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SUMMARY

The endocannabinoid system (ECS), which is composed of endocannabinoids (eCBs), cannabinoid recep-
tors (CBRs), and associated signaling molecules, has been identified within the brain. In neuropathic pain an-
imal models and patients, long-lasting alterations in the ECS have been observed. These changes of neurons
and glial cells in the ECS contribute to the modulation of neuropathic pain. Intervention strategies such as the
activation of CBRs, the enhancement of hydrolytic enzyme function, and the inhibition of synthetizing en-
zymes typically alleviate neuropathic pain through CBR-dependent mechanisms. Additionally, emotions
such as fear, anxiety, and depression are frequently experienced with neuropathic pain. Exogenous canna-
binoids can mitigate these mood disorders via CBR signaling pathways. Therefore, the targeting of long-last-
ing ECS alterations represents a potential therapeutic approach for both neuropathic pain and emotional
disorders. In this review, the long-lasting variations in neurons and glial cells in the ECS related to neuropathic
pain and the accompanying emotional comorbidities are elucidated. Furthermore, the cellular and molecular

mechanisms underlying synaptic plasticity and neural circuit activities in the brain are reviewed.

INTRODUCTION

Lesions in or dysfunction of the central and peripheral nervous
systems can lead to neuropathic pain. Maladaptive changes in
central regions such as the anterior cingulate cortex (ACC), thal-
amus, and periaqueductal gray (PAG) may be critical for central
pain regulation.” These brain areas also play important roles in
regulating emotions such as depression and anxiety.” Research
has shown that neuropathic pain can cause unpleasant sensa-
tions and emotional experiences, negatively impacting quality
of life and increasing economic burdens.’®> Common treatments
such as anticonvulsants, opiates, and tricyclic antidepressants
are sometimes ineffective for treating neuropathic pain. The
analgesic effect of cannabis was recognized as early as the
4th century BCE.* Cannabinoid receptor type 1/2 (CB1R/
CB2R), endocannabinoids (eCBs), and enzymes involved in
eCB synthesis or degradation are implicated in neuropathic
pain modulation.® The endocannabinoid system (ECS) is a com-
plex system that includes eCBs, cannabinoid receptors, and
metabolizing enzymes. Under neuropathic pain conditions, alter-
ations in neurons and glial cells in the ECS are closely linked to
both pain perception and emotional disorders. These changes
affect neuronal excitability and synaptic plasticity within individ-
ual brain regions and activities across different neural circuits. In
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this review, changes in the ECS associated with neuropathic
pain and emotional disorders are explored.

Endocannabinoid system

Endogenous ligands of cannabinoid receptors are known as
eCBs. Endocannabinoid ligands include N-arachidonoylethano-
lamide or anandamide (AEA), 2-arachidonoyl glycerol (2-AG),
palmitoyl ethanolamide (PEA), and oleoyl ethanolamide (OEA).
They are synthesized via an activity-driven “on-demand” pattern
following strong neuronal activation. The increase in calcium
levels for postsynaptic neurons results in the synthesis of
eCBs. The levels of eCBs can be regulated by various synthetiz-
ing and degradative/oxidative enzymes (Figure 1). To generate
2-AG, phosphatidylinositol 4, 5-bisphosphate in the membrane
is catalyzed into diacylglycerol (DAG) via the phosphoinositide-
specific PLCB. Subsequently, diacylglycerol lipase (DAGL) cata-
lyzes DAG to produce 2-AG (Figure 1A). In the biosynthesis of
AEA, N-acetyltransferase catalyzes phosphatidylethanolamine
in the membrane and arachidonyl, resulting in the formation of
N-arachidonoyl phosphatidylethanolamine (NAPE). AEA is pro-
duced during the hydrolysis process of NAPE to phosphoanan-
damide via phospholipase D (NAPE-PLD) (Figure 1B). During the
decomposition process, arachidonic acid (AA) and ethanolamine
are derived from AEA through fatty acid amide hydrolase (FAAH).
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Figure 1. Endocannabinoid synthesis and degradation pathways
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Synthesis and degradation of two major endocannabinoids, anandamide (A) and 2-AG (B). DAGL, diacylglycerol lipase; FAAH, fatty acid amide hydrolase; MAGL,
monoacylglycerol lipase; NAPE-PLD, N-acylphosphatidylethanolamine-hydrolyzing phospholipase D; PLC, phospholipase C.

Moreover, 2-AG is degraded into AA and glycerol via monoacyl-
glycerol lipase (MAGL).

In contrast to neuronal transmitters, eCBs cannot be stored in
vesicles. Instead, eCBs are released by postsynaptic neurons
and bind to presynaptic cannabinoid receptors.® The binding
sites of eCBs have been verified to be cannabinoid receptors 1
and 2 (CB1Rs and CB2Rs).” Both cannabinoid receptors belong
to the superfamily of G protein—coupled receptors (GPCRs). The
distribution of CBRs has been revealed through numerous
studies, with the results demonstrating that CB1Rs are abun-
dantly expressed in the brain. CB2Rs have also been found in
the brain but at a lower density. The localization of CBRs in pre-
synaptic neuronal terminals strongly suggests their roles in regu-
lating synaptic transmission. CB1Rs mediate retrograde signals
that result in short-term synaptic plasticity, known as depolariza-
tion-induced suppression of inhibition (DSI) or depolarization-
induced suppression of excitation (DSE), and long-term depres-
sion (LTD) at excitatory and inhibitory synapses.®°

The ECS participates in neuropathic pain

The changes in the ECS associated with neuropathic pain are
summarized in Table 1. For example, the levels of AEA and
2-AG are elevated in pain-related brain regions such as the
PAG, rostral ventral medulla (RVM), and lateral entorhinal cortex
in chronic neuropathic pain models.'® The increased eCB levels
might be related to increased biosynthesis or decreased meta-
bolism and serve as endogenous neuroprotective mechanisms.
The neuroprotective effects of eCB alterations may be related to
changes in neuronal excitability and transmission. For example,
endocannabinoid retrograde signaling relies on presynaptic
CBR activation. As illustrated in Figure 2, presynaptic stimulation
enhances the coupling of postsynaptic metabotropic glutamate
receptors (mGluRs) with phospholipase C- (PLCB) and DAGLo.
As a result, 2-AG is formed, which facilitates the interaction be-
tween the CB1R of excitatory neurons, subsequently resulting in
reduced adenylyl cyclase (AC) and protein kinase A (PKA) activ-
ities, which decreases glutamate release. The activities of the
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vesicle-associated protein Rab3B and downstream Rab3-inter-
acting molecule 1a (RIM1a) are inhibited following the reduction
in PKA activity, leading to decreased GABA release."’ DSE and
DSI modulate presynaptic neurotransmitter release by sup-
pressing either inhibitory or excitatory neuron excitability. The
short-term influence of the ECS in balancing excitatory and
inhibitory transmission might underlie the hyperexcitability of
the brain following neuropathic pain. Moreover, the ECS can
regulate long-term synaptic transmission in neuropathic pain
states. The ECS-mediated reductions in glutamate and GABA
levels can ultimately lead to LTD."?

In addition to CB1Rs and CB2Rs receptors, endocannabinoid
ligands bind to other receptors. The G protein-coupled receptor
55 (GPR55) and transient receptor potential subfamily V member
1 (TRPV1) receptors have been widely investigated. AEA acti-
vates TRPV1 and GPR55, whereas PEA and 2-AG potentially
activate GPR55.2° The role of GPR55 in neuropathic pain has
been investigated with GPR55 knockout mice in which mechan-
ical hyperalgesia disappears after partial nerve ligation.”’
TRPV1, a modestly selective calcium channel gated by AEA, ex-
hibits in neurons and astrocytes.”® TRPV1 and CB1 receptors
are coexpressed in the same brain region.'® Moreover, coactiva-
tion of CB1Rs and TRPV1 receptors by AEA may influence
neuropathic pain via the cannabinoid pathway in the central ner-
vous system. TRPV1 receptors, also known as thermoTRP chan-
nels, are involved in sex-related differences in neuropathic pain.
For example, estrogen has been shown to induce hyperalgesia
through the activation of the IL-23/IL-17A/TRPV1 axis and incr-
ease in PKC-¢ levels in patients with chemotherapy-induced pe-
ripheral neuropathy.?® Moreover, testosterone has been shown
to reduce TRPV1 receptor expression levels in an inflammatory
pain model.*° Thus, hormone differences have been suggested
to influence sex-related differences in neuropathic pain. Num-
erous animal and human studies have revealed that sex-related
differences affect ECS components and their influence on neu-
ropathic pain. For example, sex-related differences in cannabi-
noid metabolism, cannabinoid receptor expression levels, eCB
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Table 1. Changes of neuronal ECS in different brain regions under various neuropathic pain conditions

Brain Area Model ECS changes Reference
Thalamus SNL The levels of AEA, 2-AG, PEA, and OEA in SNL rats remained unchanged. Jhaveri et al.”®
SNI The levels of AEA were significantly reduced in the older SNI mice. Siegling et al.™
In contrast, the levels of 2AG remained unchanged in these animals. and Bishay et al.’®
The enzyme FAAH exhibited increased activity in the younger SNI
mice, while it did not change in the older mice.
The CB1Rs in the contralateral thalamus of SNI rats were found to
be upregulated.
SCI The CB1R expression levels in the ventral posterolateral (VPL) and ventral Knerlich-Lukoschus
posteromedial (VPM) thalamic nuclei were elevated in rats with moderate etal.’®
and severe spinal cord injury (SCI) at 7 days post-operation. In the later
phase, at 42 days post-operation, CB1R expression in the VPL and VPM
was increased in the moderate injury group but decreased in the severe
injury group.
Prefrontal SNI The activity of FAAH was observed to be elevated in both young Mecca et al.'”
Cortex and aged mice subjected to Spared Nerve Injury (SNI). and Bishay et al.’®
The levels of 2-AG were elevated in the mPFC three days post SNI
surgery. The expression of DAGLa increased seven days following the
injury. However, there were no changes observed in MAGL and
NAPE-PLD within 35 days after nerve injury.
SNL The CB1 receptors in the medial prefrontal cortex (mPFC) Bushlin et al."®
exhibited upregulation at 14 days post-surgery.
CCl The expression of CB2Rs was observed to be increased at day 28 after Bai et al."®
surgery.
Anterior SCI The expression of CB1Rs in the anterior cingulate cortical areas, Knerlich-Lukoschus
Cingulate specifically in the Cg1 region and cingulate gyrus (cg), was reduced etal.’®
Cortex in both moderately and severely injured spinal cord injury (SCI) rats at
7 days post-operation. However, at 42 days post-operation, the
CB1Rs levels in the Cg1 and cg were increased in the moderately
injured group but remained unchanged in the severely injured group.
CCl The levels of AEA and 2-AG remained unchanged in the rACC Hoot et al.?° and
at day 1 and day 10 post-surgery. Silva-Cardoso et al.*"
The expression of CB1Rs was elevated in the ACC at day 24 after surgery.
Insular Cortex CPN In common peroneal nerve injury rats, protein and mRNA expressions Zhang et al.*?
of CB1R and NAPE-PLD were observed to be upregulated and Jee Kim et al.”
at day 14 post-surgery. Contrarily, the FAAH level remained unaltered
at this time point. Furthermore, in common peroneal nerve injury mice,
CB1R levels in the rostral agranular insular cortex did not show any
significant change at days 7 and 14 post-operation.
CClI The CB1R expression was significantly increased in rats 24 days post-injury. Silva-Cardoso et al.”’
Amygdala SNI FAAH levels remained unchanged in both young and old SNI mice. Patel et al.>*
Levels of 2-AG and precursor DAGs were increased in the Bishay et al.’®
basolateral amygdala (BLA) at 10 day post-injury.
SCI The CB1Rs levels of BLA were decreased in both moderately and Knerlich-Lukoschus et al.’®
severely injured SCl rats at 7 days and 42 days post-operation.
CCl The upregulation of CB1Rs was observed in rats 24 days post-injury. Silva-Cardoso et al.””
Hippocampus CCl The expression of CB1Rs was elevated in the CA1, CA3, and Dentate Silva-Cardoso et al.?"
Gyrus (DG) regions at 24 days post-injury. Conversely, the expression and Bai et al."®
of CB2Rs remained unchanged at day 28 after surgery.
SCI The CB1R densities in the CA1 region did not alter at 7 days post-operation Knerlich-Lukoschus

in both moderately and severely injured SCl rats, but significantly decreased
in the severe injury group at 42 days post-operation. The CB1R levels in the
CAS3 region increased at 7 days post-operation in severely injured SCI rats
and further escalated at 42 days post-operation in both moderate and severe
injury groups. The CB1R expression in the DG was diminished at 7 days
and 42 days post-operation in moderately injured SClI rats.

etal.’®

(Continued on next page)

iScience 27, 111409, December 20, 2024 3



¢ CellPress

OPEN ACCESS

iScience

Table 1. Continued
Brain Area Model ECS changes Reference
Periaqueductal CCl The levels of both AEA and 2-AG significantly increased at three Petrosino et al.,°
Gray days post-operation. This enhancement continued and became Bai et al.”” and
more pronounced at seven days post-operation. Palazzo et al.”®
The CB1R levels in VIPAG was reduced in CCl rats at 7 days post-operation.
The CB2Rs expression was not changed at day 28 after surgery.

SCI The densities of CB1Rs were observed to be downregulated in both Knerlich-Lukoschus
moderately and severely injured spinal cord injury (SCI) rats at 7 days etal.’®
post-operation. On day 42, the density of CB1Rs was
found to be lower in the severely injured SClI rats.

Rostral CCl Both AEA and 2-AG levels were significantly elevated in rats subjected Petrosino et al."®
Ventromedial to chronic constriction injury (CCI) at 7 day after CCI. Concurrently, the level
Medulla of PEA was notably reduced at this time point.

Abbreviations: ECS endocannabinoid system, AEA N-arachidonoylethanolamide, 2-AG 2-arachidonoyl! glycerol, PEA palmitoyl ethanolamide, OEA
oleoyl ethanolamide, CBR cannabinoid receptor, DAGL diacylglycerol lipase, MAGL monoacylglycerol lipase, NAPE-PLD N-arachidonoylphosphatidyl
ethanolamine phospholipase D, FAAH fatty acid amide hydrolase, SNL spinal nerve ligation, SNI spared nerve selected injury, CCl chronic constriction

injury, SCI spinal cord injury, CPN common peroneal nerve injury.

synthesis, and cannabinoid signaling pathways might lead to
differences in pain modulation related to sex. These findings
support the significant role of ECS changes in the context of
neuropathic pain. Considering the characteristics and physio-
logical features of the ECS and the neuroanatomical connections
throughout the brain, the ECS may exert diverse effects on
various brain areas, such as the midcingulate cortex and motor
cortex, which are involved in pain behavior, and the prefrontal
cortex (PFC) and hippocampus, which are associated with
pain sensation and related emotions.

The ECS in different brain areas

Nociceptive signals, originating from peripheral sensory neu-
rons, are transmitted to the spinal cord dorsal horn and subse-
quently relayed to supraspinal structures.®' Clinical human brain
imaging and animal studies both suggest that synaptic plasticity
in cortical regions, such as the ACC and the insular cortex (IC),
contributes to neuropathic pain.>' Additionally, the top-down
descending pain modulatory system maintains a balance be-
tween pain facilitation and inhibition.>? Long-lasting changes in
the ECS within the brain contribute to the persistence and mod-
ulation of neuropathic pain. Interventions that reverse these ECS
changes in various brain regions have become effective treat-
ments for neuropathic pain. For example, AEA and CB1R
mRNA levels are decreased in the hippocampi of male CCI
model rats.®®* A reduction in depressive-like behaviors and
neuropathic pain in male CCl model rats was accompanied by
corrections in AEA and CB1R mRNA levels after the inhibition
of FAAH.®?

Microglias, as parts of the immune system, continually monitor
the brain in a “resting” state. When neuronal injury occurs, mi-
croglias rapidly transition to activated phenotypes, facilitating
neuronal repair and detoxifying the affected area.> Endocanna-
binoids, which are released by microglias, play crucial roles in
modulating neuropathic pain (Figure 3). Notably, 2-AG is
released by microglias in a calcium-dependent manner and is
hydrolyzed by b-hydrolase 6 rather than MAGL.*® In the resting
state, microglias and astrocytes exhibit low CB2R levels, but
the levels of these receptors for glial cells significantly increase
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following neuropathic pain.®® In fact, CB2Rs of microglias and
astrocytes are overexpressed, whereas those of spinal cord neu-
rons are notin SNI model mice. These elevated CB2Rs and 2-AG
levels promotes the transition of microglias from proinflamma-
tory phenotypes to anti-inflammatory phenotypes®” (Figure 3).
Unpleasant emotions such as anxiety can help individuals pre-
pare for dangerous situations, and depression can reduce dis-
tractions from threats. Anxiety- and depression-like behaviors
are common in neuropathic pain models. However, when these
emotions become long-lasting or are triggered by nonthreat-
ening stimuli, individuals lose their normal function. Increased
anxiety-like behavior can increase sensitivity to pain.*® These
emotional disorders increase the likelihood of social isolation, in-
crease threat responsiveness, and reduce physical movement,
leading to severe pain that hinders daily life.*® These findings
demonstrate the comorbidity of anxiety, depression accompa-
nying with neuropathic pain.
Thalamus. The spinothalamic tract is a classic pathway that
transmits nociceptive information from the spinal cord to the
brain. Noxious stimuli are encoded by neurons in the spinal
cord, which then transmit this information to the thalamus.®®
There are tissue-specific differences in CB1Rs expression levels
in the thalamus. Higher CB1Rs expression levels were detected
in the thalamic reticular nucleus than in the ventrobasal nucleus
of the thalamus.“® Thus, DSI is enhanced at intra-thalamic retic-
ular nucleus synapses via the calcium-dependent release of
2-AG.”° The oscillatory activity in the thalamic reticular nucleus
depends on reciprocal connections between thalamic relay cells
and neurons. Therefore, the degree of thalamic reticular nucleus-
dependent synchronization could be regulated by the ECS.
The components of the ECS in the thalamus do not consis-
tently change across different neuropathic pain models (Table 1).
The expression levels of CB1Rs of ventral posterolateral and
ventral posteromedial thalamic nuclei and reticular thalamic
(RT) nuclei were increased in the early stage of spinal cord injury
(SCI).'® In the delayed stage, CB1Rs expression levels were
elevated in the moderate injury group but significantly decreased
in the severe injury group.'® The reduction in CB1R expression
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Figure 2. Long-lasting changes in the ECS including CB1Rs mediating short-term neuronal plasticity in neuropathic pain states

In neuropathic pain conditions, endocannabinoids (eCBs) are synthesized as needed (in green). The calcium concentration in postsynaptic cells increases
through voltage-gated calcium channels (VGCC) and N-methyl-D-aspartate receptors (NMDARs), which also heighten the action potentials in presynaptic
terminals. The activation of synthetizing substrate plasma membrane phospholipids via calcium and/or Gq of metabotropic glutamate receptors (mGIuRs)
stimulated phospholipase C-p (PLCB) (®). A key pathway for 2-AG synthesis involves PLC and diacylglycerol lipase (DAGL) enzymes (®). Other eCB such as
AEA, the anti-inflammatory palmitoylethanolamide (PEA), and the anorexigenic oleoyl ethanolamide (OEA) are synthesized through N-acyltransferase (NAT) and
NAPE-phospholipase D (NAPE-PLD) (®). Endocannabinoids are then transported to the synaptic cleft by the endocannabinoid membrane transporter (EMT) (®).
As described in orange, CB1Rs in the presynaptic terminal of excitatory neurons are activated by these eCBs, leading to reduced activity of protein kinases like
PKA, increased activity of MAP kinases (MAPK), and decreased Ca?* influx. This results in diminished neurotransmitter (NT) release through effectors like ad-
enylate cyclase (AC) and VGCC, ultimately influencing short-term plasticity such as depolarization-induced suppression of inhibition (DSI) and excitation (DSE) in
postsynaptic cells (®). Once they have performed their physiological functions, eCBs are degraded by specific enzymes (in yellow). AEA is broken down by fatty
acid amide hydrolase (FAAH) into arachidonic acid (AA) and ethanolamine in the postsynaptic cell (®), while 2-AG is converted into arachidonic acid (AA) and
glycerol by monoacylglycerol lipase (MAGL) in the presynaptic cell (@). Symbols are used to denote increases (1), decreases (| ), no change (—), and controversial

changes (*).

may promote the formation of allodynia, resulting in severe
neuropathic pain. Notably, CB1R expression peaked within the
first two days and gradually returned to a normal level. In severe
SCI model rats, CB1R-positive neurons were also shown to be
expressed TRPV1-p receptors.'® However, changes in the
expression levels of genes related to neuropathic pain and their
influence on SCI pain have not been investigated. Additionally,
CB1R expression levels are increased only in the contralateral
thalamus and not in the ipsilateral thalamus.'* It has been hy-
pothesized that this transient increase in CB1Rs expression
might increase the antinociceptive efficacy of eCBs under neuro-
pathic pain conditions. The ECS in the contralateral thalamus
plays an important role in the modulation of neuropathic pain.
In the thalamus, the ECS of microcircuits that project to
different subregions modulates neuropathic pain. The posterior
complex (Po) of the thalamus is an important region of the

thalamic nucleus. Nociceptive information is delivered to the
Po of the thalamus via the zona incerta (ZI) in the subthalamic nu-
cleus (Figure 4A). Parvalbumin-positive neurons in the ZI act as
extrathalamic GABAergic inputs that control the Po of the thal-
amus.*" The obvious hypoexcitability of the ventral ZI with the
Po of the thalamus (ZIv-Po) might cause neuropathic pain.*’
CB1Rs are specifically expressed at parvalbumin-positive termi-
nals in the ZIv-Po pathway. For example, local microinjection of
the CB1R agonist WIN 55,212-2 resulted in increased pain
thresholds. Selective inhibition of the Zlv-Po circuit or adminis-
tration of cannabinoids in the Po of the thalamus ameliorated
pathological pain.*" In addition, thalamic reticular nucleus proje-
ctions to the ventroposterior region of the thalamus are responsi-
ble for hyperalgesia caused by chronic sleep disruption-induced
chronic pain.*> More importantly, inhibitory effects have been
observed in this pathway. For example, neuron activity in the
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Figure 3. Long-lasting changes of the ECS in glial cells following neuropathic pain

In neuropathic pain conditions, eCBs are produced in postsynaptic cells and microglial cells. The phosphorylated P65-NF-kB mediated inflammatory response is
inhibited by eCBs. The activation of CB2Rs on microglial cells produces analgesia through the anti-inflammatory response of ECS. In astrocytes, the activation of
CB1Rs results in the release of glutamates. The long-term depression (LTD) is induced through the dephosphorylation and endocytosis of a-amino-3-hydroxy-5-
methyl-4-isox-azolepropionic acid receptors (AMPARSs). A red upward arrow indicates an increase, a red downward arrow indicates a decrease, and a red

question mark indicates an unclear change.

thalamic reticular nucleus decreased significantly after chronic
sleep disruption. However, the activation of neurons in the ven-
troposterior region increased with increased c-Fos expression
levels. Metabolomic analysis revealed that the levels of
N-arachidonoyl dopamine, an endocannabinoid, and CB1R ac-
tivity both decreased in the thalamic reticular nucleus following
chronic sleep disruption-induced chronic pain.*® Thus, CB1Rs
expression levels in the thalamic reticular nucleus are much
greater than those in other regions. Synchronization in the thal-
amus could be modulated by the ECS. In neuropathic pain
states, the activity of the ECS varies across different periods
and degrees of injury within the same neuropathic pain model.
Moreover, CB1Rs expression levels in thalamic subregions var-
ied temporally and spatially. The Po of the thalamus and the
thalamic reticular nucleus are two important areas for regulating
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neuropathic pain that rely on ECS-mediated changes in synaptic
plasticity.

Prefrontal cortex (PFC). Strong functional connections exist in
the medial prefrontal cortex (mPFC) and the thalamus. Noci-
ceptive information, which originates from the thalamus, is
amplified in the mPFC."” A direct relationship between sponta-
neous pain and mPFC activation was shown in patients via
functional imaging.** Moreover, the dorsolateral prefrontal cor-
tex (DLPFC) has been demonstrated to play an important role
in neuropathic pain.*® Most CB1Rs are expressed in interneu-
rons, whereas fewer CB1Rs are located in glutamatergic neu-
rons in human PFC tissues.*® Furthermore, AEA- and 2-AG-
mediated plasticity in the PFC shows both layer and neuronal
specificities.”” Dysfunction of the ECS has been associated
with emotional disorders. For example, increased anxiety-like
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Figure 4. Alterations of the ECS in pain pathways of the brain in neuropathic pain states

(A) In neuropathic pain conditions, the enhancement of CB1R-DSI is accompanied by disinhibition on postsynaptic cells. The increased hyperexcitability in the
posterior complex of the thalamus (Po) and rostral agranular insular cortexes (RAIC), which are parts of the subthalamic nucleus zona incerta (ZI) to the Po circuit
(ZIv-Po) and the RAIC to the dorsolateral fasciculus (DLF) of the spinal dorsal horn (RAIC-DLF pathway) respectively, causes hyperalgesia in neuropathic pain
models (®). The activation of CB1Rs increases the disinhibition on the RAIC and produces analgesia via strengthening the descending pain inhibitory pathway
(®). Meanwhile, activation of CB1Rs in the ZIv-Po circuit, accompanied by an increase in the DSI amplitude produce analgesic effect (®).

(B) Excitatory toxicity of glutamates impairs long-term potential (LTP) in the lateral entorhinal cortex (LEC)-dentate gyrus (DG) pathway under neuropathic pain
conditions. The concentration of 2-AG is increased by the palmitoylethanolamide (PEA). Subsequently, CB1R-mediated inhibition of glutamate release reverses

LTP damage (®).

(C) In SNI mice, downregulation of CB1Rs in the PAG enhances OFF cell activity of the RVM. As a result, the inhibitory action of the PAG-RVM pathway on
nociceptive signals is strengthened (®). A red upward arrow represents an increase, while a red downward arrow represents a decrease.

behaviors were reported after 2-AG levels increased in the
PFC.*®

Under neuropathic pain conditions, changes in synthetizing
enzymes affect endocannabinoid levels (Table 1). For example,
the levels of DAGL, a 2-AG synthesizing enzyme, were tran-
siently increased in the mPFC of SNI model rats.'” Conse-
quently, 2-AG levels were increased in the mPFC after nerve
injury. Interestingly, functional enhancement in DAGL expression
was found in the first seven days, after which it recovered to
normal levels in SNI model rats. For degraded enzymes such
as MAGL and FAAH, inconsistent changes were detected in
the PFC in the context of neuropathic pain (Table 1). Differences
in neuropathic pain models and brain areas might account for
these variations. The majority of CB1Rs are expressed in the ter-
minals of GABAergic neurons in the mPFC.*° The inhibitory ef-
fect of GABAergic neurons on excitatory neurons is suppressed

by the ECS through presynaptic CB1Rs. For example, a double
immunoelectron microscopy study on the rodent mPFC revealed
that CB1Rs in GABAergic neurons are associated with postsyn-
aptic mGIuRS5 in pyramidal neurons.*® The activation of mGIuR5
plays an important role in the change in glutamatergic signaling
into retrograde eCB signaling. For example, VU0360172 (a pos-
itive allosteric modulator of mGIuR5) increases the synaptic
output of pyramidal cells by increasing the amplitude of CB1R-
mediated DSI in the mPFC.*° The PLC-DAG pathway for eCB
biosynthesis might be responsible for this enhanced DSI foll-
owing mGIuR5 activation.’® In contrast, the DSI amplitude was
decreased in the mPFC on day 35 after SNI.'” Furthermore,
excessive activation of CB1Rs might result in reduced function-
ality of the ECS. Therefore, the CB1R-mediated DSI of GABAer-
gic neurons was not observed in the mPFC of SNI model mice
(Figure 1). The mechanisms underlying various changes in DSI
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amplitude in different neuropathic pain models, brain regions,
and experimental protocols should be explored in the future.

Moreover, mGIuR5 activation is needed for LTD in the prelim-
bic area of the PFC.*” The activation of phospholipase C, a
primary intracellular effector of mGIuRS, facilitates inositol
triphosphate-mediated release of Ca®* for postsynaptic neu-
rons. Inhibitory transmission may be decreased in a short- or
long-term manner when mGIuR5 interacts with presynaptic
CB1Rs. In general, the suppression of GABAergic neurons sup-
ports the excitability of mPFC pyramidal neurons. The DSl ampli-
tude increases, and the LTD of GABAergic neurons contributes
to the hyperexcitability of pyramidal neurons in the mPFC. How-
ever, with the accumulation of 2-AG, the CB1Rs function loss of
GABAergic neurons leads to uncontrollable inhibition of inputs to
pyramidal neurons in the later stage of SNI model rats. The de-
sensitized state of CB1Rs might be the reason for the LTD of py-
ramidal neurons (Figure 3). Thus, long-lasting changes in the
ECS regulate the synaptic plasticity of the PFC in both directions.
Both synaptic transmission in the PFC and the PFC-led top-
down control of pain sensation are controlled by the ECS. In
the chronic phase in SNI model rats, mechanical hyperalgesia
and the action potentials of wide-dynamic-range neurons in
the spinal cord dorsal horn were both inhibited by the activation
of CB1Rs in the mPFC.®" Furthermore, the decreased mechan-
ical threshold and the increased activity of dorsal root ganglion
neurons and wide-dynamic-range neurons in the early phase
of SNI were reversed by the inhibition of CB1Rs in the mPFC.""
This research suggested that the top-down control of neuro-
pathic pain in the mPFC-spinal cord dorsal horn-dorsal root
ganglion pathway could be regulated by blocking or activating
CB1Rs in different phases. These studies suggest that interac-
tions in the ECS in different phases of neuropathic pain models
are challenging to be investigated.

Glutamatergic TRPV1 receptors also participate in allodynia in
SNl rats through the basolateral amygdala complex (BLA)-mPFC
pathway. The overexpression of TRPV1 receptor is associated
with increased glutamate release.®” AEA-induced excitatory re-
sponses of the BLA-mPFC pathway rely on TRPV1 receptors.
This excitatory effect is inhibited with increases in FAAH levels
in SNI model rats.>” Nevertheless, the increase in 2-AG expres-
sion in the mPFC might provide negative feedback control on the
TRPV1-mediated increase in glutamate release by presynaptic
CB1Rs.”

Emotional dysfunction owing to neuropathic pain is also regu-
lated by the mPFC. In the long-lasting phase of neuropathic pain,
increased eCB levels lead to CB1R dysfunction, breaking the
feedback loop and resulting in uncontrolled inhibitory inputs
from GABAergic neurons, suppressing mPFC function and lead-
ing to depression.'” Glutamatergic neurons in the mPFC and
serotonergic neurons in the prelimbic mPFC are involved in
mood disorders.*® Exogenous cannabinoids such as cannabi-
diol (CBD) produce antidepressive effects in the prelimbic
mPFC through CB1Rs and serotonergic receptors.”* These find-
ings suggest that cannabinoid and non-cannabinoid receptors of
different neurons contribute to regulating anxiety and depression
following neuropathic pain.

These findings reveal that CB1Rs of GABAergic neurons in the
mPFC play critical roles in neuropathic pain. The increase in the
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DSI amplitude in the early period and the loss of function of
CB1Rs inthe later period contributed to hyperalgesia and depres-
sion, respectively. The mechanism underlying neuropathic pain in
the mPFC in these later stages is fascinating. Itis not clear whether
this phenomenon occurs in other neuropathic pain models. More-
over, AEA, 2-AG, PEA and OEA levels in the PFC did not show sex-
related differences in SNI model rats.®® More research is needed
to confirm sex-related differences in the ECS in the PFC.
Anterior cingulate cortex (ACC). Our previous studies indicated
that neuronal plasticity within the ACC is essential for the mani-
festation of neuropathic pain behavior and emotional disor-
ders.”® Anatomical evidence has shown that noxious inputs
are transferred to the ACC from the spinothalamic tract and
the thalamic nuclei.”” In addition to this medial stream, the so-
matosensory cortex, which represents the lateral stream, trans-
mits the sensory aspects of pain to the ACC.*® Reductions in the
functional connectivity of the ACC and somatosensory cortex af-
ter sublingual tetrahydrocannabinol (THC) administration result
in the inhibition of chronic radicular neuropathic pain.*® Addition-
ally, the ACC has been shown to activate spinal neurons through
a direct descending pathway.®® Consequently, the ACC serves
as a crucial integrative center for pain-related sensory process-
ing and emotional responses. Through immunohistochemistry,
moderate CB1R-positive cell bodies and fibers were discovered
in the ACC.°" CB1Rs are associated with the regulation of the
excitability of pyramidal neurons.®® Changes in the levels of
2-AG within the ACC impact pain behavior and conditioned
fear via 2-AG-CB2R signaling.®®

Significant reductions in CB1R densities have been found in
anterior cingulate cortical area 1 (Cg1) and the cingulate gyrus
(cg) in the early phase of SCI model rats (Table 1). Moreover,
CB1R-mediated G protein activity in the ACC diminished after
10 days of CCI.?° This decrease in both the density and activity
of CB1Rs mirrored the loss of function of CB1Rs in the mPFC.
The underlying mechanisms for these alterations in CB1Rs
may be associated with excessive eCB and CB1R desensitiza-
tion. Notably, the loss of function of CB1Rs and the correspond-
ing negative effects in CCl model rats could be corrected with a
CB1R agonist.?° This CB1R desensitization appears to be medi-
ated by elevated levels of NAEs—Nhomo-c-linolenoylethanol-
amine and N-docosatetraenoylethanolamine—in the ACC of
CCI mice rather than AEA or 2-AG levels.?° However, CB1 and
TRPV1 receptors levels were both increased in the ACC of
male CCl model rats on the 24th experimental day.>’ Changes
in the ECS of the ACC may vary during different periods of neuro-
pathic pain.

Pain-related emotional information is transmitted to higher
cortex areas such as the ACC and the anterior insula cortex
(AIC) during pain memory consolidation.®* Notably, CB1Rs
levels were increased in the ACC after CBD application in CCI
model rats, potentially facilitating the analgesic effect of CBD.
The ACC also receives input from the basolateral amygdala
(BLA), which encodes negative emotions.®® CBD produces anal-
gesic and anxiolytic effects by inhibiting the ACC-AIC-BLA cir-
cuit after CB1Rs are activated in the BLA.?' Overall, the activity
of the ECS in the ACC is first decreased, followed by an increase
in later stages under neuropathic pain conditions. It is specu-
lated that the loss of function of CB1Rs in the ACC might be



iScience

involved in emotional disorders. In addition, DSE, CB2Rs levels,
and GPR55 receptors levels in the ACC have been reported to be
associated with inflammatory pain.®*°®” Future studies should
clarify their roles in neuropathic pain.

Insular cortex (IC). Cortico-cortical interactions between the IC
and other structures, such as the ACC and thalamus, indicate
that the IC serves as a crucial interface for both top-down
perception and bottom-up regulation of neuropathic pain.®®
Electrophysiological experiments have shown that enhanced
excitatory synaptic transmission in the IC contributes to the gen-
eration of neuropathic pain.?? Additionally, CB1Rs, NAPE-PLD,
FAAH and TRPV1 receptors in the IC modulate neuropathic
pain.”®> Cannabinoid receptor 1 in the IC plays an important
role in the acquisition, extinction and reconsolidation of memory
in rats.®®

The deactivation of FAAH or MAGL leads to an increase in eCB
levels. For example, URB597, an antagonist of FAAH, elevates
the AEA concentration in the IC, thereby inhibiting the excitability
of IC neurons.”® The increased eCB levels lead to analgesia pro-
duction by reducing the excitability of IC neurons. Although there
is no change in FAAH levels in the IC, the levels of FAAH
signaling-related factors and NAPE-PLD were elevated in com-
mon peroneal nerve ligation rats.”® These findings suggest that
AEA levels in the IC may increase due to the increased activity
of its synthetizing enzyme NAPE-PLD. Consequently, the
increased AEA levels result in enhanced CB1Rs expression
and activity.”® Furthermore, CB1Rs levels were increased in
the anterior IC of CCl rats (Table 1).>' However, CB1Rs levels re-
mained unchanged in the bilateral rostral agranular insular cortex
(RAIC) of common peroneal nerve ligation mice.?” The activation
of CB1Rs by ACEA, a selective agonist, in the RAIC induced spe-
cific analgesic effects. This analgesic effect was negated upon
the deletion of CB1Rs of GABAergic neurons but not those of
glutamatergic neurons.?” These findings suggest that the activa-
tion of CB1Rs of GABAergic interneurons plays an important role
in the analgesic effect of the ECS. The antinociceptive effect of
activated CB1Rs in the RAIC depend on the disinhibition of
GABAergic neurons and the enhanced function of the descend-
ing pain inhibitory pathway via the dorsolateral fasciculus (Fig-
ure 4A).?> Despite these varying changes in CB1Rs, the neural
mechanisms underlying the analgesic effects of activated
CB1Rs in the IC warrant further investigation.

Since TRPV1 receptors and CB1Rs are colocalized, TRPV1 re-
ceptors might modulate neuropathic pain through the ECS.
NAPE-PLD expression was attenuated by the TRPV1 receptor
antagonist I-RTX in the IC of neuropathic pain model rats. The
number of TRPV1 channels increased significantly in male rats
subjected to ligation and transection of sciatic nerve branches.”
The calcium ion influx mediated by TRPV1 channels may prompt
NAPE-PLD synthesis, leading to the production of AEA and a
reduction in pain.”® In conclusion, the positive feedback loop in
which AEA increases CB1Rs expression in the IC provides an
endogenous analgesic strategy for addressing neuropathic
pain. Analgesic targets in the ECS in the IC may include
GABAergic neurons. This may lead to the development of
more focused targets for analgesic drugs.

Amygdala. The amygdala, which is composed of multiple
nuclei, including lateral, basolateral, central, and medial nuclei,
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has been recognized as a primary brain center for pain mod-
ulation.”’ CB1Rs are expressed in the amygdala, with higher
densities in the basolateral amygdala than in the centromedial
amygdala.”® In addition to receptors, enzymes such as FAAH
and MAGL are expressed in the amygdala.”® The levels of
eCBs, AEA, and 2-AG in the amygdala are associated with stress
and anxiety behavior.”*

In SNI mice, the reduction in AEA levels in the amygdala is
attributed to increased FAAH activity.'® The increase in 2-AG
levels in the amygdala of SNI mice is believed to be associated
with neuroinflammation.”® This increase in 2-AG levels could
be due to the decrease in MAGL expression in the amygdala.”*
CB1Rs have been detected in the basolateral amygdala com-
plex (BLA) and amygdalohippocampal area (AHip) but not in
the anterior amygdaloid area, the central nucleus, the medial
nuclei, or the intercalated nuclei of the amygdala.'® Under neuro-
pathic pain conditions, CB1Rs levels in the BLA and AHip
decreased in the SCI group (Table 1).'® However, the levels of
CB1Rs and TRPV1 receptors in the BLA were significantly
increased in CCI model rats.?’ This increase in CB1Rs levels in
the BLA were strengthened after sub-chronic systemic treat-
ment with CBD.?" CBD may also be associated with the increase
in CB1R levels in the ACC, AIC, BLA, and ventral hippocampus
(VH). It has been proposed that CBD-mediated analgesia in the
BLA depends on corticolimbic circuits such as ACC-AIC-BLA
and BLA-VH.?' In addition to these intercortical connections,
the activity of the central nucleus of the amygdala (CeA)-PAG
pathway is modulated by the ECS. The CeA inhibits PAG neu-
rons through GABAergic inputs.”® Importantly, this direct
extrinsic GABAergic input from the CeA to the PAG projection
neurons innervating the RVM is selectively inhibited by cannabi-
noids via CB1Rs under physiological conditions.”® These results
imply that the descending output of the PAG could be gated by
the ECS. Thus, the influence of the ECS on the direct extrinsic
CeA-PAG circuit is an intriguing topic under neuropathic pain
conditions.

In summary, there are contradictions in the changes of the
ECS, especially changes in CB1Rs. Moreover, the interaction
between TRPV1 receptors and eCBs under neuropathic pain
conditions should be investigated further. Moreover, the levels
of AEA, 2-AG, PEA and OEA in the amygdala did not differ be-
tween male and female SNI rats.®® The sex-related differences
in the ECS in the amygdala also need to be investigated.
Hippocampus. The hippocampal cortex is known for its critical
roles in memory and cognition. In the hippocampus, the ECS
triggers a reduction in GABA or glutamate release in a long-last-
ing manner (i.e., LTD).”” Disinhibition can facilitate LTP at
Schaffer collaterals to CA1 synapses.’® Synapse plasticity medi-
ated by the ECS could play an important role in learning and
memory. In addition to retrograde eCBs signaling, AEA can acti-
vate TRPV1 receptors in a nonretrograde manner.”” The activa-
tion of TRPV1 receptors induces postsynaptic LTD of medial
prefrontal path inputs to dentate granule cells.”® This synaptic
activity reflects the physiological role of the ECS in modulating
learning and memory. In addition, young mice lacking the CB1
receptor exhibited mild anxiety-related behavior.®°

The hippocampus is typically divided into three subregions:
CA1, CAS, and the dentate gyrus (DG). CB1Rs have been found
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in these hippocampal subregions in SCI and CCI model rats. In
the CA1 and CAS3 regions, CB1Rs levels were significantly
increased in CCI model rats and SCI model rats in the delayed
phase (42 days).'® Evidence of colocalization between CB1Rs
and TRPV1 receptors was found in the CA1 and CA3 hippocam-
pal areas of male sham and SCI model rats.'® Interestingly, the
phosphorylated form of TRPV1 (TRPV1-p) receptors colocalized
with CB1Rs was found only in the severe injury group 42 days
post-operation.’® A notable increase in the levels of CB1Rs
and TRPV1 receptors in the DG has also been observed in
male CCl model rats.?’ However, no significant difference in
CB1R levels in the DG between SCI model and sham rats was
found.'® This variation in CB1R levels may be attributed to the
use of different neuropathic pain models (Table 1). Research
on changes in CB2Rs levels is limited, and only an increasing
trend in CB2R levels in the ventral hippocampus (VHIP) has
been reported in CCl mice.'® Furthermore, the activity of the
ECS in the hippocampus can be regulated through exogenous
drugs. Cold hypersensitivity was inhibited by the MAGL antago-
nist JNJ-42226314, with a corresponding increase in 2-AG levels
in the hippocampus.®' Interestingly, 2-AG levels in the DG
increased after the application of PEA.?> Following this, the
impaired excitatory toxicity-induced LTP in the lateral entorhinal
cortex (LEC)-DG pathway in SNI mice is corrected (Figure 4B).%?
Furthermore, evoked field excitatory postsynaptic potentials in
the CA1 were decreased by JNJ-42226314 in a dose-dependent
manner.®’ These studies suggest that synaptic transmission in
the hippocampus is influenced by the ECS.

The central and peripheral manifestations of anxiety and
depression are mediated by CB1R and CB2R signaling, indi-
cating that the ECS is a crucial regulator of these conditions in
neuropathic pain.®® Emotional aspects of neuropathic pain,
such as fear and anxiety, are processed through a neural circuit
from the ventral hippocampus (VH) to the BLA.%* AEA levels in
the hippocampus increased after systemic injection of the
FAAH inhibitor URB597, which inhibited both depressive-like be-
haviors and neuropathic pain.>® This antidepressant effect is
enhanced by the activation of CB2Rs and TRPV1 receptors by
AEA % The application of PEA can indirectly increase AEA levels
by acting as a false substrate for FAAH, potentially having a
positive cooperative effect on neuropathic pain and related
emotional disorders.®® Through double immunostaining and
electron microscopy, CB1Rs of hippocampal astrocytes were
identified and quantified.®” Acute application of exogenous can-
nabinoids triggered LTD at hippocampal CA3-CA1 synapses.
This cannabinoid-induced LTD was absent in mice lacking astro-
cyte CB1Rs, indicating that these receptors are essential for
inducing LTD at these synapses.?” The activation of astroglial
CB1Rs increased glutamate concentrations, subsequently
promoting the internalization of a-amino-3-hydroxy-5-methyl-
4-isoxazole-propionic acid receptors (AMPARs) at CA3-CA1 sy-
napses through NR2B-containing NMDARs (Figure 3).%” The
interaction between glial CBRs and glutamate receptors of hip-
pocampal astrocytes could be a meaningful future research
direction.

As mentioned above, eCB signaling in the hippocampus is
associated with synaptic plasticity, anxiety-related behavior,
learning and memory through CBRs and TRPV1 receptors.
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TRPV1 receptors and CB1Rs are colocalized in the hippocam-
pus. TRPV1 receptors, especially their phosphorylated form in
the hippocampus, might affect neuropathic pain in a nonretrog-
rade manner. In addition to those of neurons, CB1Rs of astro-
cytes regulate the excitability of hippocampal neurons in normal
state. Changes in the function and expression of astrocyte
CB1Rs under neuropathic pain are important to investigated.
Periaqueductal gray (PAG). The descending pathway compri-
sing the PAG-rostral ventromedial medulla (RVM)-dorsal horn
(DH) serves as an endogenous pain modulator.’® AEA and
2-AG are the two main endocannabinoids in the PAG. AEA in-
hibits anxiety-like responses through the activation of CB1Rs
in the dorsolateral periaqueductal gray (dIPAG).2° However,
2-AG induces anxiety-like responses through the activation of
CB1Rs and CB2Rs in the dIPAG.**

The changes in the ECS within the PAG and the RVM are sum-
marized in Table 1. These changes in the ECS may arise owing to
different testing time points and the use of various neuropathic
pain models. For example, the density of CB1Rs in the PAG
significantly decreased in rats after moderate and severe spinal
cord lesions at early and delayed phases, and in rats on the 7th
day following CCL."®2° However, no significant changes in
CB1Rs in the PAG of CCl model rats have been found.'” CB1R
and TRPV1 receptors are coexpressed in the PAG neurons of
male SCI model rats.'® The analgesic effects of AA-5-HT, a
FAAH and TRPV1 receptor blocker, are alleviated by CB1R
and TRPV1 receptor antagonists.? The colocalization of these
receptors in the PAG could enable AA-5-HT-mediated antinoci-
ception. The AA-5-HT-mediated analgesic effect on formalin-in-
duced pain relies on the PAG-locus coeruleus (LC)-spinal cord
pathway.”® Moreover, the levels of 2-AG but not those of AEA
increased after AA-5-HT application.®® The cooperative effects
of the ECS and TRPV1 receptors on neuropathic pain have not
been investigated. The changes in TRPV1 receptors in the
PAG during neuropathic pain are also unclear. Pain perception
may be modulated by GPR55 through the PAG-RVM-spinal
cord dorsal horn axis. The antinociceptive and pronociceptive
effects of GPR55 in the PAG have been investigated in inflamma-
tory pain models but not in neuropathic pain models.®’ More-
over, an endogenous ligand of GPR55 lysophosphatidylinositol,
but not 2-AG, was used in these studies.

The rational approach to pain reduction involves enhancing
the function of this endogenous antinociceptive descending
pathway. Activating CB1Rs and CB2Rs in the PAG with WIN
55,212-2 produced an antinociceptive effect. This analgesic ef-
fect was reversed by mGIluR5 and mGIuR2-3 receptor antago-
nists.”® These findings suggest that alterations in glutamatergic
synaptic transmission impact the ECS-mediated analgesic ef-
fects. Moreover, GABAergic synaptic transmission along the
PAG-RVM axis is inhibited following the activation of CB1Rs in
the PAG. This ECS-mediated disinhibition of PAG-projecting
neurons enhances the excitability of RVM neurons.

These studies revealed that variations in CB1Rs in the PAG
may occur due to different degrees of nerve damage or different
time stages. The participation of TRPV1 receptors and GPR55 in
the PAG in pain modulation has been demonstrated in inflamma-
tory pain models. Analgesic effects owing to the activation of
TRPV1 receptors and GPR55 does not depend on the ECS.
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However, whether this phenomenon is consistent with neuro-
pathic pain is unknown.

Rostral ventromedial medulla (RVM). The RVM serves as a
crucial relay site in the descending pathway. There are two types
of pain-responding neurons in the RVM: ON cells and OFF cells.
ON cells become activated with bursts of activity, whereas OFF
cells are inhibited before nociceptive stimulation.’® The inhibition
of pain transmission is associated with the enhancement of OFF
cell activity and a reduction or delay in the onset of the associ-
ated pauses.”

The levels of AEA, PEA and oleoylethanolamide (OEA) decrea-

sed, accompanied by an increase in FAAH levels in the RVM of
male streptozocin-diabetic model rats.”® An increased TRPV1
mRNA expression was observed in the RVM. A FAAH-mediated
decrease in eCB levels in the RVM might represent negative
feedback control of TRPV1-mediated stimulation of glutamate
release and neuronal excitotoxicity.®® Tail flick-induced ON cell
firing and the OFF cell pause duration decreased after microin-
jection of WIN 55,212-2 in CCl rats (Figure 4C). This antinocicep-
tive effect can be blocked by SR141716A (a CB1R antagonist)
and MPEP (an mGIuR5 antagonist) but not by CPCCOEt (an
mGIuR1 antagonist).?® These findings suggest that the functional
interaction between mGluRs and the ECS is essential for PAG-
RVM-spinal cord dorsal horn axis-mediated pain inhibition.
Compared with male SNI rats, female SNI rats not only pre-
sented earlier onset but also greater sensitivity to mechanical
and cold allodynia.®” As described in the review, sex-related dif-
ferences in ECS ligand levels have been found.”® However,
endogenous cannabinoid ligand (e.g., AEA, 2-AG, PEA, and
OEA) levels in the PAG and RVM of SNI model rats do not differ
between the sexes."® The authors of this study reported that en-
docannabinoid levels might be altered at other time points
following SNI surgery.
Motor cortex. Intracortical recordings and functional neuroi-
maging studies have shown that the primary motor cortex (M1)
is involved in the perception of neuropathic pain.98 M1 layer
V-restricted activation leads to pain relief in SNI mice through
projections from the layer V to the ZI and the PAG.* The activa-
tion of M1 layer VI neurons alleviates negative affective valence
in neuropathic model mice through the M1-lateral domain of
the mediodorsal thalamus-nucleus accumbens pathway.*”
Thus, in the M1, distinct, layer-specific pathways are used to
modulate pain and emotional disorders associated with neuro-
pathic pain. ECS-mediated plasticity is associated with pro-
ducing motion via connatural neural circuits.'° The long-term
plasticity induced by the ECS acts as a long-term buffer for sta-
bilizing the organization and activity of motor neurons.'®°

Through immunostaining and Western blotting, no changes in
the levels of FAAH, MAGL enzymes or CB1Rs were found in the
M1.79" Although CB2Rs are expressed in both astroglial cells
and neurons, elevated CB2R levels are found only for astroglial
cells.”®" In addition, ECS components are regulated after stimu-
lation of the M1. The CB2R density in the dorsal horn of the spinal
cord was increased after M1 stimulation in CCl model rats."%
The levels of proinflammatory factors such as IL-18 and
TNF-a, which are released by astrocytes and microglia, are
decreased following the activation of CB2Rs.'%® M1 stimulation
produces analgesic effects via CB2R-mediated inhibition of glial

¢ CellP’ress

OPEN ACCESS

activity and downregulation of IL-1p and TNF-a activity.'® On
the basis of this evidence, neuropathic pain is modulated by
the M1. The synaptic plasticity of the M1 is influenced by the
ECS. However, changes in the ECS in the M1 associated with
neuropathic pain remain unknown.

Midcingulate cortex (MCC). In addition to the ACC, the MCC
plays important roles in emotion, action, memory and pain.’'*
Nociceptive information from the anteromedial thalamic nucleus
arrives at the MCC."%® In naive mice, chemogenetic activation of
the MCC aggravates pain sensitivity.'°° Moreover, hypersensitiv-
ity to pain is associated with the MCC-IC pathway.®” In addition,
the connections between the MCC and the ZI lead to inhibitory ef-
fects.'°® Poor episodic memory performance, executive function,
speed and mental flexibility are associated with the MCC in Par-
kinson’s disease patients.'°° This poor performance is associated
with lower CB1R levels in the MCC.'%° Phytocannabinoids such
as THC and CBD significantly reduce connectivity between the
DLPFC and the IC.""° The distribution and physiological function
ofthe ECSinthe MCC should be explored. Moreover, the changes
in the components of the ECS are still unclear. THC and CBD
affect the endocannabinoid system. This indirect evidence sug-
gests that the activity of the MCC and its corresponding circuit
might be reduced after the activation of the ECS.

Pharmaceutical development
Cannabis has been used for pain treatment for millennia. THC is
the main active constituent of cannabis and shows high binding
affinity for CB1Rs, with effects such as reducing anxiety and
pain.""" Cannabis-based medicines contain THC, BCD, or a
mixture of these medicines; analogues include THC and CBD ex-
tracts."'? In fact, a wide range of concentrations have been re-
ported for single and mixed cannabis-related medicines. For
example, THC dosages range from 1.6 to 96 mg for everyday
use. Decreases in attention, learning and memory are aggravated
with increasing THC doses."'® To identify side effects, the dosage
or concentration of cannabis-based medicines should be stan-
dardized. Inhalation/smoking-based methods, oromucosal spr-
ays, and oral sprays are three main clinical applications."'? The
pharmacokinetics and pharmacodynamics of cannabinoids
vary among these three applications.''” It is reasonable to sug-
gest that inhalation methods and oromucosal sprays are more
suited for treating acute pain, whereas oral formulations are
appropriate for treating patients with long-term pain. Thus, on
the basis of the characteristics of the given application, different
methods should be chosen for each patient in clinical settings.

Cannabis-based medicines are derived from plants and act as
agonists to CBRs. The activation of CBRs by phytocannabinoids
or synthetic cannabinoids may help relieve neuropathic pain.’'*
Pharmacological approaches such as the use of CBRs agonists,
eCB-regulating enzyme inhibitors, and other interventions that
modulate the ECS have been shown to relieve neuropathic
pain."'® Short-term and long-term changes in ECS components
in the brain can occur after neuropathic pain. There are many
possible therapeutic targets of natural and synthetic cannabi-
noids, and others can modulate the transmission and perception
of neuropathic pain.

Nonmedicinal and recreational cannabis has been legalized
in Luxembourg and other European countries.''® Medicinal,
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nonmedicinal, and recreational cannabis use has become
increasingly widespread. The changes in the ECS of the brain
area which is associated with neuropathic pain, following the
cannabis use is highly desirable. This may also inspire the devel-
opment of ECS agents that do not produce unwanted side
effects. Positive allosteric modulators (PAMs) of the ECS have
attracted increasing attention. PAMs such as GAT229 reduce
neuropathic pain without psychoactive effects.’!” Similarly,
ZCZ011 effectively relieves hyperalgesia without the develop-
ment of tolerance.’'* Thus, the use of PAMs is a promising ther-
apeutic strategy for treating neuropathic pain.

CONCLUSIONS AND IMPLICATIONS

The ECS in the brain is involved in the modulation of neuropathic
pain and emotional disorders. Long-lasting changes in the ECS
components have been observed in various neuropathic pain
models. However, the directions of these changes are not al-
ways consistent across different brain regions. For example,
CB1Rs expression is increased in the ACC, AIC, BLA, DH, and
VH but is decreased in the PAG of CClI rats.?"?> Conversely,
CB1Rs expression is stable in the IC of common peroneal nerve
ligation model mice.?* These differences could be attributed to
variations in pain models and brain nuclei. Further research is
needed to understand the mechanisms governing changes in
the ECS under different neuropathic pain conditions.

The ECS is composed of endocannabinoids, synthetizing and
degrading enzymes, cannabinoid receptors, and downstream
signaling pathways. Methods that increase the expression of
eCB, cannabis sativa, or analogs or activate cannabinoid and
other high-affinity receptors are thought to relieve neuropathic
pain.'”?%112 |n most studies, systemic injections of these agents
have been used, but direct evidence of their effects on specific
brain regions is limited. Additionally, the sensitivity of central
neurons to endocannabinoids should be considered. For exa-
mple, 2-AG has various effects on pain when provided at
different doses in the prelimbic cortex (PrL). Microglias in the
brain also participate in endocannabinoid metabolism and ex-
press both CB1Rs and CB2Rs. The activation of spinal dorsal
horn microglial CB2Rs in SNI rats has been shown to reduce me-
chanical and cold hyperalgesia.''® Moreover, CB2Rs of micro-
glias and astrocytes have been shown to modulate neuropathic
pain at the spinal cord level, but their roles in supraspinal regions
are less clear.""?

Overall, anxiety and depression are pathological responses
that can lead to highly disabling and severely limiting pain
when they are exacerbated. These emotional disorders are
related to dysfunctions of the ECS and can be modulated via in-
terventions that influence this system. The neuronal mechanisms
underlying the interactions between ECS dysfunction and
emotional disorders are not fully understood. Future research
should explore the specific roles of different subsets of neurons
in brain regions involved in emotional disorders.
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