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Abstract 

Background  Increasing endocannabinoids (endoCBs), anandamide (AEA) and 2-arachidonoylglycerol (2-AG), 
through inhibition of the degrading hydrolase enzymes, fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase 
(MAGL), respectively, has been proposed as approach to alleviate migraine pain. Notwithstanding, the impact of AEA 
and 2-AG on neuronal firing of meningeal afferents, which is relevant to the genesis of migraine pain, remains elusive.

Methods  The impact of AEA and 2-AG on meningeal nerve afferent firing was examined through electrophysi-
ological evaluation upon application of 50 mM KCl with or without DMSO, exogenous AEA (10 µM), or 2-AG (10 µM) 
to separate groups of C57BL/6J mouse hemiskull preparations. At the end of each experiment, capsaicin (1 µM), 
an agonist of TRPV1 channels, was tested, as a positive control of presumably nociceptive firing. Advanced clustering 
and spectral analysis on the electrophysiological data allowed differentiating spiking patterns with respect to their 
temporal and neurochemical profiles. Activity-based protein profiling and liquid chromatography with tandem mass 
spectrometry was used to assess endogenous FAAH and MAGL activity and determine endogenous levels of AEA 
and 2-AG in mouse meninges.

Results  Local application of endoCBs decreased KCl-induced firing of meningeal nerve afferents, which was most 
profound for AEA. AEA first produced a short, mild activation in firing, which was followed by a long-lasting reduction. 
Instead, 2-AG directly led to a short-lasting reduction in firing. Cluster analysis revealed that the transient activation 
by AEA involved fibers with small-amplitude spikes fired at rates of 1–2 Hz, whereas the persistently suppressed fibers 
consisted of high-amplitude spikes fired at rates exceeding 10 Hz. Only AEA inhibited subsequent capsaicininduced 
firing in the afferents long after AEA application, suggesting a broader mode of action for AEA than 2-AG. The more 
profound inhibitory effects of AEA are consistent with the observed higher activity of FAAH over MAGL and lower 
level of endogenous AEA than 2-AG in mouse meninges.

Conclusion  Our study revealed a stronger anti-nociceptive action of AEA than of 2-AG, as measured by meningeal 
afferent firing in mouse hemiskulls. This difference can be exploited for relieving migraine pain by primarily increasing 
the tone of AEA through inhibition of FAAH outside the central nervous system.

Keywords  Migraine, Neuronal firing, Anandamide, 2-arachidonoylglycerol, FAAH, MAGL

*Correspondence:
Georgii Krivoshein
g.krivoshein@lumc.nl
Rashid Giniatullin
rashid.giniatullin@uef.fi
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10194-025-02041-z&domain=pdf


Page 2 of 13Krivoshein et al. The Journal of Headache and Pain          (2025) 26:112 

Background
Migraine is a debilitating neurovascular brain disorder 
affecting approximately 15% of the general population 
and is typically characterized by episodes of unilateral 
throbbing head pain and other neurological features [1, 
2]. Despite the many options to treat patients, which 
include nonsteroidal anti-inflammatory drugs, serotonin 
receptor 1B/1D agonists (triptans) and small molecule 
(gepants) and monoclonal antibodies targeting CGRP(-
receptors), sufficient relief is achieved in only half of 
patients [3]. This highlights the clear need for alterna-
tive means of analgesia for patients who do not respond 
to existing treatments. Migraine pain is thought to be 
brought about by a persistent activation of the trigemino-
vascular system (TGVS) that is comprised of nociceptive 
Aδ- and C-fibers originating from the trigeminal gan-
glion (TG) and projecting to the meningeal vasculature 
along with connective tissue [4]. Activation of the TGVS 
ultimately causes sensitization of higher-order neurons in 
the central nervous system leading to persistent nocicep-
tive signaling and migraine pain [5], which is modulated 
by the endocannabinoid (ECB) system [6, 7].

The ECB system entails G-protein coupled receptors 
(GPCR) cannabinoid 1 (CB1) and cannabinoid 2 (CB2) 
that are widely expressed in the nervous system [6]. Of 
them, the CB1 receptor is most abundantly expressed 
in anatomical migraine pathways. In the presence of 
CB1 activity, nociceptive signals originating from the 
peripheral TGVS are blocked and do not reach the cen-
tral nervous system [8–10] and CB2 receptor activation 
was shown to counteract acute migraine-like pain in a rat 
model [11]. The ECB system also contains their endog-
enous ligands, N-arachidonoylethanolamine (or ananda-
mide) (AEA) and 2-arachidonoylglycerol (2-AG), as well 
as their main respective degrading hydrolase enzymes 
fatty acid amide hydrolase (FAAH) and monoacylglycerol 
lipase (MAGL) [12]. The relevance of the ECB system 
for migraine pathophysiology already comes from the 
observation that the level of AEA in cerebrospinal fluid of 
patients with migraine was found to be reduced [13, 14], 
which seems in line with the TGVS being activated dur-
ing a migraine headache.

In this context, ameliorating ECB signaling seems a 
promising migraine treatment strategy, as it offers ‘on-
demand’ action on nociceptive pathways without the 
psychotropic effects seen with cannabinoids [15]. A 
complicating factor when designing a treatment based 
on modulating the ECS is that the relative endogenous 
levels of AEA and 2-AG, as well as the endogenous 
activity of their degrading enzymes FAAH and MAGL, 
are different for peripheral and central parts of nervous 
systems implicated in migraine pain. For instance, in 

TG the activity of MAGL is much higher than that of 
FAAH, leading to a higher level of AEA, whereas in the 
cortex the level of 2-AG is much higher (due to higher 
synthesis even though MAGL and FAAH activity are 
both high) [16]. Therefore, for an ECB-based treat-
ment to work centrally in the brain, one would need 
to inhibit both FAAH and MAGL, as was shown fea-
sible in preclinical studies that tested a dual inhibitor 
[8, 17]. However, given the evidence that migraine pain 
may have its origin foremost in the peripheral nervous 
system [18], there is a clear rationale to inhibit FAAH, 
even though there is ongoing debate regarding the true 
origin of migraine [19], already because the central 
nervous system is also involved in migraine. Still, phar-
macological inhibition of only FAAH activity signifi-
cantly attenuated nitroglycerin-induced hyperalgesia 
[17, 20]. It is worth noting that AEA acts, albeit with 
lower affinity, also on pro-nociceptive TRPV1 channels 
in the TGVS [8, 21], hence an effective migraine ther-
apy ideally should also counteract TRPV1 activity. In 
animal models of migraine, exogenously administered 
AEA diminished hyperalgesic behavior and was asso-
ciated with a reduced c-Fos expression in brain areas 
related to nociceptive signal processing [22].

Overall, there is only limited information regarding 
the effects of AEA and 2-AG on the peripheral menin-
geal part of the TGVS, at least in mice, as in rats both 
endoCBs were shown to reduce meningeal neuronal 
firing [8]. To gain further insight into the anti-nocic-
eptive mechanisms of endoCBs, we here investigated 
the effects of exogenously applied AEA and 2-AG 
on neuronal firing as well as TRPV1 channel activ-
ity in peripheral meningeal afferent fibers in mouse 
hemiskull preparations. Furthermore, we assessed the 
endogenous levels of AEA and 2-AG, as well as the 
activity of their degrading enzymes, in mouse menin-
geal preparations.

Methods
Animals
Isolated mouse hemiskulls and meningeal preparations 
were obtained from adult female wildtype C57BL/6J mice 
(N (number of mice) = 26) provided by the Animal House 
of the University of Eastern Finland (Kuopio, Finland). 
Mice were bred and housed in individually ventilated 
cages regulated at 22 °C with appropriate humidity levels 
and a regular 12-h light/12-h dark cycle. Standard rodent 
food and water were given ad libitum. During experimen-
tal measures, efforts were made to minimize animal suf-
fering in accordance with ARRIVE guidelines.
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Reagents
Anandamide (N-arachidonoylethanolamide, AEA), 2-ara-
chidonoylglycerol (2-AG), and capsaicin, were purchased 
from Tocris Bioscience (Bristol, UK). The dual MAGL/
FAAH inhibitor AKU-005 was synthetized at the Univer-
sity of Eastern Finland, (Kuopio, Finland). Stock solutions 
were prepared in dimethyl sulfoxide (DMSO) and stored 
at − 20 °C.

Tissue preparation
Mice were sacrificed by CO2 inhalation followed by cervi-
cal dislocation and then decapitated. Subsequent surgical 
procedures were carried out within 15–20 min at room 
temperature in artificial cerebrospinal fluid (aCSF), con-
taining (in mM): 120 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 11 
glucose, 24 NaHPO4 and 30 NaHCO3, with 95% O2/5% 
CO2 oxygenation maintained at pH 7.25–7.35. First, 
the outer side of the skull was cleared of skin and cra-
nial muscles and then divided into two hemiskulls along 
the sagittal line using a pair of scissors (Fig. 1A). Subse-
quently, the brain was carefully extracted using a forceps, 
ensuring the preservation of the trigeminal ganglion 
(TG). Particular care was taken to maintain the meninges 
with nerves and vessels attached to the bone tissue inside 
the hemiskull.

For electrophysiology recordings of spiking activity 
from meningeal nerve endings, isolated mouse hemiskull 
preparations (n (number of hemiskulls) = 18 from N = 18 
mice) were used and prepared as described previously 
[23, 24]. Extraction of the brain was done so the record-
ing microelectrode reached the peripheral portion of 

the meningeal branch (nervus spinosus), which branches 
out of the TG and contains the meningeal nerve endings 
(Fig.  1B). The isolated hemiskull preparation was then 
gently fixated to the bottom of the recording chamber 
and maintained under continuous aCSF perfusion (6–7 
mL/min) with a 95% O2/5% CO2 oxygenation, and room 
temperature, throughout the recording period.

For activity-based protein profiling (ABPP) to assess 
endogenous MAGL and FAAH activity and liquid chro-
matography coupled with triple quadrupole mass spec-
trometry (LC–MS/MS) to quantify endogenous AEA and 
2-AG levels, meninges (n (number of samples) = 8 from 
N = 8 mice) were carefully isolated with a forceps, imme-
diately flash-frozen on dry ice, and then stored at − 80 °C 
until further processing. On the day of the experiment, 
the meningeal samples were mechanically homogenised 
in phosphate-buffered saline (PBS) and each sample was 
evenly divided, with half of the sample used for ABPP 
and the other half for LC–MS/MS analysis.

Electrophysiology recordings
Inside the isolated hemiskull preparation the distal part 
of the nervus spinosus located between the TG and the 
intercross with the middle meningeal artery (MMA) was 
cleaned from surrounding meninges and cut at ~ 1 mm 
before its entry into the TG using a 30 G needle (Fig. 1B). 
This distal part of the nerve was inserted into a borosili-
cate glass microcapillary (GC150 F- 10, Harvard appa-
ratus, Edenbridge, UK) that was filled with aCSF and 
connected to the recording electrode, while tempera-
ture was at room temperature throughout the recording 

Fig. 1  Experimental approach for meningeal spiking activity recording in a mouse hemiskull preparation. A Experimental protocol for mouse 
hemiskull isolation and preparation. B Mouse hemiskull preparation showing meninges with the preserved trigeminal meningeal nerve intersecting 
with the MMA. The nerve arising from the TG was cut and its peripheral segment was placed into a suction glass electrode for electrophysiological 
recording. C Experimental timeline of applications (for separate DMSO, AEA and 2-AG experimental groups (n = 6 in each group) – so only one 
compound was applied in a given experiment) as well as the three KCl pulses and a capsaicin application at the end of each experiment. 
Abbreviations: aCSF, artificial cerebrospinal fluid; TG, trigeminal ganglion; MMA, middle meningeal artery; DMSO, dimethyl sulfoxide; AEA, 
anandamide; 2-AG, 2-arachidonoylglycerol; Caps, capsaicin. Panel A was created with BioRender.com 
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period. The inserted isolated nerve generated a tight seal 
by light suction in the glass capillary. Spiking activity 
from nerve fibers was recorded using a low-noise digital 
amplifier (ISO 80, World Precision Instruments, Sara-
sota, FL, USA) with a gain of 10,000X and a bandpass 
of 300–3,000 Hz. Signals were obtained and digitized at 
8-µsec intervals using a NIPCI- 6221 data acquisition 
board (National Instruments, Austin, TX, USA). Electri-
cal signals were visualised with the WinEDR V3.4.6 soft-
ware (Strathclyde University, Glasgow, UK) and analysed 
with MATLAB-based software.

The recordings were carried out for three experimen-
tal groups (DMSO, AEA or 2-AG), each consisting of six 
hemiskulls from different mice. Importantly, only one of 
the compounds was tested in a particular hemiskull. At 
the beginning of the experiment, a baseline stabilization 
recording of spontaneous spiking activity was conducted 
for 12 min (Fig. 1C). Next, three successive 50 mM KCl 
applications, so called ‘KCl pulses’, with compensated 
osmolarity were applied for 3 min each to induce general 
nerve excitability. During the second KCl pulse (KCl-2) 
either DMSO or one of the endoCBs was also applied. 
The DMSO experiment served as the control, where 
DMSO was applied following the same timeline and con-
centration as for the two endoCBs, i.e. AEA (10 µM; the 
AEA experiment) and 2-AG (10 µM; the 2-AG experi-
ment). All drugs were diluted in aCSF to their final con-
centration immediately before usage and were applied 
by fast perfusion (6–7 mL/min) directly to the intersec-
tion of the MMA and TG nerve branch (i.e. the receptive 
field) using cFlow V2. × 8-Channel Switch/Flow Control 
System Cell MicroControls (Norfolk, UK). EndoCBs 
were applied 12 min before and remained present dur-
ing and until 5 min after termination of the second KCl 
pulse. After this, a washout with aCSF was performed. 
At the end of the experiment, capsaicin, an agonist of 
TRPV1 channels, was applied for 10 min (1 µM) to deter-
mine neuronal activity from these receptors. Data from 
the control experiment was compared with data from 
the two endoCB experiments. Electrophysiological data 
are presented as raw signal traces, spike frequency time 
courses (density: 25 spikes/10 s), total spike counts over 
specific time periods, or as the percentage ratio of spikes 
before and after compound application.

Cluster and spectral analysis
Cluster analysis was performed as described earlier 
[25]. To this end, electrophysiological data were filtered 
at 100–9,000 Hz (IIR, Chebyshev type II filter). Base-
line noise variance was calculated for each recording 
for 20-s long epochs with the minimal variance. The 
threshold for spike detection was set to five standard 
deviations (5  SD) and spike amplitudes are presented 

in arbitrary units (a.u.), which represent peak spike 
amplitudes normalized to the SD of each record. Spikes 
were analysed in a time window of 2 ms before and 4 
ms after the positive peak of the spike and the follow-
ing spike parameters were calculated: (1) positive and 
(2) negative amplitudes; (3) the duration of the positive 
phase calculated at 10% positive amplitude threshold; 
and (4) the duration of the negative phase measured 
at 10% negative amplitude threshold. Analysis of the 
digitized signal (filtering, detection, calculation of 
parameters) was performed using the MATLAB soft-
ware (MathWorks, Natick, MA, USA). Clustering was 
performed using the KlustaKwik application [26]. In 
brief, as the preliminary analysis showed an important 
role of the positive and negative spike amplitudes and 
durations in the unit identification, positive ampli-
tudes were plotted against the amplitude of the nega-
tive phase. The clustering approach allowed division 
of the total distribution of spikes into 5–29 clusters in 
each preparation. Cluster spiking activity was normal-
ized to the maximum spiking activity per Hz within 
each cluster and presented accordingly. Clusters were 
grouped based on spiking activity changes in response 
to compound application and presented as a proportion 
of the total cluster size. For spectral analysis, data were 
evaluated based on the number of interspike intervals 
(ISI) per second, considering both whole-nerve activ-
ity and individual cluster spike activity. The results are 
presented as the number of ISIs per unit and the fre-
quency-related activity (in Hz) of each cluster.

Activity‑based protein profiling
Homogenised tissue of mouse meninges and TG was 
subjected to competitive ABPP to investigate the selec-
tivity of inhibitors of endocannabinoid hydrolases FAAH 
and MAGL, as well as other serine hydrolases present in 
the tissue. Protein concentrations were assessed using 
the bicinchoninic acid (BCA) protein assay, as previously 
described [27]. As described previously [28], the homoge-
nates were pre-treated for 1 h with DMSO, dual MAGL/
FAAH inhibitor AKU-005 (100 nM). Pre-treatments were 
followed by incubation with TAMRA‐FP probe (ActivX 
Fluorophosphonate Probes, Thermo Fisher Scientific 
Inc., Rockford, IL, USA) (final probe concentration 2 μM) 
for 1 h at room temperature to label active serine hydro-
lases. Finally, proteins were loaded onto a SDS-PAGE gel 
and the proteins were visualized using the ChemiDoc™ 
MP imaging system (BIO-RAD Laboratories, Hercules, 
CA, USA) with Cy3 blot application (602/50, Green Epi, 
Manual Exposure 30–420 s). ImageLab software (BIO-
RAD Laboratories) was used for quantification.
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Liquid chromatography coupled with triple quadruple 
mass spectrometry
To measure levels of AEA and 2-AG, LC–MS/MS oper-
ated in multiple reaction monitoring scanning mode, as 
previously validated in tissue homogenates [29]. This 
method is highly selective and accurate for concentra-
tions within a range of 0.4–70 nM for N-acylethanola-
mines, such as AEA, and 40–11,000 nM for 2-AG.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism (GraphPad Prism Software, San Diego, CA, USA). 
Data distribution normality was assessed by the Ander-
son–Darling test. A two-way ANOVA with Tukey’s 
multiple comparison test was used to assess differences 
between the effects of the three consecutive KCl pulses 
with and without DMSO and endoCBs application, as 
well as for comparisons of cluster and spectral results. A 
one-way ANOVA with Tukey’s multiple comparison test 
was applied to evaluate AEA agonism and the capsaicin 
effect. Correlation analyses were conducted using Spear-
man’s test. The Wilcoxon signed-rank test was used to 
compare FAAH vs. MAGL and AEA vs. 2-AG levels. Sta-
tistical significance was set at p < 0.05, and all values are 
presented as mean ± standard error of the mean (SEM) or 
as median with standard deviation (SD) range.

Results
Distinct anti‑nociceptive effects of AEA and 2‑AG 
on KCl‑induced neuronal firing in meningeal afferents
Possible anti-nociceptive effects of exogenously applied 
AEA and 2-AG were assessed by investigating their 
effect on KCl-induced neuronal spiking activity in mouse 
meningeal afferents. Figure  2A shows example traces 
of electrophysiological recordings illustrating notice-
able differences induced by KCl (50 mM) with DMSO, 
AEA (10 μM), or 2-AG (10 μM). Figure  2B depicts the 
variation in spike frequency (presented as density of 25 
spikes/10 s) in response to the three KCl pulses with the 
second KCl pulse (KCl-2) applied under various condi-
tions (i.e. the DMSO, the AEA, or the 2-AG experiment), 
and capsaicin (1 μM) applied at the end of each experi-
ment. The presence of exogeneous AEA produced a 
strong inhibitory effect on spiking frequency during the 
second KCl pulse (as observed by the reduced spiking 
during KCl-2 compared to KCl-1 that persisted during 
KCl-3), whereas the inhibitory effect of 2-AG application 
was notably weaker (as observed by the reduced activ-
ity during KCl-2 and recovered activity during KCl-3). 
During the KCl-2 pulse, the number of spikes in in the 
presence of AEA reduced to 24.8 ± 6.3% of the number 
of the KCl-1 pulse (which was set as 100%), while in the 
presence of 2-AG, this number was reduced to only 45.67 

± 10%. In contrast, in the presence of DMSO, the KCl-2 
pulse led to an even less perturbed number of spikes with 
88.8 ± 4.6% of the number of the KCl-1 pulse (p < 0.0001 
vs. AEA; p = 0.0022 vs. 2-AG; Fig. 2C).

Changes in spiking activity in response to the KCl-3 
pulse, applied after a 22-min aCSF washout, suggest a 
different neuromodulation for AEA and 2-AG, that is a 
persistent and steady suppression (i.e. ‘tonic inhibitory 
effect’) for AEA and a brief and transient suppression (i.e. 
‘phasic’ inhibitory effect) for 2-AG. This is evidenced by 
the KCl-3 pulse where the number of spikes in the AEA 
experiment had decreased further to 11.6 ± 2.8% of the 
number of the KCl-1 pulse, whereas in the 2-AG experi-
ment the number of spikes had recovered to 70.5 ± 15.5% 
of the number of the KCl-1 pulse. In the DMSO experi-
ment, the KCl-3 pulse led to a reduction in the number 
of spikes of 83.5 ± 5.6% of the number of the KCl-1 pulse, 
so a smaller reduction than for the experiments testing 
the endoCBs (p < 0.0001 vs. AEA; p < 0.0001 vs. 2-AG; 
Fig.  2C). Following the KCl-2 pulse, there is a so-called 
‘silent time’ (no spiking) that was most pronounced in the 
AEA experiment (9.3 ± 0.7 min) compared to the DMSO 
(2.7 ± 0.3 min) and the 2-AG (3.2 ± 0.2 min) experiment 
(p < 0.0001 vs. DMSO; p = 0.0004 vs. 2-AG; Fig. 2D). Even 
after the extensive aCSF washout period, the silent time 
following the KCl-3 pulse remained prolonged at 5.1 
± 0.4 min in the AEA experiment (p < 0.0001 vs. DMSO; 
p = 0.0004 vs. 2-AG; Fig.  2D), indicating that the AEA-
induced neuronal inhibitory effect persisted over time, 
consistent with a tonic mode of action. In contrast, in the 
presence of DMSO and 2-AG, the duration of the silent 
time remained stable across all three KCl pulses, further 
highlighting the transient nature of 2-AG’s inhibitory 
effect.

Anti‑nociceptive effects of AEA and 2‑AG on KCl‑induced 
neuronal firing vary among individual meningeal nerve 
fibers
To assess whether the anti-nociceptive effects of AEA and 
2-AG on KCl-induced neuronal excitability vary for sin-
gle nerve fibers or small groups of fibers (clusters), a clus-
tering approach was used [25]. Supplemental Fig.  1 A-C 
shows examples of multiple-spike clusters from KCl-1, 
KCl-2 and KCl-3 pulses in the DMSO, AEA and 2-AG 
experiments, whereby each dot represents one spike and 
different colors indicate different spike clusters. The clus-
ter analysis reveals that in the presence of endoCBs the 
number of spikes in the various clusters for the KCl-2 
pulse is reduced compared to the number of the KCl-1 
pulse. However, in contrast to when either DMSO or 
2-AG is present, in the presence of AEA, the KCl-2 
pulse did hardly activate clusters that consisted of spikes 
with a relatively large positive or negative amplitude 



Page 6 of 13Krivoshein et al. The Journal of Headache and Pain          (2025) 26:112 

(Supplemental Fig.  1 A-C). To further characterize the 
neurochemical response across the different clusters, the 
clusters were classified into four groups based on their 
spiking activity profile (Fig.  3A-C): (1) persistently acti-
vated, i.e. spiking activity is increased following both the 
KCl-2 and the KCl-3 pulse relative to the KCl-1 pulse; (2) 
transiently activated, i.e. spiking activity is increased fol-
lowing the KCl-2 pulse but decreased following the KCl-3 
pulse both relative to the KCl-1 pulse; (3) transiently 

suppressed, i.e. spiking activity is decreased following the 
KCl-2 pulse but recovered following the KCl-3 pulse both 
relative to the KCl-1 pulse; (4) persistently suppressed, 
i.e. spiking activity is decreased following both the KCl-2 
and KCl-3 pulses compared to the KCl-1 pulse. Spiking 
activity remained consistent for transiently activated fib-
ers across all conditions, while for persistently activated 
fibers only across the DMSO and 2-AG conditions. In the 
presence of AEA, transiently and persistently suppressed 

Fig. 2  Changes of KCl-induced meningeal spiking activity within AEA and 2-AG applications. A Representative traces of spiking activity recorded 
from the peripheral part of the trigeminal meningeal nerve during the second KCl (KCl-2) (50 mM) pulse when also DMSO (control), AEA (10 μM) 
or 2-AG (10 μM), depending on the experiment, were present. B Time course of spike frequency (25-s bin size) in response to the three 3-min KCl 
applications for the DMSO, AEA and 2-AG experiments. At the end of the experiment capsaicin (1 μM) was applied for 10 min. The silent time (St) 
following a KCl pulse is indicated. C AEA resulted in a reduction of KCl-2- and KCl-3-induced spiking activity. In contrast, 2-AG led to a reduction 
in spiking activity only during the KCl-2 pulse. D AEA, but not 2-AG, resulted in a prolonged silent time after the KCl-2 and KCl-3 pulses. Two-way 
ANOVA was corrected for multiple comparisons using Tukey method (C, D); * p ≤ 0.05; *** p ≤ 0.001; **** p ≤ 0.0001. Abbreviations: DMSO, dimethyl 
sulfoxide; AEA, anandamide; 2-AG, 2-arachidonoylglycerol; Caps, capsaicin; St, silent time
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fibers exhibited reduced spiking activity (Fig. 3D). Nota-
bly, in the presence of AEA, 86% of clusters were persis-
tently suppressed (Fig.  3F). Persistently activated fibers 
were entirely absent, while the number of transiently acti-
vated fibers was reduced by half (10% vs. 20% in DMSO), 
and transiently suppressed fibers were seven times fewer 
(4%) compared to when DMSO was present (28%), high-
lighting the tonic inhibitory effect of AEA (Fig. 3E-F). In 
contrast, in the presence of 2-AG, the number of tran-
siently suppressed fibers doubled (56%) compared to 
when DMSO was present (28%), while the proportion 

of persistently suppressed fibers was the lowest (16%) 
across three conditions, emphasizing phasic effect of 
2-AG (Fig. 3G). Taken together, cluster analysis revealed 
that in the presence of AEA, KCl-induced neuronal excit-
ability in peripheral mouse meningeal afferents was sup-
pressed due to the absence of fibers that were capable of 
being persistently activated, and most importantly due 
to an increased proportion of fibers that were transiently 
or persistently suppressed and exhibited a pronounced 
reduction in large-amplitude spiking activity.

Fig. 3  Cluster analysis of KCl-induced meningeal spiking activity. A-C Clustering into four spiking activity groups is based on the respective spiking 
profiles during the KCl-2 and KCl-3 pulses, relative to the KCl-1 pulse (set as 100%): persistently activated (yellow), transiently activated (pink), 
transiently suppressed (purple), and persistently suppressed (blue). Spiking activity is normalized to the maximum number of spikes within the KCl 
pulses independently for each cluster. D Comparison of spiking activity profiles among the four spiking activity groups across the various conditions 
(i.e. 30-s KCl-1, 30-s KCl-2 and 30-s KCl-3 for the DMSO, AEA and 2-AG experiments). E–G Pie charts representing the average percentage distribution 
of clusters among the four spiking activity groups under the various conditions. Next to each pie chart, median spike amplitude with its spread 
is shown for each spiking activity group. Notably, clusters classified as persistently inhibited accounted for 86% of the population during the KCl-2 
pulse in the presence of AEA, exhibiting significantly lower spike amplitudes. In contrast, during the KCl-2 pulse in the presence of 2-AG, 
the proportion of transiently suppressed clusters doubled compared to when DMSO was present. Two-way ANOVA was corrected for multiple 
comparisons using Tukey method (D); * p ≤ 0.05; *** p ≤ 0.001; **** p ≤ 0.0001. Abbreviations: DMSO, dimethyl sulfoxide; AEA, anandamide; 2-AG, 
2-arachidonoylglycerol; Ampl, amplitude; a.u., arbitrary unit. See also Supplemental Fig. 1
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AEA and 2‑AG possess variable effects on temporal 
dynamics of KCl‑induced neuronal firing in mouse 
meningeal afferents
Next, the temporal dynamics of spike activity from 
meningeal afferents was examined following KCl pulses 
in the DMSO, AEA, and 2-AG experiments. Spectral 
analysis showed that the KCl pulses induced spiking 
activity with very brief interspike intervals (ISI; 0.01–0.1 
s), which did not differ for the KCl-1 pulse (Fig.  4A). 
However, application of AEA prior to the second KCl 
pulse, reduced KCl-2-induced neuronal firing for the 
shortest ISI ranges compared to DMSO (p < 0.0001 for 
0.01–0.02 s; p = 0.0038 for 0.04 s; Fig.  4B). Similarly, 
application of 2-AG reduced KCl-2-induced firing within 
the same ISI range, though to a lesser extent than seen 
with AEA (p = 0.0030 for 0.01 s; p = 0.0322 for 0.02 s; 
Fig. 4B). Notably, following the extensive washout period 
after the KCl-2 pulse, the temporal dynamics of KCl-
3-induced spiking activity after 2-AG application fully 
recovered to that when DMSO was present (Fig. 4C). In 
contrast, in the presence of AEA, the suppression of spik-
ing activity persisted (and even intensified) compared 
to when DMSO was present (p < 0.0001 for 0.01–0.05 
s; Fig.  4C), further emphasizing AEA’s tonic inhibitory 
effect. Additionally, following application of AEA prior 
to the second KCl pulse, clusters with low-spike frequen-
cies (1–2 Hz) showed increased activity during both the 
KCl-2 (p = 0.0054 vs. DMSO; p = 0.0015 vs. 2-AG; Sup-
plemental Fig. 2B) and the KCl-3 applications (p = 0.0175 
vs. DMSO; p = 0.0006 vs. 2-AG; Supplemental Fig. 2 C). 
In contrast, in the AEA experiment spiking activity in the 
range of 3–4 Hz was reduced (p = 0.0130 vs. DMSO; Sup-
plemental Fig. 2B), and firing at frequencies above 10 Hz 
was absent. In this regard, the observed increase in low-
frequency firing and reduction in high-frequency firing 
by AEA may block the temporal summation of nocicep-
tive signals in the periphery, thus potentially preventing 
nociceptive traffic reaching higher pain centres in the 
brain.

Distinct effects of AEA and 2‑AG on baseline 
and TRPV1‑mediated spiking activity in mouse meningeal 
afferents
In addition to the abovementioned strong inhibitory 
effect, AEA also has a small excitatory effect, as shown 
by the transient increase of spikes during the first 2 min 
of drug application (p = 0.03 vs. the preceding 2 min and 
p = 0.01 vs. the following 2 min; Fig. 5A-B). The number 
of spikes was increased to 227.7 ± 46.5% (relative to the 

Fig. 4  Spectral analysis of KCl-induced meningeal spiking activity. 
A-C Spectrograms displaying the average interspike intervals 
(ISI) across the various conditions separated for the three KCl 
pulses (KCl-1, KCl-2 and KCl-3). A ISI during the 30-s KCl-1 pulse 
before application of DMSO, AEA, or 2-AG. B ISI during the 30-s KCl-2 
pulse in the presence of DMSO, AEA, or 2-AG. C ISI during the 30-s 
KCl-3 pulse after application of DMSO, AEA, or 2-AG. Two-way ANOVA 
was corrected for multiple comparisons using Tukey method (B, 
C); * p ≤ 0.05; *** p ≤ 0.001; **** p ≤ 0.0001. Abbreviations: DMSO, 
dimethyl sulfoxide; AEA, anandamide; 2-AG, 2-arachidonoylglycerol; 
ISI, interspike interval. See also Supplemental Fig. 2
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2 min preceding baseline activity) compared to the same 
timeline of the DMSO (78.7 ± 14.4%; p = 0.01; Fig.  5C) 
and 2-AG (103.8 ± 22.10%; p = 0.03; Fig.  5C) experi-
ments. Notably, the clusters that exhibited higher spik-
ing during this 2-min period (32 clusters in total) were 
also the most active during the subsequent KCl-2 pulse 
(r = 0.67; Fig. 5D), while the silent time for these clusters 
tended to be shorter (r = − 0.63; Fig. 5E). Additionally, to 
explore the possible interaction of AEA agonism with a 
subsequent TRPV1 channel activation, the spiking activ-
ity induced by capsaicin (1 µM) was analysed. The ratio 
between the 30 s of capsaicin spiking activity and the 30 
s of preceding baseline activity was used for comparison 
across the three experiments. No difference was observed 
for this ratio when DMSO (1378 ± 271.2%) or 2-AG (1159 
± 330.3%) had been applied. However, when AEA had 
been applied the ratio was only 427.6 ± 109.7% (p = 0.04 
vs. DMSO; Fig.  5F). Cluster analysis, used to differenti-
ate clusters that were active during AEA agonism and/
or the capsaicin peak (Supplemental Fig. 3), revealed that 
62% of the clusters were active under both conditions 
(Fig.  5G), while only 13% were exclusively activated by 
capsaicin. The percentage of capsaicin-specific clusters 
was much higher when DMSO (68%) or 2-AG (74%) had 
been applied, while clusters that were active in both con-
ditions compiled less than 31% (Fig. 5G).

Endogenous low level of AEA, and not 2‑AG, in meninges 
can explain the neuronal firing patterns seen in mouse 
meningeal afferents
To analyse the ECB system components in the menin-
ges of female C57BL/6J mice, the in vitro basal activity 
of the main hydrolyzing enzymes of endoCBs, FAAH 
and MAGL, was investigated using ABPP (Fig.  6A). 
The basal activity of FAAH (DMSO pre-application; 
Fig. 6A) was considerably higher (1.8 ± 0.4 a.u.; Fig. 6B) 
than that of MAGL (with DMSO pre-application; 0.6 
± 0.1 a.u.; p = 0.04; Fig. 6A-B). FAAH and MAGL activi-
ties were inhibited by dual FAAH/MAGL inhibitor 
AKU- 005 (Fig. 6A), as evidenced by the reduced inten-
sity of the respective bands on the gel. The level of AEA 
(0.006 ± 0.004 pM/ng) was notably lower than the level 
of 2-AG (0.8 ± 0.2 pM/ng; p = 0.007; Fig.  6C), in line 
with findings of their enzymatic activities. The higher 
activity FAAH seems to explain the low, almost absent 
level of endogenous AEA in mouse meninges, and 
thereby the increased effect on neuronal firing upon 
exogeneous AEA application. Consequently, the low 
MAGL activity may explain the higher level of endoge-
nous 2-AG and the less pronounced effect on neuronal 
firing upon exogeneous 2-AG application. Hence, in 
particular, increasing the level of endogenous AEA via 
FAAH inhibition should be the more preferred target 

for migraine therapeutic intervention of the peripheral 
part of the nervous system; also because of the longer 
lasting effect of AEA and inhibiting effect on TRPV1 
channels as seen in the experiments.

Discussion
We here employed a detailed electrophysiological 
approach to compare effects of AEA and 2-AG on neu-
ronal firing, assessed by KCl-induced spiking, of mouse 
meningeal afferents from hemiskull preparations. We 
show that AEA exerts a stronger and more sustained 
anti-nociceptive effect than 2-AG. Interestingly, applica-
tion of AEA initially caused a mild transient increase of 
spiking activity, which is likely mediated by activation of 
TRPV1 channels [30], that was followed by a prolonged 
suppression of spiking, when KCl was administered to 
induce excitability of meningeal afferents. The inhibition 
primarily involved fibers that fired with a high amplitude 
and high frequency. In contrast, 2-AG produced only a 
transient inhibitory effect without a preference for cer-
tain fibers. Notably, the pronounced anti-nociceptive 
action of AEA correlated with a low endogenous level of 
AEA and higher activity of its hydrolyzing enzyme FAAH 
in meningeal tissue. Combination of the two consistent 
physiological parameters (i.e. a low level of AEA and a 
long-lasting inhibitory effect on meningeal neuronal fir-
ing) supports a migraine therapy aimed at inhibiting 
FAAH activity.

Effects of AEA and 2‑AG on neuronal firing in meningeal 
afferents
Both AEA and 2-AG have been shown to reduce KCl-
induced spiking activity in meningeal afferents of rats [8], 
which formed a solid rationale for designing an molecule 
capable of inhibiting hydrolyzing enzymes FAAH and 
MAGL [8]. Notably, the short-duration depolarizing test-
ing with a high concentration of KCl, which broadly acti-
vates meningeal afferents, creates an efficient platform 
for testing specific agents for their effects on the periph-
eral part of the nervous system. Using this platform, 
we could confirm the anti-nociceptive effects of both 
endoCBs in mouse meningeal afferents, with AEA hav-
ing a more profound effect on neuronal firing than 2-AG. 
Although both endoCBs interact with the CB1 recep-
tor, which is abundantly expressed throughout the nerv-
ous system, since AEA is more potent than 2-AG, AEA 
seems the more relevant endoCB target for migraine 
therapy, at least for strategically targeting relevant 
peripheral meningeal nociception. The relevance of AEA 
to migraine pathophysiology also comes from observa-
tions that AEA is capable of inhibiting migraine-relevant 
neurogenic dural vasodilation as well as CGRP and nitric 
oxide-induced dural vessel dilation in the rat TGVS [31]. 
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The combined evidence suggests that boosting endoCBs 
levels, particularly through FAAH inhibition to increase 
endogenous AEA, seems of high importance in the 
peripheral nervous system [32].

AEA and 2‑AG act on different types of nociceptive fibers
Our advanced cluster analysis revealed that AEA induced 
the following effects. (1) AEA primarily acted on menin-
geal fibers that fired with a large amplitude and high 

Fig. 5  Effects of exogenous AEA on meningeal baseline and TRPV1 channel spiking activity. A Representative traces of spiking activity recorded 
from the peripheral part of the trigeminal meningeal nerve during the first 2 min after DMSO, AEA (10 μM), or 2-AG (10 μM) application, depending 
on the experiment. B Time course of spike frequency (25-s bin size) with zoomed-in panels (2-min bin size) highlighting the increase in spike 
numbers during the first 2 min after AEA application. C Application of AEA led to a transient increase in spiking activity during the first 2 min, 
whereas spike frequency was stable when DMSO and 2-AG were applied. D Correlation between spiking activity ratios after AEA application 
(calculated as the ratio of spike frequency during the first 2 min of AEA application and the preceding 2-min baseline) and during the KCl-2 pulse 
in the presence of AEA (expressed as the ratio of KCl-2 and KCl-1). E Correlation between spiking activity ratios during AEA application (as defined 
above) and the duration of the ‘silent time’ following the KCl-2 pulse when AEA was present. F Application of AEA led to a decreased spiking 
activity when capsaicin (1 μM) was applied, in comparison to when DMSO had been applied. G Overlapping pie charts representing the average 
percentage distribution of clusters among the three spiking activity groups: activated only during DMSO or AEA or 2-AG; activated during DMSO 
or AEA or 2-AG and during capsaicin; activated only during capsaicin. One-way ANOVA was corrected for multiple comparisons using Tukey 
method (C, F), Spearman’s test (D, E); * p ≤ 0.05; *** p ≤ 0.001; **** p ≤ 0.0001. Abbreviations: DMSO, dimethyl sulfoxide; AEA, anandamide; 2-AG, 
2-arachidonoylglycerol; Caps, capsaicin. See also Supplemental Fig. 3
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frequency. (2) AEA had little effect on fibers that fired 
with a small amplitude and low frequency (1–2 Hz) as 
these remained active. (3) AEA initially led to a mild 
transient increase in firing of fibers the majority of which 
were responsive to TRPV1-specific agonist. In contrast, 
2-AG had a mild transient suppressing effect on KCl 
activation with modestly reduced high-frequency spik-
ing activity and no change in low-frequency activity, 
and notably, the spiking activity was restored soon after 
washout of 2-AG. This difference suggests that AEA and 
2-AG seem to target different fibers in the meningeal 
preparations. Based on our cluster analysis data alone it 
is difficult to assess whether the activated clusters related 
to C- or Aδ-fibers. Still one can only speculate that 

clusters containing spikes with a larger amplitude and 
higher frequency, as observed during the first KCl pulse, 
are characteristic of Aδ fibers [33]. It is noteworthy that 
AEA failed to reactivate these clusters during the sec-
ond KCl pulse, unlike DMSO and 2-AG. Instead, clusters 
with a smaller amplitude and lower frequency, which are 
characteristics typical of C fibers [33], were active and 
more prominent. This seems to indicate that AEA has a 
stronger inhibitory effect on Aδ- than C-fibers. This find-
ing aligns well with observations that AEA more effec-
tively inhibits Aδ-fiber-mediated excitatory transmission 
[34]. Also, CB1 mRNA is predominantly expressed in 
large-diameter myelinated fibers, a characteristic of Aδ 
fibers [35], so AEA may preferentially modulate the activ-
ity of larger myelinated fibers, likely through CB1 recep-
tor activation. Thus, we show that the two key endoCBs 
have their own signature when it comes to meningeal 
neuronal firing. Notably, AEA exerts a stronger inhibi-
tory effect on high-amplitude spiking with rates exceed-
ing 10 Hz, as these fibers are primarily responsible for 
transmitting nociceptive signals, with pain intensity cor-
relating to neuronal firing frequency.

TRPV1 channels seem to mediate the initial excitatory 
effect of AEA
AEA is one of several endogenous cannabinoid recep-
tor agonists of TRPV1 channels. Consistent with this, 
AEA initially acted in an excitatory mode, which involves 
TRPV1 channels [36], and then acted in an inhibitory 
mode that is independent of TRPV1 channels [9, 31]. 
Also in our hemiskull model with meningeal afferents, 
the initial mild transient increase in spiking after appli-
cation of AEA (i.e. its excitatory effect), is likely TRPV1-
mediated, as we have previously shown that such increase 
was abolished when the afferents were pretreated with 
TRPV1 antagonist capsazepine [8]. Notably, the clusters 
activated during the excitatory phase remained respon-
sive to a subsequent KCl pulse and displayed a greater 
ability to return to baseline after the pulse. Fibers in these 
clusters fire with a small amplitude and low frequency, 
and given that TRPV1 channels are predominantly 
expressed on C-fibers [37], the excitatory effect of AEA 
seems due to activation primarily of C-fibers. Additional 
evidence for this comes from the fact that capsaicin-
induced TRPV1-mediated neuronal firing predominantly 
involved the same type of clusters.

Conclusion
As shown for rat and human tissue before [8], also in 
mouse meninges the level of endogenous 2-AG is higher 
than that of AEA, consistent with view that 2-AG partici-
pates in tonic inhibition in this tissue. We demonstrated 

Fig. 6  FAAH activity surpasses MAGL, aligning with lower 
AEA levels compared to 2-AG in mouse meninges. A Mouse 
meninges were pre-incubated for 1 h with DMSO (vehicle) or dual 
MAGL/FAAH inhibitor, AKU-005 (100 nM), followed by labelling 
with the fluorescent probe TAMRA-FP. FAAH and MAGL were 
identified by inhibition patterns and their expected molecular 
weights. B Basal MAGL and FAAH activities in mouse meninges. 
FAAH activity was found to be higher than that of MAGL after DMSO 
treatment. (C) LC–MS/MS data showing AEA and 2-AG levels in naïve 
mouse meninges. The level of AEA level was found lower than that of 
2-AG. Wilcoxon test (B, C); * p ≤ 0.05; *** p ≤ 0.001; **** p ≤ 0.0001. 
Abbreviations: DMSO, dimethyl sulfoxide; AEA, anandamide; 2-AG, 
2-arachidonoylglycerol; FAAH, fatty acid amide hydrolase; MAGL, 
monoacylglycerol lipase; a.u., arbitrary units
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that exogenous AEA had a stronger inhibitory effect on 
meningeal afferent firing than 2-AG, suggesting a more 
potent anti-nociceptive role for AEA. This differen-
tial effect on neuronal firing of the two key endoCBs is 
in sync with the lower level of AEA compared to that of 
2-AG. The latter is also in line with the greater activity 
of FAAH compared to that of MAGL in the meninges. 
Conceptually, inhibition of FAAH should increase endog-
enous AEA concentrations to an analgesic level, which 
would efficiently reduce neuronal spiking activity, and 
therefore potentially offer a promising novel approach 
to alleviate migraine pain peripherally. Thus, given that 
AEA was the endoCB with the more pronounced effect 
on inhibiting meningeal afferent activity, a FAAH-selec-
tive approach may likely offer adequate therapeutic pre-
cision [32], when targeting the peripheral part of the 
nervous system. Considering the mild transient activa-
tion of TRPV1 receptors by AEA, it may be worthwhile 
to consider combining the mentioned therapeutic strat-
egy with one that contains a TRPV1 inhibitor.
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