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Abstract
Migraine pathophysiology has been suggested to include dysregulation of the endocannabinoid system (ES). We simultaneously
evaluated plasma anandamide (AEA) and palmitoylethanolamide (PEA) levels and spinal sensitization in a validated humanmodel of
migraine based on systemic nitroglycerin (NTG) administration. Twenty-four subjects with episodic migraine (MIG) and 19 healthy
controls (HC) underwent blood sampling and investigation of nociceptive withdrawal reflex thresholds (RTh: single-stimulus
threshold; TST: temporal summation threshold) before and 30 (T30), 60 (T60), and 120 (T120) minutes after sublingual NTG
administration (0.9 mg). At baseline, the MIG and HC groups were comparable for plasma AEA (P 5 0.822) and PEA (P 5 0.182)
levels, and for RTh (P 5 0.142) and TST values (P 5 0.150). Anandamide levels increased after NTG administration (P 5 0.022) in
both groups, without differences between them (P5 0.779). By contrast, after NTG administration, PEA levels increased in the MIG
group at T120 (P5 0.004), while remaining stable in the HC group. Nitroglycerin administration induced central sensitization in the
MIG group, which was recorded as reductions in RTh (P5 0.046) at T30 and T120, and in TST (P5 0.001) at all time points. In the
HC group, we observed increases in RTh (P5 0.001) and TST (P5 0.008), which suggest the occurrence of habituation. We found
no significant correlations between the ES and neurophysiological parameters. Our findings suggest a role for PEA in the ictal phase
of episodic migraine. The ES does not seem to be directly involved in the modulation of NTG-induced central sensitization, which
suggests that the observed PEA increase and spinal sensitization are parallel, probably unrelated, phenomena.
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1. Introduction

The endocannabinoid system (ES) includes several lipid media-
tors (so-called endocannabinoids), of which the best character-
ized are anandamide (AEA) and 2-arachidonoylglycerol (2-AG).
Cannabinoid receptors 1 (CB1) and 2 (CB2) are the most
extensively studied molecular targets of endocannabinoids,
although the ES also includes lipid mediators, such as
palmitoylethanolamide (PEA), which have other molecular

targets.18 The ES has a physiological role in endogenous pain
control mechanisms,12 and its dysregulation has been associ-
ated with migraine pathophysiology in preclinical and clinical
studies.23 Both AEA and PEA are deactivated by fatty acid amide
hydrolase (FAAH). In the nitroglycerin (NTG)-based animal
migraine model, inhibition of FAAH activity, which leads to
enhanced signaling mediated by AEA and PEA in peripheral and
central nervous structures, reduces nocifensive behavior and
neuronal activation in the trigeminal nucleus caudalis.25

Sarchielli et al.40 reported lower AEA and higher PEA levels in
the cerebrospinal fluid of subjects with chronic migraine,
supporting a central alteration of ES activity in this condition.
Possible involvement of acute medication overuse in ES
dysfunction was suggested by Perrotta et al.33, who reported a
reduction in FAAH activity after overuse interruption; this re-
duction was associated with normalization of pain facilitation.

Literature data on the role of the ES in episodic migraine are
very scarce. Cupini et al.13 reported increased FAAH and
endocannabinoid membrane transporter activities in platelets of
women with episodic migraine. In a PET study, subjects with
episodic migraine showed interictal increased CB1 binding to
specific brain areas implicated in nociceptive processing.44 By
contrast, Gouveia-Figueira et al.20 failed to identify significant
peripheral changes in levels of AEA and other fatty acid
ethanolamides between subjects with episodic migraine and
controls during the interictal phase.
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Considering their physiological analgesic and anti-
inflammatory functions, PEA and AEA may have positive effects
on migraine attack recurrence and on sensitization pro-
cesses.29,30,35 Central sensitization is a hallmark of migraine,
and it can be recorded at spinal level through evaluation of the
nociceptive withdrawal reflex (NWR).10,38 Nitroglycerin-induced
migraine is also a validated human experimental model of the
disease5,16 that mimics several of its components besides
headache: premonitory symptoms, allodynia, activation of
specific brainstem circuitry, and central sensitization.2,3,15,31

We previously observed spinal sensitization in migraine subjects
exposed to NTG: the phenomenon was captured as a reduction
of the temporal summation threshold of the NWR after NTG
administration, and it was especially pronounced in subjects with
episodic migraine and a positive migraine-induction test.34 The
NWR also proved sensitive enough to differentiate between
subjects with low- vs high-frequency episodic migraine, showing
more severe derangement of nociceptive control in more severe
migraine phenotypes.15

In this study, we aimed to investigate the role of AEA and PEA
during the ictal phase of migraine in subjects with episodic
migraine, who were administered NTG to experimentally induce a
migraine attack under controlled conditions. We also examined
the relationship between AEA and PEA plasma levels and NTG-
induced spinal sensitization, as measured by the NWR.

2. Materials and methods

2.1. Subjects

The study sample comprised 26 subjects suffering from
moderate-to high-frequency episodic migraine consecutively
recruited among those attending the Headache Science Center
at the IRCCS Mondino Foundation in Pavia (Italy).

The inclusion criteria were males or females aged 18 to 70
years; migraine without aura diagnosed according to the ICHD-3
criteria at least 1 year before enrollment27; and between 6 and 14
migraine days per month.

The exclusion criteria were a history of major psychiatric or
other neurological conditions; a history of chronic migraine; a
diagnosis of tension-type headache with a frequency . 2
headache days per month; interictal allodynia or hyperalgesia;
Beck’s Depression Inventory score . 17; clinically significant
medical conditions; chronic pain conditions; alcohol and/or drug
abuse; pregnancy or lactation; previous exposure to NTG
administration, and contraindications to NTG administration
(systolic blood pressure , 90 mmHg, hypovolemia, anemia,
angle-closure glaucoma, known allergy or intolerance to NTG,
and concomitant therapy with sildenafil).

Preventive therapy with one of the following drug classes was
allowed, providing the dose and regimen had been stable for at
least 2 months before enrollment: b-blockers, calcium channel
blockers, and angiotensin II receptor antagonists. Other pre-
ventive drug classeswere excluded because they could affect the
pain threshold.38

All subjects signed a written informed consent document
before enrollment. All underwent a full medical examination and
an ECG on the day of recruitment.

The subjects were informed that NTG might induce headache
or migraine in some individuals, but no information was given
about its possible timing of onset or characteristics.

Twenty-five healthy subjects with no personal or family (first-
degree relatives) history of neurological disorders were enrolled
as a control group.

Two subjects withmigraine and 3 healthy controls dropped out
due to symptomatic hypotension after NTG administration. Three
healthy subjects withdrew their consent before NTG administra-
tion (Fig. 1).

The final data set thus refers to 24 subjects with migraine (MIG
group—22 females, 33.06 8.1 year old) and 19 healthy controls
(HC group—15 females, 29.5 6 9.3 year old).

The clinical and demographic features of the HC and MIG
groups are shown in Table 1.

2.2. Experimental design

In this double-blind, parallel-group controlled study, subjects with
migraine and healthy controls were administered NTG sublin-
gually (0.9 mg—Acarpia Farmaceutici SRL, Italy) for the purpose
of measuring changes in plasma levels of AEA and PEA and
changes in nociceptive processing during an experimentally
provoked migraine attack.

All participants arrived nonfasting at the clinic between 08:00
AM and 08:30 AM. All had been instructed to avoid coffee and tea
on the morning of the study procedures. A neurologist from the
Headache Science Center performed a full neurological exam-
ination, checked the inclusion and exclusion criteria, and, in the
subjects with migraine, evaluated migraine frequency (by
consulting their headache diaries) and verified that they were in
an interictal phase (defined as no ongoing headache and no
headache or acute medication intake in the previous 24 hours).

The subjects were then taken to a different room, where they
were placed in the supine position. A venous catheter was inserted
into the left or right antecubital vein for blood sampling, and they
were allowed to rest for at least 30 minutes. Baseline blood
pressure and heart rate measurements (GE Healthcare) were then
taken, blood samples were collected, and the neurophysiological
procedure was conducted. The operators performing the blood
pressure monitoring, blood sampling, and neurophysiological
evaluation were blind to the subject’s clinical condition.

After collection of the baseline parameters, the subjects
received NTG 0.9 mg. The monitoring of vital signs, blood
sampling, and neurophysiological investigation were all repeated
at 30 (T30), 60 (T60), and 120 (T120) minutes after NTG
administration. The presence/absence of headache was ascer-
tained every 10 minutes. If headache occurred, its features
(location, pain intensity and type, and possible relationship to
coughing and movement) and any associated symptoms
(nausea, photophobia, and phonophobia) were recorded by an
expert neurologist. The subjects were kept at the Center for an
additional hour after the end of the experimental procedures,
i.e., until 180 minutes post-NTG administration.

The NTG-based migraine induction test was recorded as
“positive” (MIG1 group) in all subjects who developed amigraine-
like attack that met the criteria for experimentally induced
migraine headache in the 12-hour period after NTG administra-
tion.5 In fact, these criteria are a headache with onset 0 to 12
hours after NTG intake that fulfils ICHD-3 “C” and “D” criteria for
migraine without aura, or that mimics usual migraine attacks and
responds to a triptan. If a subject did not develop a headache
meeting these criteria in the 12-hour period after NTG adminis-
tration, the migraine-induction test was recorded as “negative”
(MIG2 group).

In the MIG1 subjects whose migraine-like attack occurred
within the 180-minute observation period, blood sampling and
neurophysiological evaluation were repeated at a further 2 time
points: at onset of the migraine-like headache (T-MIG) and 1 hour
later (T-MIG-1h). After T-MIG-1h, these MIG1 subjects were
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administered acute medications (nonsteroidal anti-inflammatory
drugs, triptans, and/or antiemetics) according to their needs and
preferences.

Upon discharge from the Center, all subjects were given a
headache diary in which they were asked to record details of
headache, associated features, and adverse events, if any,
occurring during the 24 hours after the study procedures.

The study had local ethics committee approval (14/int/2016)
and was conducted in accordance with the 1964 Declaration of
Helsinki, as revised in 2008. This study was not preregistered; all
the study procedures and analyses were performed as described
in the protocol submitted to the ethics committee. The enrollment
phase lasted from July 2016 to December 2019, and the study
itself was conducted between April 2016 and January 2020.

2.3. Lipid extraction from human plasma

Lipids were extracted using a modified Bligh and Dyer method,
described elsewhere.6 Briefly, 500 mL human plasma was added

to 1 mL of methanol containing internal standards ([2H4]-AEA,
[2H4]-PEA); lipids were extracted with CHCl3 (2 mL) and
centrifuged for 15 minutes at 30003rpm at 4˚C. At the end of the
process, the organic phase was transferred to glass vials. To
increase the overall recovery, the aqueous fraction was extracted
again with chloroform (1 mL) and 500 mL phosphate buffered
saline. The 2 resulting organic phases were pooled, dried under a
stream of N2, and the residues were dissolved in 2 mL chloroform.

These organic extracts were fractionated by Silica Gel G
column chromatography (60-Å 230-400 mesh; Sigma-Aldrich,
Milan, Italy). Anandamide and PEA were eluted from the silica
column with 2 mL chloroform/methanol (9:1, vol/vol) and then
with 2 mL chloroform/methanol (8:2, vol/vol). Eluates were
evaporated under N2, and lipids were reconstituted in
methanol/chloroform (75 mL; 9:1, vol/vol) and transferred into
glass vials for liquid chromatography/mass spectrometry
analyses.

As analytes are present endogenously in plasma, 2% bovine
serum albumin in saline solution was used as surrogate matrix.

Figure 1. Flow diagram showing the phases of the study. NTG, nitroglycerin 0.9 mg sublingual.

Table 1

Clinical and demographic features of the study groups.

MIG group HC group P

N 24 19 —

Age (y) 33.0 6 8.1 29.569.3 F1,41 1.773; P 5 0.190

Female sex 22 (88.0%) 15 (78.9%) x2 df 1 0.416; P 5 0.416

Preventive therapy 15 (65.2%) —

Migraine duration (y) 17.4 6 9.7 —

Migraine days per month 8.8 6 2.0 —

Days with intake of acute drugs per month 7.7 6 1.9 —

MIG group: subjects with episodic migraine; HC group: healthy controls.

HC, healthy controls; MIG, migraine.
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Calibration standards were prepared by spiking the analytes in
the surrogate matrix. Eight-point calibration curves (1-1000 nM)
were prepared by serial dilution with saline solution containing 2%
bovine serum albumin. Quality control (QC) samples were
prepared at 2 different levels, ie, low QC (1 nM) and high QC
(10 nM), using the same procedure described for the standard
curve.

2.4. Nociceptive withdrawal reflex measurements

The NWR was recorded from the right lower limb according to a
standardized procedure.15 It was recorded in the morning
between 09:00 AM and 11:00 AM by the same blinded technician
(V.G.). Subjects were tested in supine position with their ankle
flexed to 90˚ and knee flexed to 130˚. The stimulus was delivered
to the sural nerve behind the lateral malleolus via a pair of Ag/AgCl
surface electrodes. The electrical stimulation consisted of 5
squared consecutive pulses (1 ms, 200 Hz), randomly delivered
every 30 to 60 seconds. Muscle electromyography (Synergy,
Medelec, United Kingdom) was performed, obtaining recordings
from the capitis brevis of the homolateral biceps femoris using a
pair of Ag/AgCl surface electrodes. The thresholds were
evaluated according to a staircasemethod (with stimulus intensity
increasing in steps of 0.3 mA). The recording parameters were
sweep duration 300 ms, sensitivity 20 mV, and filters from 3 to
3000 Hz. We recorded:
(1) Single-stimulus reflex threshold of the NWR (RTh): the lowest

intensity (mA) able to elicit, consecutively, 3 muscle responses
of at least 20 mV and 10 ms. At baseline, the evaluation was
completed by recording the area under the curve (mV*ms) and
the latency of the 3 muscle responses. At every time point, we
recorded subjective pain perception rated on a 0- to 10-point
visual analogue scale (VAS-RTh).

(2) Temporal summation threshold of the NWR (TST): a 2-Hz train
of 5 electrical stimuli as described above was used for TST
evaluation. Temporal summation threshold was defined as the
lowest intensity (mA) able to elicit, consecutively, 3 muscle
responses of at least 20 mV and 10 ms in the fourth and fifth
sweeps. At every time point, we recorded the subjective pain
perception of the first stimulus (VAS-TST-1) and fifth stimulus
(VAS-TST-5) as rated on a 0- to 10-point visual analogue
scale.

2.5. Statistical analysis

The sample size was calculated using Open Source Epidemio-
logic Statistics for Public Health software (www.openepi.com).
The primary outcome of the studywas to assess differences in the
percentage changes in AEA levels between the MIG and HC
groups 120 minutes after NTG administration. According to
previous clinical data, we considered a 20% between-group
difference in mean values (SD of 10%) to be meaningful.13

Moreover, because we preplanned 2 analyses (MIG vs HC, and
MIG1 vsMIG2), we corrected the level of significance, according
to the Bonferroni method, to P 5 0.025. Therefore, the following
parameters were used to calculate the sample size: confidence
interval (2-sided): 97.5%; power: 80%; and ratio of sample size: 1.
The calculation yielded a minimum suggested sample size of 42
participants.

The Statistical Package for the Social Sciences (SPSS) version
21.0 was used for the analysis. Skewness and kurtosis
evaluation, and the z-test for skewness and kurtosis, all showed
that the absolute values at baseline and the percentage variations
at all time points were normally distributed.

Quantitative variables are presented as “mean6 SD”, whereas
categorical variables are presented as “number (percentage)”.
Between-groups comparisons were performed by a t test for
independent samples, whereas categorical variables were
compared using a x2 test.

To analyze endocannabinoid levels and neurophysiological
data, we performed a 2-factor analysis of variance (ANOVA) for
repeated measures in which the factors were “GROUP” with 2
levels (MIG vs HC) and “TIME” with 4 levels (baseline, T30, T60,
and T120). We also compared the MIG1 and MIG2 subgroups
using a 2-factor ANOVA for repeated measures, designed as
follows: factor “HEADACHE” with 2 levels (MIG1 vs MIG2); and
factor “TIME” with 4 levels (baseline, T30, T60, and T120). Post
hoc analyses were performed only in the event of significant
between-factor interactions.

In MIG1 subjects showing a positive migraine-induction test
within the 180-minute observation period, we completed the
analysis with a one-way ANOVA for repeated measures test to
compare the additional time points, T-MIG and T-MIG-1h, with
baseline. For all the presented analyses, P-values were corrected
according to Bonferroni’s method to account for the number of
comparisons.

Table 2

Clinical response to nitroglycerin administration.

MIG group HC group P

Nonspecific headache

N 14 (58.3%) 10 (52.6%) x2df 1 0.140; P 5 0.764

Latency (min) 15.4 6 7.2 16.5 6 7.8 F1,22 0.137; P 5 0.715

Intensity 2.1 6 0.7 2.0 6 0.9 F1,22 0.167; P 5 0.687

Specific, migraine-like headache

N 16 (66.7%) 0 (0%) —

Latency (min) 97.8 6 102.6 — —

Intensity 6.8 6 1.5 — —

Specific, migraine-like headache showing onset

within 180-minute observation period

N 13 (52.2%) 0 (0%) —

Latency (min) 56.9 6 49.7 — —

Intensity 6.5 6 1.6 — —

MIG group: subjects with episodic migraine (n 5 24); HC group: healthy controls (n 5 19). Intensity was rated on a numerical rating scale graded from 0 (no pain) to 10 (excruciating pain).

HC, healthy controls; MIG, migraine; NTG, nitroglycerin.
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Finally, a correlation analysis between endocannabinoid levels
and neurophysiological variables was performed using a Pearson
Rho test.

The level of significance was set at a 5 0.05.

3. Results

3.1. Clinical response to nitroglycerin administration

As expected from previous studies,9,37,41 NTG administration
was found to induce 2 types of headache: a nonspecific
headache, devoid of migraine features and characterized by
early onset, mild intensity, and short duration, and a specific
headache, i.e., a migraine-like headache meeting established
criteria for experimentally induced migraine (Ashina et al., 2017).

The percentage of subjects developing a nonspecific head-
ache was similar in the HC and MIG groups (HC 52.6%, MIG
58.3%; x2 df1 0.140; P5 0.764) (Table 2). None of the HC group
subjects developed a specific headache, whereas 16 of the 24
MIG group subjects (66.7%) did (MIG1 group).

In 13 of the 16 MIG1 subjects, the onset of the specific
(migraine-like) headache occurred within the 180-minute in-
hospital observation period, and the members of this subgroup
were therefore also evaluated at 2 additional time points, T-MIG
and T-MIG-1h (Table 2). The remaining 3 MIG1 subjects
developed their migraine-like attack after hospital discharge,
namely between 180 minutes and 12 hours from NTG
administration. Eight of the MIG group subjects did not develop
a migraine-like attack in the 12-hour period after NTG adminis-
tration, and they formed the MIG2 group.

No significant differences in clinical and demographic features
were found between theMIG1 (92.3% females; 33.36 6.2 years of
age;migraineduration: 17.265.8 years; 9.161.7monthlymigraine
days; 7.86 1.9 days with acute drug intake per month, prevention
therapy in 41.7%) andMIG2 subjects (81.8% females; 32.76 10.3
years of age; migraine duration: 17.4 6 12.9 years; 8.5 6 2.3
monthly migraine days; 7.5 6 1.9 days with acute drug intake per
month, preventive therapy in 27.3%) (P. 0.05 for all comparisons).

3.2. Baseline plasma levels of anandamide
and palmitoylethanolamide

Baseline AEA and PEA levels were comparable between the
MIG and HC groups (P 5 0.822 for AEA, and P 5 0.182 for
PEA) (Table 3). The MIG1 and MIG2 groups were also
comparable for both AEA (P 5 0.609) and PEA (P 5 0.914)
levels at baseline.

3.3. Baseline neurophysiological and
psychophysical evaluation

At baseline, no significant differences in RTh (P5 0.142), latency
of RTh (P5 0.587), area under the curve at RTh (P5 0.690), and
TST (P 5 0.150) were found between the MIG and HC groups.
Psychophysical evaluations showed higher levels of subjective
pain perception in the MIG than in the HC group subjects, as
rated using VAS-RTh (P 5 0.010), VAS-TST-1 (P 5 0.001), and
VAS-TST-5 (P 5 0.001) (Table 4).

No differences in any of the neurophysiological and psycho-
physical variables were observed between the MIG1 and MIG2
subgroups.

3.4. Time course of plasma anandamide and
palmitoylethanolamide levels after nitroglycerin
administration in the migraine and healthy controls groups

Anandamide levels increased in all the subjects after NTG
administration (TIME: P 5 0.022), without differences emerging
between the MIG and HC groups (GROUP: P5 0.779, and TIME
x GROUP: P 5 0.671). Compared with the baseline value, AEA
was significantly increased at T30 (P 5 0.019), T60 (P 5 0.026),
and T120 (P 5 0.017) in both groups (Fig. 2).

Analysis of PEA levels revealed a significant TIME x GROUP
interaction (P 5 0.028). The post hoc analysis showed a
significant increase in PEA in the MIG group (TIME: P 5 0.007)
at T120 (P 5 0.004) when compared with baseline. Instead,
plasma PEA levels in the HC group remained stable (P 5 0.536)
(Fig. 3).

3.5. Time course of plasma anandamide and
palmitoylethanolamide after nitroglycerin administration in
the MIG1 and MIG2 groups

Comparison of the MIG1 group with theMIG2 group showed no
significant differences in plasma AEA and PEA levels (Figs. 4A
and B).

Table 3

Baseline levels of AEA and PEA in the study groups.

MIG group HC group P

AEA (nmol/L) 0.29 6 0.16 0.30 6 0.17 F1,41 0.051; P 5 0.822

PEA (nmol/L) 2.01 6 1.47 2.74 6 2.02 F1,41 1.841; P 5 0.182

MIG group: subjects with episodic migraine (n 5 24); HC group: healthy controls (n 5 19).

AEA, anandamide; HC, healthy controls; MIG, migraine; PEA, palmitoylethanolamide.

Table 4

Baseline neurophysiological (nociceptive withdrawal reflex) parameters and psychophysical variables in the 2 study groups.

MIG group HC group P

RTh (mA) 16.5 6 6.3 13.7 6 6.1 F1,41 2.238; P 5 0.142

Latency (ms) 107.7 6 14.8 105.2 6 15.2 F1,41 0.299; P 5 0.587

Area (mV 3 ms) 2255.1 6 1066.6 2114.7 6 1220.7 F1,41 0.162; P 5 0.690

VAS-RTh 6.2 6 2.3 4.4 6 1.7 F1,41 7.321; P 5 0.010

TST (mA) 11.5 6 5.4 9.3 6 4.1 F1,41 2.157; P 5 0.150

VAS-TST-1 5.4 6 2.1 3.3 6 1.3 F1,41 14.132; P 5 0.001

VAS-TST-5 5.9 6 2.5 3.6 6 1.4 F1,41 12.881; P 5 0.001

MIG group: subjects with episodic migraine (n5 24); HC group: healthy controls (n5 19). RTh: single stimulus reflex threshold of the nociceptive withdrawal reflex (NWR); Area: area under the curve (mV*ms) of the NWR at

RTh; VAS-RTh: pain perception as rated on a 0- to 10-point visual analogue scale at RTh; TST: temporal summation threshold of the NWR; VAS-TST-1 and VAS-TST-5: subjective pain perception of the first and fifth stimulus of

the TST according to a 0- to 10-point visual analogue scale. In bold: statistically significant comparisons.

HC, healthy controls; MIG, migraine; RTh, reflex threshold; TST, temporal summation threshold; VAS, visual analogue scale.
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3.6. Neurophysiological changes induced by nitroglycerin
administration in the migraine and healthy controls groups

Analysis of the RTh data revealed a significant TIME x GROUP
interaction (P 5 0.001): post hoc analysis showed significantly
reduced RTh values in the MIG group (P 5 0.046), specifically at
T30 (P 5 0.004) and at T120 (P 5 0.015), when compared with
baseline. By contrast, in the HC group, RTh increased
significantly (P5 0.001) at all time points after NTG administration
(T30, P 5 0.025; T60, P 5 0.001; T120, P 5 0.001) (Fig. 5).

A significant TIME 3 GROUP interaction (P 5 0.001) was also
found for TST: post hoc analysis showed significant reductions of
this parameter in theMIG group (P5 0.001) at all time points (T30,
P5 0.001; T60, P5 0.006; T120, P5 0.001) compared with the
baseline value. By contrast, in the HC group, it was significantly
increased (P5 0.008) at all time points (T30, P5 0.002; T60, P5
0.001; T120, P 5 0.002) vs baseline (Fig. 6).

3.7. Neurophysiological and psychophysical changes
induced by nitroglycerin administration in the MIG1 and
MIG2 groups

Post-NTG changes in RTh did not differ significantly between the
MIG1 and MIG2 subjects (factor HEADACHE: P 5 0.568, and
TIME x HEADACHE interaction: P 5 0.528) (Fig. 7A). Similarly,
TST changes after NTG administration did not differ between the
MIG1 and MIG2 subjects (factor HEADACHE: P 5 0.549, and
TIME x HEADACHE interaction: P 5 0.858) (Fig. 7B).

3.8. Changes in plasma anandamide and
palmitoylethanolamide levels and in neurophysiological
variables at T-MIG and T-MIG-1h

As described in the methods sections, 13 of the 16 MIG1
subjects developed an NTG-induced migraine-like headache
during the 180-minute observation period. In these subjects,
blood sampling and NWR testing were repeated both at
headache onset (T-MIG) and 1 hour later (T-MIG-1h).

Plasma levels of AEA did not change either at the onset of
the migraine-like attack or 1 hour later (TIME: P 5 0.184). By
contrast, plasma PEA increased significantly in these subjects

(TIME: P 5 0.035), specifically at T-MIG-1h (P 5 0.028 vs
baseline) (Figs. 8A and B).

Reflex threshold and TST both showed significant reductions
at the additional time points (TIME: P 5 0.035 and P 5 0.001,
respectively), although RTh was significantly lower only at T-MIG
(P5 0.048 vs baseline), whereas TSTwas significantly reduced at
both T-MIG and T-MIG-1h (P 5 0.009 and P 5 0.001,
respectively) (Figs. 8C and D).

3.9. Correlation analysis

We did not find significant correlations between percentage
changes in plasma AEA and PEA levels at any of the time points
(T30: P 5 0.190, T60: P 5 0.286, T120: P 5 0.728, T-MIG: P 5
0.921, T-MIG-1h: P 5 0.511). By contrast, the percentage
changes in the RTh and TST values significantly correlated with
each other (P 5 0.001, at each time point).

No correlations emerged between plasma levels of AEA or PEA
and neurophysiological variables at any time point.

4. Discussion

Although preclinical and clinical research has pointed to a
dysregulation of the ES in migraine,23 the intricacies of this
phenomenon remain largely unknown. We recently demon-
strated an alteration in the expression of genes involved in
endocannabinoid pathways, describing a gradient of migraine
severity (from episodic to chronic).24 We have developed a
working hypothesis based on the assumption that recurrent
migraine attacks lead to neurogenic inflammation and sub-
sequent release of proinflammatory cytokines, which in turn
cause peripheral and central sensitization.19 In this context, ES
dysregulation might contribute to nociceptive facilitation, which is
the neurophysiological correlate of central sensitization.15

To test this hypothesis in acute migraine, we used the NTG
model, a validated tool for studying the ictal phase of migraine
under controlled experimental conditions.16 We simultaneously
evaluated plasma AEA and PEA levels and 2 NWR thresholds
(RTh and TST).

These were our main findings: (1) NTG induced a similar
increase in plasma AEA levels in migraine subjects and healthy

Figure 2. Time course of plasma AEA levels after NTG administration in MIG
and HC groups. T30, T60, and T120: evaluations at 30, 60, and 120 minutes
after nitroglycerin (NTG) administration (0.9 mg sublingual). MIG: subjects with
episodic migraine (n 5 24); HC: healthy controls (n 5 19). Statistical analysis:
2-factor ANOVA for repeated measures (factor “GROUP” with 2 levels: MIG vs
HC; factor “TIME” with 4 levels: Baseline, T30, T60, T120). TIME: P 5 0.022;
GROUP: P5 0.779; TIME3 GROUP: P5 0.671. D5 post hoc analysis: P,
0.050 vs Baseline (the color identifies the group). AEA, anandamide; ANOVA,
analysis of variance.

Figure 3. Time course of plasma PEA levels after NTG administration in MIG
and HC groups. T30, T60, and T120: evaluations at 30, 60, and 120 minutes
after nitroglycerin (NTG) administration (0.9 mg sublingual). MIG: subjects with
episodic migraine (n 5 24); HC: healthy controls (n 5 19). Statistical analysis:
2-factor ANOVA for repeated measures (factor “GROUP” with 2 levels: MIG vs
HC; factor “TIME” with 4 levels: Baseline, T30, T60, T120). TIME: P 5 0.009;
GROUP: P5 0.035; TIME3 GROUP: P5 0.028. D5 post hoc analysis: P,
0.050 vs Baseline (the color identifies the group). ANOVA, analysis of variance;
PEA, palmitoylethanolamide.
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controls; (2) instead, NTG increased plasma PEA only in subjects
with migraine; (3) neurophysiological evaluation confirmed that
NTG induced a condition of spinal sensitization in migraine; and
(4) no correlations were found between AEA or PEA levels and
spinal sensitization, as measured using the NWR.

Our findings do not support a specific involvement of
endogenous AEA release in the ictal phase of migraine, as shown
by the comparable baseline plasma levels and similar increases
after the NTG challenge in the migraine and healthy control
groups. Thus, it seems reasonable to hypothesize that the post-
NTG changes detected in both groups are related to the
increased exogenous nitric oxide yielded by this nitrovasodilator.
Notably, cross-talk between AEA and nitric oxidemetabolism has
previously been demonstrated in both pain and nonpain
conditions.1,36,42 Although AEA was not found to play a role in
ictal migraine, this does not exclude a dysregulation of the ES in
the most severe form of migraine (chronic migraine), as
suggested by the findings of Cupini et al. (2006, 2008) and
Greco et al. (2020).13,14,25

Contrary to what was seen with AEA, plasma PEA was
significantly increased in subjects with migraine 120minutes after
NTG exposure. This finding was confirmed in the migraine

subjects who developed a specific migraine-like headache during
the in-hospital observation period, and were tested at its onset
and 1 hour later. The finding of increased plasma PEA both in
MIG1 and in MIG2 subjects, but not in controls, suggests that
this response is not related to NTG-induced pain, but neverthe-
less reflects migraine-specific mechanisms. The data presented
herein do not support involvement of AEA and PEA in the initiation
of provoked migraine attacks, for several reasons: (1) their levels
did not differ between migraine and healthy subjects at baseline;
(2) the detection of increased plasma AEA levels both in migraine
subjects and in healthy controls suggests that this increase is a
nonspecific response to NTG, rather than a specific migraine-
related mechanism; (3) the PEA increase occurred in the late
phase of the NTG test (at 2 hours in the total migraine population,
and at 1 hour after migraine onset in the MIG1 subgroup); and (4)
the PEA increase was comparable between theMIG1 andMIG2
groups, and thus also detected in migraine subjects who did not
develop a migraine-like attack.

As for PEA, the pattern observed suggests that its release was
triggered by NTG-induced neurovascular migraine-specific
changes in a predisposed substrate, not by the pain phase itself.
This interpretation supports the idea that PEA release is a

Figure 4. Time course of plasma AEA and PEA levels after NTG administration in MIG1 and MIG2 subjects. T30, T60, and T120: evaluations at 30, 60, and 120
minutes after nitroglycerin (NTG) administration (0.9 mg sublingual). MIG1: subjects with episodic migraine and a positive migraine-induction test (n5 16). MIG2:
subjects with episodic migraine and a negative migraine-induction test (n5 8); Statistical analysis: 2-factor ANOVA for repeated measures (factor “HEADACHE”
with 2 levels: MIG1 vs MIG2; factor “TIME” with 4 levels: Baseline, T30, T60, T120): Plasma AEA levels (A): TIME: P5 0.169; HEADACHE: P 5 0.909; TIME 3
HEADACHE: P5 0.872. Plasma PEA levels (B): TIME: P5 0.021; HEADACHE: P5 0.341; TIME3HEADACHE: P5 0.513. AEA, anandamide; ANOVA, analysis
of variance; PEA, palmitoylethanolamide.

Figure 5. Changes in RTh induced by NTG administration in MIG and HC
groups. T30, T60, and T120: evaluations at 30, 60, and 120minutes after NTG
administration (0.9 mg sublingual). MIG: subjects with episodic migraine (n 5
24); HC: healthy controls (n 5 19). Statistical analysis: 2-factor ANOVA for
repeated measures (factor “GROUP” with 2 levels: MIG vs HC; factor “TIME”
with 4 levels: Baseline, T30, T60, T120). TIME: P5 0.009; GROUP: P5 0.001;
TIME3GROUP: P5 0.001.D5 post hoc analysis: P, 0.050 vs Baseline (the
color identifies the group). ANOVA, analysis of variance; NTG, nitroglycerin;
RTh, reflex threshold.

Figure 6. Changes in TST induced by NTG administration in MIG and HC
groups. T30, T60, and T120: evaluations at 30, 60, and 120minutes after NTG
administration (0.9 mg sublingual). MIG: subjects with episodic migraine (n 5
24); HC: healthy controls (n 5 19). Statistical analysis: 2-factor ANOVA for
repeated measures (factor “GROUP” with 2 levels: MIG vs HC; factor “TIME”
with 4 levels: Baseline, T30, T60, T120). TIME: P5 0.125; GROUP: P5 0.001;
TIME3GROUP: P5 0.001.D5 post hoc analysis: P, 0.050 vs Baseline (the
color identifies the group). ANOVA, analysis of variance; NTG, nitroglycerin;
TST, temporal summation threshold.
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compensatory response to the NTG challenge. Thus, PEA
increase may have a role in the complex and still elusive events
leading to spontaneous resolution of attacks. Additional investi-
gations are needed to further explore this intriguing hypothesis.

Another possible explanation for the PEA increase is related to
the enhanced L-arginine-NO metabolism observed during
spontaneous migraine attacks, which leads to increased nitrite
plasma levels within the first hour from onset.39 In this condition,
S-nitrosylation of the peroxisome proliferator-activator receptor (a
PEA receptor) might impair its function, thus causing an increase
in PEA via a negative feedback mechanism.7

Anandamide and PEA are lipid messengers, synthetized by N-
acylphosphatidylethanolamine-phospholipase D, and hydrolyzed
by FAAH.26 Platelets from episodic migraine sufferers show
increasedFAAHactivity togetherwith increasedAEA transporter.13

By contrast, chronic migraine subjects show decreased peripheral
FAAH gene expression along with increased cerebrospinal fluid
levels of PEA. These latter findingsmaybe interpretedas adynamic
compensatory mechanism serving to keep AEA and PEA levels
highwhen the organism is under stress, as in the case of amigraine
attack.24,33,40 In line with this hypothesis, in the preclinical setting,
we have previously shown that FAAH inhibitors, acting mainly

Figure 7. Changes in RTh and TST after NTG administration in MIG1 and MIG2 subjects. T30, T60, and T120: evaluations at 30, 60, and 120 minutes after NTG
administration (0.9 mg sublingual). MIG1: subjects with episodic migraine and a positive migraine-induction test (n5 16). MIG2: subjects with episodic migraine
and a negative migraine-induction test (n 5 8); Statistical analysis: 2-factor ANOVA for repeated measures (factor “HEADACHE” with 2 levels: MIG1 vs MIG2;
factor “TIME” with 4 levels: Baseline, T30, T60, T120): RTh (A): TIME: P5 0.128; HEADACHE: P5 0.568; TIME 3 HEADACHE: P5 0.528. TST (B): TIME: P5
0.001; HEADACHE: P 5 0.549; TIME 3 HEADACHE: P 5 0.858. ANOVA, analysis of variance; NTG, nitroglycerin; RTh, reflex threshold; TST, temporal
summation threshold.

Figure 8. Changes in endocannabinoid levels and neurophysiological parameters recorded at migraine onset and 1 hour later in migraine subjects showing a
positive response to the migraine-induction test within the 180-minute in-hospital observation period. Data from migraine subjects showing a positive migraine-
induction test responsewithin the 180-minute in-hospital observation period (MIG1 subgroup, n5 13). T-MIG: evaluation atmigraine onset; T-MIG-1h: evaluation
1 hour after migraine onset. Statistical analysis: 1-factor ANOVA for repeated measures (factor “TIME” with 3 levels: Baseline, T-MIG, T-MIG-1h): AEA (A): TIME: P
5 0.184. PEA (B): TIME: P 5 0.035. RTh (C): TIME: P 5 0.035. TST (D): TIME: P 5 0.001. D 5 post hoc analysis: P , 0.050 vs Baseline. AEA, anandamide;
ANOVA, analysis of variance; PEA, palmitoylethanolamide; RTh, reflex threshold.
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through increased PEA and AEA levels, reduce neuronal activation
in the trigeminal nucleus caudalis, as well as trigeminal hyper-
algesia in the NTG animal migraine model.21,22 Convincing
evidence indicates that PEA is cleaved not only by FAAH, but also
by the cysteine hydrolase N-acyl-ethanolamine acid amidase.43

Palmitoylethanolamide levels were found to be increased and AEA
levels decreased in the cerebrospinal fluid of subjects with chronic
migraine, supporting the involvement of different biological
pathways for the 2 molecules.40 Palmitoylethanolamide is a lipidic
compound that physiologically exerts an anti-inflammatory and
analgesic role in several inflammatory and chronic pain condi-
tions.4,17 Its effects on PEA are mediated mainly via inhibition of
proinflammatory cytokine release by mast cells and microglia.11,28

However, other mechanisms of action have been described, such
as the “entourage” effect. Through this mechanism, PEA might
indirectly enhance AEA effects via modulation of noncannabinoid
receptors, as well as of the transient receptor potential vanilloid 1
receptor.45

Taken together, these observations suggest that PEA levelsmay
have a role in the migraine ictal phase through compensatory
analgesic and/or anti-inflammatory mechanisms. Evidence in-
dicating a possible beneficial effect of PEA in the treatment of
migraine has appeared in the literature.8,32 Our findings suggest
that PEA supplements might, in the future, be tested in migraine
prevention, as well as in the treatment of acute attacks, possibly
also as an add-on. Specifically targeted studies would, of course,
be needed to test their efficacy and tolerability. In the experimental
field, more insight in this regard might be obtained by pretreating
migraine subjects with PEA before an NTG challenge.

The neurophysiological findings of this study confirm the NTG-
induced spinal sensitization (shown by a significant reduction of 2
NWR thresholds: RTh and TST) that we previously reported in
subjects with migraine.15,34 Endocannabinoids are known to be
involved in rapid modulation of synaptic transmission in the central
nervous system. This effect is mediated by a retrograde signaling
pathway that can locally influence synaptic excitability for a short
period (a few seconds), thus modulating neural circuits, such as
nociceptive signaling. In the present cohort, however, we found no
correlations between biochemical and neurophysiological param-
eters, which suggests that endogenous release of AEA and PEA is
not directly involved in the modulation of NTG-induced spinal
sensitization. This finding was unexpected, given preclinical data
showing that exogenous administration of AEA prevented NTG-
induced activation and sensitization of the trigeminal system.29,30 A
possible explanation for these apparently contrasting findings is
that endocannabinoids may modulate migraine-related mecha-
nisms upstream of NTG-induced effects, and not vice versa.

Finally, another somewhat unexpected finding concerned the
habituation phenomenon of the NWR, which we observed in the
healthy controls as a significant increase in NWR thresholds over
time. This phenomenonwas not detected in our previous studies,
and we suggest that its manifestation in this study is most likely
linked to the higher number of electrical stimulations delivered for
RTh and TST testing.15,34 Interestingly, although the same
stimulation paradigm was used in the migraine subjects and the
controls, no habituation was shown by the former group, which is
in keeping with a condition of neuronal hyperexcitability
associated with spinal sensitization.

5. Limitations of the study

Across-over, placebo-controlled study designwould have added
solidity to our findings. Our choice of a parallel-group, single-blind
design, and careful selection of healthy controls without a

personal or family history of migraine, was motivated by the dual
need to ensure study feasibility and limit exposure of participants
to a potentially unpleasant experimental procedure. In addition,
this study design allowed us to compare the findings with
previous results obtained by our group.

The participants were permitted to use preventive medication,
and theoretically this, too, may have influenced our results.
Althoughwe excluded the drug classes that could have an impact
on NWR parameters, and a stable dose and regimen was
confirmed in the previous 2 months, we cannot completely rule
out an influence of migraine-preventive treatment on our results.

Finally, on the basis of preclinical evidence, we focused solely
on AEA and PEA. Thus, we cannot exclude the possibility that
other lipids, such as 2-AG or oleoylethanolamide, or other
mediators of endocannabinoid activity may play a role in ictal
migraine.

6. Conclusions

The present findings suggest that PEA is involved in the ictal
phase of migraine, probably in a compensatory analgesic and
anti-inflammatory response to the neurovascular changes
occurring during the early phase of the induced attack. Our
study confirms the existence of a condition of spinal nociceptive
facilitation in episodic migraine subjects during experimentally
induced migraine attacks. The ES does not seem to be directly
involved in the modulation of NTG-induced central sensitization,
which suggests that the plasma PEA increase and the recorded
spinal sensitization are simultaneous, but parallel phenomena.
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