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Inhibition of endocannabinoid hydrolases  «==

MAGL, FAAH and ABHD6 by AKU-005 reduces
ex vivo cortical spreading depression
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Abstract

Background Migraine is a common neurovascular disorder that remains currently untreated in half of the patients.
One third of migraine patients experience aura, which is associated with the development of cortical spreading depo-
larization (CSD), a wave of depolarization involving neurons and glial cells. Cannabinoids have proven to be a promis-
ing class of compounds for the treatment of migraine pain. In this study, we are proposing a new strategy to counter-
act development of CSD and downstream events via multicomponent enhancement of the endocannabinoid system
(ECS) by using a AKU-005, to simultaneously target several key endocannabinoids hydrolases. To this end, we profiled
the activity of selective endocannabinoid hydrolases and their inhibition by AKU-005 and analyzed the effect of AKU-
005 on the development of CSD in an ex vivo cortical slice model.

Methods The inhibitory profile of AKU-005 was evaluated by a glycerol assay of lysates from HEK293 cells expressing
mouse and human MAGL and ABHD6. After ex vivo treatment of cortex slices of Wistar rats and C57 BL/6 J-OlaHsd
mice, endocannabinoids were quantified by mass spectrometry (LC-MS/MS), and activity of the hydrolases MAGL,
FAAH, and ABHD6 were measured by activity-based protein profiling (ABPP). The effect of AKU-005 on ex vivo CSD
wave in cortical slices was studied by live calcium imaging.

Results Ex vivo, AKU-005 inhibited MAGL, FAAH, and ABHD®6, increasing 2-arachidonoylglycerol (2-AG) and anan-
damide (AEA) levels in rat cortex under both basal and CSD conditions. In mice, AKU-005 showed a milder effect,
inhibiting MAGL only under CSD conditions and increasing 2-AG levels in both basal and CSD states. In vitro

analyses confirmed the ex vivo findings for rats and revealed basal MAGL inhibition in mice cortex. AKU-005, previ-
ously reported as a double MAGL/FAAH-inhibitor, also inhibited overexpressed mouse and human ABHDE, a little
studied 2-AG-hydrolyzing enzyme in brain. In line with these results, AKU-005 reduced CSD events in cortical slices
from both rodent species, with higher efficacy in rats.

Conclusions Given the distinct profile of endocannabinoids hydrolases activities between rats and mice in the brain
areas associated with migraine, AKU-005 may target multiple endocannabinoid hydrolases to serve as an efficient
treatment option for migraine with aura.
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Background

The peripheral trigeminovascular system plays a crucial
role in triggering migraine pain by activating trigeminal
nerve terminals and by releasing calcitonin gene-related
peptide [1, 2], which causes meningeal vessel dilation
[3], mast cell degranulation [4] and inflammation [5],
sensitizing both peripheral and central neurons [6], and
transmitting nociceptive signals to the CNS, leading
to migraine pain perception [7]. In migraine with aura,
which affect about 1/3 of migraine patients, the central
nervous system could be involved early on by an event
known as cortical spreading depolarization (CSD), a wave
of strong neuronal depolarization followed by inhibition
[8]. From the therapeutical perspective, CSD represents
one of the potential targets for reducing the harmful
hyperexcitable brain state associated with elevated glu-
tamate release [9, 10]. CSD is considered as a trigger of
headache [11, 12] operating via several mechanisms,
including the transit of cerebrospinal fluid (CSF) molecu-
lar triggers from cortical areas directly to the trigeminal
neurons [13].

While the capacity of cannabinoids to reduce migraine
headache has been suggested [14—17], their action on
CSD has been less studied and is not clear. The ability of
cannabinoids to reduce the release of glutamate in syn-
aptic contacts may suggest that the activation of the ECS
modulates migraine-related CSD [18]. Previously, one
study suggested that neither anandamide (AEA) nor the
CB1/2 agonist WIN 55.212-2 affect characteristics of
CSD elicited by high potassium application [19]. On the
other hand, another study showed that WIN 55.212-2
instead inhibited the amplitude, duration and velocity of
CSD propagation, while JWH 133, a CB2 receptor ago-
nist, did not have any modulatory effect [20]. This high-
lights that CB1 receptor activity is mediating signaling in
the control of neuronal mechanisms underlying CSD.

By modulating the activity of the neuronal network
during CSD, the ECS can regulate pain and inflammation
[14, 21-23]. In nitroglycerine-induced migraine models,
Akerman [24] found that AEA reduces trigeminovascu-
lar system excitability, which is implicated in migraine
pain generation. Consistent with its anti-nociceptive role,
endocannabinoids levels are low in patients with chronic
migraine [25]. These findings suggest that active ECS may
offer protection against the onset or severity of migraine.
Moreover, ECS also participates in modulation of neu-
roinflammation through inhibition of the activity of
enzymes involved in the production of pro-inflammatory
signals, reducing the expression of inflammatory mol-
ecules such as prostaglandins and leukotrienes [26].

Given the role of ECS in migraine and pain, enhanc-
ing endocannabinoids is a promising tool to exert thera-
peutic effects on pathological neuroinflammation and
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hyperexcitability. Inhibiting endocannabinoids degrada-
tion is one of the most obvious tools to enhance endo-
cannabinoids effects. The two main endocannabinoids
are AEA and 2-arachidonoylglycerol (2-AG). AEA is
degraded by FAAH (fatty acid amide hydrolase) [27]
and 2-AG by MAGL (monoacylglycerol lipase) [28] and
ABHD6 (alpha/beta-hydrolase domain containing 6)
[29]. Importantly, inhibition of 2-AG and AEA hydroly-
sis also exerts anti-inflammatory and neuroprotective
effects, by preventing the formation of the degradation
product arachidonic acid, and thus the downstream syn-
thesis of proinflammatory prostaglandins [30]. The activ-
ity of MAGL and FAAH differs in several areas involved
in migraine signaling [31]. We previously found high
FAAH activity in rat and human dura, where AEA is
substantially lower compared to 2-AG [32]. Vice versa,
in the trigeminal ganglia, there is higher MAGL activity
[32]. In cortical areas, where CSD develops, both MAGL
and FAAH are similarly active [31]. Given the different
activity of FAAH and MAGL in several areas involved in
migraine pain signaling, an effective inhibition of both
would likely be needed to achieve migraine analgesia.
Interestingly, ABHD6 was recently found to be expressed
in brain microglia and neurons [33], which offers addi-
tional targets for enhancing endocannabinoid signaling.
AKU-005 was previously reported as a potent endocan-
nabinoid hydrolase inhibitor [14, 34]. AKU-005 was
shown to reduce hyperalgesia in the nitroglycerin mouse
model of migraine, without corresponding changes in
endocannabinoid or related lipid levels in the examined
regions, suggesting that the observed behavioral effects
were likely not mediated by the endocannabinoid system
[35]. In the present study, we investigated the ability of
AKU-005 to elevate levels of AEA and 2-AG by selec-
tively inhibiting multiple hydrolyzing enzymes in occipi-
tal cortex slices from rats and mice, areas not previously
studied in this context. Furthermore, we assessed inter-
species variability in the cortical inhibition of MAGL,
FAAH, and ABHD6, aiming to better characterize how
AKU-005 interacts with the ECS. Finally, we correlated
these molecular effects with a corresponding reduction in
ex vivo cortical CSD following AKU-005 pre-treatment.

Materials and methods

Animals

P24-P26 male outbred Wistar rats (Envigo Laboratories
B.V,, The Netherlands) were delivered to the Lab Animal
Centre of University of Eastern Finland. After 2-weeks
of quarantine, rats were used at P38-P40 for experi-
mentation. We selected this age for rats to ensure com-
parability with our previous study [32]. Male C57 BL/6
J-OlaHsd mice 10-12 months old and C57 BL/6 J-Jax
mice 2—-4 months used for this study were produced
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and maintained in the animal facility of the University
of Eastern Finland. Mice strains and ages were not spe-
cifically chosen for this study. These animals were origi-
nally purchased for other projects where the brain was
not required. To minimize unnecessary animal use and
reduce costs, we included their brains in this study rather
than acquiring additional animals. Importantly, we did
not observe any strain- or age-related differences in our
data. The number of rats and mice used in this study is
indicated in the figure legends as “n” for each experiment.
Multiple slices were obtained from a single rat or mouse
cortex to conduct various experiments included in this
paper. Animals were housed under the following condi-
tions: 12-h dark/light cycle, grouped housing, ad libitum
access to food and water, ambient temperature of 22 °C.
All experimental procedures performed in this study fol-
low the rules of the European Community Council Direc-
tive of September 22, 2010 (2010/63/EEC). The Animal
Care and Use Committee of the University of Eastern
Finland (license EKS- 008—-2019 for rats and license EKS-
005-2022 for mice) approved all experimental protocols.

Cortical slices preparation

Our ex vivo slice model preparation is partially based
on the one described by Tang et al. [36]) and Vitale
et al. [37], with adaptations to suit our experimental
setup for live calcium imaging. In this study, the brains
from rats and mice were resected in the animal facility,
and transported in aCSF (125 mM NacCl, 3.5 mM KCl,
1.25 mM NaH2PO4, 2 mM CaCl2, 1.3 mM MgSO4,
25 mM NaHCO3, and 10 mM D-Glucose) in ice to the
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laboratory. Whole brain was left in oxygenation in aCSF
for 20 min. The brain was then placed in a mold with low
melting point Agarose 2%. Mouse coronal cortical slices
(350 um) were obtained using a Vibratome (Campden
Model 7000 smz- 2), slicing ad 0.08 pm*sec™". From each
slice, the cortical portion was isolated and placed in oxy-
genation in aCSF for 20 min recovery before treatments.
Afterwards, slices were split in 4 h pre-incubation with
AKU-005 100 nM or in control condition aCSF + DMSO.
One slice per treatment was used for calcium imaging.
The remaining slices were treated ex-vivo with KCI 100
mM (aCSF with compensated osmolarity by reducing
NaCl molarity), inducing CSD. Finally, all the slices were
frozen for activity-based protein profiling (ABPP) and
LC-MS/MS, organized by treatment group and individ-
ual mouse. Figure 1 summarizes our experimental flow in
a diagram.

Activity-based protein profiling (ABPP)

Tissue samples were mechanically homogenized with
a glass homogenizer and a sonicator (5 s sonication
repeated five times, with 5 s intervals in-between) in
phosphate-buffered saline (PBS). Protein concentra-
tions were determined with bicinchoninic acid (BCA)
protein assay, as previously described [38]. ABPP fol-
lowed an established protocol [39]. In brief, homog-
enized samples were first diluted in PBS to obtain the
desired concentration of 0.2 mg/ml for both mouse and
rat cortical samples. Samples were then incubated for
one hour either with the vehicle DMSO (control) or with
the inhibitor using the following treatments to identify
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Fig. 1 Schematic of experimental flow for rats and mice cortical slices. Coronal slices of mouse and rat occipital cortex are pre-incubated ex vivo
with either a vehicle or AKU-005 (100 nM). For live calcium imaging, one slice per treatment is used and then exposed to either a vehicle or high
KCl (100 mM) to induce cortical spreading depression (CSD). The remaining slices undergo the same ex vivo treatments of high KCl or vehicle
without imaging. All slices from the same animal and treatment group are then frozen together, homogenized, and divided into two portions.
One portion is utilized for activity-based protein profiling (ABPP) assay, during which additional in vitro inhibitory treatments are performed. The

remaining homogenized material is analyzed using mass spectrometry
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specific enzymatic bands: MAGL/FAAH- inhibitor AKU-
005 (100 nM, 500 nM, 1 uM; synthetized in University
of Eastern Finland, Kuopio, Finland), FAAH-inhibitor
JZP327 A (1 pM; synthetized at University of Eastern
Finland, Kuopio, Finland), MAGL-inhibitors KML29 (1
uM; Cayman chemicals) and JJKK- 048 (100 nM; Cayman
chemicals, Ann Arbor, MI, USA) and ABHD®6-inhibitors
WWL70 (1 uM; Cayman chemicals) and JZP430 (1 puM;
synthetized at University of Eastern Finland, Kuopio,
Finland). After one-hour of pre-incubation with inhibi-
tors/DMSO, the active site serine-targeting fluorescent
fluorophosphonate probe TAMRA 1 pM (ActivX Fluo-
rophosphonate Probes, Thermo Fisher Scientific Inc.,
Rockford, IL, USA) was added to each tube and left in an
additional incubation for one hour at room temperature
to label remaining active serine hydrolases. The reaction
was stopped by adding 2X SDS gel loading buffer. Finally,
10 pl of each sample were loaded per lane for 10% SDS-
PAGE electrophoresis (250 mV, 750 mA, 300 s). Running
buffer was prepared for each run with cold mQ water
and stored overnight in +4 °C. Gel images were acquired
by using ChemiDocTM MP Imaging System (BIO-RAD
Laboratories, Hercules, CA, USA) with Cy3 blot appli-
cation (602/50, Green Epi, Manual Exposure 30-420 s).
Quantification of bands was analyzed using the ImageLab
software (BIO-RAD Laboratories).

Mass spectrometry analysis of endocannabinoids

Detailed descriptions of sample preparation and instru-
mental parameters for the analysis of endocannabi-
noids levels have been previously provided [40]. For the
preparation, desired volume of the homogenized sample
(30-50 pl) was transferred to a tube. To each sample, 500
ul ice cold methanol, 50 ul AEA-d8 internal standard,
and 50 pl 2-AG-d8 internal standard were added. Tubes
were vortexed for one minute each and then placed in
sonicator bath for 30 s. Ice cold mQ water in a volume
equal to (500 pl — transferred volume of the sample) was
used to wash each 1.5 ml tube, ice cold chloroform was
added and mixed. After centrifugation at 1500 g for 10
min at +4 °C, the lower layer of chloroform was removed
and transferred to a new glass tube. This process was
repeated twice. Glass tubes with chloroform were trans-
ferred to drying with nitrogen gas flow. After evapora-
tion, 50 pl acetonitrile were added in each glass tubes and
left in incubation for 10 min at room temperature with
1 min vortexing every 2 min. Samples were measured
with a reversed phase liquid chromatography technique
coupled with the triple quadrupole mass spectrometry
(LC-MS/MS), operating in multiple reaction monitoring
scanning (MRM). LC-MS/MS analysis was performed
using Agilent Technologies 6410 triple quadrupole mass
spectrometer coupled to Agilent Technologies 1200
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series HPLC system. Separation was achieved using Zor-
bax Eclipse XDB-C18 (Agilent Technologies) column
with an isocratic method. The flow rate was 0.5 ml/min,
and the total run time was 4 min. The mass spectrom-
eter was operated in positive ion mode using MRM for
quantification of the analytes. Deuterated internal stand-
ards (AEA-d8 and 2-AG-d8) were used for quantification.
This method is selective, precise, and accurate for con-
centrations within a range of 0.4-70 nM for N-acyleth-
anolamines and 40-11,000 nM for 2-AG. AEA and 2-AG
concentration (pM/ng) were calculated according to pro-
tein concentration (mg/ml) of each sample.

Fluorescent glycerol assay

Inhibition and selectivity of AKU-005 against human and
mouse MAGL and ABHD6 was measured with a sensi-
tive fluorescence-based assay in a 96-wellplate format,
essentially as previously reported [39]. For ABHD6 activ-
ity, lysates of HEK293 cells transiently expressing human
or mouse ABHD6 were used, and for MAGL activity, sta-
bly expressing 3HA-tagged human MAGL or transiently
expressing mouse MAGL were used [39, 41]. Mock-
transfected HEK- 293 cells were used to control back-
ground signaling as previously described [39]. Briefly,
glycerol production, which is coupled via an enzymatic
cascade to generate resorufin, was kinetically monitored
for 90 min period at room temperature (with Aex 530 nm;
Aem 590 nm) using a Tecan Infinite M200 plate reader
(Tecan Group Ltd., Ménnedorf, Switzerland). Cell lysates
(99 pl, 1-3 pg protein/well) were preincubated for 30 min
with the vehicle (DMSO: control) or AKU-005 with the
indicated concentrations (1 ul), after which the substrate
1-AG (12.5 pM final concentration) was added (100 pl).
The IC;,-values were calculated by Graphpad Prism ver-
sion 5.03 for Windows, GraphPad Software, San Diego,
California USA, www.graphpad.com.

Cortical slices calcium imaging

Slices for ex vivo experiments were imaged with 10
X Objective using Olympus IX- 70 (Tokyo, Japan)
equipped with CCD camera (SensiCam, PCO imaging
Kelheim, Germany). Setup setting: Binning 1x 1, Loop
count calculated as ((cycle minutes* 60) *2), sampling
frequency 2 frames per second. Excitation wavelength
was set as 495 nm. Rapid Solution Changer RSC200 (Bio-
Logic Science Instruments, Grenoble, France) perfusion
system allowed to perform protocols involving perfu-
sion of multiple treatments and ensuring a fast perfusion
speed of 3 ml/min. After 4 h pre-treatment in AKU-005
(100 nM), each slice was incubated for 20 min with fluo-
rescent probe Fluo- 4+ AKU-005 (100 nM), followed by
20 min resting condition in aCSF +AKU-005 (100 nM)
at room temperature. Finally, slices were tested for their
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response to KCl 100 mM (simulating CSD) with the fol-
lowing protocol: 2 min Baseline in BS, 5 min KCI 100
mM, and 5 min washout in BS. Only waves with the typi-
cal CSD speed of 3—5 mm/min were selected. Due to the
experimental setup, where the drug was applied from the
top of the slice and recordings were made from the cam-
era below, drug penetration through the slice was neces-
sary to visualize the wave. Since the slice was surrounded
by the administered solution, the treatment’s effects were
more pronounced at the slice margins, which were more
readily accessible to the drug.

Recording and post-processing of data was performed
with Live Acquisition and Offline Analysis Software
(TILL Photonics GmbH, Germany). For response analy-
sis regions of interest (ROIs) were drawn in the area with
higher response to KCI. CSD intensity was determined as
the highest value of fluorescence intensity, calculated by
the formula AF/F =(F — F0)/F0, following KCl exposure.

Statistical analysis

Statistical analysis was performed with GraphPad Prizm
software (GraphPad Prizm Software, La Jolla, USA). Data
were checked for normality distribution (D’Agostino
and Pearson test, Anderson—Darling test, Shapiro—Wilk
test, and Kolmogorov—Smirnov test) before statisti-
cal tests. Data were considered normally distributed
when they passed all the tests mentioned above. Either
unpaired student T-test and One-Way ANOVA with
Tuckey post-hoc test was used for normally distributed
data. Non-parametric and Wilcoxon signed-rank test,
Mann—-Whitney or Kruskal-Wallis with Dunn’s post-
hoc tests were applied for non-normally distributed data.
Statistical significance differences were set accordingly
to p-value: * p <0.05, ** p< 0.01, *** p< 0.001. Statisti-
cal outliers of each data group were found with ROUT
method and excluded from the analysis. To ensure statis-
tical accuracy and retain comparability, given the mixed
nature of the data, comprising both normally and non-
normally distributed variables, all these results are pre-
sented as median + interquartile range (IQR).

Results

AKU-005 inhibits MAGL, FAAH, and ABHD®6 ex vivo in rat
cortical slices under physiological and CSD conditions

We first used in vitro treatments to distinguish the activ-
ity of MAGL, FAAH and ABHD® in rat occipital cortex
slices using the ABBP activity assay (Fig. 2 A). FAAH
activity was inhibited in vitro by JZP327 A, a specific
FAAH-inhibitor, and AKU-005 in control and CSD con-
ditions. MAGL was inhibited in vitro by JJKK- 048, a
selective MAGL inhibitor, and AKU-005, and ABDH6
activity was inhibited by AKU-005 (Fig. 2 A). MAGL
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appears in nervous tissues as a double band representing
two different isoforms of the enzyme.

The same activity assay was then used to assess the
biological effect of the ex vivo treatments of CSD and/
or AKU-005 on the activities of MAGL, FAAH and
ABHD6 (Fig. 2 A). The activity band densities from
Fig. 2 A were quantified (Fig. 2 B-E). The basal activ-
ity of FAAH measured in the absence of inhibitors or
CSD, was slightly lower than that of MAGL (Fig. 2 B).
MAGL quantification reflects the combined intensity
of the two bands, as our focus is on total MAGL activ-
ity. Both MAGL and FAAH exhibited more than dou-
ble the activity compared to ABHD6 (Fig. 2 B). Enzyme
activities were inhibited in rat cortical slices with AKU-
005 ex vivo treatment, followed by high KCI treatment
(AKU CSD; Fig. 2 A, C-E). FAAH basal activity used as
control (basal) in rat occipital cortex slices remained
unchanged under CSD conditions, however AKU-005
ex vivo treatment reduced control FAAH activity from
2 a.u. to 0.6 a.u. (Fig. 2 C). Similarly, FAAH activity
during CSD with AKU-005 ex vivo pre-treatment was
reduced from 1.7 a.u. to 0.5 a.u. (Fig. 2 C). In Fig. 2
D, MAGL control basal activity (basal) of 2.6 a.u. was
slightly increased to 3.2 a.u. during CSD. AKU-005
ex vivo pre-treatment reduced control MAGL basal
activity to 0.6 a.u. (Fig. 2 D). Finally, the increase of
MAGL activity, that occurred with CSD, was reduced
by AKU-005 ex vivo pre-incubation (AKU CSD) to 0.5
a.u. (Fig. 2 D). The basal activity of ABHD6 remained
low and unchanged during CSD (Fig. 2 E). However,
ABHDG6 activity during CSD was reduced from 0.8 a.u.
to 0.2 a.u. upon AKU-005 ex vivo pre-treatment (Fig. 2
E).

Using quantitative LC—MS/MS analysis, we also meas-
ured 2-AG and AEA levels in the rat cortex slices. In
line with the high hydrolases’ activity, the levels of AEA
and 2-AG were found relatively low in control condi-
tions (basal) with levels of 0.2 pM/ng (AEA) and 0.3 pM/
ng (2-AG) (Fig. 2 F and G). In rat cortical slices, CSD
induced an increase of AEA levels to 0.3 pM/ng (Fig. 2 F).
This is consistent with the fact that FAAH, the enzyme
responsible for degrading AEA, does not alter its activ-
ity under CSD conditions. With FAAH activity remain-
ing unchanged, there is no compensatory degradation
to the elevated AEA levels. AKU-005 ex vivo pre-treat-
ment produced per se an even higher increase of AEA
basal levels to 0.6 pM/ng (Fig. 2 F). Additionally, during
CSD, AKU-005 triggered higher AEA levels to 0.9 pM/
ng (Fig. 2 F). In contrast to AEA, 2-AG levels in control
(basal) and CSD remained unchanged (Fig. 2 G), prob-
ably due to compensated increase of MAGL degrad-
ing activity during CSD (Fig. 2 D). However, in line with
decreased MAGL activity, AKU-005 increased 2-AG
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Fig. 2 Profiling serine-hydrolases MAGL, FAAH and ABHD®6 activity and endocannabinoid levels in rat cortical samples. A Competitive gel-based
activity-based protein profiling (ABPP) of MAGL, FAAH and ABHDS in rat cortical samples. ABPP was performed on frozen rat cortical slices

after the following ex vivo treatments: control (basal), high KCI (CSD), AKU-005 (AKU) pre-incubation, AKU preincubation followed by high KCI (AKU
CSD). For the ABPP, samples were incubated in vitro for one hour with the vehicle DMSO (basal) and the following treatments to identify specific
enzymatic bands: MAGL/FAAH/ABHDG6 inhibitor AKU 100 nM, FAAH-inhibitor JZP327 A 1 uM, MAGL-inhibitor JJKK- 048 100 nM; and then labelled
with fluorescent probe TAMRA-FP. B Basal FAAH activity is slightly lower than MAGL one. ABHD6 basal activity is lower than both MAGL and FAAH

basal activities (n =43, p< 0.001, Kruskal-Wallis with Dunn’s post-hoc test). The same basal data in panel B is shown in panels C-E. C FAAH basal
activity (basal) was unchanged following CSD. FAAH activity levels in AKU condition were reduced compared to the basal ones (n =43 in basal
and n=111in AKU, p= 0.0001, Kruskal-Wallis with Dunn’s post-hoc test). FAAH activity was also reduced in AKU CSD condition compared to CSD
(h=43inCSDand n= 11 in AKU CSD, p=0.0001, Kruskal-Wallis with Dunn’s post-hoc test). D MAGL basal activity (basal) was increased during CSD
(h=43, p=0.0145, Kruskal-Wallis with Dunn’s post-hoc test). Compared to basal levels, MAGL activity levels in AKU condition were reduced (n=

11, p= 0.0006, Kruskal-Wallis with Dunn’s post-hoc test). Increased MAGL activity in CSD condition was reduced in AKU CSD condition (n=11,p<
0.001, Kruskal-Wallis with Dunn’s post-hoc test). E ABHD6 basal activity (basal) was unchanged following CSD. ABHD6 activity in CSD condition
was reduced in AKU CSD condition (n=43in CSD and n= 11 in AKU CSD, p < 0.0001, one-way ANOVA with Tukey post-hoc test). F AEA levels
increased following CSD (n= 44, p= 0.006, one-way ANOVA with Tukey post-hoc test). AKU-005 pre-treatment lead to high increase of AEA basal
levels (AKU, n= 11, p< 0.001, one-way ANOVA with Tukey post-hoc test), and AEA levels after CSD (AKU CSD, n= 11, p< 0.001, one-way ANOVA
with Tukey post-hoc test). G 2-AG basal levels did not change after CSD. AKU-005 pre-treatment increased 2-AG levels in AKU conditions (n= 39
for basal and n= 11 for AKU, p < 0.001, Kruskal-Wallis with Dunn’s post-hoc test) and AKU CSD conditions (n= 41 for CSD and n= 11 for AKU, p <

0.001, Kruskal-Wallis with Dunn’s post-hoc test)

levels in control conditions from 0.3 pM/ng to 28.7
pM/ng (Fig. 2 G). Under CSD, AKU-005 pre-treatment
increased 2-AG levels even higher levels from 0.3 pM/ng
to 51.7 pM/ng (Fig. 2 G).

Taken together, ex vivo pre-treatment with AKU-005
reduced MAGL and FAAH activities under basal condi-
tions. Furthermore, during CSD, AKU-005 decreased the
activities of MAGL, FAAH, and ABHD6. Notably, AKU-
005 also increased 2-AG and AEA levels under both
physiological and CSD conditions.

AKU-005 inhibits MAGL ex vivo in mouse cortical slices
under CSD state

Similarly to rats, MAGL, FAAH and ABHDG6 activities
were next assessed in mouse occipital cortex slices with
ABPP approach (Fig. 3). In the same setting, in vitro
treatments were used for specifically identifying the
hydrolases bands (Fig. 3 A). In particular, JZP327 A is a
specific FAAH inhibitor, KML29 is a MAGL inhibitor,

WWL70 and JZP430 an ABHD6 inhibitors. Additionally,
AKU-005 has been also tested in vitro, being our experi-
mental inhibitor. Due to the generally lower activity of
endocannabinoid hydrolases in mouse cortex (Fig. 3 A),
additional ABHD®6 inhibitors were included in compari-
son to the rat ABPP to accurately identify the targets,
even with reduced band intensity.

The activity bands of Fig. 3 A have been quantified,
and their values have been represented in Fig. 3 B-E. In
general, FAAH and MAGL activities were found lower in
mice (Fig. 3 B) compared to rat tissue (Fig. 2 B). FAAH
activity was barely detectable in mouse cortex slices (0.6
a.u., Fig. 3 B) and lower than MAGL basal activity (2
a.u., Fig. 3 B). Instead, ABHD6 activity in mouse corti-
cal slices (0.8 a.u., Fig. 3 B) was found comparable to the
one in the rat cortical slices (Fig. 2 B). MAGL activity
was reduced during CSD from 3 a.u. to 0.8 a.u. (Fig. 3 D)
after AKU-005 ex vivo pre-treatment. However, neither
FAAH (Fig. 3 C) nor ABHDG6 (Fig. 3 E) were inhibited by
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Fig. 3 Profiling serine-hydrolases MAGL, FAAH and ABHD®6 activity and endocannabinoids levels in mouse cortical samples. A Competitive
gel-based activity-based protein profiling (ABPP) of MAGL, FAAH, and ABHD6 in mouse cortical samples. ABPP was performed on frozen mice
cortical slices after the following ex vivo treatments: control (basal), high KCI (CSD), AKU-005 (AKU) preincubation, AKU preincubation followed

by high KCI (AKU CSD). For the ABPP, samples were then incubated in vitro for one hour with the vehicle DMSO (basal) and the following treatments
to identify specific enzymatic bands: dual MAGL/FAAH inhibitor AKU (100 nM, 500 nM, T uM), FAAH-inhibitor JZP327 A 1 uM, MAGL-inhibitor KML29
1 UM, ABHD6-inhibitors WWL70 1 uM and JZP430 1 uM; and then labelled with fluorescent probe TAMRA-FP. Complete description of the procedure

in Material and Methods. B The basal activity of FAAH is lower than that of MAGL. C FAAH activity was not significantly changed in the 4 tested
conditions (n=6). The same basal data in panel B is shown in panels C-E. D MAGL activity in CSD condition was reduced in AKU CSD condition
(n= 6, p=0.003, Kruskal-Wallis with Dunn’s post-hoc test). E ABHD6 activity was not significantly changed in the 4 tested conditions (n=5). F AEA
levels were not affected by any ex vivo treatment of the cortical slices (n=7) G 2-AG levels were increased after AKU preincubation, both in basal
conditions (n= 7, p=0.003, Kruskal-Wallis with Dunn’s post-hoc test) and during CSD (n= 7, p< 0.001, Kruskal-Wallis with Dunn’s post-hoc test)

ex vivo AKU-005 application under either basal or CSD
conditions. The lack of inhibition of FAAH and ABHD6
in the mouse cortex ex vivo may be partially attributed
to their low basal activity, which leaves limited potential
for further inhibition. Additionally, the potency of AKU-
005 may vary between species due to differences in their
endocannabinoid system profiles and pharmacokinetics.
The power of inhibition by AKU-005 may be increased
by a higher compound concentration and/or an increased
n-number of mice.

Consistently to the ABPP outcome, results from
LC-MS/MS showed that while AEA levels remained
unchanged (Fig. 3 F), 2-AG levels were largely increased
after AKU-005 ex vivo pre-incubation during CSD
from 3.4 pM/ng to 29.6 pM/ng (Fig. 2 G). Unexpect-
edly, regardless of a lack of MAGL inhibition by AKU-
005 in basal (control) conditions, there was an increase
in 2-AG levels from 0.1 pM/ng to 14.6 pM/ng (Fig. 2 G).
Although AKU does not inhibit basal MAGL enzymatic
activity directly, it may have subtle off-target effects that

indirectly increase 2-AG levels also under physiological
conditions.

In summary, the ex vivo inhibitory effect of AKU-005
at 100 nM concentration was weaker in mouse cortical
slices than in rats. This effect in mice cortex primarily
involved a decrease in MAGL activity under CSD condi-
tions and a corresponding increase in 2-AG levels.

In vitro inhibitory effect of AKU-005 on FAAH, MAGL

and ABHD®6 in rat and mouse

Next, a general inhibitory efficiency of AKU-005 against
endocannabinoids hydrolases in rat and mouse corti-
cal slices was evaluated from the in vitro treatments. For
instance, we assessed the inhibitory effect of AKU-005 on
the same slices used in Figs. 2 and 3, but this time in vitro,
following freezing and homogenization (treatments indi-
cated on the bottom sides of the gels in Fig. 2 A and Fig. 3
A). Basal levels of FAAH, MAGL, and ABHD®6 activities
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were set at 100%, and the percentage of inhibition by
AKU-005 was then calculated based on its own control.

In rats, the in vitro analysis of AKU-005 confirmed its
triple inhibitory activity, which was previously observed
ex vivo. Indeed, we found that AKU-005 (100 nM) almost
completely inhibited the activity of FAAH and MAGL in
rat cortical slices. Indeed, both FAAH and MAGL activ-
ity were reduced by 79% (Fig. 4 A and B). Moreover,
this treatment had also a moderate inhibitory effect on
ABHDE6 activity resulting in 30% decrease of its activity
(Fig. 4 C).

Unlike rat cortical tissue, in mouse cortical slices, the
endocannabinoids hydrolyzing activity of FAAH and
ABHD6, could not be blocked in vitro by AKU-005
(Fig. 4 D, 4 F), confirming also in this case the previously
described ex vivo outcome. However, differently from
the ex vivo treatment, AKU-005 exhibited a partial but
significant inhibition of basal mouse MAGL activity at
all used concentrations: 56% at 100 nM, 62% at 500 nM,
and 51% at 1 uM (Fig. 4 E). This suggests that AKU-005
has the potential to inhibit MAGL in the mouse cortex
as well. Achieving an ex vivo effect may require either a
higher concentration or improved drug penetration to
reach the targets.
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To determine whether AKU-005 could function as a
multiple inhibitor in other species as mice and humans,
or if its effect is limited to rats, we tested its inhibition
and selectivity against mouse and human MAGL and
ABHDES, using lysates from HEK293 cells overexpressing
these enzymes. Indeed, as shown in Fig. 5, we confirmed
that AKU-005 can also inhibit ABHD®6, although less
potently than MAGL. Interestingly, AKU-005 appeared
more selective for mouse MAGL (mMAGL) and ABHD6
(mABHD6) over the human enzymes (hMAGL and
hABHD®6), showing equal potency for ABHD6 in both
species (Fig. 5 B) but higher potency for inhibiting mouse
MAGL compared to human MAGL (Fig. 5 A). The spe-
cific values for inhibition potency of mouse and human
MAGL and ABHD®6 are shown in Fig. 5 C. It has not been
practical to evaluate AKU-005’s inhibition of FAAH using
the same glycerol assay. This is because monoacylglycer-
ols, such as 2-AG and its isomer 1-AG (commonly used
in this assay), are suboptimal substrates for FAAH. Under
physiological conditions, FAAH primarily degrades AEA.
Due to these observations, we see AKU-005 as a poten-
tial multiple inhibitor of MAGL, FAAH and ABHD®6 in
different species.

Overall, AKU-005 shows potential as a triple inhibitor
of FAAH, MAGL, and ABHD6. However, its inhibitory
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Fig. 4 Blocking capacity of the inhibitor AKU-005 on rat and mouse enzymes FAAH, MAGL and ABHD6. Data are from ABPP testing of rat
and mouse cortical slices. Samples were incubated in vitro for one hour with the vehicle DMSO (basal) and inhibitor AKU-005 (AKU) 100 nM

for rat samples and at different concentrations (100 nM, 500 nM, 1 uM) for mouse samples. A AKU (100 nM) strongly inhibited FAAH activity in rat

samples (n= 42, p< 0.0001, Wilcoxon signed-rank test). B AKU (100 nM) strongly inhibited MAGL activity in rat samples (n= 42, p < 0.0001, Wilcoxon

signed-rank test). C AKU (100 nM) slightly inhibited ABHD6 activity in rat samples (n= 43, p= 0.05, Wilcoxon signed-rank test). D AKU did not reduce

FAAH activity in mouse samples (n= 6). E AKU reduced MAGL activity in mouse samples (n=6, p=0.0001 at 100 nM, p= 0.031 at 500 nM, p= 0.006
1 UM, Wilcoxon signed-rank test). F AKU did not reduce ABHD6 activity in mouse samples at any concentration (n=5)
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Fig. 5 Inhibitor activity of AKU-005 against mouse and human MAGL and ABHD6 tested in a glycerol assay. A Dose-dependent inhibition

by AKU-005 on human (h) and mouse (m) MAGL enzyme. B Dose-dependent inhibition by AKU-005 on human and mouse ABHD6 enzymes. The
enzymes were overexpressed in HEK293 cells and lysates were processed as described in Methods. The data are from at least three independent
experiments performed in duplicate. C Table with Log ICs, and ICy, values of AKU-005 for inhibiting human (h) and mouse (m) MAGL and ABHD6.
The results were obtained by testing AKU-005 in MAGL- and ABHD6-overexpressing HEK293 cell preparations in a sensitive glycerol assay,

as described in methods. An asterisk (*) denotes a statistically significant difference between the ICy, values of h(MAGL and mMAGL (two-way paired

t-test, p=0.0012). The data are from at least 3 independent experiments

effect appears to be species-specific in the rat and mouse
cortex, acting as triples inhibitor for rats and MAGL-
inhibitor for mice. This differential effect is likely influ-
enced by the basal endocannabinoid system profile and
the pharmacokinetics of AKU-005 in each species within
this specific region.

Species-specific AKU-005 inhibition of endocannabinoid
hydrolases reduces CSD

Finally, we tested in rat and mouse occipital cortex slices,
the ex vivo pre-treatment effect of AKU-005 (AKU) on
CSD induced by application of 100 mM KCL In both
rats (Fig. 6 A) and mice (Fig. 6 B) ex vivo cortical slices
CSD wave propagated with rate of 3—5 mm/min typical
for the CSD phenomenon [42]. The intensity of the wave
was quantified at the margins of the cortex, where the
effect was more pronounced (indicated by the red circle
in Fig. 6 A and Fig. 6 B). Notably, the intensity of the CSD
wave detected in control and AKU-005 pretreated slices
was different in rats and mice. Indeed, in rats, the cal-
cium imaging fluorescent traces show a visible decrease

in fluorescence average between the control and AKU-
005 pre-treated slices (Fig. 6 C and 6 D). Instead, in mice,
this major difference is missing (Fig. 6 E and 6 F).

In rat slices, ex vivo CSD intensity was reduced from
60.6% to 31.5% upon 4 h AKU-005 pre-treatment (Fig. 6
G). In line with the signal intensity reflecting the ampli-
tude of the ex vivo CSD wave, AKU-005 pretreatment
also significantly decreased the CSD AUC from 96.3 to
48.4 (Fig. 6 H).

Differently from the rat slices, in mice, no change was
detected for the ex vivo CSD wave intensity after AKU-
005 preincubation, as the amplitude of the CSD-induce
calcium signal remains the same between control and
AKU-005 pretreatment (Fig. 6 I). However, the AUC
was reduced significantly also in mice (from 109 to 75.6;
Fig. 6 L). Indeed, the average decay of the CSD-induced
calcium signal appears faster in slices pretreated with
AKU-005, as evidenced by a sharper decline in the curve
following the peak.

Overall, the pretreatment with AKU-005 effectively
reduced ex vivo CSD in rat cortical slices, while its
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Fig. 6 CSD calcium transients induced by KCl in rat and mouse cortical slices. Slices were incubated for 4 h with DMSO (control) or AKU-005
(AKU) 100 nM (pretreatment), each slice was then incubated for 20 min with fluorescent probe Fluo- 4, followed by 20 min resting condition

in aCSF at room temperature. After this, slices were tested in their response to KCI 100 mM. Protocols applied are described in detail in Material
and Methods section. A and B Fluorescence snapshot of rat and mouse cortical slices at 0, 2, 6, 15 s post KCl 100 mM perfusion. Scale bar is 1 mm.
C Rat cortical slices, calcium fluorescence time series of DMSO pre-incubation control condition. Black trace is representative of the statistics,

all other traces are shown in grey. D Rat cortical slices, calcium fluorescence time series of AKU 100 nM pre-incubation condition. Black trace

is representative of the statistics, all other traces are shown in grey. E Mouse cortical slices, calcium fluorescence time series of DMSO pre-incubation
control condition. Black trace is representative of the statistic, all other traces are shown in grey. F Mouse cortical slices, calcium fluorescence

time series of AKU 100 nM pre-incubation condition. Black trace is representative of the statistics, all other traces are shown in grey. G Statistical
comparison of intensity of fluorescence (AF/F0(%)) of KCl-triggered CSD in rat cortical slices. CSD fluorescence intensity was reduced upon 4 h
AKU pretreatment (n=18in CSD and n= 11 in AKU CSD, p= 0.015, Mann-Whitney test). H Statistical comparison of the area under the curve
(AUC) of KCl-triggered CSD in rat cortical slices. AKU-005 pretreatment significantly decreases the CSD AUC (p =0.007, Mann-Whitney test). |
Statistical comparison of intensity of fluorescence (AF/FO(%)) of KCl-triggered CSD in mouse cortical slices. Changes in CSD fluorescence intensity
were not detected after AKU preincubation (n= 13). L Statistical comparison of the AUC of KCl-triggered CSD in mouse cortical slices. AKU-005

pretreatment reduced the CSD AUC (p= 0.040, Unpaired t-test)

modulation in mice appears more limited. This was in
line with the previously observed differential effects of
AKU-005 in inhibiting serine hydrolases and enhanc-
ing endocannabinoids more strongly and widely in rats
(Fig. 2) than in mice cortical slices (Fig. 3).

Discussion

We and others [29, 32, 40] have previously described
AKU-005 as a double MAGL and FAAH inhibitor
designed to enhance the tone of endocannabinoids.
Indeed, given the high complimentary activity of MAGL
and FAAH at the cortices in rats [31], the use of an
inhibitor, which can target at least these two enzymes
already offers a broader efficacy and increased effi-
ciency than mono-targeted drugs. Further exploring the
therapeutical potential of this compound, here we pre-
sent, for the first time, that AKU-005 inhibits three key

endocannabinoid-degrading enzymes, MAGL, FAAH
and ABHD6, with the resultant desired enhancement
of key endocannabinoids in the occipital cortex of rats.
The inhibition of these serine hydrolases reduced CSD
in cortical brain slices, a model which we used to mimic
a classical phenomenon of CSD known to be linked to
migraine with aura. Indeed, we found that AKU-005 even
at nanomolar concentrations can decrease the inten-
sity of ex vivo CSD waves (with a lower peak of calcium
wave and area under the curve) in rats. This observation
aligns with previous research indicating the suppression
of migraine CSD through direct activation of CB1 recep-
tors [20]. Additionally, our findings support previous
work showing that MAGL inhibition by MNJ110 reduces
periorbital allodynia in rat CSD models induced by corti-
cal high KCl injection [43]. In mice, AKU-005 inhibited
only MAGL, leading to an increase in 2-AG levels under
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ex vivo CSD conditions. As a result, the intensity of the
CSD-induced calcium wave remained unchanged with
AKU-005 pretreatment, but the decay time was modestly
shortened.

The differential functional reduction of the ex vivo CSD
in rats and mice cortical slices by AKU-005 was consist-
ent with their distinct ECS profiles. Although the 2-AG
appears in our results to be predominantly increased
over AEA by AKU-005 in both mice and rats during
ex vivo induction of CSD in cortical slices, the specific
cannabinoid receptor responsible for this remains uncer-
tain and needs further investigation. However, the abun-
dance of CB1 receptors in the brain makes them a likely
primary effector of AKU-005 action to reduce pathologi-
cally enhanced cortical excitability predisposing to CSD.
These inhibitory receptors are also an attractive target for
migraine treatment, blocking not only peripheral but also
central nociceptive traffic in this disorder.

Targeting CB2 receptors in immune and glial cells
may be a complimentary approach to reduce the inflam-
matory component and chronification associated with
severe forms of migraine [15].

For instance, microglia exhibit a much higher capac-
ity to secrete 2-AG compared to astrocytes and neurons
[44], suggesting their important role in control of CSD
initiation [45]. However, the CSD-induced endocannabi-
noid release in our ex vivo cortical slice model is primar-
ily driven by astrocytes and neurons, and CB1 agonists
but not CB2 agonists have been shown to suppress CSD
[20]. However, it is important to keep in mind the pre-
vious finding that ABHD®6 is expressed and is active in
microglia [33], which could open the rout to a new target
for AKU-005.

In line with the growing interest in medications target-
ing receptor heteromers, studies utilizing bivalent CB1
antagonists specifically affecting dimerized CB1 recep-
tors have shown promising pain-alleviating effects [46].
Overall, the di- and oligomerization of G protein-cou-
pled receptors (GPCRs) within the central nervous sys-
tem (CNS) present attractive therapeutic targets in pain
conditions [47, 48]. Beside the canonical cannabinoid
receptors, there is also evidence of a possible interac-
tion between CB1 and NMDA receptors [49], which are
fundamental for CSD generation and propagation [50].
In line with this, enhancement of endocannabinoids can
reduce the activity of NMDA receptors [51].

Finally, our study demonstrates that AKU-005 is
a potential multiple inhibitor of MAGL, FAAH, and
ABHD6, key enzymes involved in the breakdown of
endocannabinoids. In the rat cortex, AKU-005 acts as a
triple inhibitor at a concentration of 100 nM, but in mice,
only MAGL is inhibited. This is in line with their different
endocannabinoids hydrolases profiles. To fully explore its
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potential across species, higher concentrations or alter-
native penetration methods should be tested in mice
and humans, as AKU-005 was found in this study able
inhibit at least both MAGL and ABHD6 enzymes when
overexpressed in transfected cells. Evaluating AKU-005’s
inhibition of FAAH using the glycerol assay has proven
impractical. This is due to the fact that monoacylglycerols
like 2-AG and its isomer 1-AG, which are typically used
in this assay, are not ideal substrates for FAAH. Under
normal physiological conditions, FAAH mainly degrades
AEA. However, AKU-005 had been previously described
to inhibit rat and human FAAH with ICy, values of 63
+8 nM and 389 65 nM, respectively [24]. It remains
unknown whether the same FAAH inhibition observed
in rats and humans stands in mice as well. Additionally,
the endocannabinoids hydrolase activity profile varies
across tissues involved in migraine nociceptive signal-
ing [31], which may affect AKU-005s inhibitory efficacy.
Even though an inhibitory effect has not been observed
in the cortex, we cannot exclude its efficacy on different
tissues. There is a widening knowledge on endocannabi-
noids enhancement in peripheral areas of the trigemi-
novascular system, triggering migraine. Indeed, we have
recently shown that AKU-005 inhibits meningeal noci-
ceptive spiking [32] and it has also been proved able to
reduce trigeminal hyperalgesia in rat nitroglycerine
migraine model [35]. Moreover, many other inhibitors
of this class have been tested for their analgesic effect at
the level of the trigeminovascular system or on migraine
related animals’ behavior (reviewed in Della Pietra [14]).
While we have observed similarities in the endocannabi-
noid hydrolase profile between rat and human meninges
[31], it remains unclear whether this holds true for other
migraine-signaling regions or how it compares to the
profile in mice. Moreover, little is known about the power
of the newly developed endocannabinoids hydrolase
inhibitors in the CNS and in counteracting CSD hyper-
excitability in migraine with aura. Liktor-Busa [43] pro-
poses an inhibition of either MAGL or ABHD®6 to reduce
cephalic allodynia in CSD rat models. Consistently with
these previous data and based on our recent findings of
the high activity of MAGL and FAAH in the highly excit-
able occipital rat cortex [31], we showed that ex vivo
CSD can be reduced by the AKU-005 triple inhibition of
MAGL, FAAH, and ABHDS6 in cortical slices of rats.

Limitations and future directions

Our current study has some limitations. Male animals

were exclusively used to eliminate the confounding

effects of fluctuating sex hormones, which are known to

influence spreading depolarization responses [52, 53].
There is currently no widely accepted ex vivo model

for migraine-related CSD. However, researchers have
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explored slice models to better study this complex phe-
nomenon under controlled conditions [36, 37, 54]. While
our mouse model presents physiological, anatomical, and
cellular differences from humans, the basic mechanisms
of this phenomenon are most likely universal. Therefore,
our results, showing that AKU-005 attenuates CSD in
ex vivo model, suggests inhibitory action of endocan-
nabinoids on ex vivo CSD induction and propagation
mechanisms. Given these findings, future studies using
established in vivo CSD models [55] will be important
to further explore AKU-005’s potential to reduce CSD
and extrapolate these data to patients with migraine with
aura.

The focus of this paper is on the inhibition of MAGL,
FAAH, and ABHD6. However, the effectiveness of AKU-
005 as a potential therapeutic must be carefully balanced
for its effect on other enzymes and considered for their
species- and tissue-specificity. Indeed, unlike in mouse
brain samples (Fig. 3 A), in rat samples (Fig. 2 A), AKU-
005 was found to inhibit, at the studied concentration of
100 nM, two smaller serine hydrolases, which accord-
ing to our previous research are lysophospholipases A1/
A2 (LYPLA1/2; also known as acyl-protein thioesterases
1/2 or APT1/APT2) [56]. Translating our results into
migraine patients with aura will require further in-vivo
pharmacokinetic studies to determine the selectivity of
AKU-005 in human tissues.

Conclusion

In summary, we show here that AKU-005 is a triple
inhibitor of MAGL, FAAH and ABHD®6 that exerts a spe-
cies-specific reduction in the activities of these enzymes
in the occipital cortex of rats and mice. Overall, it exerts a
stronger effect on reducing all the three enzymes activity
in rats’ cortical slices, while inhibiting selectively MAGL
during ex vivo CSD in mice cortical slices. AKU-005
also causes a reduction in ex vivo CSD, with a more pro-
nounced effect observed in rat cortical slices compared to
mice. Given the known antinociceptive action of cannab-
inoids, our results suggest a multicomponent therapeutic
effect of AKU-005 in alleviating migraine via modulation
of the ECS, particularly in conditions associated with
CSD, a phenomenon typical of migraine with aura.
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