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1. INTRODUCTION:  

2. KEYWORDS: 

3. ACCOMPLISHMENTS:  

What were the major goals of the project?

The application of nasal application of oxytocin in rats demonstrating chronic head pain following induction of 
TBI decreases the animal’s pain state and improves their performance in a test of depression behaviors. The 
aim of the experiments is to determine whether an induced increase in estrogen levels will enhance the 
inhibitory effect of OT on trigeminal neurons and pain behavioral sequelae to TBI in rats.   To achieve this, we 
are first examining the effects of pretreatment of rats with estrogen on the analgesic efficacy of nasal OT in 
post-TBI rats.  We are also aim performing patch-clamp electrophysiological studies of the effects of OT + or - 
estrogen pretreatment of rats and also.  Positive results of this project would likely provide important 
information as to the optimal approach to the use of nasal oxytocin for alleviation of chronic migraine-like 
headache and depression secondary to TBI for both male and female warfighters and veterans.

Traumatic brain injury, TBI, Post-traumatic headache, gender, hormones, sex

Aim 1: Groups of 11 male or female rats will be given 4 daily injections of 1 of 3 different doses of estradiol 
benzoate (EB) or vehicle, following which rats will be subjected to controlled traumatic brain injury.  (significant
delays resulted from Covid-19 pandemic)
• IACUC and ACURO protocol approval achieved  (04/2021)
• Recruitment of postdoc  (9/2021)
• Construction of TBI device (10/2021)
• Baseline TBI and facial mechanical pain sensitivity initiated (02/2022)
• Subcutaneously injection of estradiol for 4 days/facial sensitivity reassessed  not started
• Results will be statistically analyzed  not started
Aim 2: Patch-clamp electrophysiological recordings of effects of oxytocin on trigeminal ganglia neurons from
TBI injured rats with or without daily treatment with estradiol.
• Rats euthanized after daily dosing with vehicle of estradiol for 4 days.  not started
• TG neurons extracted and assessed using current clamp electrophysiology  baseline begun
• 10 ug/ml oxytocin (OT) will be added to the media and the excitability reassessed not started
• Results will be statistically analyzed  not started



What was accomplished under these goals?

What opportunities for training and professional development has the project 
provided?   

Not surprisingly, the Covid Pandemic significantly slowed progress on this project.  Despite
this, we did accomplish several components of the study.  The early work included IACUC and 
ACURO protocol approval and onboarding postdoc (letter in appendix).  In addition, we 
constructed the TBI equipment and demonstrated the capacity of induction of post-TBI craniofacial 
allodynia as well as the analgesic impact of intranasal oxytocin on this allodynia (Fig 1).  Similarly, 
we have demonstrated the capacity to record from freshly excised trigeminal ganglia neurons from 
female rats (we had always used males in the past) as well as the impact of oxytocin on the 
excitability of these neurons. (Figure 2).  

This project provided training opportunities for Dr. Vimala Bharadwaj, a new postdoc in the lab.  Dr.
Bharadwaj gained greater proficiency in protocol preparation, manuscript preparation, device 
construction, behavioral testing, and electrophysiology.  All of these things will serve her well in her 
goal to become an academic scientist.



How were the results disseminated to communities of interest?   

4. IMPACT: 

What was the impact on the development of the principal discipline(s) of the 
project?

Literature research performed for this project, combined with our own laboratory work enabled us to 
prepare and publish a manuscript around a theory of menstrual migraine (PMID: 34125955), which 
discusses the critical nature of estrogen levels in a related headache disorder.  We were able to 
conduct this research and publication while unable to use the laboratory facilities due to Covid 
restrictions at Stanford.

What do you plan to do during the next reporting period to accomplish the
goals?  

We plan to begin behavioral testing of post-TBI male and female rats following daily injections of 
estradiol as well as investigations in to the impact of this estrogen treatment on the analgesic effect of 
intranasal oxytocin.  We also will begin electrophysiological recordings of TGs from post-TBI male and 
female rats to determine the impact of estrogen on the decrease in neuronal excitability induced by 
oxytocin.



What was the impact on other disciplines?   

What was the impact on technology transfer?   

At this point, the only impactful development that is the result of funding from this grant is our publication of 
a position paper (attached in the appendix) around our novel theory of the pathogenesis of menstrual 
migraine.  This paper posits that menstrual migraine is caused by a decrease in activity at oxytocin 
receptors on trigeminal neurons.  Oxytocin attenuates the excitability of these pain conveying neurons and 
so decreases in oxytocin receptor expression and oxytocin levels will disinhibit these neurons allowing 
migraine triggers to cause headaches.  Estrogen both increases oxytocin levels and oxytocin receptor 
levels.  Thus, when estrogen levels drop during menstruation, this increases TG excitability, allowing 
headaches to be triggered 

The above described paper has the potential to affect how physicians treat menstrual migraine

Nothing to Report



What was the impact on society beyond science and technology?

5. CHANGES/PROBLEMS: 

Changes in approach and reasons for change 
Describe  any  changes  in  approach  during  the  reporting  period  and  reasons  for  these  changes.
Remember that significant changes in objectives and scope require prior approval of the agency.

Again, the only result of note so far is the paper we were able to publish as the result of the funding as 
well as the restrictions placed on us by Covid.  This paper has the potential to impact patients with 
persistent headache, including menstrual migraine.  If the results of the laboratory work pan out, this 
could lead to the clinical implementation of oxytocin treatment for post-TBI headache.

Nothing to Report



Actual or anticipated problems or delays and actions or plans to resolve them 

Changes that had a significant impact on expenditures

Significant changes in use or care of human subjects, vertebrate animals, 
biohazards, and/or select agents

Significant changes in use or care of human subjects

The cause of the delays, so far, have been related to the Covid Pandemic.  These continue to some degree
but are, at least for now, mainly mitigated.

Because of the delays in laboratory work caused by the pandemic, the costs of the project are projected to 
be beyond the original budget as the personnel costs were continuing despite our inability to perform 
experiments.



Significant changes in use or care of vertebrate animals

Significant changes in use of biohazards and/or select agents

6. PRODUCTS: 

� Publications, conference papers, and presentations   

Journal  publications.    

Nothing to Report

Nothing to Report

Nothing to Report



Books  or  other  non-periodical,  one-time  publications.

Other publications, conference papers and presentations . 

Published:
A new hypothesis linking oxytocin to menstrual migraine.
Bharadwaj VN, Porreca F, Cowan RP, Kori S, Silberstein SD, Yeomans DC.
Headache. 2021 Jul;61(7):1051-1059. 
Support of this grant acknowedged

Nothing to Report

Nothing to Report



� Website(s) or other Internet site(s)

� Technologies or techniques

� Inventions, patent applications, and/or licenses

Nothing to Report

Nothing to Report

Nothing to Report



� Other Products  

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Nothing to Report
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senior/key personnel since the last reporting period? 
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INTRODUC TION

Migraine disproportionately affects women.1 There is little sex dif-
ference in migraine prevalence before puberty; yet after puberty, 

women are two to three times more likely to experience from mi-
graine compared with men.2 In many women, migraine attacks are 
associated with the menstrual cycle, a condition termed menstrual-
related migraine (MRM). Approximately 42%–70% of female patients 
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A new hypothesis linking oxytocin to menstrual migraine
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Abstract
Objective: To highlight the emerging understanding of oxytocin (OT) and oxytocin 
receptors (OTRs) in modulating menstrual-related migraine (MRM).
Background: MRM is highly debilitating and less responsive to therapy, and attacks 
are of longer duration than nonmenstrually related migraine. A clear understanding of 
the mechanisms underlying MRM is lacking.
Methods: We present a narrative literature review on the developing understanding 
of the role of OT and the OTR in MRM. Literature on MRM on PubMed/MEDLINE 
database including clinical trials and basic science publications was reviewed using 
specific keywords.
Results: OT is a cyclically released hypothalamic hormone/neurotransmitter that 
binds to the OTR resulting in inhibition of trigeminal neuronal excitability that can 
promote migraine pain including that of MRM. Estrogen regulates OT release as well 
as expression of the OTR. Coincident with menstruation, levels of both estrogen and 
OT decrease. Additionally, other serum biochemical factors, including magnesium and 
cholesterol, which positively modulate the affinity of OT for OTRs, both decrease 
during menstruation. Thus, during menstruation, multiple menstrually associated fac-
tors may lead to decreased circulating OT levels, decreased OT affinity for OTR, and 
decreased expression of the trigeminal OTR. Consistent with the view of migraine 
as a threshold disorder, these events may collectively result in decreased inhibition 
promoting lower thresholds for activation of meningeal trigeminal nociceptors and 
increasing the likelihood of an MRM attack.
Conclusion: Trigeminal OTR may thus be a novel target for the development of MRM 
therapeutics.
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estrogen, magnesium, menstrual migraine, oxytocin, oxytocin receptor, therapeutics
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report a worsening of migraine headaches during perimenstrual time 
periods.3–7 MRM is more severe and incapacitating with higher fre-
quency compared with nonmenstrual migraine.8,9 Moreover, MRM 
attacks have a longer duration and are more difficult to treat than 
nonmenstrual attacks.2,5,9 Therefore, it is critical to understand the 
unique underlying pathogenesis peculiar to MRM and to develop 
therapies to manage this debilitating type of migraine.

The pathogenic relationship between menstruation and migraine 
has been the subject of much research but remains unclear. The es-
trogen withdrawal theory postulates that a drop in estrogen is the 
cause of migraine attacks in vulnerable women.10 A decrease in es-
trogen is often strongly linked with factors that also likely contrib-
ute to MRM. For example, menstruation has been associated with a 
decrease in circulating magnesium that temporally coincides with an 
MRM attack,11 and ionized magnesium blood levels were found to 
be significantly lower in MRM attacks compared with non-MRM at-
tacks in MRM patients.12 Magnesium infusion is abortive in migraine, 
and magnesium supplementation can be prophylactic for MRM,13–15 
but the mechanism by which these effects occur is not known.

Uncertainties such as these suggest the need for a unitary 
theory that integrates knowledge of physiological mechanisms 
underlying MRM more broadly. We propose that the actions of 
oxytocin (OT) on trigeminal oxytocin receptors (OTRs) may help 
to unify numerous apparently disparate observations. Clinical16–18 
and preclinical studies strongly support an antinociceptive role 
of OT in the trigeminal pain system16,19,20 as well as in the spinal 
cord.21,22 OT has been reported to directly inhibit neuronal excit-
ability of cells in the trigeminal ganglion (TG) and to elicit a robust 
inhibition of nociceptive responses in the trigeminal nucleus cau-
dalis (TNC).16,20 Therefore, we hypothesize that decreased tonic 
OT/OTR activity in the perimenstrual period may lower thresh-
olds for activation of trigeminal nociceptive afferents and thus in-
crease the probability of a pain attack. In this review, we suggest 
that, coincident with menstruation, there are changes in multiple 
factors that can affect trigeminal OTR activity and thus neuronal 
excitability, increasing the likelihood of and perhaps dictating a 
migraine attack.

We first discuss the estrogen withdrawal and magnesium de-
ficiency theories with their respective limitations and propose a 
theory related to OT for MRM pathogenesis. We also consider the 
interaction of OT and the OTR, key clinical observations of OT 
treatment in migraine, and how the mechanism of action of OT in 
pain modulation may play an important role in promoting MRM. 
Finally, the therapeutic implications of the proposed OT theory 
are discussed.

METHOD

We reviewed the literature on MRM on PubMed/MEDLINE data-
base including clinical trials and basic science publications. Inclusion 
criteria were based on key search items, “pathophysiology of men-
strual migraine,” “pathogenesis of menstrual migraine,” “therapeutics 

and menstrual migraine,” “estrogen withdrawal,” “magnesium and 
migraine,” “oxytocin,” “oxytocin receptors,” “oxytocin and intranasal 
delivery,” “oxytocin and migraine,” “blood serum levels and men-
strual cycle,” and “blood serum levels and migraine.” The authors re-
viewed the citations from review papers involving MRM and OTRs. 
The final reference list was generated based on relevance to the top-
ics covered in this review.

ESTROGEN WITHDR AWAL THEORY

The estrogen withdrawal theory for MRM, first described over 
45  years ago, proposed that the decline in estrogen levels during 
the late luteal phase could trigger a migraine attack.10 In this report, 
women who had MRM and were given estradiol treatment had a 
delay in their migraine attacks until the level of estradiol dropped 
once more to pretreatment levels.10 Studies from the same group 
suggested that a period of estrogen “priming” with several days 
of high estrogen level exposure is a necessary precursor for MRM 
that resulted from estrogen “withdrawal.”23,24 Other clinical stud-
ies25–28 have supported the conclusion that decreased levels of es-
trogen increase susceptibility for MRM attacks.12

The reason fluctuations in estrogen can promote MRM remains 
uncertain. Estrogen withdrawal has been hypothesized to lead to 
multiple pronociceptive sequelae including the sensitization of 
the trigeminal system, modulation of neurotransmitter systems, 
increased synthesis of neuropeptides, and altered reactivity of 
microglia.13,29 Nonetheless, periods of high estrogen appear to in-
crease neuronal excitability and decrease the threshold for spread-
ing depression30 and sometimes are associated with increased 
incidence of migraine with aura.23 Furthermore, estrogen has been 
used as a therapy to prevent migraine attacks.24 These paradoxical 
observations suggest that the effect of estrogen on migraine is com-
plex and multifaceted.30 One possibility is that the rapid decrease, 
rather than absolute estrogen levels, is the critical factor contribut-
ing to MRM. Additionally, the fluctuation of other factors over the 
menstrual cycle may also play important roles in MRM pathogenesis. 
Herein, we suggest that a key hormonal factor in the pathogenesis 
of MRM attack is OT/OTR activity, which is modulated by estrogen 
level but is also dependent on other factors that vary over the men-
strual cycle.

MAGNESIUM DEFICIENCY

Magnesium (Mg2+) is an essential metallic cation that plays an impor-
tant role in numerous cellular functions including the maintenance of 
neuronal transmembrane electric potentials. Mg2+ serum concentra-
tion has been identified to be an independent risk factor in migraine, 
and patients have their lowest serum levels of Mg2+ during migraine 
attacks.31 In fact, the odds of acute migraine headache attack is in-
creased 35-fold when serum levels of Mg2+ drop below normal lev-
els.31 Critically, menstruation has been associated with a decrease 
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in circulating Mg2+11 with the timing of this decrease coinciding with 
MRM attack. In MRM patients, intracellular Mg2+ levels in cells iso-
lated from blood samples were significantly reduced compared with 
controls, and the levels were reported to exhibit an inverse relation-
ship with duration and intensity of migraine attacks.32 The incidence 
of Mg2+ deficiency was reported to be 45% during menstrual attacks 
and 14% during menstruation without migraine.12 The possible con-
tribution of Mg2+ in migraine is supported by reductions in MRM 
attack frequency with oral magnesium supplementation12,32 as well 
as by the efficacy of magnesium infusion in terminating status mi-
grainosus attacks.33  Taken together, these clinical studies provide 
presumptive evidence that deficiency of Mg2+ plays a role in MRM.

Mg2+ deficiency may contribute to migraine attacks in multiple 
ways including regulation of calcium ion influx, serotonin receptor 
activity, platelet aggregation, cerebrovascular tone, and release of 
nitric oxide and inflammatory mediators such as neuropeptides, 
substance P, and cytokines.14,34 These broad neurovascular, neuro-
peptide, and transmitter actions of Mg2+ clearly overlap with known 
migraine pathogenesis.14,34,35  Nevertheless, a direct link between 
Mg2+ deficiency and MRM is yet to be demonstrated. Herein, we 
suggest that Mg2+ deficiency is a critical factor in modulating OT/
OTR signaling that leads to an increased likelihood of MRM.

OX Y TOCIN THEORY

Understanding migraine as a threshold disorder36  suggests that 
reduction in inhibitory tone may increase the likelihood of future 
attacks. OT is a nonapeptide synthesized in the supraoptic and para-
ventricular nuclei (PVN) and accessory magnocellular nuclei of the 
hypothalamus.37,38  The axon terminals of these cells promote the 
secretion of OT into the bloodstream from the posterior pituitary.39 
OT cells in the PVN also project throughout the central nervous sys-
tem (CNS) including the amygdala, the striatum, and the superficial 
and deep lamina of the dorsal horn.40–42 OT binds to OTRs that are 
widely localized in the different brain (neuronal and glial cells) and 
spinal cord regions as well as on peripheral tissues such as the uterus 
and breast.43,44 Of key importance for the OT/MRM theory is the in-
hibitory effect on pain and nociception.43,45–47 The robust analgesic 
effect of OT/OTR binding appears to occur via a potassium channel/
nitric oxide/KATP pathway.45

Key clinical observation of OT in migraine

OT levels are lowest at days −2 to +3 of the menstrual cycle, the 
same time period associated with low estrogen levels and in which 
MRM attacks occur.48,49 There is substantial correlative and direct 
evidence showing that OT can modulate migraine headache.18,50–52 
For instance, over the course of pregnancy, the levels of circulating 
OT increase,50 and over the same period, the frequency of head-
aches decreases.51 Likewise, women who breastfeed versus bottle-
feed their babies have higher OT,52 and migraine recurrence rates 

are lower in the breastfeeding group.51 Furthermore, intranasal OT 
was shown to relieve headaches in patients in a dose-dependent 
manner.18 A recent 40-patient pilot study showed analgesic efficacy 
of intranasal OT in chronic migraine headache patients but not in 
low-frequency episodic migraine.16 Although the study did not meet 
its primary endpoint of significant pain reduction versus placebo at 
2 h postdosing, a significant difference in pain relief was observed 
by 4 h after dosing in chronic migraine patients.16 Interestingly, post 
hoc findings demonstrated that patients who had taken nonsteroi-
dal anti-inflammatory drugs within 24 h were less likely to show OT 
analgesic efficacy.16 One plausible theory for this observation is that 
inflammation can traffic the OTR to the membrane16,53 allowing for 
increased efficacy of intranasal OT. A follow-on open-label study in 
patients with chronic and high-frequency episodic migraine showed 
that intranasal OT significantly reduced both the pain and the fre-
quency of headache.16 Although this study suffered from a very high 
placebo rate of response (74%), intranasal OT induced a striking de-
crease in frequency from baseline with an average of 14.1 headache 
days to an average of 5.9 headache days during treatment.16 In total, 
these clinical studies provide presumptive evidence showing that OT 
can attenuate migraine pain in patients.

MECHANISM OF AC TION OF OX Y TOCIN IN 
PAIN MODUL ATION

Activation of the trigeminovascular system is essential for migraine 
pain. Thus, the excitability of this system contributes to the prob-
ability of a migraine attack.35,54 OT, binding to trigeminal OTR, de-
creases the excitability of these trigeminal neurons in rodents46 and 
so could contribute to decreased probability of a migraine attack. 
In humans and animals, OT and OTR expression have been demon-
strated in the TG and the brain.19,20,40,46,55 Immunoreactivity of OT 
and OTR protein expression was significantly localized to calcitonin 
gene-related peptide (CGRP) positive and myelinated Aδ sensory 
neurons and fibers in the TG as well as in trigeminal satellite glial 
cells.20,56  The CNS OTR has been demonstrated in areas known 
to be critical to migraine pathogenesis.56 Distribution of [125I]-OT 
using tissue counts and autoradiography after intranasal adminis-
tration to rodents showed strong localization of OT label in the TG 
and in all three branches of the trigeminal nerve as well as in brain 
regions known to be rich in OTR,20 including areas of the CNS as-
sociated with migraine, including the pons, medulla (particularly the 
dorsal horn of nucleus caudalis), hippocampus, thalamus, and mid-
brain.16 Taken together, OTR distribution and distribution of OT fol-
lowing nasal application provide a substrate for OT actions on both 
peripheral and central mechanisms of migraine.

OT, acting at OTR, can have analgesic effects through multi-
ple possible mechanisms (see Dussor et al.57 for a review). There is 
strong evidence for direct inhibitory effects of OT on primary affer-
ent nociceptors.20,57,58 OT can act at OTR to hyperpolarize nocicep-
tors and desensitize signaling at OTR particularly after inflammatory 
injury.22,46 Relevant to migraine, activation of OTR by OT blocks 
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CGRP release from dural afferents in animals following induction of 
inflammation.20 Furthermore, a vast majority of OTR immunoreac-
tive neurons in the rat co-express CGRP following inflammation.25 
Interestingly, TG from noninflamed rats does not show inhibition of 
CGRP release by OT nor show CGRP/OTR colocalization, a finding 
that is consistent with the known upregulation of OTR and CGRP in 
the TG by inflammation.20,59 The nociceptive response to the release 
of inflammatory cytokines is also thought to be a key component of 
migraine pathophysiology.60 The same rapid upregulation of OTR is 
critical in uterine contraction and is thought to be driven primarily by 
interleukin-6 (IL-6), for which there are three response elements on 
the human OTR gene.61,62

OT can also influence pain through central actions within the TNC. 
Single-cell responses in the TNC of rats following noxious facial elec-
trical shock were reduced by more than half by 10 min and by more 
than 90% by 45 min after intranasal OT administration.16 Moreover, 
in a migraine rodent model of nitroglycerin infusion, increased c-Fos 
expression in TNC neurons was significantly reduced after intranasal 
OT treatment.16 Additionally, topical spinal microinjection of OT dose 
dependently inhibited peripherally evoked activity (V1, ophthalmic) 
nociceptive transmission in the TNC47 that was blocked by pretreat-
ment with the selective OTR antagonist.47 Taken together, these in 
vivo preclinical studies demonstrate that activation of central TNC 
neurons is reduced by exogenously applied OT, suggesting the role 
of OT in pain modulation by influences at the level of the TG and/or 
the TNC and point to a potential therapeutic direction. Other addi-
tional mechanisms by which OT/OTR may produce analgesic actions 
include postsynaptic effects of OT released from PVN projections 
to the spinal/trigeminal dorsal horn to inhibit nociception57,63 and 

potential activation and desensitization of the transient receptor po-
tential cation channel subfamily V member 1 channel.57,64

MODUL ATION OF OT/OTR AC TIVIT Y IN 
MIGR AINE

Several endogenous factors can, therefore, modulate trigeminal pain 
including endogenous OT levels, Mg2+, estrogen, sodium ion (Na+), 
cholesterol, and IL-6. Increased likelihood of a MRM attack can re-
sult from modulation of (a) endogenous OT levels, (b) OT affinity for 
the OTR, and (c) the expression of OTR; all of these occur during 
menstruation. Figure 1 is a concatenation of serial levels of OT, es-
trogen, Mg2+, Na+, estrogen, cholesterol, and IL-6 over the menstrual 
cycle that are extracted from published sources.11,65–68

Local or circulating OT levels

OT levels vary over the menstrual cycle and are lowest at days −2 to 
+3 of the cycle67—the same time period during which MRM attacks
occur. What precipitates this drop? During the menstrual cycle,
estrogen drops approximately at the same time as OT drops.65,67

Estrogen can stimulate both OT synthesis69 and its release in the
systemic circulation70,71 and CNS structures.72,73 Thus, the drop in
OT during menstruation may be driven, at least in part, by drop-
ping levels of estrogen. Figure 2A illustrates this diagrammatically:
decreases in estrogen levels may result in lower OT levels and de-
creasing OTR activity at trigeminal and other migraine-associated

F I G U R E  1  Composite illustration extracted from multiple literature sources showing measured and calculated fluctuation of the serum 
levels of OT, estrogen, Mg2+, IL-6, cholesterol, and Na+ level during normal menstrual cycle11,65–68 
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neurons. Thus, the drop in estrogen during the menstrual cycle can 
increase the likelihood of a painful MRM attack. Future studies are 
needed to co-serially sample the levels of OT and estrogen in MRM 
patients. A strong positive correlation, particularly if the order of 
change could be established, would lend credence to the idea that 
estrogen levels can modulate OT levels and thus trigeminal OTR 
tone and nociceptive activity.

Modulation of OT affinity for OTR

The affinity of OT for its receptor is highly variable depending on 
the biochemical milieu in which the receptor exists (see Figure 2B). 
OTR affinity is positively allosterically modulated by Mg2+ (up to 
1500-fold).74 The local level of Mg2+ may, therefore, be involved in 
the regulation of OT-mediated signaling functions.74,75 The OTR ex-
ists in both a high- and a low-affinity conformation; Mg2+ interacts 
with the ligand-binding site of OTR to stabilize the conformation 
favoring high affinity and specific binding of agonists74,75 and can, 

in addition, increase the binding capacity of OTR.76 Mg2+ levels are 
normally their highest during the mid-luteal phase of menstruation, 
falling just before the menstrual period (Figure  1).11,77  Thus, ele-
vated levels of Mg2+ can increase the affinity of available OT at OTR 
in TG and TNC neurons. However, women who experience MRM 
show lower levels of Mg2+ overall and an additional drop in Mg2+ 
during migraine attacks.12,78 A drop in Mg2+, which is associated 
with migraine in general31 and MRM12,32 in particular, should de-
crease the activity of endogenous OT. Consequently, the tonic inhi-
bition of trigeminal and other OTR+neurons promote an increase in 
the likelihood of MRM attack (see Figure 2B). Thus, the low level of 
Mg2+ in women with MRM may be a precipitating factor in inducing 
their headaches. As mentioned above, magnesium supplementation 
is effective in decreasing the frequency of MRM attacks, supporting 
the idea that levels of this electrolyte are critical in the pathogenesis 
of MRM.32

To exist in a high-affinity state, OTR requires at least two 
factors, namely a divalent metal cation such as Mg2+ and a high-
cholesterol environment.76 In fact, depending on the presence of 

F I G U R E  2  (A) Estrogen leads to increased OT levels thereby reducing excitability of the trigeminal pain system. The drop in OT 
during menstruation may be driven, at least in part, by the drop in estrogen. (B) Na+ may lead to decrease in OTR-OT affinity and thereby 
increase excitability of the trigeminal pain system. Mg2+ and cholesterol increase in OTR-OT affinity and thereby reduce excitability of the 
trigeminal pain system. High levels of Na+ and low levels of Mg2+ and cholesterol can contribute to the probability of onset of MRM attack 
by modulating OTR affinity for OT in the trigeminal pain pathway. (C) IL-6 and estrogen both increase OTR expression. Decreased IL-6 and 
estrogen levels during menstruation could decrease OTR expression, reducing the inhibitory effect of OT on trigeminal excitability and thus 
increasing the likelihood of painful MRM attacks. Created with BioRe​nder.com 

http://BioRender.com
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these factors, the receptor can reversibly change its conformation 
from low affinity (Kd ∼ 100 nM) to high affinity (Kd ∼ 1 nM) and vice 
versa76 for OT. In the presence of Mg, cholesterol binding to its spe-
cific domain in the OTR causes a conformational change that both 
increases the affinity of OT for the OTR and stabilizes the receptor 
against proteolytical degradation.79 Cholesterol (total cholesterol 
and low-density lipoprotein) levels are highest during the follicular 
phase and decline during the luteal phase reaching the lowest lev-
els just before menstruation68,80 corresponding to times associated 
with MRM attacks (see Figure 2B). Although some studies show el-
evated overall cholesterol levels in some migraine patients,81–83 lev-
els of cholesterol and OT have not been co-serially investigated in 
MRM patients.

In contrast to the positive modulating effects of Mg2+, sodium 
has been shown to negatively modulate the affinity of OT for the 
OTR.84 Specifically, sodium (Na+) allosterically modulates the 
agonist-binding site stabilizing the receptor in a low-affinity receptor 
state.84 The concentration of Na+ in plasma is lowest during the lu-
teal phase85,86 and peaks at menstruation11 corresponding to when 
MRM attacks occur. Moreover, Na+ concentrations were reported 
to be significantly higher in the cerebrospinal fluid in patients with 
migraine than in healthy controls.87,88 These clinical studies may sug-
gest that peak levels of serum Na+ during menstruation could neg-
atively modulate the OT affinity for the OTR, leading to increased 
neuronal excitability in the trigeminal system (see Figure 2B). The 
levels of Na+ and OT have not yet been co-serially investigated in 
MRM patients.

As shown in Figure  2B, magnesium and cholesterol, taken to-
gether, positively modulate OT binding to OTR and Na+ negatively 
modulates OT-OTR affinity. Thus, during menstruation, the drop in 
Mg2+ and cholesterol, along with the increase in Na+ should lead to 
reduced OTR affinity to OT. The reduced OTR affinity to OT should 
lead to an increase in neuronal excitability in the trigeminal system 
and the probability of an MRM attack.

OTR expression levels

OTR expression is highly variable and can rapidly change. Similar to 
the expression in the uterus, trigeminal OTR expression is strongly 
and rapidly enhanced in the presence of inflammatory media-
tors.20,61 Inflammation rapidly upregulates OTR protein expression 
by more than 10-fold within 2  h postinflammation induction and 
potently enhances trigeminal antinociception in rats.16  Circulating 
IL-6 is a likely candidate to promote changes in OTR expression as 
there are three response elements in the OTR.53 Results from both 
clinical and preclinical studies demonstrate that OT analgesia is sub-
stantially enhanced in the presence of IL-6 and other inflammatory 
mediators.16,20 IL-6 serum levels are significantly higher in migraine 
patients during an attack compared with control.89 Additionally, 
serum IL-6  levels follow estrogen levels, increase during preovula-
tion and drop to the lowest point during the luteal phase and men-
struation66 (see Figure 2C).

In addition to IL-6, there is an estrogen response element on the 
OTR promoter, and consequently, estrogen can cause a significant 
increase in OTR messenger ribonucleic acid (mRNA) in both periph-
eral and CNS tissues.43,90,91 The estrogen-induced increase in OTR 
expression may in part be mediated by de novo synthesis of OTR 
mRNA or by alterations in the stability of OTR gene transcripts.43,92 
Specifically, preclinical studies show that estrogen treatment in-
duced a fourfold increase in the hypothalamus, a threefold increase 
in the amygdala, a 1.7-fold increase in the hippocampus, and a three-
fold increase in the myometrium compared with ovariectomized 
female rats.90–92 Additionally, estrogen can lead to increased num-
ber and immunostaining of OT fibers in regions of the hypothala-
mus.90,91 Thus, in addition to modulating OT levels, serum estrogen 
can modulate expression levels of OTR. In summary, estrogen and 
inflammatory mediators including IL-6 can increase OTR expression. 
During menstruation, a drop in IL-6 and estrogen serum levels may 
decrease OTR expression collectively promoting an increased likeli-
hood of a MRM attack (see Figure 2C).

We recognize that many other factors can influence OT/OTR 
tone and thus may influence MRM. It should also be noted that OT 
and the OTR show structural similarities with vasopressin and its re-
ceptors and OT agonists and antagonists can act at vasopressin re-
ceptors, especially at higher concentrations.93,94 As such, a detailed 
examination of the effect of the same menstrually related factors, 
including magnesium, cholesterol, and sodium, on vasopressin and 
its receptor and its effect on OT/OTR tone is warranted.

CONCLUSION: CLINIC AL PR AC TICE AND 
THER APEUTIC IMPLIC ATIONS

Trigeminal neurons possess OTR and are inhibited by OT. The same 
neurons also often contain CGRP, and the release of CGRP is in-
hibited by OT. Blockade of CGRP or CGRP receptors with either 
monoclonal antibodies or small molecule receptor antagonists is ef-
fective in preventing migraine in many patients.95–97 A recent study 
using telcagepant, a CGRP receptor antagonist, showed a reduction 
in on-drug premenstrual headaches.98 Thus, OT-induced CGRP re-
lease inhibition could be a targeted mechanism for MRM therapeu-
tics. Similarly, clinical studies have shown Mg2+ to be effective in 
attenuating MRM attacks.32 Furthermore, the elevation of both OT 
levels and OTR expression likely provides the mechanism through 
which rapid changes in estrogen level can precipitate MRM as well 
as the mechanism through which MRM can be prevented by phar-
macological estrogen.28  More directly, elevating OT levels within 
the trigeminal system could be effective in preventing or aborting 
MRM.16 Thus, OT, estrogen, and Mg2+, either alone or in combina-
tion, should decrease the excitability of the migraine-associated 
trigeminovascular system that is activated in MRM providing a basis 
for novel therapeutics for MRM.
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