.nrronllne.org

Review

Bouskila J, Bleau M, Micaelo-Fernandes C, Bouchard JF, Ptito M (2021) The vertical and
horizontal pathways in the monkey retina are modulated by typical and atypical
cannabinoid receptors. Cells 10:3160.

Cabral GA, Griffin-Thomas L (2008) Cannabinoids as therapeutic agents for ablating
neuroinflammatory disease. Endocr Metab Immune Disord Drug Targets 8:159-172.

Cabral GA, Raborn ES, Griffin L, Dennis J, Marciano-Cabral F (2008) CB2 receptors in the
brain: role in central immune function. Br J Pharmacol 153:240-251.

Gakir M, Tekin S, Doganyigit Z, Erden Y, Soytirk M, Cigremis Y, Sandal S (2019)
Cannabinoid type 2 receptor agonist JWH-133, attenuates Okadaic acid induced
spatial memory impairment and neurodegeneration in rats. Life Sci 217:25-33.

Campbell WA, Blum S, Reske A, Hoang T, Blackshaw S, Fischer AJ (2021) Cannabinoid
signaling promotes the de-differentiation and proliferation of Miiller glia-derived
progenitor cells. Glia 69:2503-2521.

Campos AC, Fogaca MV, Sonego AB, Guimardes FS (2016) Cannabidiol, neuroprotection
and neuropsychiatric disorders. Pharmacol Res 112:119-127.

Celorrio M, Fernandez-Sudrez D, Rojo-Bustamante E, Echeverry-Alzate V, Ramirez MJ,
Hillard CJ, Lopez-Moreno JA, Maldonado R, Oyarzédbal J, Franco R, Aymerich MS (2016)
Fatty acid amide hydrolase inhibition for the symptomatic relief of Parkinson’s disease.
Brain Behav Immun 57:94-105.

Chapman KD (2004) Occurrence, metabolism, and prospective functions of
N-acylethanolamines in plants. Prog Lipid Res 43:302-327.

Chaves C, Bittencourt PCT, Pelegrini A (2020) Ingestion of a THC-rich cannabis oil in
people with fibromyalgia: a randomized, double-blind, placebo-controlled clinical trial.
Pain Med 21:2212-2218.

Consroe P, Laguna J, Allender J, Snider S, Stern L, Sandyk R, Kennedy K, Schram K (1991)
Controlled clinical trial of cannabidiol in Huntington’s disease. Pharmacol Biochem
Behav 40:701-708.

Contin M, Mancinelli L, Perrone A, Sabattini L, Mohamed S, Scandellari C, Foschi M,
Vacchiano V, Lugaresi A, Riva R (2018) Tetrahydrocannabinol/cannabidiol oromucosal
spray in patients with multiple sclerosis: a pilot study on the plasma concentration-
effect relationship. Clin Neuropharmacol 41:171-176.

Cooray R, Gupta V, Suphioglu C (2020) Current aspects of the endocannabinoid
system and targeted THC and CBD phytocannabinoids as potential therapeutics for
Parkinson’s and Alzheimer’s diseases: a review. Mol Neurobiol 57:4878-4890.

Cosenza-Nashat MA, Bauman A, Zhao ML, Morgello S, Suh HS, Lee SC (2011) Cannabinoid
receptor expression in HIV encephalitis and HIV-associated neuropathologic
comorbidities. Neuropathol Appl Neurobiol 37:464-483.

Costa B, Trovato AE, Comelli F, Giagnoni G, Colleoni M (2007) The non-psychoactive
cannabis constituent cannabidiol is an orally effective therapeutic agent in rat chronic
inflammatory and neuropathic pain. Eur J Pharmacol 556:75-83.

Cui HJ, Liu S, Yang R, Fu GH, Lu Y (2017) N-stearoyltyrosine protects primary cortical
neurons against oxygen-glucose deprivation-induced apoptosis through inhibiting
anandamide inactivation system. Neurosci Res 123:8-18.

Curia G, Longo D, Biagini G, Jones RS, Avoli M (2008) The pilocarpine model of temporal
lobe epilepsy. J Neurosci Methods 172:143-157.

da Silva VK, de Freitas BS, Garcia RCL, Monteiro RT, Hallak JE, Zuardi AW, Crippa JAS,
Schroder N (2018) Antiapoptotic effects of cannabidiol in an experimental model of
cognitive decline induced by brain iron overload. Transl Psychiatry 8:176.

Das RK, Kamboj SK, Ramadas M, Yogan K, Gupta V, Redman E, Curran HV, Morgan CJ
(2013) Cannabidiol enhances consolidation of explicit fear extinction in humans.
Psychopharmacology (Berl) 226:781-92.

Davis BH, Beasley TM, Amaral M, Szaflarski JP, Gaston T, Perry Grayson L, Standaert DG,
Bebin EM, Limdi NA; UAB CBD Study Group (includes all the investigators involved
in the UAB EAP CBD program) (2021) Pharmacogenetic predictors of cannabidiol
response and tolerability in treatment-resistant epilepsy. Clin Pharmacol Ther
110:1368-1380.

De Simone U, Pignatti P, Villani L, Russo LA, Sargenti A, Bonetti S, Buscaglia E, Coccini T
(2023) Human astrocyte spheroids as suitable in vitro screening model to evaluate
synthetic cannabinoid MAM2201-induced effects on CNS. Int J Mol Sci 24:1421.

Devane WA, Dysarz FA 3rd, Johnson MR, Melvin LS, Howlett AC (1988) Determination
and characterization of a cannabinoid receptor in rat brain. Mol Pharmacol 34:605-13.

Devinsky O, Marsh E, Friedman D, Thiele E, Laux L, Sullivan J, Miller I, Flamini R, Wilfong
A, Filloux F, Wong M, Tilton N, Bruno P, Bluvstein J, Hedlund J, Kamens R, Maclean J,
Nangia S, Singhal NS, Wilson CA, et al. (2015) Cannabidiol in patients with treatment-
resistant epilepsy: an open-label interventional trial. Lancet Neurol 15:270-278.

Devinsky O, Cross JH, Wright S (2017) Trial of cannabidiol for drug-resistant seizures in
the Dravet syndrome. N Engl J Med 377:699-700.

Devinsky O, Nabbout R, Miller I, Laux L, Zolnowska M, Wright S, Roberts C (2019)
Long-term cannabidiol treatment in patients with Dravet syndrome: An open-label
extension trial. Epilepsia 60:294-302.

Dey R, Pernin P, Bodennec J (2010) Endocannabinoids inhibit the growth of free-living
amoebae. Antimicrob Agents Chemother 54:3065-3067.

Di Napoli M, Zha AM, Godoy DA, Masotti L, Schreuder FH, Popa-Wagner A, Behrouz R;
MNEMONICH Registry (2016) Prior cannabis use is associated with outcome after
intracerebral hemorrhage. Cerebrovasc Dis 41:248-255.

Duncan RS, Chapman KD, Koulen P (2009) The neuroprotective properties of
palmitoylethanolamine against oxidative stress in a neuronal cell line. Mol
Neurodegener 4:50.

Duncan RS, Xin H, Goad DL, Chapman KD, Koulen P (2011) Protection of neurons in
the retinal ganglion cell layer against excitotoxicity by the N-acylethanolamine,
N-linoleoylethanolamine. Clin Ophthalmol 5:543-548.

Duncan RS, Riordan SM, Hall CW, Payne AJ, Chapman KD, Koulen P (2022)
N-acylethanolamide metabolizing enzymes are upregulated in human neural
progenitor-derived neurons exposed to sub-lethal oxidative stress. Front Cell Neurosci
16:902278.

Fairhurst C, Kumar R, Checketts D, Tayo B, Turner S (2020) Efficacy and safety of
nabiximols cannabinoid medicine for paediatric spasticity in cerebral palsy or
traumatic brain injury: a randomized controlled trial. Dev Med Child Neurol 62:1031-
1039.

Ferreira FF, Ribeiro FF, Rodrigues RS, Sebastido AM, Xapelli S (2018) Brain-derived
neurotrophic factor (BDNF) role in cannabinoid-mediated neurogenesis. Front Cell
Neurosci 12:441.

Firsching R, Piek J, Skalej M, Rohde V, Schmidt U, Striggow F; KN38-7271 Study Group
(2012) Early survival of comatose patients after severe traumatic brain injury with the
dual cannabinoid CB1/CB2 receptor agonist KN38-7271: a randomized, double-blind,
placebo-controlled phase Il trial. J Neurol Surg A Cent Eur Neurosurg 73:204-216.

Fraguas-Sanchez Al, Torres-Sudrez Al (2018) Medical use of cannabinoids. Drugs 78:1665-
1703.

Fusar-Poli P, Crippa JA, Bhattacharyya S, Borgwardt SJ, Allen P, Martin-Santos R, Seal M,
Surguladze SA, O’Carrol C, Atakan Z, Zuardi AW, McGuire PK (2009) Distinct effects of
{delta}9-tetrahydrocannabinol and cannabidiol on neural activation during emotional
processing. Arch Gen Psychiatry 66:95-105.

Galve-Roperh |, Chiurchil V, Diaz-Alonso J, Bari M, Guzman M, Maccarrone M
(2013) Cannabinoid receptor signaling in progenitor/stem cell proliferation and
differentiation. Prog Lipid Res 52:633-650.

Garg P, Duncan RS, Kaja S, Koulen P (2010) Intracellular mechanisms of
N-acylethanolamine-mediated neuroprotection in a rat model of stroke. Neuroscience
166:252-262.

Garg P, Duncan RS, Kaja S, Zabaneh A, Chapman KD, Koulen P (2011) Lauroylethanolamide
and linoleoylethanolamide improve functional outcome in a rodent model for stroke.
Neurosci Lett 492:134-138.

Gorantla S, Makarov E, Roy D, Finke-Dwyer J, Murrin LC, Gendelman HE, Poluektova L
(2010) Immunoregulation of a CB2 receptor agonist in a murine model of neuroAIDS.
J Neuroimmune Pharmacol 5:456-468.

Grillo SL, Keereetaweep J, Grillo MA, Chapman KD, Koulen P (2013)
N-Palmitoylethanolamine depot injection increased its tissue levels and those of other
acylethanolamide lipids. Drug Des Devel Ther 7:747-52.

Gruden G, Barutta F, Kunos G, Pacher P (2016) Role of the endocannabinoid system in
diabetes and diabetic complications. Br J Pharmacol 173:1116-11127.

Hammell DC, Zhang LP, Ma F, Abshire SM, Mcllwrath SL, Stinchcomb AL, Westlund KN
(2016) Transdermal cannabidiol reduces inflammation and pain-related behaviours in
a rat model of arthritis. Eur J Pain 20:936-948.

Hampson AJ, Grimaldi M, Axelrod J, Wink D (1998) Cannabidiol and (-)Delta9-
tetrahydrocannabinol are neuroprotective antioxidants. Proc Natl Acad Sci U S A
95:8268-8273.

Heineman JT, Forster GL, Stephens KL, Cottler PS, Timko MP, DeGeorge BR Jr (2022) A
randomized controlled trial of topical cannabidiol for the treatment of thumb basal
joint arthritis. J Hand Surg Am 47:611-620.

Heussler H, Cohen J, Silove N, Tich N, Bonn-Miller MO, Du W, O’Neill C, Sebree T
(2019)A phase 1/2, open-label assessment of the safety, tolerability, and efficacy of
transdermal cannabidiol (ZYN0O2) for the treatment of pediatric fragile X syndrome. J
Neurodev Disord 11:16.

Hohmann U, Pelzer M, Kleine J, Hohmann T, Ghadban C, Dehghani F (2019)

Opposite effects of neuroprotective cannabinoids, palmitoylethanolamide, and
2-arachidonoylglycerol on function and morphology of microglia. Front Neurosci
13:1180.

Howlett AC, Fleming RM (1984) Cannabinoid inhibition of adenylate cyclase.
Pharmacology of the response in neuroblastoma cell membranes. Mol Pharmacol
26:532-538.

Ibeas Bih C, Chen T, Nunn AV, Bazelot M, Dallas M, Whalley BJ (2015) Molecular targets
of cannabidiol in neurological disorders. Neurotherapeutics 12:699-730.

Im DS (2021) GPR119 and GPR55 as receptors for fatty acid ethanolamides,
oleoylethanolamide and palmitoylethanolamide. Int J Mol Sci 22:1034.

Jones NA, Hill AJ, Smith |, Bevan SA, Williams CM, Whalley BJ, Stephens GJ (2010)
Cannabidiol displays antiepileptiform and antiseizure properties in vitro and in vivo. J
Pharmacol Exp Ther 332:569-577.

Kilaru A, Tamura P, Garg P, Isaac G, Baxter D, Duncan RS, Welti R, Koulen P, Chapman KD,
Venables BJ (2011) Changes in N-acylethanolamine pathway related metabolites in a
rat model of cerebral ischemia/reperfusion. J Glycomics Lipidomics 1:101.

Killestein J, Hoogervorst EL, Reif M, Kalkers NF, Van Loenen AC, Staats PG, Gorter
RW, Uitdehaag BM, Polman CH (2002) Safety, tolerability, and efficacy of orally
administered cannabinoids in MS. Neurology 58:1404-1407.

Klotz KA, Grob D, Schonberger J, Nakamura L, Metternich B, Schulze-Bonhage A, Jacobs J
(2021) Effect of cannabidiol on interictal epileptiform activity and sleep architecture in
children with intractable epilepsy: a prospective open-label study. CNS Drugs 35:1207-
1215.

Kozela E, Juknat A, Kaushansky N, Rimmerman N, Ben-Nun A, Vogel Z (2013)
Cannabinoids decrease the th17 inflammatory autoimmune phenotype. J
Neuroimmune Pharmacol 8:1265-1276.

Lana D, Landucci E, Mazzantini C, Magni G, Pellegrini-Giampietro DE, Giovannini MG
(2022) The protective effect of CBD in a model of in vitro ischemia may be mediated
by agonism on TRPV2 channel and microglia activation. Int J Mol Sci 23:12144.

Landucci E, Mazzantini C, Lana D, Davolio PL, Giovannini MG, Pellegrini-Giampietro DE
(2021) Neuroprotective effects of cannabidiol but not A9-tetrahydrocannabinol in
rat hippocampal slices exposed to oxygen-glucose deprivation: studies with cannabis
extracts and selected cannabinoids. Int J Mol Sci 22:9773.

Landucci E, Mazzantini C, Lana D, Calvani M, Magni G, Giovannini MG, Pellegrini-
Giampietro DE (2022) Cannabidiol inhibits microglia activation and mitigates neuronal
damage induced by kainate in an in-vitro seizure model. Neurobiol Dis 174:105895.

Leweke FM, Giuffrida A, Koethe D, Schreiber D, Nolden BM, Kranaster L, Neatby MA,
Schneider M, Gerth CW, Hellmich M, Klosterkotter J, Piomelli D (2007) Anandamide
levels in cerebrospinal fluid of first-episode schizophrenic patients: impact of cannabis
use. Schizophr Res 94:29-36.

Liang J, Kruijssen DLH, Verschuuren ACJ, Voesenek BJB, Benavides FFW, Sdez Gonzalez
M, Ruiter M, Wierenga CJ (2021) Axonal CB1 receptors mediate inhibitory bouton
formation via cCAMP increase and PKA. J Neurosci 41:8279-8296.

Linge R, Jiménez-Sanchez L, Campa L, Pilar-Cuéllar F, Vidal R, Pazos A, Adell A, Diaz A (2016)
Cannabidiol induces rapid-acting antidepressant-like effects and enhances cortical
5-HT/glutamate neurotransmission: role of 5-HT1A receptors. Neuropharmacology
103:16-26.

798 | NEURAL REGENERATION RESEARCH | Vol 19 | No. 4 | April 2024



Review

o
NEURAL REGENERATION RESEARCH ¢
www.nrronline.org %

Marsicano G, Moosmann B, Hermann H, Lutz B, Behl C (2002) Neuroprotective properties
of cannabinoids against oxidative stress: role of the cannabinoid receptor CB1.J
Neurochem 80:448-456.

Matarazzo AP, Elisei LMS, Carvalho FC, Bonfilio R, Ruela ALM, Galdino G, Pereira GR (2021)
Mucoadhesive nanostructured lipid carriers as a cannabidiol nasal delivery system for
the treatment of neuropathic pain. Eur J Pharm Sci 159:105698.

Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI (1990) Structure of a
cannabinoid receptor and functional expression of the cloned cDNA. Nature 346:561-
564.

Mauler F, Hinz V, Augstein KH, Fassbender M, Horvath E (2003) Neuroprotective and
brain edema-reducing efficacy of the novel cannabinoid receptor agonist BAY 38-
7271. Brain Res 989:99-111.

Mbvundula EC, Bunning RA, Rainsford KD (2006) Arthritis and cannabinoids: HU-210
and Win-55,212-2 prevent IL-1alpha-induced matrix degradation in bovine articular
chondrocytes in-vitro. J Pharm Pharmacol 58:351-358.

Meuth SG, Henze T, Essner U, Trompke C, Vila Silvan C (2020) Tetrahydrocannabinol and
cannabidiol oromucosal spray in resistant multiple sclerosis spasticity: consistency of
response across subgroups from the SAVANT randomized clinical trial. Int J Neurosci
130:1199-1205.

Montgomery CL, Keereetaweep J, Johnson HM, Grillo SL, Chapman KD, Koulen P (2016)
Changes in retinal N-acylethanolamines and their oxylipin derivatives during the
development of visual impairment in a mouse model for glaucoma. Lipids 51:857-866.

Nagayama T, Sinor AD, Simon RP, Chen J, Graham SH, Jin K, Greenberg DA (1999)
Cannabinoids and neuroprotection in global and focal cerebral ischemia and in
neuronal cultures. J Neurosci 19:2987-2995.

Navarrete C, Garcia-Martin A, Correa-Saez A, Prados ME, Fernandez F, Pineda R, Mazzone
M, Alvarez-Benito M, Calzado MA, Mufioz E (2022) A cannabidiol aminoquinone
derivative activates the PP2A/B55a/HIF pathway and shows protective effects in a
murine model of traumatic brain injury. J Neuroinflammation 19:177.

Q’Brien TJ, Berkovic SF, French JA, Messenheimer JA, Sebree TB, Bonn-Miller MO,
Gutterman DL; STAR 1/STAR 2 Study Group (2022) Adjunctive transdermal cannabidiol
for adults with focal epilepsy: a randomized clinical trial. JAMA Netw Open 5:€2220189.

O’Neill A, Wilson R, Blest-Hopley G, Annibale L, Colizzi M, Brammer M, Giampietro V,
Bhattacharyya S (2021) Normalization of mediotemporal and prefrontal activity, and
mediotemporal-striatal connectivity, may underlie antipsychotic effects of cannabidiol
in psychosis. Psychol Med 51:596-606.

Pagano C, Navarra G, Coppola L, Avilia G, Bifulco M, Laezza C (2022) Cannabinoids:
therapeutic use in clinical practice. Int J Mol Sci 23:3344.

Palazuelos J, Ortega Z, Diaz-Alonso J, Guzman M, Galve-Roperh | (2012) CB2 cannabinoid
receptors promote neural progenitor cell proliferation via mTORC1 signaling. J Biol
Chem 287:1198-1209.

Patel AD, Mazurkiewicz-Betdziriska M, Chin RF, Gil-Nagel A, Gunning B, Halford JJ, Mitchell
W, Scott Perry M, Thiele EA, Weinstock A, Dunayevich E, Checketts D, Devinsky O (2021)
Long-term safety and efficacy of add-on cannabidiol in patients with Lennox-Gastaut
syndrome: Results of a long-term open-label extension trial. Epilepsia 62:2228-2239.

Patel V, Abu-Hijleh F, Rigg N, Mishra R (2023) Cannabidiol protects striatal neurons by
attenuating endoplasmic reticulum stress. Cannabis Cannabinoid Res 8:299-308.

Pryce G, Ahmed Z, Hankey DJ, Jackson SJ, Croxford JL, Pocock JM, Ledent C, Petzold
A, Thompson AJ, Giovannoni G, Cuzner ML, Baker D (2003) Cannabinoids inhibit
neurodegeneration in models of multiple sclerosis. Brain 126:2191-202.

Raich |, Rebassa JB, Lillo J, Cordomi A, Rivas-Santisteban R, Lillo A, Reyes-Resina I, Franco R,
Navarro G (2022) Antagonization of OX1 receptor potentiates CB2 receptor function
in microglia from APPSw/Ind mice model. Int J Mol Sci 23:12801.

Ramirez SH, Haskd J, Skuba A, Fan S, Dykstra H, McCormick R, Reichenbach N, Krizbai I,
Mahadevan A, Zhang M, Tuma R, Son YJ, Persidsky Y (2012) Activation of cannabinoid
receptor 2 attenuates leukocyte-endothelial cell interactions and blood-brain barrier
dysfunction under inflammatory conditions. J Neurosci 32:4004-4016.

Rapino C, Tortolani D, Scipioni L, Maccarrone M (2018) Neuroprotection by (endo)
cannabinoids in glaucoma and retinal neurodegenerative diseases. Curr
Neuropharmacol 16:959-970.

Richter F, Koulen P, Kaja S (2016) N-Palmitoylethanolamine prevents the run-down of
amplitudes in cortical spreading depression possibly implicating proinflammatory
cytokine release. Sci Rep 6:23481.

Rojo-Bustamante E, Abellanas MA, Clavero P, Thiolat ML, Li Q, Luquin MR, Bezard E,
Aymerich MS (2018) The expression of cannabinoid type 1 receptor and 2-arachidonoyl!
glycerol synthesizing/degrading enzymes is altered in basal ganglia during the active
phase of levodopa-induced dyskinesia. Neurobiol Dis 118:64-75.

Ruiz-Valdepefias L, Martinez-Orgado JA, Benito C, Millan A, Tolén RM, Romero J (2011)
Cannabidiol reduces lipopolysaccharide-induced vascular changes and inflammation
in the mouse brain: an intravital microscopy study. J Neuroinflammation 8:5.

Russo M, Naro A, Leo A, Sessa E, D’Aleo G, Bramanti P, Calabro RS (2016) Evaluating
Sativex® in neuropathic pain management: a clinical and neurophysiological
assessment in multiple sclerosis. Pain Med 17:1145-1154.

Ruthirakuhan M, Lanct6t KL, Vieira D, Herrmann N (2019) Natural and synthetic
cannabinoids for agitation and aggression in Alzheimer’s disease: a meta-analysis. J
Clin Psychiatry 80:18r12617.

Saft C, von Hein SM, Licke T, Thiels C, Peball M, Djamshidian A, Heim B, Seppi K (2018)
Cannabinoids for treatment of dystonia in Huntington’s disease. J Huntingtons Dis
7:167-173.

Saliba SW, Bonifacino T, Serchov T, Bonanno G, de Oliveira ACP, Fiebich BL (2019)
Neuroprotective effect of AM404 against NMDA-induced hippocampal excitotoxicity.
Front Cell Neurosci 13:566.

Sarne Y, Mechoulam R (2005) Cannabinoids: between neuroprotection and neurotoxicity.
Curr Drug Targets CNS Neurol Disord 4:677-684.

Scheffer IE, Hulihan J, Messenheimer J, Ali S, Keenan N, Griesser J, Gutterman DL, Sebree
T, Sadleir LG (2021) Safety and tolerability of transdermal cannabidiol gel in children
with developmental and epileptic encephalopathies: a nonrandomized controlled
trial. JAMA Netw Open 4:€2123930.

Schiavon AP, Bonato JM, Milani H, Guimaraes FS, Weffort de Oliveira RM (2016)
Influence of single and repeated cannabidiol administration on emotional behavior
and markers of cell proliferation and neurogenesis in non-stressed mice. Prog
Neuropsychopharmacol Biol Psychiatry 64:27-34.

Schindler EAD, Schnakenberg Martin AM, Sewell RA, Ranganathan M, DeForest A,
Pittman BP, Perrino A Jr, D’Souza DC (2020) In an exploratory randomized, double-
blind, placebo-controlled, cross-over study, psychoactive doses of intravenous delta-
9-tetrahydrocannabinol fail to produce antinociceptive effects in healthy human
volunteers. Psychopharmacology (Berl) 237:3097-3107.

Shohami E, Novikov M, Mechoulam R (1993) A nonpsychotropic cannabinoid, HU-211,
has cerebroprotective effects after closed head injury in the rat. ] Neurotrauma
10:109-119.

Solbrig MV, Hermanowicz N (2008) Cannabinoid rescue of striatal progenitor cells in
chronic Borna disease viral encephalitis in rats. J Neurovirol 14:252-260.

Solbrig MV, Fan Y, Hermanowicz N, Morgese MG, Giuffrida A (2010) A synthetic
cannabinoid agonist promotes oligodendrogliogenesis during viral encephalitis in rats.
Exp Neurol 226:231-241.

Spyridakos D, Mastrodimou N, Vemuri K, Ho TC, Nikas SP, Makriyannis A, Thermos K.
(2022) Blockade of CB1 or activation of CB2 cannabinoid receptors is differentially
efficacious in the treatment of the early pathological events in streptozotocin-induced
diabetic rats. Int J Mol Sci. 24:240.

Sun S, Hu F, Wu J, Zhang S (2016) Cannabidiol attenuates OGD/R-induced damage by
enhancing mitochondrial bioenergetics and modulating glucose metabolism via
pentose-phosphate pathway in hippocampal neurons. Redox Biol 11:577-585.

Syed SK, Bui HH, Beavers LS, Farb TB, Ficorilli J, Chesterfield AK, Kuo MS, Bokvist K, Barrett
DG, Efanov AM (2012) Regulation of GPR119 receptor activity with endocannabinoid-
like lipids. Am J Physiol Endocrinol Metab 303:E1469-1478.

Szaflarski JP, Bebin EM, Cutter G, DeWolfe J, Dure LS, Gaston TE, Kankirawatana P, Liu Y,
Singh R, Standaert DG, Thomas AE, Ver Hoef LW; UAB CBD Program (2018) Cannabidiol
improves frequency and severity of seizures and reduces adverse events in an open-
label add-on prospective study. Epilepsy Behav 87:131-136.

Thiele EA, Bebin EM, Bhathal H, Jansen FE, Kotulska K, Lawson JA, O’Callaghan FJ, Wong
M, Sahebkar F, Checketts D, Knappertz V; GWPCARE6 Study Group (2021) Add-on
cannabidiol treatment for drug-resistant seizures in tuberous sclerosis complex: a
placebo-controlled randomized clinical trial. JAMA Neurol 78:285-292.

Topol EJ, Bousser MG, Fox KA, Creager MA, Despres JP, Easton JD, Hamm CW,
Montalescot G, Steg PG, Pearson TA, Cohen E, Gaudin C, Job B, Murphy JH, Bhatt DL;
CRESCENDO Investigators (2010) Rimonabant for prevention of cardiovascular events
(CRESCENDO): a randomised, multicentre, placebo-controlled trial. Lancet 376:517-
523.

Turunen PM, Louhivuori LM, Louhivuori V, Kukkonen JP, Akerman KE (2018)
Endocannabinoid signaling in embryonic neuronal motility and cell-cell contact- role
of mGIuRS and TRPC3 channels. Neuroscience 375:135-148.

Valdeolivas S, Sagredo O, Delgado M, Pozo MA, Fernandez-Ruiz J (2017) Effects of a
sativex-like combination of phytocannabinoids on disease progression in R6/2 Mice,
an experimental model of Huntington’s Disease. Int J Mol Sci 18:684.

van Amerongen G, Siebenga P, de Kam ML, Hay JL, Groeneveld GJ (2018) Effect profile of
paracetamol, A9-THC and promethazine using an evoked pain test battery in healthy
subjects. Eur J Pain 22:1331-1342.

van de Donk T, Niesters M, Kowal MA, Olofsen E, Dahan A, van Velzen M (2019) An
experimental randomized study on the analgesic effects of pharmaceutical-grade
cannabis in chronic pain patients with fibromyalgia. Pain 160:860-869.

van der Stelt M, Veldhuis WB, Bér PR, Veldink GA, Vliegenthart JF, Nicolay K (2001)
Neuroprotection by Delta9-tetrahydrocannabinol, the main active compound in
marijuana, against ouabain-induced in vivo excitotoxicity. J Neurosci 21:6475-6479.

Vela J, Dreyer L, Petersen KK, Arendt-Nielsen L, Duch KS, Kristensen S (2022) Cannabidiol
treatment in hand osteoarthritis and psoriatic arthritis: a randomized, double-blind,
placebo-controlled trial. Pain 163:1206-1214.

Wallace MS, Marcotte TD, Atkinson JH, Padovano HT, Bonn-Miller M (2020) A secondary
analysis from a randomized trial on the effect of plasma tetrahydrocannabinol levels
on pain reduction in painful diabetic peripheral neuropathy. J Pain 21:1175-1186.

Wang DP, Lin Q, Kang K, Wu YF, Su SH, Hai J (2021) Preservation of spatial memory and
neuroprotection by the fatty acid amide hydrolase inhibitor URB597 in a rat model of
vascular dementia. Ann Transl Med 9:228.

Wang L, Liu BJ, Cao Y, Xu WQ, Sun DS, Li MZ, Shi FX, Li M, Tian Q, Wang JZ, Zhou XW
(2018) Deletion of type-2 cannabinoid receptor induces Alzheimer’s disease-like Tau
pathology and memory impairment through AMPK/GSK3B pathway. Mol Neurobiol
55:4731-4744.

Webb M, Luo L, Ma JY, Tham CS (2008) Genetic deletion of Fatty Acid Amide Hydrolase
results in improved long-term outcome in chronic autoimmune encephalitis. Neurosci
Lett 439:106-10.

Weizman L, Dayan L, Brill S, Nahman-Averbuch H, Hendler T, Jacob G, Sharon H (2018)
Cannabis analgesia in chronic neuropathic pain is associated with altered brain
connectivity. Neurology 91:€1285-1294.

Wu JY, Cock HR, Devinsky O, Joshi C, Miller I, Roberts CM, Sanchez-Carpintero R,
Checketts D, Sahebkar F (2022) Time to onset of cannabidiol treatment effect and
resolution of adverse events in tuberous sclerosis complex: Post hoc analysis of
randomized controlled phase 3 trial GWPCARE6. Epilepsia 63:1189-1199.

Xu DH, Cullen BD, Tang M, Fang Y (2020) The effectiveness of topical cannabidiol oil in
symptomatic relief of peripheral neuropathy of the lower extremities. Curr Pharm
Biotechnol 21:390-402.

Zhang H, Hu T, Xiong M, Li S, Li WX, Liu J, Zhou X, Qi J, Jiang GB (2022) Cannabidiol-loaded
injectable chitosan-based hydrogels promote spinal cord injury repair by enhancing
mitochondrial biogenesis. Int J Biol Macromo 221:1259-1270.

Zimmermann T, Maroso M, Beer A, Baddenhausen S, Ludewig S, Fan W, Vennin C, Loch S,
Berninger B, Hofmann C, Korte M, Soltesz |, Lutz B, Leschik J (2018) Neural stem cell
lineage-specific cannabinoid type-1 receptor regulates neurogenesis and plasticity in
the adult mouse hippocampus. Cereb Cortex 28:4454-4471.

C-Editors: Zhao M, Wang L; T-Editor: Jia Y

NEURAL REGENERATION RESEARCH | Vol 19 | No. 4 | April 2024 | 799



