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Abstract

Estrogen has diverse and powerful effects in the brain, including actions on neurons, glia, and the
vasculature. It is not surprising, therefore, that there are many changes in the female brain as serum
estradiol levels rise and fall during the normal ovarian cycle. At times of life when estradiol levels
change dramatically, such as puberty, postpartum, or menopause, there also are dramatic changes in
the central nervous system. Changes that occur because of fluctuations in serum estrogen levels are
potentially relevant to neurological disorders because symptoms often vary with the time of the
ovarian cycle. Moreover, neurological disorders (eg, seizures and migraine) often increase in
frequency in women when estradiol levels change. In this review, the contribution of 2 growth factors
targeted by estrogen, the neurotrophin brain-derived neurotrophic factor (BDNF) and vascular
endothelial growth factor (VEGF), will be discussed. Estrogen-sensitive response elements are
present on the genes for both BDNF and VEGF, and they are potent modulators of neuronal, glial,
and vascular function, making them logical candidates to mediate the multitude of effects of estrogen.
In addition, BDNF induces neuropeptide Y, which has diverse actions that are relevant to estrogen
action and to the same neurological disorders.
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Introduction

Estrogen is a potent neuromodulator that influences brain structure and function in diverse
ways. As a result, changes in central nervous system (CNS) function would be expected with
fluctuations in estradiol. Such fluctuations in estradiol levels occur at specific times of life,
such as puberty, pregnancy, postpartum, and menopause. Fluctuations in estradiol levels also
occur during the ovarian cycle. Nevertheless, it remains unclear how much the changes in
estradiol levels—either during the ovarian cycle or at particular times of life—are responsible
for the changes in brain function that have been reported in women. One reason for the lack
of a clear understanding is that levels of other serum hormones with effects on the brain, such
as progesterone, also fluctuate. The roles of estradiol relative to progesterone are difficult to
clarify because the complex fluctuations of estradiol and progesterone during the ovarian cycle
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Estrogen

are difficult to simulate in an ovariectomized animal. Nor is there a well-accepted approach to
objectively evaluate the role of estrogen in puberty, pregnancy, the postpartum period, or
menopause.

Clarifying how changes in estradiol levels impact brain function is important not only for the
normal female but also for women with neurological disorders such as seizures or migraine,
because changes in estradiol may modify symptoms. Moreover, some seizures or migraine
episodes may be precipitated by changes in estrogen levels. For example, there is a substantial
rise in estrogen levels at puberty and during pregnancy. At postpartum or at menopause, there
is a sudden loss of estrogen.

Another problem in trying to clarify the role of physiologic changes in estradiol is that the
targets of estrogen are diverse. In this review, 2 targets of estrogen will be considered that may
mediate several effects in a manner that can explain the ways physiologic fluctuations in
estrogen levels influence neurological disorders. These 2 examples are termed “growth
factors,” but they do much more to the CNS than initiate growth. One is brain-derived
neurotrophic factor (BDNF) and the other is vascular endothelial growth factor (VEGF). In
addition, the possible consequences of BDNF induction of the synthesis of neuropeptide Y
(NPY), which has powerful effects in the CNS, will be discussed. The sequential induction of
growth factors and peptides by estrogen may provide insight into the ways estrogen influences
neurological disease during the menstrual cycle and during the lifespan.

Estrogen and Its Receptors

The primary source of serum estradiol is the ovaries. Estrogen also is synthesized in other areas
of the body but to a much lesser extent. In the brain, estrogen is synthesized from cholesterol
inastrocytes, where biosynthetic enzymes such as aromatase are located. This review will focus
on the effects of serum estradiol, which is the major physiologic source of estrogen. In addition,
discussion is confined to the female because of the dynamic nature of estrogen levels in women.
However, estrogen is present in the male, and some of the effects of estrogen may be similar
in males and females.

There are 3 physiologic estrogens in the body: estrone (E1), 17B-estradiol (estradiol, E2), and
estriol (E3). Estradiol is thought to be the primary bioactive estrogen under most physiologic
conditions. Estrogens are thought to act via 2 known receptors, estrogen receptor (ER)a and
B.1 Estrogen binds to these receptors in the plasma membrane, in the cytoplasm of the cell, as
well as in the cell nucleus. In the nucleus, dimerization of the receptors occurs, allowing the
ER to bind to specific segments of DNA and activate target genes or to work with other
transcriptional regulatory molecules, such as activating protein 1, a transcription factor.
Estrogen actions via membrane-associated ERs, as well as in mitochondria, are thought to lead
to actions on a more rapid time scale, involving activation of signal transduction pathways,
including the mitogen-activated protein kinase pathway and the phosphatidylinositol 3-kinase/
Akt pathway.2

The Ovarian Cycle

The ovarian cycle in women (the menstrual cycle) and in rodents (the estrous cycle) is depicted
schematically in Figure 1.3 In women, the 28-day cycle includes a follicular and a luteal phase.
At the transition between the 2 phases, immediately prior to ovulation, estradiol secretion from
the ovaries surges (Fig. 1A). It then falls, but estradiol levels do not remain low for long. There
is a subsequent smaller and slower rise in estradiol levels during the luteal phase. The luteal
phase is accompanied by a rise in progesterone levels. The end of the luteal phase is a time
when both estrogen and progesterone fall to low levels, and menses begins.
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Figure 1B depicts the estrous cycle in rodents, a primary animal model for the study of the
ovarian cycle. The estrous cycle typically lasts 4 days.#®> On the morning of proestrus, estrogen
surges to reach a peak by midmorning and then subsides. The time of ovulation is late in the
day of proestrus and is accompanied by rising progesterone levels. During the evening of
proestrus, sexual behavior is initiated (ie, behavioral estrus). During the night, progesterone
levels peak and then rapidly fall during the early morning of the next day, which is called
“estrus.” Levels of both hormones then remain relatively low for 2 days, which are collectively
referred to as “diestrus.”*°

Actions of Estrogen in the Brain

The actions of estrogen in the brain are difficult to summarize because they are numerous and
they are not the same for all brain regions. This paper will focus on some of the actions of
estrogen that are particularly relevant to seizure disorders and migraine. However, even with
this narrow focus, it is difficult to review all of the neurological effects of estrogen during the
ovarian cycle because outcomes of studies of estrogen action do not always agree, at times for
technical reasons, such as the variation in estrogen treatments among studies. In addition, the
physiologic effects of estrogen in the intact rat are not as commonly studied as are the effects
of pharmacologic doses of estrogen in ovariectomized rats. Yet the intact rat provides the
greatest insight into the ovarian cycle. Finally, some animal models of disorders lead to a loss
of estrous cyclicity because of changes to the hypothalamic-pituitary-gonadal axis.
Nevertheless, potential insights into the ways that cyclic fluctuations in estrogen levels are
relevant to clinical conditions have been provided by experimental studies of estrogen action.

Role of Estrogen in Epilepsy and Migraine

It has been known for decades that estrogen increases neuronal excitability, and estrogen
application to the brain can induce seizure activity.3 However, in animal models of epilepsy,
estrogen is not necessarily pro-convulsant.3 In women with epilepsy, there can be an increase
in seizure frequency and/or severity at times of the menstrual cycle, a condition termed
“catamenial epilepsy.”3:6-8 Often seizures increase with the rise in estrogen levels (ie, during
the periovulatory period).8 On the other hand, some women experience an increased incidence
of seizures not when estrogen levels rise before ovulation, but at the end of the cycle when
estrogen levels are low.58

Italso has been reported that women with a history of migraine may experience migraine during
particular times of the menstrual cycle, or that migraine is more severe during the perimenstrual
period relative to the mid-luteal phase,?-13 although this is controversial.1* Some reasons for
an increase in migraine may be the increase in neuronal excitability that occurs at specific times
during the menstrual cycle, particularly in women with catamenial epilepsy. In fact, there is
evidence that catamenial epilepsy increases the risk of migraine.1® Vasodilation also may play
a role because vasodilation accompanies seizures, and vasodilation accompanies migraine.16
Estrogen may mediate vasodilation in this context because ERs exist on blood vessels, and
estrogen exposure induces vasodilation.’

Progesterone

Although the focus of this paper is on estrogen, it is important to recognize the potent actions
of progesterone in the brain. In some conditions, estrogen and progesterone act synergistically,
and, in other situations, it appears that progesterone counteracts effects of estrogen. For
example, progesterone downregulates ERs in some areas of the brain.18-21 Any discussion of
estrogen, therefore, must take into consideration the potential ways that estrogen and
progesterone interact.
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BDNF

As shown in Figure 1, progesterone levels rise during the luteal phase of the ovarian cycle in
women, which occurs after the preovulatory surge in estradiol. In rodents, the timing is more
rapid. After the estrogen surge on proestrous morning, which is analogous to the preovulatory
period, progesterone levels begin to rise and continue to increase in the afternoon and evening.
Although actions of estradiol and progesterone may seem independent, the actions initiated by
estradiol may be potentiated by the subsequent elevation of progesterone levels.2 However,
over a longer time scale, progesterone antagonizes estradiol action by at least 2 mechanisms:
first, progesterone antagonizes transcriptional responses to estradiol22; second, one of the
metabolites of progesterone, allopregnanolone, is a potent allosteric modulator of the y-
aminobutyric acid (GABA) receptor.23 Therefore, exposure to progesterone typically has
inhibitory effects on neurons. This action appears to oppose the potentiating effects of estrogen
on glutamatergic transmission.

In women, many of the changes that occur during the perimenstrual period that are related to
excitability or mood have been attributed to the decline in levels of progesterone and
allopregnanolone. This effect is often termed “progesterone withdrawal” and is used to explain
the increase in neuronal excitability that occurs at menses. The rapid decline in progesterone
levels also leads to a change in GABA receptor subunit composition, which decreases the
efficacy of GABA-receptor-mediated inhibition.”»2425

Although the evidence that progesterone withdrawal underlies perimenstrual changes in
excitability is compelling, its role in migraine seems less well established. In fact, reducing the
fall in progesterone levels at the end of the menstrual cycle does not appear to reduce menstrual
migraine.2® There appears to be more evidence that the fall in estrogen levels could have a role
in the perimenstrual period. One reason to suggest a role of estrogen is that levels of estrogen
fall at a similar time as the fall in progesterone levels during the perimenstrual period.
Therefore, at the end of the menstrual cycle, a decline in estradiol levels occurs that could lead
to an “estrogen withdrawal.” Clinical studies would suggest that interventions that blunt the
fall in serum estradiol levels during the perimenstrual period are effective in preventing
menstrual migraine.26-29 |t is also important to consider that target genes induced by estrogen
could have effects long after estrogen levels subside. One example is BDNF. Thus, the
preovulatory surge in estrogen could lead to a delayed elevation in BDNF levels that leads to
mid-cycle migraine, and the mid-luteal rise in estrogen levels could lead to elevated BDNF
levels during the perimenstrual period, possibly leading to menstrual migraine.

In 1995, it was shown that estrogen can induce BDNF expression via an estrogen-sensitive
response element on the BDNF gene.30 It was subsequently shown that BDNF mRNA levels
increase in many brain areas of ovariectomized rats treated with estradiol.39-32 These studies
suggested that BDNF might be a mediator of estrogen action.

BDNF is a member of the neurotrophin family, which includes nerve growth factor,
neurotrophin-3, and neurotrophin-4/5. All neurotrophins have potent actions at tropomyosin
receptor kinases (trk). BDNF binds with high specificity to trkB, and all neurotrophins bind to
p75 (Fig. 2).33 Both trkB and receptor p75 are coupled to an array of signal transduction
pathways.34-37 Although historically BDNF was studied in the context of development, more
recent studies have shown important actions in the adult CNS.38-41 In addition, studies of
neurological disorders and psychiatric illness indicate a potential role for BDNF in pathological
conditions.*2-51 For example, BDNF has been implicated in epilepsy.>°

Some of the most detailed studies of BDNF have used hippocampal neurons. BDNF potentiates
synaptic transmission in hippocampal area CA1, area CA3, and the dentate gyrus, and is critical
to the late phase of long-term potentiation.>2-54 In area CA3, BDNF potentiates a major
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glutamatergic input to pyramidal cells, the mossy fiber pathway.>1:55 Remarkably, BDNF
exposure leads to a predisposition for epileptiform activity in area CA3, because brief
stimulation of the mossy fibers activates repetitive synchronous firing of CA3 pyramidal cells
when BDNF is present or overexpressed.>1:5%:56 Spreading depression episodes often follow
a brief period of mossy fiber stimulation in the presence of BDNF (Fig. 3).51:55:56

Taken together, these studies suggest that estrogen might exert some of its actions on
excitability by inducing BDNF. This hypothesis was tested using immunocytochemistry in
sections of rats at different stages of the estrous cycle. First, it was confirmed that BDNF
expression increased in the hippocampus during the rodent estrous cycle as estradiol levels
increased. Animals were perfusion-fixed midmorning of proestrus, when serum estradiol
peaks, and compared with animals perfused at the same time of day at times of the estrous
cycle when serum estradiol is low (estrous and metestrous morning). BDNF protein levels were
high on proestrous morning, especially in the mossy fibers. BDNF levels remained elevated
through the morning of estrus and declined by the morning of metestrus (Fig. 4).%” These results
were replicated using ovariectomized rats that were treated with estradiol to simulate proestrous
morning.>8 These data suggest that estrogen leads to prolonged increases in BDNF that outlast
the serum rise in estradiol levels.

To address the physiologic ramifications of the immunocytochemical data, hippocampal slices
from proestrous and estrous females (ie, animals with high levels of mossy fiber BDNF) were
compared with those from metestrous or ovariectomized rats (ie, animals with lower levels of
mossy fiber BDNF). In addition, ovariectomized rats that were treated with estrogen to simulate
the preovulatory surge were compared with those treated with vehicle. Mossy fiber responses
of CA3 neurons in slices that were made from female rats at proestrous and estrous morning
demonstrated increased excitability (Fig. 3). The increased excitability was similar to what had
been reported for the effect of BDNF in area CA3 using male rats that had been perfused with
recombinant BDNF>1:55 or male transgenic mice that overexpressed BDNF.%6 The increased
excitability in area CA3 that was observed at proestrous and estrous morning was not detected
in slices from female rats at metestrous morning or ovariectomized rats.>’ Evoked responses
in area CALl also demonstrated increased excitability. Notably, when estradiol levels were
raised above normal physiologic levels at proestrous morning, epileptiform activity occurred
in area CA3 without any stimulation.>8

In summary, the data suggest that the preovulatory estrogen surge in the rat is followed by a
period of time when BDNF levels are elevated in the hippocampus, and excitability in the
hippocampus is increased. If this were to occur in women during the analogous time of the
ovarian cycle (ie, the periovulatory period), it might explain an increased incidence of seizures.
Migraine incidence might increase because of heightened excitability and, in addition, elevated
risk of spreading depression. Another reason that migraine incidence might increase could be
the fact that BDNF levels are increased in the trigeminal ganglion; BDNF levels may contribute
to the effects of calcitonin gene-related peptide in the trigeminal ganglion that promote
migraine.? In addition, others have shown that there are changes in the response to capsaicin
in the trigeminal nucleus caudalis and dorsal horn of C1-C3 during the proestrous and estrous
stages ofthe rat estrous cycle.50 These studies and others have led to the suggestion that BDNF
may lead to an increased response to glutamate in the trigeminal system, and this could be a
potential mechanism for changes in migraine that occur in response to ovarian hormones.11

As mentioned above, the rise in BDNF levels that is induced by estrogen appears to be long
lasting (Fig. 4),°7 suggesting that BDNF levels may remain elevated long after estrogen levels
subside. This is potentially important because it would lead to the prediction that estrogen
would increase BDNF levels during the perimenstrual period, as well as during the
periovulatory period (Fig. 5). High levels of BDNF could explain the increase in incidence of
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VEGF

seizures and migraine at these times of the ovarian cycle. The perimenstrual period might be
a time of highest risk because declining progesterone levels may also increase excitability, in
addition to the effects of BDNF (Fig. 5). Indeed, in catamenial epilepsy and migraine, more
women appear to report changes in their seizures or migraine at the perimenstrual time of the
cycle.6:61

VEGEF is a growth factor that is known to control angiogenesis and vascular permeability in
the peripheral vasculature. Figure 2 diagrams the known members of the VEGF family and

their receptors and shows the potential signaling pathways activated by VEGF receptors.33:
62,63

Although less is known about VEGF in the brain than in the peripheral vasculature, a very
important action has been identified: VEGF is neuroprotective. VEGF protects motor neurons
and has been suggested to play a critical neuroprotective role in slowing down the neuronal
degenerative process in amyotrophic lateral sclerosis.54-66 VEGF also is neuroprotective in
experimental ischemia®”-69 and in models of seizure-induced neuronal damage.’°

VEGF also inhibits synaptic transmission. This action appears to be common for the
hippocampus and brainstem?2:72 and appears to be mediated by VEGF receptors on glia.” The
effect on synaptic transmission may explain why VEGF blocks epileptiform activity in animals
with recurrent seizures.’! Reducing glutamatergic transmission may also contribute to the
neuroprotective effects of VEGF.”3

In 2000, Hyder and colleagues reported an estrogen-sensitive response element on the gene
for VEGF."* Taken together with the previously discussed studies and the reports that estrogen
is protective by interactions with glia’® and the vasculature,1” the neuroprotective effects of
estrogen could be due to its induction of VEGF. Thus, estrogen may induce VEGF synthesis,
and VEGF would then bind to VEGF receptors on glia. VEGF would presumably inhibit
neurotransmission and possibly have other effects that would be protective. VEGF would also
bind to the vasculature, leading to vasodilation. Therefore, estrogen-induced vasodilation!’
may also be mediated by VEGF. If vasodilation mediated by VEGF does occur, then actions
of VEGF might improve seizure control; one would predict, however, that migraine risk would
increase because VEGF-induced vasodilation and consequent plasma protein extravasation
would be expected to increase the risk of migraine.16

Consideration of the induction of BDNF and VEGF synthesis by estrogen leads to several
questions. If estrogen induces both BDNF and VEGF, why would seizure susceptibility
increase during the periovulatory period after estrogen levels rise? One might expect BDNF
and VEGEF effects to oppose one another with respect to seizures. A possible explanation is
that BDNF exerts a dominant effect because it is elevated for a longer time than is VEGF. This
would seem likely given that the time course of expression of BDNF seems prolonged, as
previously discussed. In contrast, one might expect VEGF levels or the effects of VEGF to
rapidly return to normal after its induction by estrogen, because it appears to be primarily bound
to glial receptors,’ rather than residing within neurons or glia.

Another question relates to the reports that estrogen therapy improves migraine. How could
this be the case if estrogen induces both BDNF and VEGF, and both BDNF and VEGF seem
to promote migraine? One possibility is that estrogen administration would acutely increase
levels of these growth factors, but, afterward, it would improve migraine because BDNF
induces a potent vasoconstrictor, NPY. After a few days, therefore, estrogen therapy may
provide relief from migraine because of increased levels of NPY.
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NPY

NPY is a ligand for 5 receptors, with diverse expression in the CNS and periphery (Fig. 2). In
the hippocampus, NPY has been shown to act on Y1 and Y2 receptors.’® Notably, NPY is
synthesized in the same pathway that also produces BDNF, the mossy fiber pathway.’6 In
addition, NPY acts to inhibit glutamate release from mossy fibers.”® Therefore, NPY seems to
be in an ideal position to antagonize effects of BDNF. Moreover, NPY is expressed in
GABAergic neurons of the hippocampus, which innervate other glutamatergic afferents and
inhibit glutamate release from those inputs.”®:77 Therefore, NPY can inhibit other
glutamatergic pathways that are potentiated by BDNF. Use of several complementary
approaches, such as viral vector delivery, infusion, and transgenic mice, has shown that NPY
has both anticonvulsant and neuroprotective effects.’8-80

During the estrous cycle, the hippocampal interneurons that synthesize NPY increase their
protein levels.81 Itis likely that the same is true in the trigeminal ganglion because NPY mRNA
levels are elevated in the trigeminal ganglion at estrus.82 Although protein content was not
evaluated in the same experiments, one would predict that a rise in NPY protein levels would
follow a rise in NPY mRNA levels, leading to elevated NPY protein levels at diestrus. Taken
together, it appears that NPY protein levels are lowest during the times of the cycle when
seizure and migraine risk is high. This may occur because estrogen induces BDNF on proestrus,
BDNF then induces NPY, and NPY levels ultimately rise after that time, which would be late
on estrus and during diestrus. Estrogen, therefore, may not normally induce NPY fast enough
to antagonize the effects of BDNF and VEGF (Fig. 5). This hypothesis could explain why
estrogen therapy for several days in a row would improve migraine. In addition, it may explain
the efficacy of triptans in women with migraine because the vasoconstriction induced by these
drugs would compensate for the lack of endogenous NPY during the periovulatory and
perimenstrual time periods (Fig. 5).

Conclusions

To completely understand the effects of estrogen, it is suggested that estrogen—growth factor
interactions need to be considered. In addition, the time course of growth factor induction in
response to estrogen seems particularly important. For example, although estrogen levels surge
and fall rapidly during the preovulatory period, it appears to initiate an increase in growth factor
expression that continues long after estrogen levels subside. It is also important to consider
that induction of one growth factor may not follow a similar time course to that of another
growth factor. In the case of BDNF, protein elevation appears persistent; in the case of VEGF,
however, protein elevation may be transient. Estrogen and BDNF also induce neuropeptide
expression, such as NPY. NPY is potentially important because of its neuroprotective and
anticonvulsant effects, and its influence throughout the periphery. We propose that a detailed
understanding of the time-dependent induction of growth factors and peptides by estrogen will
help explain changes in brain function during the ovarian cycle.

There is potential to use this framework to develop new therapeutic strategies for patients.
Decreasing levels of BDNF or antagonists of trkB during the periovulatory or perimenstrual
period may improve symptoms. Inducing NPY could improve seizure and migraine control.
Ultimately, the receptors and signaling mechanisms associated with estrogen—BDNF, VEGF,
and NPY—may provide new targets for drug development for epilepsy and migraine, and
possibly for other clinical conditions as well.
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BDNF

brain-derived neurotrophic factor
VEGF

vascular endothelial growth factor
NPY

neuropeptide Y
ER

estrogen receptor
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GABAp

y-aminobutyric acid A
trk

tropomyosin receptor kinase
trkB

tropomyosin receptor kinases B
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Fig 1.

The ovarian cycle in women (the menstrual cycle) and rodents (the estrous cycle). (A) In
women, the menstrual cycle is 28 days. The serum levels of estradiol, progesterone, luteinizing
hormone (LH), and follicle-stimulating hormone (FSH) are plotted as a function of the time
during the cycle. (B) The estrous cycle in the rodent is 4 days. The time when estrogen levels
surge before ovulation is the morning of proestrus (Pro). That afternoon and evening,
progesterone levels begin to rise and then fall just before the morning of the next day, the day
of estrus (Est). The subsequent 2 days are collectively termed “diestrus” and begin with diestrus
1 (also called “metestrus” [Met]), followed by diestrus 2 (Di2). Adapted with permission from
Scharfman HE & MacLusky NJ (2006).3
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Fig 2.

Receptors for estrogen, BDNF, VEGF, and NPY. Estrogen receptors are associated with the
membrane (membrane receptors, mr) or are cytoplasmic (ERa, ERB). ProBDNF and BDNF
can bind to p75 as well as full-length trkB (trkB) or truncated trkB (trkBTK-). BDNF induces
NPY by trkB activation, and NPY binds to 5 receptor subtypes. VEGF signaling is mediated
by 5 receptors, VEGFR1, VEGFR2, and VEGFR3 and neuropilin (NRP)-1 and NRP-2. VEGF
isoforms include VEGFA through VEGFE. BDNF, brain-derived neurotrophic factor; VEGF,
vascular endothelial growth factor; NPY, neuropeptide Y. Adapted with permission from Cross
MJ et al (2003).33
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Fig 3.

Mossy fiber transmission increases in response to brain-derived neurotrophic factor (BDNF)
and estrogen. (A) The mossy fibers were stimulated at 1 Hz in the presence of recombinant
BDNF, and spreading depression occurred in area CA3. The response to the first 3 stimulus
pairs is shown on the right, illustrating that repetitive population spikes were induced by the
stimulation. Reprinted with permission from Scharfman HE (1997).5° (B) In slices from rats
on proestrous morning or estrous morning, similar effects as those with BDNF exposure
occurred when mossy fibers were stimulated; however, BDNF was not added. Adapted with
permission from Scharfman HE et al (2003).57 (C) In slices from rats that were ovariectomized
and treated with estradiol to simulate proestrus morning, the results were similar to those
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obtained from rat slices exposed to BDNF. Adapted with permission from Scharfman HE et
al (2007).58
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Fig 4.

Brain-derived neurotrophic factor (BDNF) expression increases in hippocampus in response
to estrogen. (Top) Animals were compared after perfusion either midmorning of proestrus,
estrus, or metestrus, and BDNF levels were elevated in mossy fibers (MF) on proestrus and
estrus. (Bottom) Another comparison was made between ovariectomized animals treated with
vehicle or 3 injections of estradiol to simulate the preovulatory surge of estrogen in the rat
(simulated proestrous morning). BDNF levels increased after estrogen, similar to those in the
intact rat. Reprinted with permission from Scharfman HE et al (2003).57
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Modulation of excitability during the ovarian cycle by neuromodulators induced by estrogen.
(A and B) A hypothesis for the changes in excitability and, possibly, migraine risk that occur
during the ovarian cycle of the rodent (A) and woman (B). Increased excitability and migraine
risk (yellow bars) may develop because brain-derived neurotrophic factor (BDNF; green) is
induced by estrogen (blue; see text for further discussion and references). Progesterone (red)
may dampen excitability induced by BDNF during times of the ovarian cycle when
progesterone levels rise, such as during the luteal phase. It is notable that, at least in the rodent,
the rise in BDNF levels that occurs in response to estrogen appears to be long lasting, because
this would explain an increase in excitability just after the preovulatory estrogen surge and the
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mid-luteal rise in estrogen levels, when migraine risk appears to increase. (C) Levels of
inhibitory modulators such as vascular endothelial growth factor (VEGF; orange) and
neuropeptide Y (NPY;; black) are also induced by estrogen (see text for discussion and
references), leading to decreased excitability at specific times of the ovarian cycle. Together,
this pattern of hormone and neuromodulator secretion and expression can account for the times
of the ovarian cycle when migraine risk increases. For simplicity, the hypothesis is illustrated
only for the rodent estrous cycle.
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