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Background: The prevalence of migraine is 3-folds higher in females than in males, and it is intricately re-
lated to the levels of estrogen. Estrogen may regulate the expression of metabolic enzymes and receptors of
serotonin and also calcitonin gene-related peptide (CGRP), which are implicated in migraine pathogenesis.
Purpose: To study the effects of estrogen on the components of serotonin system and CGRP in trigeminal gan-
glia of ovariectomized (OVX) rats. Methods: OVX rats were administered estrogen in silastic tubes and after
48 h, serum estrogen levels were determined. Trigeminal ganglia tissues were used for RT-PCRs of tryptophan
hydroxylase (TPH), monoamine oxidase (MAOQ), serotonin receptors (5'HT1A, 5-HT 5-HT,,), estrogen receptor
(ER) and CGRP. Western blots of TPH and MAO were performed. Results: Estradiol administration to OVX rats
increased TPH mRNA levels, while decreased MAO mRNA levels in trigeminal ganglia tissue. Western blot data
correlate with the gene expression results. The decreased mRNA levels of serotonin receptors following ovari-
ectomy were restored in estrogen-replenished rats. The induced gene expression of ER in OVX rats was restored
following estrogen replenishment. Conclusion: Estrogen levels affect the levels of serotonin metabolizing en-
zymes and its receptors besides CGRP levels. Since TPH and MAO levels regulate circulating and physiologically
available serotonin content, the regulation of serotonin metabolizing enzymes suggest a plausible mechanism
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by which estrogen alleviates migraine in women.
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Introduction

The prevalence of migraine in women has been estimated to
be as high as 25%, which is about 3-folds the rate of men.’
Several lines of evidence suggest an association between mi-
graine and reproductive function. A gender difference in mi-
graine incidence? emerges at adolescence when sex hormones
come into play. Migraine is associated with the perimenstrual
time period (two days before to three days after the onset
of menstruation), the postpartum period and the perimeno-
pause state, all of these are physiological states in reproduc-
tive life span of a women characterized by declining estrogen
concentrations.>* The incidence of migraine is increased dur-
ing pill-free period of combined hormonal contraception® and
cyclical hormone replacement therapy i.e. following estro-
gen withdrawal. These observations support role of estrogen
level depletion as a trigger for migraine. It is suggested that
sex steroids modulate susceptibility in migraine patients by
altering the expression of various genes that are implicated
in a migraine attack.® Estrogen may exert rapid non-genom-
ic effect or chronic genomic effect. Welch et al.” and Puri
et al.® have studied the effects of estrogen on trigeminal gan-
glia in culture and brain of mice respectively and listed the
regulation of various such genes with potential relevance to
migraine.

Estrogen acts as a neurosteroid influencing the pain pathway
associated with migraine by binding to its receptors (estrogen
receptors, ERs) present on the trigeminal nerves.® The trigemino-
vascular system consists of a network of cranial vessels and their
trigeminal innervations that convey the pain information to the
central nervous system where migraine pain is perceived.’® The
pain response increases by the release of vasodilating neuro-
peptides especially calcitonin gene-related peptide (CGRP). De-
creased levels of a neurotransmitter, serotonin, are also linked
to migraine. The implication of serotonin in migraine pathogen-

esis has been indicated by studies showing the presence of its
receptors (5-HT receptors) on the trigeminal nerve and cranial
vessels and also by the relief obtained after serotonin admin-
istration. During the regulation of serotonergic neurotrans-
mission, some of the serotonin receptors may be involved in
triggering migraines (eg. 5-HT, )" and others in preventing
them (eg. 5-HT,)."? Many effective anti-migraine drugs used
currently are serotonin receptor agonists such as triptans.
Accordingly, triptans act on trigeminovascular system and bring
the elevated serum levels of CGRP to normal' to bring about
migraine relief. The varying levels of estrogen during menstrual
cycles lead to alterations in the levels of serotonin-metabolizing
enzymes modulating serotonin' and CGRP levels."

Estrogen administration have been reported to upregulate
tryptophan hydroxylase mRNA (TPH, serotonin synthesizing en-
zyme),®'® downregulate serotonin reuptake transporter (SERT)
mRNA following short-term treatment'” and upregulate its
mRNA following long-term treatment,'® decrease gene expres-
sions of monoamine oxidase (MAO, serotonin catabolizing en-
zyme)'® and 5-HT,, receptor within dorsal raphe. Yang et a/*
showed reduced CGRP levels following estrogen treatment in
the rat dorsal root ganglia.

However, the effect of estrogen on the serotonergic system and
CGRP levels in the trigeminal ganglia of female rats has not
been ascertained. Keeping this in mind, the present work has
been designed to study the effect of estrogen on CGRP expres-
sion and the serotonin metabolizing enzymes and its receptor
expression.

Methods

Animal groups

Three month old female wistar rats (n = 21; weighing 150-200 g),
procured from the Central Animal House, Panjab University,
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Chandigarh, India, were housed under a standard light and
dark cycle and given free access to food and water. The animal
care and experimental protocols were in accordance with In-
stitutional Animal Ethics Committee (IAEC), Panjab University,
Chandigarh. Bilateral ovariectomy or a sham surgery was per-
formed by standardized procedure. The animals were anaes-
thetized by ketamine hydrochloride and xylocaine as per the
approved recommendations. The fur was shaved off and a dor-
sal midline skin incision was made on both sides to remove the
ovaries except in the sham group. The ovariectomized (OVX)
animals were placed individually in separate cages and ob-
served for a period of fourteen days for any mortality or disease
as well for depletion of any endogenous estrogen.

One group of the OVX rats was administered estrogen by sub-
cutaneously implantation of silastic tubes (Dow Corning, Mid-
land, Michigan) containing 0.1% 173-estradiol in ethanol. All
other groups received the vehicle only. Implants were inserted
subcutaneously into the back of the animal under anaesthesia
and the animals were used for experimentation immediately
after 48 h of implantation.

The study was performed on four groups (n = 5-6 each) of
rats viz.: (i) cycling (control), (ii) sham-operated, (iii) OVX, and
(iv) estrogen-replenished ovariectomized rats.

Serum 17(3-estradiol measurement

Blood samples (800 L to 1 mL) were collected from the eye
vein of all groups of rats. Serum was collected from the blood
by centrifugation at 2,000xg for 20 min and serum estradiol

Table 1: Primer sequence

level was measured by microparticle enzyme immunoassay
(MEIA) kit obtained from Abbott Laboratories Diagnostic Divi-
sion, Abbott park, USA.

RNA isolation from trigeminal ganglia tissue

Trigeminal ganglia from rats of all the four groups were har-
vested and homogenized in TRIZOL Reagent (Invitrogen, CA,
USA). Total RNA was extracted following manufacturer’s speci-
fications, precipitated and dissolved in RNase-free water. Integ-
rity of RNA was tested by viewing denatured ethidium bromide
stained samples in 1% agarose/formaldehyde gel. Yield and
purity of the isolated RNA was spectrophotometrically deter-
mined by calculating the ratio of 260/280.

RT-PCR

For semi-quantitative determination of mRNA levels, separate
RT-PCRs for the specific gene product and housekeeping gene
Rig/S15 were performed as directed by the manufacturer using
superscript Il one-step RT-PCR system (Invitrogen). Metabion
International AG (Deutschland) synthesized the primers. Primer
sequences, predicted product sizes and the number of cycles
for amplification are provided in Table 1.

Each reaction was run for 30 min at 55°C for 1 cycle and 2 min at
94°C for 1 cycle for cDNA synthesis, followed by cycles of 1 min
at 94°C, 1 min at 55°C and 1 min at 68°C for 25 to 50 cycles,
and finally 5 min at 68°C for 1 cycle in a Master Cycler Gradi-
ent (Eppendorf). The cycle number for each primer set was opti-
mized empirically by determining the number of cycles to reach

Gene Primer Sequences Product Size in bp No. of PCR Cycles
(5' -sense-3'; 5' -antisense-3')

ER 5' -AAG AGA AGG ACC ACA TCC ACC- 3' 326 25
5'-GGA ATG TGC TGA AGT GGA GC- 3'

TPH2 5'-TAA ATA CTG GGC CAG GAG AGG-3' 132 37
5'-GAA GTG TCT TTG CCG CTT CTC-3'

MAO 5'-TGG GAA GAT TCC AGA GGA TG-3' 150 50
5'-GCT GAC AAG ATG GTG GTC AA-3'

5-HT1A 5'-AGC TTA GGA ACT TCG TCG GCA-3' 200 37
5'-CAG AGG AAG GTG CTCTTT GG-3'

5-HT1B 5'-GTT GAC TTG TCA ATG GCA T-3' 200 36
5'-GCT TCA GTT CAC ATT CCA GA-3'

5-HT2A 5'-AGC CGC TTC AAC TCC AGA A-3' 410 35
5-TTT TGC TCA TTG CTG ATG GA-3'

CGRP 5'-TCC TGC AAC ACC GCC ACC TG -3' 90 33
5'-GGT GGG CAC AAA GTT GTC CT -3'

Rig/S15 5'-TTCCGCAAGTTCACCTACC-3' 361 30
5'-CGGGCCGGCCATGCTTTACG-3'
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the plateau phase and by carrying out hybridizations within the
linear range of amplification. The amplification products were vi-
sualized by electrophoresis using 2% ethidium bromide-stained
agarose gel and analyzed using Scion Image software (Scion In-
corporation, USA). A ratio of the gene of interest to the house-
keeping gene, Rig/S15 was determined for each sample. Ratios
were averaged to obtain mean gene levels and differences were
assessed.

Western blot analysis

In brief, ganglia tissues were homogenized using lysis buffer
consisting of 10 mM Tris HCl buffer (pH 7.4) containing 1%
Triton X-100, 0.1% SDS and 150 mM NacCl. Protease inhibitors,
1 mM phenyl methyl sulfonyl fluoride, 2 mM sodium orthovan-
adate, 5 mM EDTA, 2 mM EGTA and 5 uM pepstatin A were
added to the lysis buffer. The tissue lysates were centrifuged
at 12,000xg for 5 min at 4°C. The clear lysates were used
for western blots. Prior to western blot analysis, protein con-
tent was determined by the method of Lowry et al.?' Samples
containing 20 pg proteins were separated in 12% SDS-poly-
acrylamide gels and electrophoretically transferred to polyvi-
nylidene fluoride membranes (Milipore). Membranes were
incubated in blocking buffer containing 5% skim milk in TBS
with 0.1% Tween-20 and then probed with primary antibody
(anti-TPH antibody, #sc-30079 and anti-MAO antibody, #sc-
50333, Santa Cruz Biotechnology, Santa Cruz, CA, USA) in
blocking buffer overnight at 1:500 dilution. Membranes were
rinsed in TBS-Tween-20 and incubation with alkaline phospha-
tase conjugated anti-rabbit secondary antibody (#A3812, Sig-
ma Aldrich) was done at 1: 15,000 dilution in blocking buffer
for 45 min at room temperature. CDP-Star detection reagent
(GE Healthcare, Amersham, UK) was used for chemiluminescent
detection of alkaline phosphatase according to manufacturer’s
instructions. Blots were reprobed with 1:15,000 anti-3-actin
antiboby (#sc-130657, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and normalized to verify equivalent protein loading.
Differences in protein immunoreactivity between treatments
were determined by scanning densitometry in proportion to
B-actin immunoreactive bands.

Statistical analysis

Data was represented as mean + standard error (n = 5-6). Sta-
tistical analysis was performed by using one-way analysis of
variance (ANOVA) followed by post hoc test for ascertaining
significant difference. Statistical significance of the results was
calculated at P<0.05.

Results

Serum 17(3-estradiol levels

The levels of 173-estradiol depleted significantly (P<0.05) on day
15 i.e. after ovariectomy (14.71 + 2 pg/mL) as compared to cy-
cling animals (35.00 + 4 pg/mL) (Table 2). After 48 h of silastic
tube implantation in the ovariectomized rats, serum 173-estradiol
levels were significantly increased (68.43 + 2 pg/ml, P<0.05) in
comparison to OVX or cycling animals. In sham-operated animals,
estrogen concentration was 30 + 1 pg/ml which was not signifi-
cantly different from that of control group.

Effect of 173-estradiol on serotonin metabolizing enzymes

Tryptophan hydroxylase is the rate limiting enzyme in the syn-
thesis of serotonin?? which is degraded mainly by the action of
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Table 2: Serum 173-estradiol levels in different animal groups

[Values are mean + standard error (n = 5-6).]

Serum 173-estradiol
levels (in pg/mL)

Animal Group

i Cycling rats (Control) 35.00 + 4

ii. Sham-operated 30.00 + 1
iii. | Ovariectomized rats (OVX) 14.71 + 2*
iv. Estrogen-replenished 68.43 + 2*$

ovariectomized rats (OVX+EST)

*Means differ from control, P<0.05

$Means differ from OVX, P<0.05

monoamine oxidase enzymes.?* Our results demonstrated that
estradiol increases TPH mRNA levels while it decreases MAO
mRNA levels in trigeminal ganglia of wistar rats. Fig. 1a demon-
strates the gene expression profile of TPH and MAO in trigemi-
nal ganglia of cycling (control), sham-operated, ovariectomized
and estrogen-replenished ovariectomized rats. Quantitation
of RT-PCR data (mRNA ratios of target genes to housekeep-
ing gene, Rig/S15; Fig. 1b) demonstrates significant decrease
of 30% (P<0.05) in TPH gene expression while a significant
(P<0.05) 4-fold increase in MAO gene expression following
ovariectomy as compared to the cycling rats. Sham-operated
animals did not show any significant change as compared to
cycling rats. Administration of estradiol to the ovariectomized
rats restored gene expression of TPH and lowered down gene
expression of MAO to that in control cycling rats. The effects
of estradiol at the protein levels of these two metabolizing
enzymes correlated with the effects observed at the level of
mMRNA expressions. The results in fig. 2 demonstrate the west-
ern blot analysis of lysate from trigeminal ganglia. Two bands
corresponding to ~55kd and ~66 kd were resolved for TPH
and MAO respectively (Fig. 2). There was a significant decrease
of 20% (P<0.05) in TPH protein expression while a significant
increase of 60% (P<0.05) in MAO protein expression follow-
ing ovariectomy as compared to cycling rats. Sham-operated
animals did not show any significant change as compared
to cycling rats. Treatment of OVX animals with estradiol in-
creased the amount of TPH protein (40%, P<0.05) and reduced
MAO protein levels by 40% (P<0.05) as compared to OVX
animals.

Effect of 17-estradiol on receptors

We examined gene expression of receptors for serotonin and es-
trogen in the trigeminal ganglia of OVX and estrogen-replenished
rats using RT-PCR. Fig. 1 demonstrates that the receptors-
5-HT,, 5-HT,, 5-HT,, and ER, were expressed in rat trigeminal
ganglia tissue. Ovariectomy i.e. estrogen deprivation produced
a decrease of approximately 50% and 30% in the gene expres-
sions of 5-HT,, and 5-HT, receptors, respectively as compared
to the control rats. Administration of estrogen through silas-
tic implants to OVX rats produced an increase of 150% in the
mRNA levels of 5-HT,, as compared to control rats and restored
completely the lowered mRNA levels of 5-HT, ; receptors. Sham
treatment did not show any significant change as compared to
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A. Gene Expression
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Fig. 1: Expression of genes of the components of serotonin system, estrogen receptor and CGRP in trigeminal ganglia. (a) Ethidium bromide-stained
agarose gels of RT-PCRs of tryptophan hydroxylase, monoamine oxidase, 5-HT, ,, 5-HT,, 5-HT,,, estrogen receptor and Rig/S15. Each gel depicts repre-
sentative data from cycling (control), sham-operated, ovariectomized and estrogen-replenished ovariectomized rats. (b) Quantitation of RT-PCR data
demonstrates significant changes in various genes expression. The ordinate represents the ratio of the intensity of the gene of interest to the house-
keeping gene (Rig/S15), mean + standard error (n=>5). *Means differ from control, P<0.05. *Means differ from OVX, P<0.05.

the cycling rats. Similarly, 80% decrease was observed in the
gene expression of 5-HT,, receptor following ovariectomy as
compared to control rats. Estrogen administration produced
an increase of 20% (P<0.05) in 5-HT,, receptor gene expres-
sion as compared to OVX rats. The increased (approximately
3.5-fold (P<0.05); Fig. 1b) gene expression of ER in OVX rats

was restored in the trigeminal ganglia of estrogen-replenished
ovariectomized rats.

Effect of 173-estradiol on CGRP

To determine the effect of estrogen on CGRP in trigeminal ganglia
tissue, we assessed the mRNA levels of CGRP in ovariectomized
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Fig. 2: Western blot analysis of proteins in trigeminal ganglia of cycling (control), sham-operated, ovariectomized and estrogen-replenished ovariecto-
mized rats. (a) Western blot of TPH, MAO and GAPDH proteins. (b) Quantitaion of proteins using chemiluminescence, mean = standard error (n=5).

*Means differ from control, P<0.05. *Means differ from OVX, P<0.05.

and estrogen-replenished ovariectomized rats. As shown in
Fig. 3, ovariectomy significantly increased (P<0.05) the gene
expression of CGRP to 600% as compared to control rats. This
induced mRNA level was lowered down to 150% following es-
trogen treatment to the ovariectomized rats.

Discussion

Many studies employ multiple subcutaneous injections to
ovariectomized animals for estrogen restoration to ensure
continuous supply. One major limitation of such studies is that
this approach cannot mimic the normal physiological changes
in sex hormone levels that occur in intact cycling females.?
Therefore, we have chosen silastic implants that provide a bet-
ter method for delivering controlled and easily manipulated
yet effective dosage of estradiol to ovariectomized rats.?* This
ensures stable and sustained estradiol release. It may be noted
that OVX rats have a low level of estradiol in the serum. This
minimal and basal level is attributed to the production of es-
tradiol by fat and adrenal tissue.?®

To assess the effect of ovarian hormone, estrogen, on sero-
tonin neural function, we focused at the level of transcription
as well as translation. Our results demonstrated that estradiol
increases TPH mRNA expression and decreases the expression
of MAO mRNA. Our results are in corroboration with the pre-
vious reports of estrogen-induced upregulation of TPH mRNA
expression in the dorsal raphe of rodents.'*?¢ It was observed
that the increment in TPH mRNA with estradiol treatment led
to a concomitant increase in TPH protein level. It can be tenta-
tively concluded that protein levels of TPH and MAO enzymes
reflect their mRNA levels. Overall the increment/enhancement
is consistent with ovarian steroids augmenting TPH protein ex-
pression®'® and inhibiting MAO protein expression.’?’ Since
TPH and MAO protein levels influence serotonin content, then
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Fig. 3: Expression of CGRP gene in trigeminal ganglia. (a) Ethidium
bromide-stained agarose gels of RT-PCRs of CGRP and Rig/S15. Each gel
depicts representative data from cycling (control), sham-operated, ovari-
ectomized and estrogen-replenished ovariectomized rats. (b) Quantita-
tion of RT-PCR data demonstrates significant changes in gene expression.
The ordinate represents the ratio of the intensity of CGRP gene to the
housekeeping gene (Rig/S15), mean + standard error (n=>5). *Means dif-
fer from control, P<0.05. *Means differ from OVX, P<0.05.
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estradiol might be influencing many other systems further
regulated by serotonin. These observations provide a biological
basis for the ability of ovarian steroids to alter migraine pain
response and other functions regulated by serotonin.

The serotonin receptor system plays a central role in the control
of serotonergic neurotransmission and thus features promi-
nently in many behavioral and physiological functions.?® The
5-HT, and 5-HT, receptors (especially 5-HT,) have been identi-
fied as being responsible for most of the migraine activity.?%3°
These receptors are found on the trigeminal nerve endings.?'32
In the present study, we found that the mRNA expressions of
5-HT,, 5-HT,, and 5-HT,, receptors were decreased following
ovariectomy i.e. estrogen deprivation. Administration of estro-
gen produced an increase in the mRNA levels of 5-HT,, and
approximately restored the decreased gene levels of 5-HT,, re-
ceptors. Our results are in line with the finding that acute and
chronic estrogen treatments increase 5-HT,, receptor mRNA in
the dorsal raphe nucleus in ovariectomized rats.>*3* In contrast,
it was observed that estrogen treatment resulted in a decrease
in 5-HT, , receptor gene expression and receptor function in the
limbic region, cortex and dorsal raphe nucleus of rats**3¢ and
nonhuman primates.?”-3® This may be due to dosage or route of
administration dependent effect*® of estrogen on the expres-
sion of 5-HT,  receptors. The trigeminal ganglia tissue exhib-
ited an increase in the expression of serotonin receptors after
estrogen treatment suggesting that the stimulatory effects of
serotonin are mediated via 5-HT,, 5-HT, and 5-HT,, receptors.
Our data suggests that estrogen modulates the density of se-
rotonin receptors and serotonin turnover as is also reported by
other studies.*>4' The increased gene expression of ER in OVX
rats was lowered down in the trigeminal ganglia of estrogen-
replenished rats suggesting negative regulation of ER mRNA
expression by estrogen. These results appear consistent with
the data indicating estrogen receptor expression is negatively
correlated to estrogen levels in trigeminal ganglia sensory neu-
rons*, pituitary cells and cell lines** and central nervous system
tissue.*

CGRP has been implicated in the pathogenesis of migraine
through its vasodilatory effect. We observed that ovariectomy
increased the gene expression of CGRP which was apparently
lowered down following estrogen administration. Our results
are in corroboration with studies demonstrating reduced CGRP
levels following estrogen treatment in the rat dorsal root gan-
glia.*> There is evidence of decreased CGRP immunoreactive
neurons in the lumbar region of the rat spinal cord following
estrogen treatment.* Elevated CGRP concentrations have been
observed in post-menopausal women when estrogen levels de-
cline.*® During attacks of migraine plasma levels of CGRP have
been found to be increased in the venous outflow from the
head.#’*® CGRP released in the periphery and in the trigeminal
brain stem can lead to mast cell degranulation in the dura lead-
ing to prolonged activation of meningeal afferents.** However,
Gangula et al.”> and Sarajari and Oblinger*® showed conflicting
reports that ovariectomy decreases plasma CGRP concentration
in female rats, while subsequent treatment with 173-estradiol
restores it significantly. This may be due to dosage specific or
route of administration specific effect of estrogen on CGRP. The
increased expression of CGRP during times of lowered estrogen
levels hints at a potential mechanism for migraine related to
the fall in estrogen concentrations prior to menstruation in af-
fected women.

Conclusion

It could be concluded that estrogen alters the levels of serotonin-
metabolizing enzymes and its receptors affecting serotonin levels
and also CGRP levels. The experimental model here simulates the
physiological conditions of estrogen withdrawal (hormones are
depleted), followed by hormonal therapy in human. This condi-
tion is frequently concurrent with prevalence of hormonal induced
migraine.>’ The data provides evidence at transcriptome as well
as proteomics level that estrogen regulates serotonin receptors
through modulation of serotonin content. This is further being
regulated by serotonin metabolizing enzymes. There has been
strong evidence that prevalence of migraine is affected by vari-
ant expression of serotonin related genes.>>3 These findings sug-
gest that these physiological mechanisms might account for the
increased prevalence of migraine headache in women. Further,
emerging evidence of the influence of estrogen on serotonergic
activity not only provide a mechanistic basis for the association
between comorbid situation of migraine and depression rather
provides a novelty in drug targets for therapeutic intervention.
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