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Abstract
Background: Cortical spreading depression (CSD) is the likely culprit of the migraine aura. Migraine is sexually
dimorphic and thought to be a ‘‘low 5-HT’’ condition. We sought to decipher the interrelation between serotonin,
ovarian hormones and cortical excitability in a model of migraine aura.
Methods: Occipital KCl-induced CSDs were recorded for one hour at parieto-occipital and frontal levels in adult male
(n ¼ 16) and female rats (n ¼ 64) one hour after intraperitoneal (i.p.) injection of 5-hydroxytryptophan (5-HTP) or NaCl.
Sixty-five oophorectomized females were treated with estradiol- (E2) or cholesterol- (Chol) filled capsules. Two weeks
later we recorded CSDs after 5-HTP/NaCl injections before or 20 hours after capsule removal.
Results: 5-HTP had no effect in males, but decreased CSD frequency in cycling females, significantly so during estrus, at
parieto-occipital (3.5CSD/h, p < 0.001) and frontal levels (2.5CSD/h, p ¼ 0.014). In oophorectomized rats, CSD
susceptibility increased during E2 treatment at both recording sites (þ5CSD/h, p ¼ 0.001 and þ3CSD/h, p < 0.01),
but decreased promptly after E2 withdrawal (4.7CSD/h, p < 0.001 and 1.7CSD/h, p ¼ 0.094). The CSD inhibitory
effect of 5-HTP was significant only in E2-treated rats (3.4CSD/h, p ¼ 0.006 and 1.8CSD/h, p ¼ 0.029). Neither the
estrous cycle phase, nor E2 or 5-HTP treatments significantly modified CSD propagation velocity.
Conclusion: 5-HTP decreases CSD occurrence in the presence of ovarian hormones, suggesting its potential efficacy in
migraine with aura prophylaxis in females. Elevated E2 levels increase CSD susceptibility, while estrogen withdrawal
decreases CSD. In a translational perspective, these findings may explain why migraine auras can appear during pregnancy
and why menstrual-related migraine attacks are rarely associated with an aura.
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Introduction
Migraine is the most common neurological disorder,
aﬀecting on average more than 15–20% of the general
population with a female/male ratio of 3/1 (1). Gonadal
steroids determine the marked sexual dimorphism,
especially estrogen (1). In 20–30% of patients, the
migraine headache is preceded or accompanied by transient neurological symptoms called aura. There is
strong evidence that the migraine aura is due to cortical
spreading depression (CSD) (2), i.e. a slowly progressing wave (3–5 mm/min) of brief neurono-glial depolarization followed by a long-lasting suppression of
neuronal activity and excitability (3). In animals, CSD

can activate second order trigeminovascular nociceptors in the trigemino-cervical complex (4). In migraine
with aura, CSD-induced trigeminovascular activation
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may be responsible for the migrainous headache, but
not all auras are associated with headache (5).
There is evidence that ovarian hormones can inﬂuence CSD susceptibility. CSD thresholds are lower in
female than in male mice (6). In neocortical slices,
female sex hormones increase CSD occurrence and
amplitude (7). We have previously shown that sexual
hormones modulate the suppressive eﬀect of systemic
L-kynurenine on CSD over the estrous cycle (8) and in
oophorectomized rats (9). The increased susceptibility
to CSD of female FHM1 knock-in mice is abolished by
oophorectomy and partially restored by estradiol treatment (10). Furthermore, in contrast to attacks of
migraine without aura, which can be triggered by the
premenstrual fall of plasma estradiol levels and tend to
disappear during pregnancy, migraine with aura is
rather favored by persistent high levels of female hormones, such as during pregnancy (11) or treatment with
estrogen-containing drugs (12).
Migraine is considered as a ‘‘low serotonin’’ condition (13). Serotonin (5-HT) is synthesized from tryptophan, which is transformed into 5-hydroxytryptophan
(5-HTP) via the rate limiting enzyme tryptophan
hydroxylase (TPH). 5-HTP is then decarboxylated by
the aromatic L-amino acid decarboxylase to form
5-HT. 5-HT is catabolized by monoamine oxidase
into 5-hydroxyindolacetic (5-HIAA). Between attacks,
migraineurs have low 5-HT and high 5-HIAA plasma
levels, whereas the opposite is found during the attack
(14). The altered levels of 5-HT and its metabolite
found in plasma and urine (15) are thought to reﬂect
dysfunctions occurring not only in blood platelets, but
also in the brain (16), which is supported by the
increase in cerebrospinal ﬂuid 5-HIAA levels in
migraine patients (14). A positron emission tomography study found that brain tryptophan uptake was
reduced between attacks in migraine patients compared
to controls, but increased during an attack (17).
In animals, 5-HT depletion by injection of parachlorophenylalanine, a TPH inhibitor, enhances CSDinduced trigeminal nociception by increasing both CSD
susceptibility and sensitivity of the trigeminal nociceptive system (18). Interictal low 5-HT transmission and
its ictal increase may be responsible respectively for the
abnormal cortical information processing in migraine
patients between attacks and its normalization during
the attack (19). In a randomized trial, 5-HTP was as
eﬀective for migraine prevention as methysergide and
had fewer side eﬀects (19), but this result is awaiting
conﬁrmation. Reduced brain serotonin synthesis might
thus contribute to migraine pathogenesis, and it is well
established that estrogen is able to inﬂuence enzymes at
various steps of the tryptophan metabolism (21).
The aim of this study was to determine in rats
if an increase of serotonin anabolism by 5-HTP
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administrations is able to modulate susceptibility to
KCL-induced CSD and if ovarian hormones, especially
estrogen, modulate the eﬀect.

Materials and methods
Animals
Male (n ¼ 16) and female (n ¼ 129) adult SpragueDawley rats were used in this study. They were raised
and maintained under standard laboratory conditions,
with tap water and regular rat chow available ad libitum
on a 12 hour dark, 12 hour light cycle. All animal procedures and care complied with the guidelines of the
International Association for the Study of Pain and the
European Communities Council (86/609/ECC), and
were approved by the institutional Ethics Committee.

Procedures and experimental groups
Cortical spreading depression (CSD). CSDs were elicited and
recorded according to the method previously described
(8,22). Brieﬂy, anesthesia was induced with chloral
hydrate (400 mg/kg) and maintained by repeated smaller
doses. Rectal temperature was maintained between 36.5
and 37.0 C using a thermostatically controlled heating
blanket (ATC 1000Õ , WPI Inc, USA). The rats were
placed in a stereotactic frame (David Kopf
Instruments, USA). Three 1–2 mm wide burr holes were
drilled 2 mm oﬀ the midline: 7 mm posterior to bregma
(P-7; occipital cortex; stimulation site), 4 mm posterior to
bregma (P-4; parieto-occipital recording site) and 1 mm
anterior to bregma (F þ 1; frontal recording site).
CSDs were induced by applying a cotton ball soaked
with 1 M KCl placed over the pial surface at the occipital site. CSDs were counted for 1 hour and the results
were expressed as number of CSDs per hour. As proposed in other studies (23), only negative DC shifts of
5 mV were counted as CSD. We determined the ratio
between parieto-occipital and frontal CSDs and the
propagation velocity of the ﬁrst CSD between the parieto-occipital and frontal recording sites.
DC potential shifts were recorded with Ag/AgCl
wire electrodes inserted into glass micropipettes ﬁlled
with artiﬁcial cerebrospinal ﬂuid (NaCl 130 mM,
MgSO4 1.25 mM, KCl 3.5 mM, NaH2PO4 1.25 mM,
CaCl2 2 mM, NaHCO3 24 mM, glucose 10 mM,
pH 7.4). The electrodes were lowered into the cortex
(average depth: 800 mm below the dural surface). An
Ag/AgCl reference electrode was inserted subcutaneously in the neck. The electrical signals were ampliﬁed
with an ISODAM-8A bioampliﬁer at a DC-10 kHz
bandwidth (WPI Inc, USA), digitized at a 200 Hz sampling rate and stored for oﬀ-line analysis using
Micro1401 MKII and Spike2 software (CED Co., UK).
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5-hydroxytryptophan (5-HTP) administration. One hour
before the CSD recordings, the animals received an
intraperitoneal (i.p.) injection of physiological saline
(NaCl groups) or of 5-HTP (5-HTP groups). We
chose a 100 mg/kg dose of 5-HTP on the basis of a
number of literature data showing that this dose is
highly eﬀective and well tolerated in various biochemical (24,25,26) or behavioral studies (27,28).
The one hour delay between 5-HTP injections and
CSD recordings is the delay at which 5-HT brain
levels peak in studies of various animal species
including rats (24,29). 5-hydroxytryptophan (5HTP) was obtained from Sigma (Steinheim,
Germany).

Experimental groups
Females compared to males. We ﬁrst studied the eﬀect of
5-HTP administrations on CSD in a group of 32 animals, 16 females (estrous cycle phase not determined)
and 16 males. In each subgroup, eight animals received
an i.p. injection of physiological saline, and eight others
received 100 mg/kg 5-HTP.
Female subgroups according to estrous cycle phase. Given
the results of the ﬁrst experiment, another group of
48 female rats was used in order to assess the inﬂuence
of hormone variations during the estrous cycle on CSD
frequency and its modulation by 5-HTP. Three phases
were analysed: Proestrus, estrus and diestrus (n ¼ 16
per phase). The latter includes metestrus, the two
being also called diestrus-1 and diestrus-2 (30).
Vaginal smears were taken under anesthesia between
10 am and 2 pm just before the electrophysiological
recordings and colored with the Giemsa stain to determine the phase of the cycle.
Oophorectomy and hormonal treatments. Sixty-ﬁve female
rats were bilaterally oophorectomized under isoﬂurane inhalation (2 to 3% in a ﬂow of 1 L/min of
oxygen, ForeneÕ , Abbott, Queenborough, Kent,
England) and subcutaneously implanted with 1-cm
long silastic capsules. Estrogen implants were ﬁlled
with a 20% 17b-estradiol-cholesterol mixture (E2,
n ¼ 32), whereas control implants were 100% cholesterol ﬁlled (Chol, n ¼ 33). Implants of such length and
concentration are known to reproduce the physiological peak of proestrus blood levels of hormone
(31). Two weeks later, CSDs were elicited in half of
the animals after i.p. injections of 5-HTP (E2, n ¼ 7;
Chol, n ¼ 8) or of NaCl (E2, n ¼ 9; Chol, n ¼ 8), while
in the remaining animals the capsules were removed
to reproduce a fall of E2 and CSDs were recorded 20 h
later after 5-HTP (E2w, n ¼ 8; Cholw, n ¼ 8) or NaCl
(E2w, n ¼ 8; Cholw, n ¼ 9) administration. 17b-

estradiol (E2) and cholesterol (Chol) were obtained
from Sigma (Steinheim, Germany).

Statistical analyses
Group values were expressed as means  standard error
of means. To evaluate the eﬀect of 5-HTP administration and sex on hourly CSD frequency and propagation velocity of the ﬁrst CSD, we used two factor
ANOVAs [treatment (NaCl/5-HTP)  sex (male/
female)]. To evaluate the eﬀect of the estrous cycle
phases and hormonal treatments after oophorectomy
on 5-HTP-induced CSD changes, a two factor
ANOVA ([treatment (NaCl/5-HTP)  cycle (diestrus/
proestrus/estrus)] and [treatment (NaCl/5-HTP) 
hormone (Chol/Chow/E2/E2w)]) was also applied
followed by Duncan’s post-hoc test. Analyses were
implemented in SAS version 9.2 (SAS institute, Cary,
NC, USA) with p < 0.05 as threshold for statistical
signiﬁcance.

Results
5-HTP effects on CSD
In the ﬁrst group of 32 animals, intraperitoneal injections of 5-HTP numerically decreased CSD frequency
at the parieto-occipital recording site (Figure 1). This
decrease, however, only reached a statistical trend when
data from both sexes (n ¼ 16) were pooled (ANOVA,
treatment factor, F (1,28) ¼ 3.449, p ¼ 0.073) The sex of
the animals had no signiﬁcant inﬂuence on the eﬀect of
5-HTP on CSD (ANOVA, sex factor, F (1,28) ¼ 1.653,
p ¼ 0.20), but in the subgroup of NaCl-injected animals, hourly CSD frequency tended to be greater in
females than in males (p ¼ 0.08).
At the frontal recording site, we found no signiﬁcant
diﬀerence in CSD frequency between males and
females, or between NaCl and 5-HTP treated animals,
although the latter had numerically fewer CSDs
(Figure 1). Similarly for propagation velocity, there
was no signiﬁcant diﬀerence between NaCl- and
5-HTP-treated males (3.63  0.12 and 3.50  0.12 mm/
min), or between the two female treatment groups
(3.35  0.18 and 3.09  0.10 mm/min).

Estrous cycle and 5-HTP effects on CSD
In the group of 48 female animals in which the phases
of the estrous cycle were determined, there was a signiﬁcant change in parieto-occipital CSD frequency over
the estrous cycle (ANOVA cycle factor, F (2,42) ¼
8.343, p < 0.001) (Figure 2). After analysis of parieto-occipital CSD frequency by one-way ANOVA
followed by post-hoc Duncan’s test, the CSD frequency
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Figure 1. Number of CSD/hour (mean  sem) at the occipito-parietal and frontal recording sites after intraperitoneal injection of
NaCl or 5-HTP in male and female rats (n ¼ 8 per group). (*) p ¼ 0.08 females-NaCl vs. males-NaCl).
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Figure 2. Number of CSD/hour at the occipito-parietal recording site in female rats after i.p. injection of 5-HTP or NaCl during
three phases of the estrous cycle determined by vaginal smears (**p < 0.001, 5-HTP vs. NaCl treatment; #p < 0.05 diestrus vs. estrus;
##
p < 0.001 proestrus vs. estrus) (n ¼ 8 per group).

was lowest during estrus compared to proestrus
(Duncan’s test, estrus vs proestrus, p < 0.001) or
diestrus (Duncan’s test, estrus vs diestrus, p ¼ 0.037).
There was no signiﬁcant diﬀerence between proestrus
and diestrus (Duncan’s test, proestrus vs diestrus,
p ¼ 0.15).
In the total group of 48 females, 5-HTP signiﬁcantly
decreased CSD occurrence at the parieto-occipital
recording site (ANOVA, treatment factor, F (1,42) ¼
11.945, p ¼ 0.001). When subanalyzed in each phase
of the ovarian cycle, 5-HTP signiﬁcantly reduced

CSD frequency only during estrus (Duncan’s test,
NaCl estrus vs 5-HTP estrus, p < 0.001) but not during
diestrus (Duncan’s test, NaCl diestrus vs 5-HTP diestrus, p ¼ 0.18) or proestrus (Duncan’ test, NaCl proestrus vs 5-HTP proestrus, p ¼ 0.30) (Figure 2).
At the frontal recording site the results were similar
but not all were signiﬁcant. The estrous cycle tended to
inﬂuence frontal CSD frequency (ANOVA, cycle
factor, F (1,42) ¼ 2.721, p ¼ 0.077). 5-HTP administration signiﬁcantly decreased frontal CSD frequency
(ANOVA, treatment factor, F (1,42) ¼ 6.517, p ¼
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0.014), particularly during the estrus phase (Duncan’s
test, 5-HTP vs NaCl, p ¼ 0.017) (Table 1).
The velocity of the ﬁrst CSD propagated between
parieto-occipital and frontal recording sites was not signiﬁcantly inﬂuenced by 5-HTP treatment (ANOVA,
treatment factor, F (1,42) ¼ 0.781, p ¼ 0.38) nor by the
estrous cycle (ANOVA, cycle factor, F (2,42) ¼ 0.260,
p ¼ 0.38) (Table 1).

Estrogen replacement therapy and 5-HTP
effects on CSD
In the 65 oophorectomized female animals taken
together, estradiol replacement therapy signiﬁcantly
inﬂuenced parieto-occipital CSD frequency (ANOVA,

Table 1. CSD frequencies measured at the frontal recording
site and propagation velocity of the first CSD after i.p. injection of
NaCl or 5-HTP compared between the three phases of the
estrous cycle determined by vaginal smears (means  sem)
(*p < 0.01 5-HTP vs. NaCl treatment) (n ¼ 8 per group).
NaCl

5-HTP

CSD frequency at frontal recording site
Diestrus
8.75  0.77
Proestrus
8.38  0,26
Estrus
7.88  0,74
CSD propagation velocity (mm/min)
Diestrus
3.42  0.19
Proestrus
3.28  0.16
Estrus
3.00  0.19

7.63  0.84
7.50  1.07
5.38  0.18*
3.25  0.29
3.02  0.09
3.10  0.12

hormonal factor, F (3,61) ¼ 8.835, p < 0.001)
(Figure 3). In rats receiving NaCl, CSD frequency
was markedly increased after implantation with E2ﬁlled capsules compared to cholesterol-ﬁlled capsules
(Figure 3). (Duncan’s test, NaCl E2 vs. NaCl Chol,
p < 0.001). When animals injected with NaCl or
5-HTP were analyzed separately, the CSD-enhancing
eﬀect of E2 was signiﬁcant only after NaCl (Duncan’s
test, NaCl E2 vs NaCl Chol, p < 0.001; NaCl E2 vs.
NaCl Cholw, p ¼ 0.001; NaCl E2 vs. NaCl E2w,
p < 0.001), but not after 5-HTP (Figure 3).
Globally, 5-HTP administration signiﬁcantly
decreased CSD occurrence at the parieto-occipital
recording site (ANOVA, treatment factor, F
(1,57) ¼ 8.872, p ¼ 0.004). When analyzed in detail,
this eﬀect reached the level of signiﬁcance only in E2treated animals (Duncan’s test, 5-HTP E2 vs NaCl E2,
p ¼ 0.006) (Figure 3).
Similar changes were observed at the frontal level,
where estrogen replacement treatment also increased
CSD frequency (ANOVA, hormone factor, F (3,61) ¼
2.826, p ¼ 0.046). The eﬀect of E2 was, however, less
consistent than for parieto-occipital CSD. When NaClinjected oophorectomized females were considered,
there was a signiﬁcant increase of CSD frequency in
the E2 group compared to the Chol group (NaCl E2
vs. NaCl Chol, p ¼ 0.008), but no more than a trend
compared to E2 withdrawal (NaCl E2 vs. NaCl E2w,
p ¼ 0.094) and no signiﬁcant diﬀerence compared to
cholesterol withdrawal (NaCl E2 vs. NaCl Cholw,
p ¼ 0.50) (Table 2).
Overall, 5-HTP treatment signiﬁcantly decreased
frontal CSD frequency (ANOVA, treatment factor,
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Figure 3. Number of CSD/hour at the parieto-occipital recording site in oophorectomized female rats implanted for two weeks
with cholesterol (Chol)- or 17b-estradiol (E2)-filled silastic capsules and one day after capsule withdrawal (Cholw and E2w). Effects of
i.p. injection of 5-HTP or NaCl (**p < 0.01 NaCl E2 vs. 5-HTP E2; ##p < 0.001 NaCl E2 vs. NaCl Chol).
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Table 2. CSD frequencies measured at the frontal recording
site and propagation velocities of the first CSD after i.p. injection
of NaCl or 5-HTP compared in oophorectomized female rats
treated for two weeks with cholesterol (Chol)- or 17b-estradiol
(E2)-filled silastic capsules (Chol and E2) and after capsule
withdrawal (Cholw and E2w), (means  sem) (*p < 0.01 NaCl E2
vs. NaCl Chol; #p ¼ 0.029 NaCl E2 vs. 5-HTP E2).
NaCl
CSD frequency at frontal recording3site
Chol
5.25  0.31
Cholw
6.00  0.50 5
E2
8.33  0.53
E2w
6.63  1.32
CSD propagation velocity (mm/min)
Chol
3.34  0.27
Cholw
3.35  0.17
E2
3.23  0.10
E2w
3.44  0.33

5-HTP
6.13  0.48
5.88  0.74
6.57  0.81#
6.25  0.88
3.36  0.50
3.83  0.47
3.03  0.23
4.06  0.42

F (1,63) ¼ 4.705, p ¼ 0.034), but this was mainly due to
the CSD-inhibitory eﬀect in E2-treated animals
(Duncan’s test, NaCl E2 vs 5-HTP E2, p ¼ 0.029)
(Table 2).
The velocity of the ﬁrst CSD propagated between
parieto-occipital and frontal levels was not signiﬁcantly
inﬂuenced by hormonal treatment (ANOVA, hormone
factor, F (3,61) ¼ 1.439, p ¼ 0.24), nor by 5-HTP injections (ANOVA, treatment factor, F (3,62) ¼ 2.215,
p ¼ 0.14) (Table 2).

Discussion
Serotonin, cortical excitability and sex hormones all
play a role in migraine pathogenesis. Our purpose
was to explore the possible interrelation between these
factors in rats. We conﬁrm that estrogens increase
cortical excitability as indexed by hourly frequency of
KCl-induced cortical spreading depressions (CSD).
We ﬁnd that intraperitoneal administration of
5-hydroxytryptophan (5-HTP), deemed to increase
serotonin levels in the brain, decreases cortical excitability and that this eﬀect depends on the estrogen
status of the animal.
Increasing 5-HT disposition by 5-HT reuptake
inhibitors like d-fenﬂuramine in male rats (32) or ﬂuoxetine in pups and female rats (33) and by acute
administrations of tryptophan (34) was reported to
reduce CSD propagation velocity. We aimed at increasing brain 5-HT levels by systemic injections of 5-HTP
in order to bypass tryptophan hydroxylase, the ratelimiting enzyme in serotonin synthesis. 5-HTP failed
to signiﬁcantly decrease CSD frequency or propagation
velocity in male rats. In females, taken as a group

irrespective of their hormonal status, there was a
numerical decrease in hourly CSD frequency that did
not reach the level of signiﬁcance, probably because of
the large inter-subject variability. However, when the
number of female animals was increased in the second
experiment, it became obvious that globally the 5-HTP
injection signiﬁcantly decreased CSD frequency and
that this was chieﬂy due to an inhibitory eﬀect during
the estrus phase of the ovarian cycle.
Ovarian sex hormones thus seem to be necessary to
unravel the CSD-suppressive eﬀect of 5-HTP. While
5-HTP has no signiﬁcant eﬀect on CSD frequency in
males, it decreases this frequency in females. This could
be partly favored by the fact that intact female rats
have on average a higher baseline CSD frequency
during saline injections than males, in particular
during proestrus when estrogen levels peak. Estrogen
is able per se to increase CSD susceptibility, as conﬁrmed in our study. We found that after oophorectomy
CSD frequency is markedly increased in animals treated with estradiol compared to controls without
replacement therapy. We show, in addition, that the
eﬀect of estrogen on CSD in oophorectomized animals
is short-lasting: The day following removal of the
implanted capsule containing estradiol, CSD frequency
had dropped to the level found in rats implanted with
cholesterol-ﬁlled capsules. The sensitizing eﬀect of
estrogen on CSD susceptibility was reported in the
knock-in mouse model of familial hemiplegic migraine
type 1 (10), but in this study there was no sex diﬀerence
in wild type mice. We have previously described the
CSD sensitizing eﬀect of estrogen in normal and E2treated oophorectomized rats (9). Estrogen can modify
susceptibility to CSD by several mechanisms, but
mainly through its eﬀect on glutamate neurotransmission, which is known to promote CSD generation.
Estrogen aﬀects neuronal plasticity during the estrous
cycle by increasing the number of dendritic spines, and
of synaptic densities via an NMDA receptor dependent
mechanism (35,36). It up-regulates NMDA receptors
and down-regulates glutamate uptake by astrocytes
(37). All these eﬀects of estrogen should enhance glutamate transmission and neuronal excitability, facilitating the occurrence of CSD.
The 5-HTP eﬀect is not the only CSD-suppressing
eﬀect that clearly depends on the estrogen status of the
animal. In a previous study, we found similar estrogen
dependence for the inhibitory eﬀect of L-kynurenine on
CSD susceptibility (9). Over the rat estrous cycle, estrogen peaks during the day of proestrus, while progesterone does so during the night between proestrus and
estrus. During estrus, the plasma levels of both hormones are low (30). The decrease in CSD frequency
during estrus could be due to the fall in estrogen
during this phase. However, estrogen has genomic
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and non-genomic actions that may determine respectively long and short term eﬀects. Since the ovarian cycle
of rats is short (four or ﬁve days), some long-term
eﬀects of estrogen may persist on the day following
proestrus, i.e., during estrus. To solve this question,
we have assessed the eﬀect of 5-HTP on CSD frequency
in oophorectomized rats chronically treated, or not,
with estradiol, and after its withdrawal. The inhibitory
eﬀect of 5-HTP on CSD frequency is evident in females
chronically treated with estradiol after oophorectomy,
but disappears the day following estradiol withdrawal.
This is at variance with the changes found during spontaneous estrous cycles, where the CSD-suppressing
eﬀect of 5-HTP is signiﬁcant during estrus, i.e., when
estrogen blood levels are low. If the CSD suppressing
eﬀect of 5-HTP in cycling females during estrus were
due to a long-term eﬀect of estrogens, it could have
persisted the day after estradiol withdrawal, which
was not the case. For obvious reasons, however, the
results obtained in oophorectomized females treated
with estradiol for two weeks cannot be translated without reservation to those found in spontaneously cycling
females in whom the high estrogen level during proestrus lasts for no more than 24 hours. Given these
results, and the fact that progesterone, whose blood
levels peak between proestrus and estrus, can also
modify cortical excitability, our study does not allow
disentanglement of the precise hormonal underpinning
of the observed CSD suppressive eﬀect of 5-HTP.
Many studies have investigated the eﬀect of ovarian
steroids on the serotoninergic system. Their action
varies between cerebral areas and neuronal circuits
(38), and contradictory results have been reported.
Estrogen can exert direct and indirect eﬀects on serotonin transmission, and is able to modulate the density
and function of the 5-HTT, 5-HT1A and 5-HT2A receptors as well as 5-HT synthesis and degradation (38).
Autoradiographic studies with speciﬁc ligands or
in situ mRNA hybridization have shown in the
cortex, hippocampus and raphe a decrease of 5-HT1A
receptors or no eﬀect after short or long term estrogen
treatment in oophorectomized rats (39,40). Estrogen
was shown to decrease raphe 5-HT1A somato-dendritic
receptors, but to increase postsynaptic receptors in the
cortex (41). The aﬃnity of cortical serotonergic receptors is weak during proestrus, but increases during
estrus, and this change is more pronounced for 5-HT1
than for 5-HT2 receptors (41). Estrogen negatively
regulates 5-HT1B autoreceptor mRNA in raphe nuclei
(42) and increases 5-HT2A receptors in several cerebral
regions, including raphe nuclei and the frontal cortex
(43). With respect to our experiments, one must add
that there may be, in addition, gender diﬀerences in
the transformation of 5-HTP into 5-HT. Literature
data, however, are scarce and partly contradictory.
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In the mediobasal hypothalamus of neonatal rats, neurons immunoreactive for amino-acid decarboxylase
(AADC), the enzyme transforming 5-HTP into 5-HT,
are more numerous in females than in males (44). By
contrast, in the trigeminal ganglion of mice, AADC
mRNA is more expressed in males than females, and
in females much more in proestrus than in estrus (45).
Following AADC inhibition, 5-HTP accumulation in
the brain was more pronounced in females than in
males (46), but there was no eﬀect of sex in a PET
study assessing AADC in rhesus monkey brains (47).
Finally, in human studies, the eﬀect of 5-HTP on cholecystokinin-4-induced panic attacks (48) or hormonal
responses (49,50) was more obvious in females than in
males. Taken together, these studies support the notion
that overall estrogen increases sensitivity and activity of
the central serotoninergic system, and possibly the
transformation of 5-HTP into 5-HT. Transposed to
our study, this may explain why estrogen tends to unravel or amplify the CSD-suppressive eﬀect of 5-HTP
administrations.
Although the ﬁndings presented here cannot be
translated without reservation to clinical migraine,
they may shed light on clinical features related to hormonal ﬂuctuations and encourage revisiting poorly
explored therapeutic strategies. The CSD-sensitizing
eﬀect of estrogen can explain why migraine with aura
attacks are favored by pregnancy (11) and treatment
with estrogen-containing drugs (12), but ameliorated
by substituting an estro-progestative contraceptive pill
by a desogestrel only-containing contraceptive (51).
One must keep in mind, however, that the E2 levels
in pregnancy are much higher than those found in
proestrus or during post-oophorectomy replacement
treatment. By contrast, the vast majority of menstrual-related migraine attacks are without aura and
supposed to be triggered by the premenstrual fall in
plasma estrogen levels (52). This is in line with our
ﬁnding in oophorectomized rats, showing that the
increased CSD susceptibility induced by estradiol treatment has disappeared one day after treatment arrest.
By corollary, this would suggest that most menstrualrelated migraine attacks are not caused by CSD, and
hence that attacks of migraine without aura are not
associated with CSD.
The CSD-suppressive eﬀect of 5-HTP found in our
study may indicate that 5-HTP merits further attention
in migraine therapy, in addition to the sole available
small trial showing that it was as eﬀective for migraine
prevention as methysergide (20). The experimental data
would suggest that 5-HTP might be eﬀective in
migraine with aura, more so in females than in males,
and more so in females with high estrogen blood levels.
This could be taken into consideration for the design of
future therapeutic protocols.
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To conclude, the serotoninergic system and ovarian
hormones play a complex and interconnected role in
migraine pathogenesis. Increase of 5-HT levels by
administering 5-HTP decreases CSD susceptibility in
female rats. This eﬀect is more pronounced during the
estrus phase in cycling rats and during estradiol treatment in oophorectomized rats, which per se increases
CSD susceptibility. It is short-lived, as it disappears
within 24 hours after estradiol withdrawal, and could
be explained by a sensitizing eﬀect of estrogen on

serotonin neurotransmission. Transposed to the clinic,
these ﬁndings may explain why aura attacks are favored
by high estrogen levels, as during pregnancy or intake
of an estrogen-progesterone contraceptive pill, and why
the majority of menstrual-related migraine attacks due
to the fall of estrogen plasma levels are without aura.
Finally, because of its CSD-suppressive eﬀect, 5-HTP
might merit further therapeutic trials, particularly
in women suﬀering from migraine with aura and with
elevated estrogen levels.

Article highlights
. Increasing 5-HT disposition by administration of 5-HTP decreases KCl-induced CSD frequency in female
rats.
. The CSD suppressive eﬀect of 5-HTP only appears in the presence of ovarian sex hormones. It is more
pronounced during the estrous phase in cycling rats and after chronic E2 administration in oophorectomized
animals.
. Elevated E2 levels increase CSD frequency, while E2 withdrawal promptly normalizes it.
. Transposed to the clinic, these results suggest that 5-HTP may have therapeutic potentials for migraine with
aura in females. They also may explain why migraine with aura can be aggravated/triggered by high E2
states, and why menstrual-related attacks are rarely associated with an aura.
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