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Abstract
Neurogenic inflammation including calcitonin gene-related peptide (CGRP) and substance-P (SP) release plays a pivotal role 
in migraine pathogenesis. Prevalence of migraine is ~ 3 folds higher in women than in men, but its underlying mechanisms 
remained unclear. We investigated the effects of female sex hormones estrogen and progesterone on CGRP and SP in in-vivo 
and ex-vivo in rats of both sexes. For in-vivo experiments, male, female and ovariectomized rats were separated into four 
groups (n = 7) as control, estrogen, progesterone and estrogen + progesterone, respectively. Groups received daily intraperi-
toneal vehicle, 17β-estradiol, progesterone and 17β-estradiol + progesterone for 5 days, respectively. For ex-vivo experiments 
in both sexes, isolated trigeminal ganglia and hemiskull preparations were divided into four groups (n = 6 or 8), respectively, 
as in-vivo groups, and administered the same test substances. CGRP and SP contents in plasma and superfusates were deter-
mined using ELISA. In in-vivo experiments, 17β-estradiol decreased CGRP levels in males and SP levels in ovariectomized 
rats. Progesterone increased both CGRP and SP levels in females. Their combination decreased both CGRP and SP levels in 
males, and only SP levels in ovariectomized rats. In ex-vivo experiments, 17β-estradiol reduced CGRP release in males and 
SP release in females in trigeminal ganglia. While progesterone increased CGRP release in trigeminal ganglia, it reduced SP 
release from hemiskulls in both sexes. Their combination restored progesterone-mediated changes in neuropeptides releases 
in both trigeminal ganglia and hemiskulls in both sexes. Estrogen alleviates neurogenic inflammation through modulation of 
CGRP and SP release. Progesterone has dual effects on these neuropeptides in different sites associated with migraine pain.

Keywords Gender difference · Migraine · Neurogenic inflammation · Trigeminovascular system · Calcitonin gene-related 
peptide · Substance-P

Introduction

Migraine is one of the most disabling neurovascular disor-
ders characterized by unilateral recurrent head pain often 
accompanied by nausea, vomiting, photophobia and phono-
phobia. Migraine has a complex pathophysiology, however, 
it is well established that neurogenic inflammation charac-
terized by the release of vasoactive neuropeptides such as 
calcitonin gene-related peptide (CGRP) and substance P 
(SP) from trigeminal innervation plays a central role in this 
condition (Ramachandran 2018; Kilinc et al. 2020a). Cranial 
meninges are densely innervated by trigeminal nociceptive 
afferent nerve fibres. CGRP and SP released from these 
afferent terminals as a result of the meningeal irritation con-
tribute to the neurogenic inflammation process by inducing 
plasma protein extravasation, vasodilatation, and degranula-
tion of meningeal mast cells (Kilinc et al. 2018). Vast major-
ity of previous studies, with a few exceptions, reported that 
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plasma CGRP levels were elevated during acute migraine 
attacks or headache-free periods in migraineurs (Goadsby 
et al. 1990; Fusayasu et al. 2007; Ashina et al. 2000; Fred-
eriksen et al. 2020). Moreover, recently, two systematic 
reviews and meta-analyses have reported that CGRP levels 
were elevated in cerebrospinal fluid and/or plasma of chronic 
migraine patients (van Dongen et al. 2017; Frederiksen et al. 
2020).

The prevalence of migraine is two to three times higher 
in women than in men, but the mechanisms associated with 
this gender difference are poorly understood (Vetvik and 
MacGregor 2017; Labastida-Ramírez et al. 2019). It was 
suggested that the hormonal fluctuations of female gen-
der hormones such as estrogens and progesterone may be 
responsible for this gender-dependent prevalence in migraine 
(Labastida-Ramírez et al. 2019). In relation to gender dif-
ference, estrogen withdrawal during the menstrual cycle has 
widely been accepted to play a role in migraine. However, 
since there is a gap in this field with very few studies in the 
literature, new studies are of great importance.

It was reported that a decrease in plasma estrogen levels 
during premenstrual phase of the menstrual cycle induces 
migraine attacks in the predisposed women (Pavlović et al. 
2016; Somerville 1972). On the contrary, progesterone with-
drawal does not seem to remit migraine attacks (Somerville 
1972). Somerville demonstrated that intramuscular adminis-
tration of 10 mg estradiol to women suffering from migraine 
during the perimenstrual phase of the menstrual cycle post-
poned the onset of migraine attacks (Somerville 1972).

In addition, it was reported that circulating CGRP levels 
could be affected by the menstrual cycle, pregnancy and 
menopausal states (Cupini et al. 2020). In a clinical study 
with healthy women, it was reported that the highest trigemi-
nal CGRP release to blood circulation was detected around 
the menstruation when estrogen levels were low (Ibrahimi 
et al. 2013). In an experimental study, ovariectomy increased 
the gene expression of CGRP in trigeminal ganglion tis-
sues, and this effect was substantially reduced by estrogen 
replacement to the ovariectomized rats (Aggarwal et al. 
2012). Moreover, in cultured female rat trigeminal neurons, 
administration of physiological doses of estrogen down-reg-
ulated bradykinin B2 receptor and IL-1β receptor which are 
potentially relevant to CGRP release from sensory neurons 
(Puri et al. 2006). In addition, CGRP treatment to the rat 
dura mater increased cutaneous periorbital hypersensitivity 
in behavioral model of migraine (Avona et al. 2019).

Thus, it is known that female sex hormones are involved 
in the pathophysiology of migraine, particularly in women 
sufferers, but their exact mechanisms of action remain 
unclear. Moreover, there are currently no treatments peculiar 
to menstrual-related migraine in women sufferers.

To develop new treatment options specific to menstrual- 
or female sex hormones-associated migraine, there is 

primarily a need to clarify the mechanisms of action of these 
hormones involved in the pathophysiology of migraine. It 
is well known that estrogen and progesterone receptors are 
expressed in the parts of trigeminovascular system, which 
is a central site in the generation of migraine pain, including 
cranial vasculature and the meninges (Giuffre et al. 1992; 
Zuloaga et al. 2012). Therefore these structures involved 
in migraine are potential targets to investigate the effects of 
estrogen and progesterone in the modulation of CGRP and 
SP release. However, a little is known about the impacts 
of female sex hormones on the CGRP and SP releases in 
trigeminovascular system (Labastida-Ramírez et al. 2019). 
Therefore, the present study attempted to fill such above-
mentioned gaps regarding the mechanisms of action of these 
hormones in migraine.

In the present study, we used young adult rats weigh-
ing 200–250 g, because (1) such reproductive-age rats have 
maximum levels of sex hormones, and (2) they provide an 
opportunity to investigate how endogenous and exogenous 
application of female sex hormones may influence CGRP 
and SP levels in the trigeminovascular system and plasma. 
In accordance with this purpose, we investigated effects of 
estrogen and progesterone on the release of CGRP and SP 
biomarkers of neurogenic inflammation underlying migraine 
pain in the in-vivo as well as in the isolated rat trigeminal 
ganglia and meningeal trigeminal nerve terminals using ex-
vivo preparations in rats of both sexes.

Background at the focus of the study

We focused on effects of estrogen and progesterone on the 
basal releases of CGRP and SP, instead of the stimulated-
releases, using in-vivo and ex-vivo experimental models 
using rats of both sexes, mainly for the following reasons: 
(1) to reveal, first of all, fundamental physiological mecha-
nisms of effects of female sex hormones fluctuations on the 
releases of CGRP and SP in the trigeminovascular system 
and plasma, (2) in this way to better understand the effects 
of female sex hormones fluctuations in the pathophysiology 
underlying gender-dependent difference in migraine, (3) to 
fill the gap in the literature on this issue.

Materials and methods

Animals

All experiments were approved by Bolu Abant Izzet Baysal 
University Animal Experiments Local Ethics Committee 
(licence number 2017/45). Wistar rats of both sexes weigh-
ing 200–250 g were used in the experiments. Rats were sup-
plied from the Laboratory Animals Research and Applica-
tion Centre of Bolu Abant Izzet Baysal University, Turkey. 
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Rats were maintained in keeping with the Guide for the Care 
and Use of Laboratory Animals (Eighth Edition). Rats were 
given ad libitum with a standard rodent diet and tap water 
and were housed in spacious cages with a 12 h light/dark 
cycle at 22 ± 2 °C.

In‑vivo experimental groups

A total of 107 rats were used in the in-vivo experiments. 
35 of these 107 rats were male, and the others were female. 
While 28 of 35 male rats were used to produce four sub-
groups (n = 7 for each subgroup) including control (vehi-
cle), estrogen, progesterone and estrogen + progesterone. 
The remaining seven rats were used as a control to compare 
with a control group of the four subgroups with ketamine 
anaesthesia (n = 7 for each subgroup) and, therefore, these 
seven rats were exposured  CO2 inhalation shortly before 
blood collection. 35 of 72 female rats were used for the same 
procedures that male rats were exposed. 35 of the remaining 
37 female rats (n = 7 for each subgroup) were used for ova-
riectomy procedure and afterwards for the same procedures 
as described above. Two rats died following the ovariectomy.

Rats were randomly allocated into 3 main groups, each 
containing four subgroups as follows: intact male (n = 28 
in total), intact female (n = 28 in total) and ovariectomized 
female (n = 28 in total). We constituted both intact and 
ovariectomized female groups to distinguish the effects of 
endogenous and exogenous hormonal applications on the 
CGRP and SP releases. Each of the general groups includ-
ing intact male, intact female and ovariectomized female 

were also randomly separated into four subgroups (n = 7 for 
each subgroup) as follows: control, estrogen, progesterone 
and estrogen + progesterone. All injections were adminis-
tered through intraperitoneal route. Control group received 
0.2 mL of 10% ethanol as a vehicle, estrogen group received 
1 mg/kg 17β-estradiol, progesterone group received 8 mg/kg 
progesterone, estrogen + progesterone group received 1 mg/
kg 17β-estradiol plus 8 mg/kg progesterone daily for 5 days, 
respectively. In-vivo groups and their experimental proce-
dures are illustrated in Fig. 1.

Moreover, to ensure whether ketamine anaesthesia that 
was performed shortly before collection of the blood sam-
ples at the end of the experiments may affect the CGRP and 
SP levels, we produced additional three control groups for 
intact male, intact female and ovariectomized female groups 
that were received 10% ethanol as a vehicle (n = 7 for each 
group). Blood samples from these control groups were col-
lected following  CO2 inhalation instead of ketamine admin-
istration, contrary to the other all groups which were anaes-
thetized with ketamine. There was no difference between 
these controls and ketamine administered controls in terms 
of CGRP and SP levels (supplementary Fig. 1).

Ex‑vivo experimental groups

A total of 42 rats were used in the ex-vivo experiments. 
18 of these 42 rats were male, and the other 24 rats were 
female. Nine of 18 male rats were used to prepare isolated 
trigeminal ganglia preparations that were divided into three 
groups (n = 6 trigeminal ganglia for each group). The other 

Gender Surgical
intervention

Postoperative duration Groups/ injections (ip)
Days

1st 2st 3st 4st 5st 6st

♂

No No

Vehicle (n = 7)
Sa

cr
ifi

ce
 17 β - estradiol (n = 7)

Progesterone (n = 7)

17 β - estradiol +
Progesterone (n = 7)

♀

No No

Vehicle (n = 7)

Sa
cr

ifi
ce

 17 β - estradiol (n = 7)

Progesterone (n = 7)

17 β - estradiol +
Progesterone (n = 7)

♀

Bilateral
ovariectomy

21 days after ovariectomy

Vehicle (n = 7)

Sa
cr

ifi
ce

 17 β - estradiol (n = 7)

Progesterone (n = 7)

17 β - estradiol +
Progesterone (n = 7)

Fig. 1  In-vivo groups and their experimental procedures. Schematic images of rats were taken from BioRender. ip: intraperitoneal
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nine male rats were used to prepare hemiskull preparations 
(n = 6 hemiskulls for each group). Please note, two prepara-
tions were prepared from each rat due to bilateral nature 
of the structures including trigeminal ganglion and hemi-
skull. 12 of 24 female rats were used to prepare isolated 
trigeminal ganglia preparations that were divided into three 
groups (n = 8 trigeminal ganglia for each group). The other 
12 female rats were used to prepare hemiskull preparations 
(n = 8 hemiskulls for each group). Both male and female 
rats were randomly allocated to the groups listed below in 
detail, respectively. But, all-female rats that were allocated 
to the groups were chosen at the same phase (proestrus) of 
the estrous cycle, as it was performed in-vivo experiment, 
as described below.

Isolated trigeminal ganglia and hemiskull preparations 
from both male and female rats were randomly divided into 
three groups (n = 6 both trigeminal ganglia and hemiskulls 
for males, n = 8 both trigeminal ganglia and hemiskulls for 
females in each group), respectively, as follows: estrogen, 
progesterone, and estrogen + progesterone. Isolated trigemi-
nal ganglia and hemiskull preparations were topically treated 
with 0.1% ethanol in artificial cerebrospinal-fluid (ACSF, pH 
7.4) for the control group, 1 μM 17β-estradiol in ACSF for 
estrogen group, 1 μM progesterone in ACSF for progester-
one group, and 1 μM 17β-estradiol plus 1 μM progesterone 
in ACSF for estrogen + progesterone group, respectively. Ex-
vivo groups and their experimental procedures are illustrated 
in Fig. 2.

Drugs and reagents

β-Estradiol, progesterone, phosphate-buffered saline and 
cOmplete™ protease inhibitor cocktail were purchased 
from Sigma-Aldrich, (Schnelldorf, Germany). CGRP and 
SP ELISA kits were purchased from Bioassay Technology 
Laboratory (Shanghai, China). 17β-estradiol and progester-
one were dissolved in ethanol for all of in-vivo and ex-vivo 
experiments.

In‑vivo experimental interventions

Ovariectomy

Rats were anaesthetized by intraperitoneal injection of 
ketamine (90 mg/kg, Ketalar; Pfizer, New York, NY) and 
xylazine (5 mg/kg; Rompun; Bayer, Leverkusen, Germany). 
After the skin was shaved off, bilateral dorsolateral inci-
sions were carried out through the skin. The lower muscle 
tissues were dissected to locate the ovaries and fallopian 
tubes, which were ligated with a 4/0 silk suture, then the 
ovaries were removed except in the sham-control group. The 
ovariectomized (OVX) rats were housed in their individual 
cages and observed for a period of twenty-one days for any 

mortality or disease without any intervention. Two rats that 
died during this duration following surgical operations were 
excluded from the experiments. The others did not show any 
symptomps. After twenty-one days, drug administration was 
performed to the groups for 5 days.

Identification of the rat estrous cycle in the intact 
female group

In rats, an estrous cycle is composed of four discrete stages: 
proestrus, estrus, metestrus and diestrus. To determine the 
stages of the estrous cycle, vaginal secretion was collected 
twice a day, one in the morning (8 h) and one in the after-
noon (16 h), for five consecutive days. Due to the short dura-
tion of the estrous phases, daily collections were carried 
out with an interval of 8 h to achieve an exact classification 
of each phase. Briefly, vaginal secretion was collected with 
a sterile plastic pipette filled with 10 µL of normal saline 
(NaCl 0.9%) by gently introducing the tip into the rat vagina 
(but not deeply). Vaginal fluid was placed on glass slides. 
After preparations were air-dried, Pap staining was used to 
distinguish cells in smear preparations. The classification of 
the estrous cycle was performed by observing the presence 
of leukocytes, cornified epithelial cells, and nucleated epi-
thelial cells in the fluid. The representative images of vaginal 
fluid cytology and stages of the estrous cycle are shown in 
supplementary Fig. 2.

Drug administrations in the in‑vivo groups

Rats in intact male, intact female and OVX female groups 
were treated intraperitoneally with the same drugs and con-
centrations. Control groups received 0.2 mL of 10% etha-
nol in saline as a vehicle, estrogen groups received 1 mg/kg 
17β-estradiol (Li et al. 2016), progesterone groups received 
8 mg/kg progesterone (Andrabi et al. 2017), estrogen + pro-
gesterone groups received 1 mg/kg 17β-estradiol plus 8 mg/
kg progesterone daily for 5 days, respectively. To eliminate 
any variability caused by different phases of the menstrual 
cycle, we started all injections at the same phase (proestrus) 
of the estrous cycle in all rats of the intact female group. 
Moreover, such a design could allow to make a rational com-
parison between the ovariectomized group and intact female 
group due to endogenous estrogen and progesterone when 
they are at the highest level during proestrus stage of the 
estrous cycle. To achieve this, firstly, female rats were held 
together at two identical cages with 14 rats for a duration 
of one month. Thereafter, estrous cycle phases for each rat 
was determined as described above. Finally, on the sixth 
day of the experiments, blood collection from all rats in 
intact female group were carried out at proestrus phase of 
the estrous cycle.
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Blood collection from in‑vivo groups

Five days after drug administrations (on the 6th day), rats 
were anaesthetized with ketamine (90 mg/kg, i.p.) except 
for the additional three control groups mentioned above 
that were applied  CO2 inhalation. Shortly after keta-
mine administration or  CO2 inhalation, the chest of rats 
was opened in a V-shape by scissors, and the heart was 
exposed. The tip of a sterile 5 mL syringe was gently intro-
duced into the right ventricle, and the blood was collected 
from right ventricle by the suction with the syringe. Blood 
samples were instantly mixed with protease inhibitor cock-
tail to prevent degradation of CGRP and SP in a tube and 

centrifuged at 3000×g for 15 min at 4 °C. The superna-
tants were stored at − 80 °C for a week. Then they were 
assayed for CGRP and SP immunoreactivities by ELISA.

Ex‑vivo experimental interventions

To determine CGRP and SP releases in series of ex-vivo 
experiments, we used two well-established methods 
including isolated trigeminal ganglia (Eberhardt et  al. 
2008) and hemiskull preparations (Ebersberger et al. 1999; 
Kilinc et al. 2017a).

♂

♀

Preparation
(Isolated trigeminal

ganglion)
Groups

0.1 %   ethanol  
in ACSF 
(control)

Collection of
superfusate

Collection of superfusate
adding of progesteron (1

µM)

Collection of superfusate
adding of 17β-estradiol (1

µM)

Collection of superfusate
adding of progesterone +

17β-estradiol

Group-1 (n= 6)

Group-2 (n= 6)

Group-2 (n= 6)

Group-1 (n= 8)

Group-2 (n= 8)

Group-2 (n= 8)

Collection of superfusate
adding of progesteron (1

µM)

Collection of superfusate
adding of 17β-estradiol (1

µM)

Collection of superfusate
adding of progesterone +

17β-estradiol

O min 5 min 1O min

Ex- vivo Experiments

♂

♀

♂

♀

Preparation
(Isolated meningeal

hemiskull)
Groups

0.1 %   ethanol  
in ACSF 
(control)

Collection of 
superfusate

Collection of superfusate
adding of progesteron (1

µM)

Collection of superfusate
adding of 17β-estradiol (1

µM)

Collection of superfusate
adding of progesterone +

17β-estradiol

Group-1 (n= 6)

Group-2 (n= 6)

Group-2 (n= 6)

Group-1 (n= 8)

Group-2 (n= 8)

Group-2 (n= 8)

Collection of superfusate
adding of progesteron (1

µM)

Collection of superfusate
adding of 17β-estradiol (1

µM)

Collection of superfusate
adding of progesterone +

17β-estradiol

O min 15 min 3O min

Fig. 2  Ex-vivo groups and their experimental procedures. Schematic images of rats and trigeminal ganglia were taken from BioRender. ACSF: 
artificial cerebrospinal-fluid
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Ex‑vivo meningeal preparations

To determine CGRP and SP releases from the peripheral 
terminals of meningeal afferents innervating cranial dura 
mater that is the origin site of migraine pain, we prepared 
the hemisected skulls with intact dura mater and trigemi-
nal ganglia from both male and female rats, as described 
previously (Kilinc et al. 2017a, 2020a). Shortly, the skull 
halves were superfused for 30 min with carbogen-gased 
(with 95%  O2; 5%  CO2) artificial cerebrospinal fluid (ACSF) 
containing (in mmol/L): KCl 3, NaCl 115,  MgCl2 1,  CaCl2 
2,  NaH2PO4 1,  NaHCO3 25 and glucose 11 (pH 7.4) at 
room temperature. The hemiskull cavities were filled with 
0.1% ethanol in ACSF for controls or the test substances 
(1 μM 17β-estradiol (Fatehi et al. 2008) for estrogen group, 
1 μM progesterone (Masuyama and Hiramatsu 2011) for 
progesterone group, and 17β-estradiol + progesterone for 
estrogen + progesterone group) and incubated for 15 min in 
a humid incubator at 37 °C. After 15 min, 250 μL of super-
fusates was collected and transferred to the tubes with a 
protease inhibitor cocktail (cOmplete, Sigma-Aldrich). The 
samples were stored at − 80 °C until assayed for CGRP and 
SP immunoreactivities.

Isolated trigeminal ganglia preparations

To investigate CGRP and SP releases from trigeminal gan-
glia that is the origin of CGRP and SP expression, we pre-
pared isolated trigeminal ganglia preparations from both 
male and female rats as described previously (Eberhardt 
et al. 2008). Briefly after the head was cut, the brain was 
removed and the skull halves were plunged in ACSF with 
carbogen-gased (with 95%  O2; 5%  CO2, pH 7.4). Under 
stereo microscope, the trigeminal ganglia were harvested 
through dissecting 1 mm proximal and distal to the branch-
ing point of the mandibular nerve, then the dura was care-
fully removed. The preparations were plunged in ACSF for 
30 min at 37 °C prior to the experimental protocol was car-
ried out. One trigeminal ganglion was immersed in 220 μL 
ACSF in the caps of reaction tubes and incubated at 37 °C 
for two periods of 5 min. In the first incubation period, the 
preparation was incubated in the control solution consisting 

ACSF with 0.1% ethanol, to determine the basal release of 
CGRP or SP as a control for each group. During the second 
period, the preparations were incubated with the test sub-
stances (1 μM 17β-estradiol for estrogen group, 1 μM pro-
gesterone for progesterone group, and 17β-estradiol + pro-
gesterone for estrogen + progesterone group). After each 
incubation period, the incubation fluid containing the 
released substances (CGRP and SP) was collected from the 
caps without touching the ganglia, and a sample volume 
of 200 μL was mixed with protease inhibitor cocktail and 
stored at − 80 °C.

Determination of CGRP and substance P contents 
in plasma, meningeal and trigeminal ganglia 
superfusates

CGRP and SP contents in the samples including plasma, 
meningeal and trigeminal ganglia superfusates were meas-
ured by an enzyme-linked immunosorbent assay kit as 
described previously (Kilinc et al. 2020a). The sensitivity 
was 1.02 pg/mL, and range: 2–600 pg/mL for CGRP. The 
sensitivity was 2.49 pg/mL, and range: 5–1000 pg/mL for 
SP. The protocol was carried out according to the manu-
facturer’s instructions and performed as duplicates. Shortly, 
50 μL of CGRP or SP standard was added to standard wells. 
40 μL of the samples and then 10 μL anti-CGRP or anti-SP 
antibody was added to sample wells. 50 μL streptavidin-
HRP was added to standard wells and sample wells. Then, 
the 96-well plates were incubated at 37 °C for 60 min; later 
on 50 μL substrate solution A and B were added to each well 
respectively, and the plate was incubated at 37 °C for 10 min. 
Immediately after the incubation, 50 μL of stop solution 
was added to each well. The optical density was measured 
at 450 nm using a microplate reader (Epoch BioTek Instru-
ments, Inc. Highland Park, Winooski, VT, USA). Optical 
density curve was plotted by using standards with defined 
CGRP and SP concentrations.

Statistical analysis

The data obtained from all experimental groups were 
expressed as mean ± standard error of mean. Statistical 
analysis was performed using SPSS for Windows (ver-
sion 17.0, SPSS Inc., Chicago, IL, USA). Shapiro–Wilk 
test was used for testing the normality of data. All data 
obtained from in-vivo and ex-vivo experiments exhibit 
a normal distribution. Therefore, data obtained from in-
vivo multiple groups were compared by one-way analysis 
of variance (ANOVA) followed by LSD multiple com-
parison test. Data obtained from unpaired samples of 
ketamine applied controls and  CO2 inhaled controls were 
compared by independent sample’s t-test. Data obtained 

Fig. 3  Effects of estrogen and progesterone on the plasma basal 
CGRP and SP levels in the in-vivo groups. Effects of estrogen, pro-
gesterone and their combination on the plasma basal CGRP levels a 
in male rats, b in female rats, and c in ovariectomized rats. Effects of 
estrogen, progesterone and their combination on the plasma basal SP 
levels d in male rats, e in female rats, and f in ovariectomized rats. 
n = 7 rats for each group. Control groups were treated with 10% etha-
nol in saline as a vehicle in all groups. CGRP: calcitonin gene-related 
peptide, SP: substance P, Estro: 17β-estradiol, Progest: progesterone, 
Est + Prog: 17β-estradiol plus progesterone. n.s.: non-significance, 
*P < 0.05, **P < 0.01, and ***P < 0.001

◂
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from paired samples in the ex-vivo experiments were com-
pared by paired t-test. P < 0.05 was accepted as statisti-
cally significant.

Results

Effects of estrogen and progesterone on the in‑vivo 
plasma CGRP and SP levels

Intact male rats

17β-Estradiol treatment decreased plasma CGRP levels 
(P = 0.019, Fig. 3a), but it did not change plasma SP lev-
els (P = 0.89, Fig. 3d) in intact male rats compared to their 
controls. Moreover, progesterone did not change plasma 
CGRP (P = 0.102, Fig. 3a) and SP (P = 0.71, Fig. 3d) levels 
in intact male rats compared to their controls. On the other 
hand, the combination of 17β-estradiol and progesterone 
decreased plasma CGRP (P = 0.001, Fig. 3a) and SP levels 
(P = 0.006, Fig. 3d) in intact male rats compared to their 
controls, respectively.

Intact female rats

17β-estradiol treatment did not change plasma CGRP 
(P = 0.874, Fig. 3b) and SP (P = 0.742, Fig. 3e) levels in 
intact female rats compared to their controls, respectively. 
In addition, progesterone treatment increased plasma con-
centrations of both CGRP (P = 0.0001, Fig. 3b) and SP 
(P = 0.0001, Fig. 3e) in intact female rats compared to their 
controls, respectively. On the other side, the combination 
of 17β-estradiol and progesterone decreased progesterone-
induced plasma CGRP levels (P = 0.0001, Fig. 3b), but not 
SP levels (P = 0.272, Fig. 3e), in intact female rats, com-
pared to their controls, respectively.

Ovariectomized rats

While 17β-estradiol treatment did not change plasma CGRP 
levels (P = 0.67, Fig. 3c), it decreased plasma SP levels 
(P = 0.001, Fig. 3f) in ovariectomized rats, compared to 
their controls, respectively. Moreover, progesterone treat-
ment did not change plasma CGRP (P = 0.82, Fig. 3c) and 
SP (P = 0.38, Fig. 3f) levels in ovariectomized rats compared 
to their controls, respectively. On the one hand, the combina-
tion of 17β-estradiol and progesterone did not change plasma 
CGRP levels (P = 0.13, Fig. 3c) but it reduced SP levels 
(P = 0.01, Fig. 3f) in ovariectomized rats compared to their 
controls, respectively.

Effects of estrogen and progesterone on CGRP 
and SP releases in the ex‑vivo preparations 
prepared from male rats

In hemiskull preparations, while progesterone treatment 
did not change CGRP release (P = 0.61, Fig. 4a), it reduced 
SP release (P = 0.04, Fig. 4c) from the peripheral terminals 
of meningeal trigeminal nerve compared to their controls, 
respectively. However, none of the 17β-estradiol (P = 0.56 
for CGRP, Fig. 4a, P = 0.29 for SP, Fig. 4c) and the com-
bination of 17β-estradiol and progesterone (P = 0.83 for 
CGRP, Fig. 4a, P = 0.52 for SP, Fig. 4c) changed CGRP 
or SP release from the peripheral terminals of meningeal 
trigeminal nerve compared to their controls, respectively.

In isolated trigeminal ganglia preparations, 17β-estradiol 
treatment reduced CGRP release (P = 0.046, Fig. 4b), on the 
contrary, progesterone treatment increased CGRP release 
(P = 0.027, Fig. 4b) from the trigeminal ganglion neurons 
compared to their controls, respectively. Moreover, the com-
bination of 17β-estradiol and progesterone did not change 
CGRP release (P = 0.31, Fig. 4b) from the trigeminal gan-
glion neurons compared to their control. However, none 
of the 17β-estradiol, progesterone and their combination 
changed SP release (P = 0.85, P = 0.52 and P = 0.71 respec-
tively, Fig. 4d) from the trigeminal ganglion neurons com-
pared to their controls, respectively.

Effects of estrogen and progesterone on CGRP 
and SP releases in the ex‑vivo preparations 
prepared from female rats

In hemiskull preparations, any of the progesterone, 
17β-estradiol or their combination did not change CGRP 
release from the peripheral terminals of meningeal trigemi-
nal nerve compared to their controls, respectively (P = 0.433, 
P = 0.523 and P = 0.746, Fig. 5a). On the other hand, while 
progesterone decreased SP release from the peripheral termi-
nals of the meningeal trigeminal nerve (P = 0.001, Fig. 5c), 
17β-estradiol or their combination did not change it com-
pared to their controls, respectively (P = 0.165, P = 0.142, 
Fig. 5c).

In isolated trigeminal ganglia preparations, while pro-
gesterone treatment increased CGRP release (P = 0.003), 
17β-estradiol or their combination did not change CGRP 
release from the trigeminal ganglion neurons compared to 
their controls, respectively (P = 0.935, P = 0.087, Fig. 5b). 
However, while 17β-estradiol decreased SP release 
(P = 0.034, Fig.  5d), progesterone increased SP release 
(P = 0.036 Fig. 5d) from the trigeminal ganglion neurons 
compared to their controls, respectively. However, the com-
bination of 17β-estradiol and progesterone did not change 
SP release compared to their control (P = 0.31, Fig. 5d). A 
schematic illustration of the effects of estrogen, progesterone 
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and their combination on the basal CGRP and SP release in 
the plasma and structures associated with migraine pain is 
shown in Fig. 6.

Discussion

Major findings of the in vivo experiments of the current 
study were that estrogen decreased CGRP release in the 
male rats without changing it in both intact female and ova-
riectomized rats. In addition, progesterone increased CGRP 
and SP release in the females, whereas following ovariec-
tomy the concentration of these peptides returned to similar 
levels as those in the males. This clearly indicates a critical 
role of the estrous cycle. Progesterone increased both CGRP 
and SP release in female rats, whereas estrogen may have a 
reducing effect. The lack of the effect of exogenous estrogen 
could be due to the fact that endogenous estrogen is already 

quite high in proestrus stage and peptide levels can not be 
further lowered. On the other hand, in the ex-vivo experi-
ments, estrogen decreased CGRP release in the males and 
SP release in the females in the isolated trigeminal ganglia. 
Moreover, progesterone administration caused an increase 
of CGRP and SP in the isolated ganglia of females (and, less 
pronounced, for CGRP in males), again indicating an effect 
of endogenous hormones, particularly in the females.

Neuropeptides, predominantly CGRP and SP, released 
from axons of primary afferent nociceptive neurons of 
trigeminal nerve via an axon reflex are important contribu-
tors in the triggering neurogenic inflammation (Ramachan-
dran 2018; Kilinc et al. 2017b; Dagistan et al. 2019). CGRP 
and SP released from primary afferents could, in turn, induce 
plasma protein extravasation, vasodilatation, and activation 
of meningeal mast cells, consequently all of these events 
leads to the neurogenic inflammation underlying migraine 
pain (Koyuncu Irmak et al. 2019; Levy et al. 2019; Kilinc 

Fig. 4  Effects of estrogen and progesterone on the basal CGRP and 
SP release from isolated trigeminal ganglia and hemiskull prepara-
tions obtained from male rats. Effects of estrogen, progesterone and 
their combination on the basal CGRP release from (a) the peripheral 
terminals of the meningeal trigeminal nerve, (b) trigeminal ganglia in 
the ex-vivo preparations. Effects of estrogen, progesterone and their 
combination on the basal SP release from (c) the peripheral terminals 

of meningeal trigeminal nerve, (d) trigeminal ganglia in the ex-vivo 
preparations. n = 6 hemiskulls or trigeminal ganglions for each group. 
Control groups were treated with 0.1% ethanol in artificial cerebro-
spinal-fluid as a vehicle in all groups. CGRP calcitonin gene-related 
peptide, Estrogen 17β-estradiol, Progest progesterone, Est + Prog 
17β-estradiol plus progesterone, ns non-significance, *p < 0.05
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et al. 2020b; Kilinc and Gunes 2019). Estrogen and proges-
terone receptors are located in components of trigeminovas-
cular system (Giuffre et al. 1992; Gupta et al. 2011; Zuloaga 
et al. 2012; Labastida-Ramírez et al. 2019), suggesting that 
fluctuations in the levels of these hormones may regulate 
activation and sensitization of trigeminovascular system by 
modulating expression and release of neuro-inflammatory 
neuropeptides associated with migraine pain such as CGRP 
and SP.

In the current study, estrogen did not change the basal 
CGRP levels in the plasma in both intact female and ova-
riectomized rats. There are very limited and controversial 
data in the literature regarding the association between 
estrogen and CGRP levels. In one study, it was shown that 
CGRP concentrations were increased in post-menopausal 
women once estrogen levels started to diminish (Wyon 
et al. 1998). Conversely, in an experimental study, it was 
demonstrated that estrogen increased CGRP contents in the 

dorsal root ganglion in ovariectomized rats (Sarajari and 
Oblinger 2010). Thus, further studies are needed to clarify 
this dilemma. On the other hand, in the present study, estro-
gen reduced basal plasma CGRP levels in intact male rats. 
Moreover, estrogen also decreased basal CGRP release in 
male isolated trigeminal ganglia, but not in female using the 
ex-vivo experimental model. These findings are compatible 
with previous studies, where most of them focused on CGRP 
contents in the tissues associated with migraine pain. In one 
of these studies, it was reported that ovariectomy (lack of 
female sex hormones) increased CGRP concentrations in the 
dorsolateral periaqueductal gray of rats that has an impor-
tant role in regulating migraine pain (Wang et al. 2014). 
Our findings are also compatible with the studies demon-
strating an increased gene expression of CGRP following 
ovariectomy in trigeminal ganglion (Aggarwal et al. 2012), 
and reduced CGRP levels following estrogen treatment in 
dorsal root ganglia (Yang et al. 1998) in rats. However, in 

Fig. 5  Effects of estrogen and progesterone on the basal CGRP and 
SP releases from isolated trigeminal ganglia and hemiskull prepara-
tions obtained from female rats. Effects of estrogen, progesterone and 
their combination on the basal CGRP release from (a) the peripheral 
terminals of the meningeal trigeminal nerve, (b) trigeminal ganglia in 
the ex-vivo preparations. Effects of estrogen, progesterone and their 
combination on the basal SP release from (c) the peripheral termi-

nals of the meningeal trigeminal nerve, (d) trigeminal ganglia in the 
ex-vivo preparations. n = 8 hemiskulls or trigeminal ganglions for 
each group. Control groups were treated with 0.1% ethanol in artifi-
cial cerebrospinal-fluid as a vehicle in all groups. CGRP calcitonin 
gene-related peptide, Estrogen 17β-estradiol, Progest progesterone, 
Est + Prog 17β-estradiol plus progesterone, ns non-significance, 
*P < 0.05 and **P < 0.01
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the present study, topical administration of estrogen did not 
change basal CGRP release from the peripheral terminals 
of the meningeal trigeminal nerve in both male and female 
isolated hemiskull preparations. Previous studies suggested 
that estrogen shows different effects in the nervous system 
since estrogen receptors have distinct distribution patterns 
in the nervous system (Bolay et al. 2011; Hazell et al. 2009; 
Amandusson et al. 2010; Bereiter et al. 2005). One of these 
studies demonstrated that estrogen receptor alpha expression 
was higher in proestrous and diestrous females than male 
rats (Bereiter et al. 2005). Therefore, based on the results 
of the present study, we can speculate that such distinct dis-
tribution patterns of estrogen receptors may be responsible 
for different effects of estrogen on the CGRP levels at least 
between different genders.

In the current study, in addition to CGRP, estrogen did 
not change basal plasma SP levels in intact male and female 
rats, while decreased the SP levels in ovariectomized rats. 
Moreover, in the isolated preparations of males, estrogen 
did not also change basal SP releases from both meningeal 
trigeminal nerve terminals and trigeminal ganglia. A pre-
vious study reported that estrogen treatment decreased SP 
contents in the dorsal root ganglion in ovariectomized rats 
(Sarajari and Oblinger 2010). Therefore, our plasma SP find-
ings in ovariectomized rats are comparable with the results 
of that study. On the other hand, in the female isolated prep-
arations, while estrogen decreased basal SP release from 
trigeminal ganglia, it did not change its release from menin-
geal trigeminal nerve terminals. This finding suggests that 
estrogen may exhibit different effects on the SP releases in 
discrete structures including trigeminal ganglia and menin-
geal trigeminal nerve terminals.

Most of the studies about the effects of sex hormones 
in structures associated with migraine pain have centered 
upon effects of estrogen, however, little is known about 
potential effects of progesterone on central or peripheral 
trigeminal neurons. In the current study, we found that pro-
gesterone increased both plasma basal CGRP and SP levels 
in intact female rats, while it did not affect them in both 
male and ovariectomized rats. Moreover, in the male iso-
lated preparations, progesterone decreased basal SP release 
from peripheral terminals of the trigeminal nerve. In the 
female isolated preparations, while progesterone increased 
both basal CGRP and SP release from trigeminal ganglia, 
it decreased basal SP release from peripheral terminals of 
the trigeminal nerve. Therefore, our findings suggest that 
progesterone has dual effects on releases of the neuropep-
tides in different structures. In terms of such dual effects of 
progesterone on releases of the neuropeptides, our findings 
are comparable with previous studies reporting that pro-
gesterone reduced CGRP content in the trigeminal nucleus 
(Moussaoul et al. 1996), while it raised CGRP in the dorsal 
root ganglion and in plasma (Gangula et al. 2009). Taken 

all together, our ex-vivo results demonstrated that estrogen 
exhibited the same effects in peripheral terminals of menin-
geal trigeminal nerve on both the CGRP (unchanged) and SP 
(unchanged) release, respectively, in both sexes. However, 
it shows different effects of trigeminal ganglia in different 
sexes. In addition, it was also seen that progesterone exhib-
ited the same effects in peripheral terminals of the menin-
geal trigeminal nerve on the CGRP (unchanged) and SP 
(decreased) release, respectively, in both sexes. Likewise, 
similar effects were observed in trigeminal ganglia on both 
the CGRP (increased) and SP (increased) release, respec-
tively, in both sexes.

On the other hand, based on the results of the in-vivo 
experiments, it was observed that both estrogen and pro-
gesterone show different effects on both the plasma CGRP 
and SP levels in male, female and ovariectomized rats, 
respectively. Thus, different effects of sex hormones on the 
neuropeptides, particularly in intact females and ovariecto-
mized rats, suggested that the estrous cycle might be respon-
sible for this difference. Moreover, our findings support the 
hypothesis that estrogens and progesterons modulate CGRP 
and SP release, which could contribute to the prevalence of 
migraine in women compared to men. CGRP and SP levels 
could fluctuate regularly in the blood throughout the estrus 
cycle. Hence, we can speculate that higher CGRP and SP 
levels may appear in the blood during diestrus/metestrus 
compared to the proestrus/estrus. Therefore, it is important 
to determine the regular fluctuations of CGRP and SP in the 
blood during the estrus cycle. In the present study, female 
rats were included only at the proestrus phase of the estrous 
cycle. In the future, it may be beneficial to perform experi-
ments including the females at the other phases of the cycle.

Moreover, our ex-vivo findings also support our hypothe-
ses, such a difference was not observed in our ex-vivo prepa-
rations that were excised from the body, most likely because 
these structures were not linked to the ovaries. Although 
there are inconsistent results in the literature (Puri et al. 
2005; Moussaoul et al. 1996; Aggarwal et al. 2012; Ibrahimi 
et al. 2017), such a difference may be caused by the differ-
ent stages of the estrous cycle. Since, in the present study, 
all female rats were at the same phase (proestrus) of the 
estrous cycle, and we did not study the other phases such as 
estrus, metestrus and diestrus stage. However, further stud-
ies including all phases of the estrous cycle are required to 
verify this difference. One of the most possible explanations 
for this difference between in the in-vivo and ex-vivo experi-
ments, as well as for the difference between intact female 
and ovariectomized rats in the in-vivo experiments could be 
caused by the different effects of endogenous and exogenous 
female sex hormones. In addition, the difference between the 
in-vivo and ex-vivo experiments could also be caused by the 
systemic administration of female sex hormones that may 
act by modulating other neuro-endocrine cascades, such as 
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hypothalamic functions (Cupini et al. 2020). Because our 
ex-vivo preparations did not contain any neuro/endocrine 
structure, except for trigeminal ganglion or its meningeal 
peripheral terminals. Therefore, we can speculate that the 
hypothalamus may modulate the effects of female sex hor-
mones through CGRP and SP release in migraine. In addi-
tion, a combination of estrogen and progesterone reduced 
both plasma basal CGRP and SP levels in male rats. Moreo-
ver, their co-administration decreased progesterone-induced 

CGRP levels in intact female rats without changing pro-
gesterone-induced SP levels. Moreover, in ovariectomized 
rats, their co-administration decreased plasma basal SP lev-
els without changing CGRP levels. According to our find-
ings, abundant sex hormones in females with intact ovaries 
could be resulted in the desensitization of their receptors. 
Because in male and partially in ovariectomized rats, their 
co-administration reduced plasma CGRP and SP levels. 
The results of the present study were also consistent with 
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the results of a previous fundamental study reporting that 
plasma levels of CGRP were higher in women than in men 
in healthy subjects (Valdemarsson et al. 1990). According 
to the in-vivo and ex-vivo results of the current study, estro-
gen seems to antagonize the inducing effects of progester-
one on the CGRP and SP releases, and consequently the 
combination of estrogen and progesterone seems to stabi-
lize basal CGRP and SP releases from pain-related principal 
structures, such as peripheral terminals and cell bodies of 
trigeminal neurons. These findings are also consistent with 
the menstrual migraine that is triggered by menstruation in 
women migraine patients. It is considered that estrogen with-
drawal during the menstrual cycle could be responsible for 
menstrual migraine (Somerville 1972; Cupini et al. 2020). 
It was suggested that a falling in estrogen levels might lead 
to an increased susceptibility to prostaglandins, which were 
able to cause neurogenic inflammation through inducing the 
release of neuropeptides including CGRP and SP (Cupini 
et al. 2020). It is of capital importance to decrease the stimu-
lated CGRP and SP release in both the menstrual and the 
other types of migraine since these neuropeptides contrib-
ute to the neurogenic inflammation underlying migraine. In 
the present study, estrogen alleviated progesterone-induced 
plasma CGRP levels in intact female rats, and reduced 
plasma SP levels in ovariectomized rats. In addition, it also 
suppressed stimulatory effects of progesterone on the CGRP 

and SP releases in trigeminal ganglia in intact female rats. 
Therefore, our findings confirm the inhibitory effects of 
estrogen on the CGRP and SP release.

Conclusion

In conclusion, our findings suggested that estrogen exhibited 
protective effects against neurogenic inflammation underly-
ing pathophysiology of migraine through modulating CGRP 
and SP release in both sexes. Progesterone demonstrated 
dual effects on the neurogenic inflammation by inducing or 
inhibiting CGRP and SP release in females.

Limitations of the study

In the present study, we chose all female rats at the same 
phase (proestrus) of the estrous cycle, and did not study the 
other phases such as estrus, metestrus and diestrus stage. 
In addition to the proestrus stage of the estrous cycle, if the 
other phases were also examined, the impact of each phase 
of the estrus cycle on these neuropeptides would be investi-
gated more comprehensively. Moreover, in the present study, 
we focused on predominant markers of neurogenic inflam-
mation underlying migraine such as CGRP and SP. However, 
it would be favorable if the other markers associated with 
neurogenic inflammation were also studied, including neu-
rokinin A, bradykinin and nitric oxide.
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