
Review

Overlapping pathways of migraine and the endocannabinoid system: 
Potential therapeutic targets

Adriana Della Pietra a,* , Andrew F. Russo a,b,c

a Department of Molecular Physiology and Biophysics, University of Iowa, Iowa City, IA, USA 
b Department of Neurology, University of Iowa, Iowa City, IA, USA
c Veterans Affairs Healthcare System, Iowa City, IA, USA

A R T I C L E I N F O

Keywords:
2-AG
Anandamide 
Analgesic
Circadian rhythm 

Glymphatic clearance

A B S T R A C T

Migraine is a disabling neurovascular disorder with limited therapeutic options, especially for patients unre-
sponsive to current treatments targeting calcitonin gene-related peptide (CGRP) signaling. The endocannabinoid 
system (ECS) has emerged as a promising alternative for migraine modulation, offering analgesic, anti-
inflammatory, and neuroimmune-regulatory effects through its main ligands, anandamide (AEA) and 2-arachi-
donoylglycerol (2-AG), and their degrading enzymes. This review provides an updated map of endocannabi-
noid components in central and peripheral migraine-relevant regions, highlighting their spatial distribution and 
functional regulation in animal models. We summarize the available preclinical evidence supporting the anti-
nociceptive effects of endocannabinoid-degrading enzyme inhibitors and cannabinoid receptor agonists/antag-
onists, with particular emphasis on the therapeutic potential of multi-target compounds. Moreover, we explore 
non-canonical ECS pathways, including TRPV1, D2 dopamine receptors, serotonergic and ion channel in-
teractions, and their roles in modulating CGRP release and trigeminovascular signaling to treat migraine path-
ophysiology. Finally, we propose two sleep-related directions for treatments involving ECS modulation of 
circadian rhythms and glymphatic clearance. Although human translational data are limited, the ECS offers a 
multifaceted framework for developing next-generation therapeutics targeting migraine pathophysiology.

Introduction

Migraine is not simply a headache. It is a multifaceted neurovascular 
disease, affecting up to 14 % of people worldwide [1]. As such, migraine 
represents a major social and economic burden [2,3]. It is the world's 
second leading cause of disability regardless of age and gender [4]. 
Notably, it scores as the major life impairing disease in young women 
[5]. While current treatment options can alleviate migraine pain, many 
patients are not helped or experience side effects. Even the recently 
developed CGRP-based drugs leave roughly 30–50 % of migraine pa-
tients untreated [6].

As alternative treatments, instead of using highly addictive pain-
killers, such as opioids, there is a great need for alternative, effective and 
safe medications. Despite potential negative psychoactive side effects 
and potential medication-overuse headache risk [7,8], medical mari-
juana has been shown to decrease the frequency of migraine headaches 
[9], suggesting a perspective for cannabinoids in treating migraine. The

use of cannabis to relieve pain dates to ancient civilizations [10]. 
Cannabis has been used for millennia in ayurvedic medicine for the 
management of pain, nausea, and anxiety, as well as to promote appetite 
and sleep [10]. The cannabis plant has complex natural compounds, 
including, in addition to the generally safe cannabidiol (CBD), the psy-
chotropic delta9-tetrahydrocannabinol (THC), and dozens of poorly 
characterized components [11]. Recent studies have pointed to the 
therapeutic potential of a combination of CBD and THC in preclinical 
migraine models [12,13] and in a clinical trial [14,15]. These CBD and 
THC findings point to the importance of targeting the body's endo-
cannabinoid system (ECS) [16,17]. Thus, the stage is set for testing the 
enhancement of ECS signaling pathways that might provide analgesia 
with minimal adverse effects.

Endocannabinoids are known for their anti-nociceptive signaling via the 
ECS and as such represent an attractive alternative to psychotropic com-
ponents of phyto-cannabinoids [18]. Nociceptive signaling in migraine pain 
areas is sensitive to anti-nociceptive endocannabinoids, which will be a
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focus of this review. The two main endocannabinoids are 2-arachidonoyl-
glycerol (2-AG) and anandamide (AEA). The anti-nociceptive efficiency 
of 2-AG and AEA is determined by their enzymatic synthesis, activity on 
cannabinoid receptors type 1 and 2 (CB1 and CB2), and degradation. 2-AG 
is synthesized and released on-demand when phospholipase C (PLC) acts on 
lipid precursors in cells containing the synthesizing enzyme diacylglycerol 
lipase (DAGL). DAGL converts PLC-derived diacylglycerol into 2-AG, or into 
another monoacylglycerol such as 2-oleoylglycerol [19]. 2-AG acts as a full 
agonist at both CB1 and CB2 receptor types [20]. 2-AG is hydrolyzed by 
monoacylglycerol lipase (MAGL) and α/β -hydrolase domain protein 6 
(ABDH6). The endocannabinoid AEA and other N-acyl ethanolamines, 
including palmitoylethanolamide (PEA) and oleoylethanolamide (OEA), 
are formed from N-acyl-phosphatidylethanolamine (NAPE) through the 
action of the enzyme N-acylphosphatidylethanolamine-specific phospho-
lipase D (NAPE-PLD) [21]. AEA is a partial agonist at CB1 and CB2 receptors 
[20]. AEA is hydrolyzed by fatty acid amide hydrolase (FAAH) [22,23]. 
Although direct evidence is still lacking that boosting endocannabinoid 
synthesis can produce analgesic effects, there has been recent progress in 
the development of selective and potent MAGL and FAAH inhibitors with 
the aim of achieving migraine pain relief [24]. MAGL and FAAH inhibitors 
provide excellent starting points for enhancing endocannabinoids activity. 
Indeed, a key point is that the endocannabinoids and their enzymes are 
distinctly active in different peripheral and central migraine pain signaling 
areas [25,26]. Therefore, to achieve an effect in all these areas, inhibition of 
at least FAAH and MAGL would be ideal.

In this review, we will show the overlap between the ECS and 
migraine-related signaling areas within the CNS and PNS. We will also 
discuss current strategies under preclinical investigation to treat 
migraine by targeting endocannabinoid-degrading enzymes, CB1/2 re-
ceptors, and other associated receptors, ion channels, and mechanisms.

Endocannabinoid system in migraine pathways

To exploit the endocannabinoid system to achieve migraine pain 
analgesia, the components of the endocannabinoid system (synthesizing 
enzymes, CB1/2 receptors, the endocannabinoids, and degrading en-
zymes) have to be expressed and active in areas mediating migraine 
pathophysiology. We compiled available evidence on the expression 
and/or activity of ECS components in migraine-relevant brain regions. 
The information was drawn from multiple sources, not limited to 
migraine-specific literature. It includes data from diverse experimental 
models, including neuropathic, osteoarthritis pain, stress and other 
models. From the control groups in these studies, basal levels and/or 
activity of CB1/CB2, AEA, 2-AG, and MAGL/FAAH in specific brain 
regions were extrapolated. All the regions mentioned are known to be 
involved in migraine signaling. To date there has been a paucity of 
studies on the endocannabinoid synthesizing enzymes with respect to 
migraine, so we will begin with the receptors.

CB1 and CB2 receptor localization in migraine-relevant areas

CB1 receptors, the first identified cannabinoid receptors, are widely 
distributed in both neurons and glia of many central and peripheral 
nervous system (CNS and PNS) regions involved in pain modulation and 
migraine [27,28] (Fig. 1).

Functionally, CB1 receptors are enriched at presynaptic terminals 
and axons, where they regulate synaptic transmission [29,30]. They are 
present in the rat trigeminal ganglia [31], rat and human dorsal root 
ganglia [32,33], and dermal sensory nerve endings, where they modu-
late afferent pain signaling [34]. From here, CB1 are importantly 
expressed in the rat brainstem trigeminal nucleus caudalis (TNC) [27],

Fig. 1. Sites of AEA, 2-AG, their receptors CB1/ 
2, and their main degrading enzymes MAGL and 
FAAH in rodent CNS and PNS areas associated 
with migraine signaling. Both cannabinoid re-
ceptor type 1 and 2 (CB1 and CB2) are expressed in 
the cortex, hippocampus, meninges, and trigeminal 
ganglion (TG), although CB2 expression is generally 
much lower than CB1 in the CNS compared to pe-
ripheral tissues. The endocannabinoids 2-arachido-
noylglycerol (2-AG) and anandamide (AEA) are 
present in all regions shown, with 2-AG typically 
more abundant than AEA, except in the amygdala 
and hippocampus where levels are comparable. The 
degrading enzymes monoacylglycerol lipase 
(MAGL) and fatty acid amide hydrolase (FAAH) 
exhibit high and comparable expression in the 
cortex, periaqueductal gray (PAG), cerebellum, 
hippocampus, and thalamus. In contrast, their 
levels are low in the hypothalamus and brainstem. 
MAGL predominates over FAAH in the spinal cord, 
amygdala, dorsal root ganglia (DRG), and is exclu-
sively expressed in the TG. FAAH, conversely, is 
uniquely present in the meninges. The expression 
and activity of the endocannabinoid system com-
ponents in the sphenopalatine ganglia (SPG) is 
currently unknown as indicated by the question 
mark. Peripheral cranial structures are highlighted 
with a blue oval, while central nervous system re-
gions are in pink. The relative abundance of each 
endocannabinoid system component is represented 
by the proportional size of its symbol. Although 
comparative data exist for other species, this figure 
focuses on the murine models, where most of the 
current evidence listed in section Endocannabinoid 
system in migraine pathways is available.
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which collects and further transmits the incoming nociceptive signals 
from the peripheral sites to the thalamus, and in the rat periaqueductal 
gray (PAG), whose functional connectivity has been connected to brain 
hyperexcitability in migraine [27]. Overall, CB1 receptors are the most 
abundant G protein–coupled receptors in both rat and human brain 
[35]. There is also fairly high expression in many other areas in the rat 
brain, including the cerebral cortex, hippocampus, and cerebellum, and 
moderate to low levels in the amygdala, hypothalamus, thalamus, and 
spinal cord [36,37].

In the context of migraine, all these regions have key functions. The 
cerebral cortex is involved in the process of cortical spreading depo-
larization (CSD), the electrophysiological mechanism underlying aura, 
and with the amygdala contributes to pain processing and emotional 
perception of migraine [38,39]. Hippocampal structural and functional 
alterations have been reported in migraine patients and are associated 
with disease progression [40]. The thalamus, hypothalamus, and cere-
bellum play key roles in migraine-related hypersensitivity, including 
allodynia and photophobia [41–43]. Finally, the spinal cord and dorsal 
root ganglia (DRG) are integral to peripheral sensory transduction and 
modulation [44], including nociceptive signaling relevant to migraine 
pain. Comparison with human data from quantitative autoradiographic 
studies indicates that most CB1 expression patterns are broadly trans-
latable across species [35]. However, in humans, the amygdala displays 
some of the highest receptor densities, higher than the moderate levels 
typically reported in rats [35].

In contrast, CB2 receptors, mostly studied in rodent or cell-culture 
models, were initially identified in splenic macrophages [45]. These 
receptors are predominantly expressed in murine meningeal immune 
cells and only sparsely in CNS (Fig. 1). The actions of cannabinoids in 
specific dural immune cells through CB1/2 receptors in relationship to 
migraine has been already widely discussed by us [46]. Additionally, 
cerebrovascular endothelial cells exhibit CB2 receptor expression 
alongside CB1 and the AEA non-conventional TRPV1 receptors [47,48]. 
Interestingly, recent studies show CB2 receptors expression in microglia 
and, to a lesser extent, in neurons within the prefrontal cortex and 
hippocampal CA2/3 regions [49,50]. In neurons, CB2 receptors influ-
ence inhibitory plasticity, gamma oscillations, and excitability, acting 
independently of CB1 receptors [51,52]. In microglia, CB2 receptors 
modulate their activation and induced neuroinflammation [53,54], 
mechanisms relevant to migraine chronification and other pain disor-
ders. Glia actively participate in immune functions [55], including the 
release of pro-inflammatory cytokines and facilitation of central sensi-
tization [56], processes that contribute to the initiation and mainte-
nance of migraine pain. Unlike microglia, the presence of CB2 receptors 
on astrocytes, regulating the glymphatic function, a process increasingly 
implicated in migraine pathophysiology [57], remains debated. 
Although some studies report CB2 in astrocytic cultures [58,59], these 
findings may be driven by artificial culture conditions [60]. Most evi-
dence suggests that CB2 is absent in astrocytes under physiological 
conditions [61,62]. Although their expression is relatively limited, CB2 
receptors are increasingly recognized as key modulators of nociception 
and neuroimmune signaling [63], positioning them as much as CB1 
receptors as promising therapeutic targets for migraine and other pain 
conditions.

Expression of AEA and 2-AG in migraine-relevant areas

Endocannabinoids are expressed in several migraine-relevant re-
gions of the brain and trigeminovascular system (Fig. 1). In general, 2-
AG levels tend to be higher than AEA. In human and rat meninges 
[64] and rat TG [65,66], basal levels of 2-AG are higher than AEA. While 
the role of DRG in migraine is less appreciated than the TG, basal 2-AG 
levels also appear higher than AEA in rat DRG, as quantified in the 
control group of neuropathic pain models [67]. Similarly, there is higher 
levels of 2-AG compared to AEA in other rat CNS regions related to 
migraine signaling. These regions include the TNC [65,66], PAG [68],

spinal cord [65,66], cerebellum, hypothalamus [69], and thalamus [70] 
(Fig. 1). Basal endocannabinoid levels in the PAG [68] and thalamus 
[70] were extrapolated from neuropathic pain studies, while hypotha-
lamic levels were taken from control groups in a study examining 
endocannabinoid changes related to fasting, feeding, and satiation [69]. 
In the rats and mice amygdala, which may be involved in affective as-
pects of migraine pain, 2-AG and AEA levels are comparable, as 
observed in control groups versus stress and osteoarthritis pain models 
[71,72]. There are some species differences in relative levels, for 
example, the hippocampus in mice has comparable levels of AEA and 
2-AG [71,72], while in the rat 2-AG is higher than AEA [73]. A caveat to 
these measurements is that they do not assess biological activity. In this 
regard, studies in the DRG X neuroblastoma F-11 cell line revealed that 
while both AEA and 2-AG are present, they exhibit distinct subcellular 
distributions: AEA is found in both lipid raft and non-raft membrane 
fractions, whereas 2-AG is primarily localized within lipid rafts [74]. 

A key feature of endocannabinoids is their ability to be released on 
demand in response to local neuronal depolarization [64]. In this regard, 
the above-described basal levels of endocannabinoids are likely altered 
by cortical spreading depolarization (CSD). CSD is a wave of neuronal 
and glial depolarization followed by a period of electrical silence that is 
associated with the aura phase of migraine [75]. In an ex vivo rat CSD 
model, the depolarization wave is triggered in cortical slices by a high 
concentration of KCl. In this model, cortical AEA levels and release 
increased markedly, while 2-AG levels remained unchanged [76]. This 
nicely aligns with other findings showing that cultured neurons syn-
thesize AEA upon depolarization [77]. The same group and Stella et al. 
reported that neurons also release 2-AG in a Ca 2+ -dependent manner 
[78], with brain concentrations reaching up to 170-fold higher than AEA 
[79]. Consistent with this higher 2-AG abundance, inhibition of serine 
hydrolases with AKU-005 leads to a more pronounced elevation in 2-AG 
levels compared to AEA in the rat cortex [76]. However, it is important 
to consider species-specificity of the ECS. In mouse cortical samples, 
basal concentrations of AEA and 2-AG are very low and remain un-
changed following CSD [76]. Yet, as observed in rat cortex, 2-AG levels 
markedly increase upon serine hydrolase inhibition with AKU-005 [76]. 
In the CNS, astrocytes similarly produce 2-AG [78], AEA, and other 
acylethanolamides [80], with synthesis dependent on Ca 2+ and 
enhanced by endothelin-1 [80,81] or ATP [82]. Microglia, via P2X7 
receptors expressed only when activated, also respond to ATP, gener-
ating ~20 times more endocannabinoids than neurons or astrocytes [80, 
83,84]. Tissue injury further promotes endocannabinoid and eicosanoid 
release [85–87].

Similar to the cortical response, in the meninges only AEA release is 
specifically enhanced by depolarizing high-potassium treatment [64]. 
The cell types underlying these levels were not identified in this study. 
While endocannabinoids are known to modulate immune cell activation 
[46], it remains unclear whether immune cells can release endocanna-
binoids into the meninges. Additionally, it has been shown that beyond 
glia and neurons, cerebrovascular endothelial cells can also release AEA 
when stimulated with the Ca 2+ ionophore A23187 [88].

Activity of FAAH and MAGL in migraine-relevant areas

The levels of the endocannabinoids are maintained at physiological 
levels by the activity of their main degrading enzymes FAAH and MAGL. 
These enzymes have distinct profiles in various migraine related areas. 
FAAH and MAGL are present in the trigeminovascular system but show 

differential activity (Fig. 1).
Within the trigeminovascular system, FAAH and MAGL have been 

measured in the trigeminal ganglia and meninges. In rat trigeminal 
ganglia, there is high MAGL activity, with the short MAGL isoform being 
more active than the long isoform [25]. The opposite pattern is observed 
in the meninges, where FAAH activity is robust and MAGL activity is not 
detectable across species, including rats, mice, and humans [64,89]. The 
brainstem overall exhibits relatively low activity levels of both enzymes
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[25]. In this study, the entire brainstem was collected rather than 
isolating the TNC specifically. However, it was elsewhere reported that 
mouse TNC has a high MAGL expression [90], whereas in the rat PAG, 
another brainstem nucleus, MAGL is only moderately expressed [91]. 
Additionally, although direct measurements are lacking, the effective 
inhibition of FAAH in the PAG implies that this nucleus also contains at 
least moderate levels of FAAH activity [92].

Beyond the trigeminovascular system, both MAGL and FAAH are 
abundant in the rodent cerebellum, cortex, amygdala, and hippocampus 
[25,76,93–95], while they are very low in the murine thalamus and 
hypothalamus [93–96]. A pattern similar to the trigeminal ganglia is 
observed in the rat lumbar spinal cord, where MAGL activity is relatively 
high. In contrast, MAGL activity in the cervical and thoracic spinal cord 
is substantially lower and is only slightly higher than FAAH [25,89]. 
Finally, in the CNS, α/β-hydrolase domain-containing 6 (ABHD6), 
another 2-AG-degrading enzyme has been shown to be active in the rat 
cortex [76] and expressed in the PAG as well [91].

Overall, Fig. 1 illustrates the regions of the CNS and PNS in a example 
rodent brain where various components of the ECS are expressed and 
active. A rodent brain was selected because, although CB1 and CB2 re-
ceptor expression has been extensively characterized and is largely 
translatable to humans, much less is known about endocannabinoid 
levels and the activity of their degrading enzymes in human tissues. The 
detailed profile of the endocannabinoid components in migraine rele-
vant areas mostly comes from rodent studies. Additionally, Fig. 1 is 
designed to parallel the figure published by Kuburas et al. which map-
ped the localization of the primary migraine triggers pituitary adenylate 
cyclase-activating polypeptide (PACAP) and CGRP along with their re-
ceptors in the human brain [97]. Our goal is to highlight the areas of the 
CNS and PNS where migraine-related signaling and the ECS overlap. 
This overlap is evident in most areas, with a notable exception being the 
sphenopalatine ganglia (SPG). While PACAP is highly expressed in the 
SPG [98,99], to date, whether ECS ligands or receptors are even present 
in the SPG has not been reported. Hence the ECS in the sphenopalatine 
ganglia is an untapped future area for study. We also aim to highlight 
key gaps in knowledge, the first being the limited awareness of 
species-specific differences and the very limited availability of human 
data. Moreover, the comparison between the two figures has the scope to 
show regions implicated in migraine where the presence of ECS ele-
ments has not yet been established, as well as areas rich in ECS com-
ponents where their role in migraine remains unclear.

Key preclinical studies targeting the endocannabinoid system for 
improving migraine-like symptoms

An increasing body of research supports the concept of Clinical 
Endocannabinoid Deficiency (CED). CED is the hypothesis that dimin-
ished endocannabinoid signaling and tone, particularly involving AEA 
and 2-AG, may underlie the mechanisms of functional pain disorders 
such as migraine [18,100]. Despite this, no therapeutic agents targeting 
CED have yet advanced to clinical trials. Notably, a recent Phase I 
clinical trial for the MAGL inhibitor ABX-1431 has been completed for 
testing its ability to treat patients affected by central pain disorders 
[101]. However, the trial results have not been posted yet and its po-
tential clinical effects for migraine and headache still have to be 
considered. Nonetheless, preclinical research is ongoing (Table 1) and 
actively driving the field toward translational breakthroughs. 

Strategies to modulate the endocannabinoid system include 
increasing endocannabinoid synthesis or reducing their degradation. 
Evidence shows that mRNA levels of NAPE-PLD and DAGL, key enzymes 
for AEA and 2-AG synthesis, are elevated in both episodic migraine and 
chronic migraine with medication overuse, suggesting a compensatory 
attempt to boost endocannabinoid production in response to reduced 
endocannabinoid tone observed in migraine patients [102]. However, 
these patients also show increased MAGL expression, indicating 
enhanced 2-AG breakdown that may offset any rise in synthesis [102].

Because this compensatory synthesis is likely counteracted by acceler-
ated degradation, the main strategy to potentially treat migraine 
symptoms has been so far to target endocannabinoid hydrolases to in-
crease endocannabinoids levels and deal with the CED.

The following potential therapeutic compounds have been tested in 
rodent migraine models in which migraine-like attacks were induced by 
nitroglycerin (NTG), a nitric oxide donor known to trigger migraine 
attacks in patients [103]. Another relevant model is the CSD model in 
rats and mice as previously described [104]. In migraine models, rodent 
migraine-like symptoms are evaluated using several established assays. 
The plantar and orofacial formalin tests assess hyperalgesia, a common 
feature of migraine that is exacerbated by prior NTG administration 
[105]. A caveat is that the formalin is a very noxious stimulus that 
produces several effects, including tissue injury. However, it is 
commonly used since it activates trigeminal and spinal Aδ and C fiber 
nociceptive neurons to produce a painful sensation in humans [106]. 
Facial sensitivity to von Frey filaments is generally used as a measure of 
periorbital mechanical allodynia, another common migraine symptom 

[107]. Future studies are needed to test these compounds across addi-
tional migraine models and symptoms.

FAAH inhibitors

FAAH is the first discovered endocannabinoid serine hydrolase and it 
is responsible for the degradation of AEA and other N-acyl ethanol-
amines, such as palmitoylethanolamide (PEA) and oleoylethanolamide 
(OEA) [108]. Importantly, the FAAH inhibitor URB597 reduced 
NTG-induced orofacial hyperalgesia in rats [109]. At the molecular 
level, URB597 increased AEA and PEA levels in the medulla, cervical 
spinal cord, and TG. When administered as a pretreatment, it prevented 
the NTG- and formalin-induced upregulation of CGRP, nNOS, IL-1β, and 
TNF-α in both the medulla and spinal cord. However, URB597 was 
ineffective when given post-NTG, suggesting its effects are 
time-dependent [109]. The URB597 analogs ARN14633 and ARN14280, 
designed for better solubility and bioavailability, reduced NTG-induced 
nocifensive behavior and suppressed expression of nNOS, CGRP, sub-
stance P, TNF-α, IL-1β, and IL-6 in the trigeminal ganglion, cervical 
spinal cord, and medulla [110]. NTG alone did not alter FAAH substrate 
levels in these regions, but both compounds significantly increased AEA, 
PEA, and OEA levels in the cervical spinal cord and medulla, regardless 
of NTG pre-treatment [110]. Similarly, the peripherally restricted FAAH 
inhibition by URB937 reduced NTG-induced trigeminal hyperalgesia in 
a migraine model. This effect was observed when the compound was 
administered either acutely, 1 h before or 3 h after NTG injection, with 
testing performed 4 h post-NTG, or chronically, once daily for 9 days, in 
parallel with repeated NTG administration every other day [111,112]. 
Matching the behavioral outcome, URB937 increased anandamide 
levels in the trigeminal ganglia, particularly when given before NTG, but 
not in the medulla. Additionally, URB937 reduced expression of CGRP, 
TNF-α, and IL-6 mRNA in the trigeminal ganglia and medulla, with 
stronger effects when administered after NTG [112]. Finally, another 
FAAH inhibitor, JZP327A also significantly reduced hyperalgesia in the 
orofacial formalin test. This compound strongly suppressed CGRP, 
TNF-α, and IL-6 mRNA gene expression in the trigeminal ganglia and 
medulla-pons, although without altering endocannabinoid levels, nor 
CGRP serum concentrations [66]. This outcome leaves open the ques-
tion of the underlying mechanism driving the reduction in nocifensive 
behavior. It may be independent of endocannabinoid signaling, or 
alternatively, related effects could have gone undetected due to subop-
timal sensitivity at the specific time point, compound concentration, or 
brain regions analyzed.

Overall, FAAH inhibitors, such as URB597, URB937, ARN14633, 
ARN14280, and JZP327A, all consistently reduced hyperalgesia and 
downregulated pro-nociceptive and inflammatory mRNA gene expres-
sion in trigeminal ganglia, spinal cord, and medulla. However, these 
studies were all done by the same research group, using only one
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preclinical migraine model of NTG followed by formalin-induced 
hyperalgesia, and included only male rats. Thus, these findings offer a 
limited view that may restrict their broader translational relevance.

MAGL and ABHD6 inhibitors

MAGL and ABHD6 are the main endocannabinoid serine hydrolases 
that degrade 2-AG [23]. The reversible MAGL inhibitor URB602 effec-
tively reduced NTG-induced hyperalgesia in both the tail flick and 
formalin tests across hind paw and orofacial regions in rats [113]. These 
results were coupled with a reduction of NTG-induced c-Fos expression 
in the TNC and PAG. Similarly, the MAGL inhibitor JZL184 also reduced 
NTG-induced hyperalgesia in the orofacial formalin test. However, when 
administered alone, both URB602 and JZL184 unexpectedly enhanced 
pain sensitivity in the trigeminal region following formalin injection 
[113]. Additionally, the MAGL-inhibitor ABD-1970 effectively blocked 
cephalic allodynia triggered by both acute and chronic intermittent NTG 
administration similarly in male and female mice [90]. Its anti-allodynic 
effects were maintained over repeated dosing for five days, showing no 
signs of tolerance development [90].

Lastly, pharmacological inhibition of MAGL by MNJ110 or ABHD6 
by KT-182 both prevented and reversed periorbital allodynia associated 
with CSD induction [91]. Furthermore, this study shows that MAGL 
inhibition prevents and reverses CSD-induced allodynia via a

CB2-dependent mechanism, while ABHD6 blockade exerts a similar but 
more time-dependent effect on periorbital allodynia, which appears 
independent on CB1 and CB2 receptors [91].

Overall, MAGL and ABHD6 inhibitors have demonstrated consistent 
anti-allodynic and anti-hyperalgesic effects across diverse migraine 
models, including NTG and CSD, introducing new outcomes like peri-
orbital allodynia and employing both peripheral and central routes of 
administration. Compared to FAAH, MAGL-targeting studies offer 
greater experimental variety, but testing the same compound across 
additional models and behavioral readouts would enhance translational 
relevance.

In contrast to the findings supporting MAGL as a potential target for 
headache analgesia, NTG-induced periorbital allodynia was not reduced 
in MAGL knock-out mice, unlike the attenuation observed in FAAH 
knock-out mice [114]. This raises questions about the exclusive role of 
MAGL in mediating analgesic effects and suggests that the efficacy of 
MAGL inhibitors may also involve additional, as yet unidentified, 
mechanisms. Importantly, MAGL knock-out mice not only display 
elevated 2-AG levels but also develop CB1 receptor desensitization 
together with anxiety- and depression-like phenotypes [115]. Such al-
terations in CB1 receptor signaling, combined with heightened anxiety, 
could significantly confound behavioral assays such as periorbital allo-
dynia. Additionally, consistent with this, repeated administration of the 
MAGL inhibitor JZL184 also induced CB1 receptor desensitization,

Table 1
Serine hydrolases inhibitors and their effect on migraine-like symptoms in rodent models.

Inhibitors Symptoms improved Inj. route and dose Time inj. from migraine 
trigger

Time inj. before effect Sex differences

FAAH URB597 [109] NTG-induced hyperalgesia 
in orofacial formalin test

Acute 1 mg/kg, i.p. Treating 3 h post- and 
preventing 1 h pre-NTG

Treating 1 h and 
preventing 5 h before 
rescue

Only male rats 
tested

ARN14633 [110] NTG-induced hyperalgesia 
in orofacial formalin test

Acute 1 mg/kg, i.p. Treating 3 h post-NTG Treating 1 h before 
rescue

Only male rats 
tested

ARN14280 [110] Acute 3 mg/kg, i.p. Treating 3 h post-NTG Treating 1 h before 
rescue

URB937 [111,112] - Increase in NTG-induced 
tail flick latency

- NTG-induced 
hyperalgesia in plantar 
and orofacial formalin 
test

Acute 1 mg/kg, i.p. Treating 3 h post-NTG Treating 1 h before 
rescue

Only male rats 
tested

NTG-induced hyperalgesia 
in orofacial formalin test

- Acute 1 mg/kg, i.p.
- Chronic 1 mg/kg, i.p.

- Acute: Treating 3 h 
post- and preventing
1 h pre-NTG

- Chronic: concomitant 
NTG inj. every other 
day for 9 days 

- Acute: Treating 1 h and 
preventing 5 h before 
rescue

- Chronic: daily for 9 
days

JZP327A [66] NTG-induced hyperalgesia 
in orofacial formalin test

Acute 0.5 mg/kg, i.p. Treating 3 h post-NTG Treating 1 h before 
rescue

Only male rats 
tested

MAGL URB602 [113] - Increase in NTG-induced 
tail flick latency

- NTG-induced 
hyperalgesia in plantar 
and orofacial formalin 
test

Acute 2 mg/kg, i.p. Treating 3 h post-NTG Treating 1 h before 
rescue

Only male rats 
tested

JZL-184 [113] NTG-induced hyperalgesia 
in orofacial formalin test 

Acute 4 mg/kg, i.p. Treating 3 h post-NTG Treating 1 h before 
rescue

ABD-1970 [90] Periorbital mechanical 
allodynia

- Acute 10 mg/kg, i.p.
- Chronic 10 mg/kg, i.p.

- Acute: preventing 2 h 
pre-NTG

- Chronic: on 1 acute 
NTG inj on the last day. 

- Acute: preventing 4 h 
before rescue

- Chronic: preventing 
daily for 5 days 

No sex-differences 
(C57BL6/J mice)

MJN110 [91] Periorbital mechanical 
allodynia

Acute 10 mg/kg, cortical 
cannula injection in PAG

Treating 30min post- and 
preventing 30min pre-
KCl

Treating 3 h and 
preventing 6 h 30min 
before rescue

Only female rats 
tested

ABHD6 KT-182 [91] Periorbital mechanical 
allodynia

Acute 2 mg/kg, cortical 
cannula injection in PAG

Treating 30min post- and 
preventing 3 h pre-KCl

Treating 1 h and 
preventing 4 h before 
rescue

Only female rats 
tested

MAGL and 
FAAH 

JZL195 [120] NTG-induced hyperalgesia 
in orofacial formalin test 

Acute 3 mg/kg, i.p. Treating 2 h post-NTG Treating 2 h before 
rescue

Only male rats 
tested

MAGL, FAAH, 
and ABHD6

AKU-005 [65,76] NTG-induced hyperalgesia 
in orofacial formalin test

Acute 0.5 mg/kg, i.p. Treating 3 h post-NTG Treating 1 h before 
rescue

Only male rats 
tested
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resulting in a loss of analgesic activity and cross-tolerance to CB1 ago-
nists, thereby mirroring the phenotype of genetic Mgll disruption, 
encoding for MAGL [116]. This appears to be very different from the 
chronic pharmacological inhibition of FAAH, which caused sustained 
analgesic effects without tolerance or changes in CB1 receptor expres-
sion or function [116]. This divergence may relate to 2-AG acting as a 
full CB1 receptor agonist, while anandamide functioning only as a 
partial agonist [117]. However, the precise mechanisms underlying 
these distinct adaptive responses remain unclear, as THC is likewise only 
a partial CB1 receptor agonist and yet still produces tolerance [118].

Multi-hydrolase inhibitors

More recently, the distinct regional distribution of endocannabinoids 
and their degrading enzymes across areas relevant for migraine path-
ways (as discussed in section Endocannabinoid system in migraine 
pathways) has increased the interest in the development and testing of 
inhibitors targeting multiple enzymes simultaneously, aiming to achieve 
broader endocannabinoid enhancement and therapeutic effects.

A promising future therapeutic is the triple MAGL/FAAH/ABHD6 
inhibitor AKU-005. AKU-005 was initially classified as a dual MAGL/ 
FAAH inhibitor [64,65,119], but was later found able to also target 
ABHD6 [76]. AKU-005 reduced NTG-induced hyperalgesia in the oro-
facial formalin test [65]. AKU-005 also suppressed serum CGRP levels 
and pro-inflammatory cytokine mRNA expression in the meninges, TG, 
cervical spinal cord, and medulla through an unknown mechanism. 
Unexpectedly, it did not alter endocannabinoid levels in any of these 
regions [65]. Similarly to the FAAH-inhibitor JZP327A, AKU-005 may 
act independently of endocannabinoid signaling or have effects not 
captured due to timing, dose, or region-specific limitations. AKU-005 
has been shown to increase AEA and 2-AG levels in ex vivo cortical sli-
ces from both mice and rats [76]. However, the cortex was not examined 
in the in vivo study described above. It is also possible that limited brain 
penetration or rapid metabolism of the compound in vivo may have 
prevented detectable endocannabinoid elevation.

Along the same line as AKU-005, the dual MAGL/FAAH-inhibitor 
JZL195 reduced NTG-induced trigeminal orofacial hyperalgesia in the 
formalin test [120]. This behavioral effect was accompanied by reduced 
expression of CGRP and pro-inflammatory cytokines in TG and cervical 
spinal cord, as well as lower circulating CGRP levels in the plasma [120]. 
However, endocannabinoid levels were not assessed following JZL195 
treatment.

Overall, the multi-hyrdolase enzyme inhibitors AKU-005 and JZL195 
reduced NTG-induced orofacial hyperalgesia and inflammation-related 
markers, supporting their potential in migraine models. However, 
endocannabinoid levels were not measured with JZL195 and not 
detected with AKU-005. Finally, all studies in vivo were conducted by the 
same research group using exclusively the NTG migraine model in male 
rats, limiting broader translational relevance.

Molecular targets in the endocannabinoid system for migraine 
treatment

CB1 and CB2 receptors

Targeting CB1 and CB2 receptors with selective agonists or antago-
nists represents an alternative strategy for developing new migraine 
treatments. This connection is illustrated by data showing that the CB1 
inverse agonist AM251 reversed both AEA and 2-AG inhibition of KCl-
induced firing of meningeal nerve afferents in rats [64] and mice [89]. 
Firing was unaffected by the TRPV1 antagonist capsazepine. AEA has 
also been shown to inhibit trigeminocervical complex neuron activity 
via CB1, while simultaneously acting as a TRPV1 agonist that can 
facilitate CGRP release [121–123]. These findings suggest that selec-
tively modulating CB1 without engaging TRPV1 could offer therapeutic 
benefit.

Cannabinoid receptor activity may also be modulated by minor 
endocannabinoids such as PEA and OEA. Indeed, PEA levels have been 
reported to be significantly higher in individuals with chronic migraine 
than in healthy controls, suggesting that this increase may represent a 
compensatory response to reduced endocannabinoid system tone in 
chronic migraine [124]. Several FAAH inhibitors listed in Table 1 are 
known to raise not only AEA but also these smaller lipid mediators. This 
suggests that future therapeutic approaches could benefit from targeting 
these minor endocannabinoid lipids as well.

More recently, allosteric endocannabinoids such as pregnenolone 
and lipoxin A4 have been identified as CB1 receptor signaling modula-
tors, suggesting potential therapeutic value [125–127]. This mirrors the 
combined effectiveness of THC, which binds CB1/2 receptors orthos-
terically, and CBD, which acts instead allosterically, neither of which 
alone, but only together, successfully reversed non-evoked pain and 
photophobia in CGRP-induced migraine mouse models [12]. Further 
pharmacological characterization is still needed of orthosteric and 
allosteric modulators to clearly elucidate their physiological roles and 
modes of action. Nevertheless, the pharmacological manipulation of 
endocannabinoid levels or their actions by allosteric modulators could 
provide alternative opportunities to regulate the analgesic role of the 
endocannabinoid signaling.

CB2 receptor activation has been shown to reduce nociceptive re-
sponses in various preclinical pain models without inducing tolerance 
[128,129] or causing central nervous system side effects [129], posi-
tioning CB2 agonists as promising candidates for pain therapy. In the 
context of migraine models, the selective CB2 agonist AM1241 produced 
significant antinociceptive effects under baseline conditions in both the 
tail flick and formalin tests [130]. Notably, when administered after 
NTG, AM1241 significantly reduced hyperalgesic behaviors [130].

Targets beyond CB1/2

Endocannabinoid signaling offers novel receptor targets for potential 
migraine treatment beyond classical CB1 and CB2 activation. Stimula-
tion by dopaminergic input to the TNC may enhance CGRP release 
indirectly through AEA mobilization and subsequent TRPV1 activation, 
forming a dopamine–AEA–CGRP axis [131]. Dopamine-induced CGRP 
release was significantly reduced either by blocking TRPV1 or by 
inhibiting the AEA-synthetizing enzyme N-acyl phosphatidylethanol-
amine phospholipase D (NAPE-PLD) [131]. These findings also expand 
the therapeutic landscape to include dopamine D2 receptors, which 
have been shown to regulate AEA release in other brain regions [132, 
133]. Furthermore, activation of CB1 and CB2 receptors in the ventro-
lateral periaqueductal gray (vlPAG) using WIN55,212 and the 
CB1-selective agonist ACPA significantly reduced dural Aδ-fiber activity 
in the rat trigeminocervical complex, without altering facial cutaneous 
receptive field responses [26]. These inhibitory effects were reversed by 
intra-vlPAG administration of the CB1 antagonist SR141716, and by the 
5-HT1B/1D receptor antagonist GR127935 [26]. Together, these results 
point to a functional interplay between the endocannabinoid and sero-
tonergic systems in regulating somatosensory nociceptive input and 
suggest a new therapeutical targets of endocannabinoid-signaling neu-
rons within the vlPAG. Moreover, CB1 receptors are well known to 
modulate inwardly rectifying potassium channels, and endocannabi-
noids have been shown to influence a variety of potassium channel 
subtypes, as extensively reviewed [134]. In trigeminal neurons, AEA 
was shown to reduce GABA-A receptor activity, which normally exerts 
inhibitory control via chloride channels [135]. Additionally, endo-
cannabinoids may act as CBD, which inhibits Nav channels [136,137], 
effect that may dampen action potential propagation in nociceptive 
pathways. Whether AEA or 2-AG exert comparable effects on sodium 

channels in any region relevant to migraine signaling remains to be 
explored. These studies highlight the potential to target specific ion 
channels influenced by endocannabinoids as an alternative approach to 
modulate neuronal excitability in migraine pathways.
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To summarize, beside inhibiting endocannabinoid degrading en-
zymes, targeting cannabinoid receptors and endocannabinoid-modulated 
ion channels offers promising new strategies for migraine treatment 
(Fig. 2). Emerging evidence supports roles for CB1, CB2, TRPV1, dopa-
mine D2 receptors, and downstream signaling pathways in modulating 
trigeminovascular activity, CGRP release, and neuronal excitability.

Endocannabinoids and sleep-related circadian and glymphatic 
rhythms

The ECS is involved in numerous interconnected homeostatic func-
tions that may be relevant to migraine. Two sleep-related areas in which 
endocannabinoids may represent a promising therapeutic avenue are 
modulation of circadian regulation [138] and glymphatic clearance 
[57]. These are two interlinked systems that are emerging as recognized 
contributors to migraine pathophysiology. In addition, the ECS is a 
major player in systemic energy metabolism, inflammation, appetite 
control, and pleasure during exercise [139]. For example, diet affects 
plasma endocannabinoid levels [140]. Accordingly, lifestyle behaviors 
such as maintaining regular sleep, following a balanced diet, and 
engaging in consistent physical activity have been shown to help reduce 
migraine frequency and severity [141].

Endocannabinoids resetting the clock in migraine

The ECS, particularly through CB1 receptor signaling, is known to 
influence hypothalamic circuits involved in circadian control [142,143]. 
In healthy individuals, circulating and tissue levels of the endocanna-
binoids AEA and 2-AG display circadian variation of their own with 
area-specific variations [143–145] (Fig. 3). The highest AEA levels have 
been observed during the non-rapid eye movement (NREM) sleep, while 
2-AG levels increase during rapid eye movement (REM) sleep [146,147]. 
Dysregulation of these systems is commonly reported in migraine pa-
tients, many of whom exhibit altered sleep patterns and chronobiolog-
ical disturbances [148,149]. The ECS influences sleep also through the 
activity of CB1 receptors. The pharmacological activation of CB1

receptors has been shown to enhance NREM, when glymphatic flow 

activity is at its highest [150], by prolonging and stabilizing individual 
sleep bouts. Conversely, inhibition of CB1 receptors with the antagonist 
AM251 leads to fragmentation of NREM [151] (Fig. 3). Moreover, the 
activation of CB1 receptors promotes GABAergic transmission, which 
supports both the initiation of sleep and the stability of non-REM phases. 
Additionally, CB1 regulation of glutamate release influences wakeful-
ness, highlighting the ECS's dual function in maintaining the balance of 
the sleep-wake cycle [152,153]. Finally, also inhibiting the endo-
cannabinoid degrading enzymes MAGL and FAAH may help modulating 
sleep. For instance, the increased endocannabinoids levels resulting 
from this inhibition has been shown to facilitate sleep onset and improve 
its continuity [154–156].

Possible endocannabinoid roles in glymphatic clearing of the brain in 
migraine

The ECS may help regulate the glymphatic clearance pathway. The 
ECS appears to play at least an indirect role in regulating glymphatic 
flow, a sleep-dependent system implicated in migraine. The glymphatic 
system is a brain-wide clearance mechanism of cerebrospinal fluid (CSF) 
that operates most efficiently during sleep to eliminate metabolic waste 
[157–159]. Specifically, CSF movement in the glymphatic pathway oc-
curs along the perivascular space, between the brain vasculature and 
astrocytic end-feet [160,161]. Notably, AEA levels are reduced in the 
CSF of individuals with chronic migraine [124] (Fig. 3), suggesting that 
impaired endocannabinoid tone may contribute to migraine persistence. 
Restoring physiological CSF endocannabinoid levels could therefore 
offer a therapeutic strategy. However, other than the presence of 
endocannabinoids in the CSF, a direct connection between the ESC and 
glymphatic flow remains uninvestigated.

An indirect connection between the ECS and glymphatic flow is likely 
since the ECS has been linked to blood-brain barrier (BBB) modulation 
and the glymphatic system is closely associated with the astrocytes, per-
icytes and endothelial cells that constitute the BBB [160,161]. BBB 
integrity is essential for driving water movement via astrocytic aquaporin

Fig. 2. Activators and inhibitors of the endo-
cannabinoid system components. Activator and 
inhibitor compounds described in sections Key 
preclinical studies targeting the endocannabinoid 
system for improving migraine-like symptoms and 
Molecular targets in the endocannabinoid system 

for migraine treatment, that have been tested for 
cannabinoid receptor type 1/2 (CB1/CB2) modula-
tion or inhibition of the endocannabinoid-
degrading enzymes fatty acid amide hydrolase 
(FAAH), monoacylglycerol lipase (MAGL), and 
α/β-hydrolase domain containing 6 (ABHD6) are 
shown in the context of potential future develop-
ment of migraine analgesic drugs. Only two com-
pounds, Pregnelone and Lipoxin A4, have been 
shown to act as allosteric modulators of CB1 re-
ceptor. Within the endocannabinoid system, anan-
damide (AEA) and 2-arachidonoylglycerol (2-AG) 
activate CB1 and CB2, and are degraded by FAAH 
and ABHD6 and MAGL, as indicated. At high con-
centrations, AEA can also stimulate transient re-
ceptor potential vanilloid type 1 (TRPV1). TRPV1 
receptor activation and AEA may be linked to 
modulation of dopamine D2 receptor (D2) 
signaling, as their blockage reduces dopamine-
induced calcitonin gene-related peptide (CGRP) 
release. D2 receptors can regulate AEA release in 
some brain regions.
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4 (AQP4) channels from intra- and extracellular brain compartments into 
the vasculature [162]. This water flow drives the perivascular CSF 
movement in the glymphatic system. Astrocytes express CB1 and CB2 
receptors [163], although the physiological relevance of CB2 remains 
debated [60], and the MAGL and FAAH enzymes that degrade AEA and 
2-AG [164,165]. The astrocytic control of endocannabinoid levels has 
implications for neural circuitry, synaptic plasticity, and overall brain 
homeostasis [166–168]. In mice models, activating CB2 receptor sup-
pressed inflammation caused by TBI, prevented BBB damage [169,170]. 
The CB2 selective agonist JWH133 could protect the BBB integrity by 
increasing the expression of the intercellular adhesion molecule 1 [171]. 
Thus, ECS modulation of BBB permeability and hence glymphatic flow 

could represent a promising therapeutic avenue for cannabinoid-based 
interventions in migraine and migraine-like headache following brain 
injury. A glymphatic impairment has been proposed in post-traumatic 
headache (PTH), a migraine-like headache [172]. An increased level of 
2-AG was observed in TBI mouse models [173]. Additionally, enhancing 
2-AG signaling following TBI has demonstrated the ability to reduce 
neuroinflammation and brain edema [174,175], which could facilitate 
glymphatic restoration and support their use in headache disorders with 
disrupted waste clearance. Whether the same mechanism for endo-
cannabinoids to restore glymphatic flow could help with migraine 
symptoms has so far not been investigated. However, we could hypoth-
esize that, given the ECS dual regulatory role in circadian timing and 
glymphatic function, pharmacological modulation of endocannabinoid 
signaling may “reset the clock” and “clear the brain” in migraine, offering 
a compelling new strategy.

Overall, given that glymphatic and sleep impairment has been impli-
cated in both post-traumatic headache and migraine, and that endo-
cannabinoids can modulate both these pathways, targeting the ECS 
presents a promising opportunity to alleviate migraine by simultaneously 
restoring circadian–sleep regulation and enhancing glymphatic function.

Conclusions and future perspectives

Current evidence shows that the ECS is embedded in multiple 
migraine-relevant pathways areas across the CNS and PNS. Preclinical

studies demonstrate that enhancing endocannabinoid tone via inhibi-
tion of endocannabinoid-degrading hydrolases reduces migraine-like 
pain and neuroinflammation. Beyond these analgesic strategies, tar-
geting cannabinoid receptors, modulating their activity, and influencing 
their modulation of circadian regulation and glymphatic clearance 
further highlight the therapeutic potential of engaging the ECS.

Based on the current literature evidence and gaps in knowledge, 
future research should focus on multi-target inhibitors to achieve 
broader and region-specific endocannabinoid enhancement. To 
strengthen translational value, candidate compounds should be tested 
across different strains, in both sexes, and in diverse migraine models, 
with expanded behavioral and physiological assessments.
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