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Abstract

Migraine is a severe neurovascular disorder of which the pathophysiology is not yet fully understood. Besides the role
of inflammatory mediators that interact with the trigeminovascular system, cyclic fluctuations in sex steroid hor-
mones are involved in the sex dimorphism of migraine attacks. In addition, the pituitary-derived hormone prolactin
and the hypothalamic neuropeptide oxytocin have been reported to play a modulating role in migraine and con-
tribute to its sex-dependent di erences. The current narrative review explores the relationship between these two
hormones and the pathophysiology of migraine. We describe the physiological role of prolactin and oxytocin, its
relationship to migraine and pain, and potential therapies targeting these hormones or their receptors.

In summary, oxytocin and prolactin are involved in nociception in opposite ways. Both operate at peripheral and cen-
tral levels, however, prolactin has a pronociceptive e ect, while oxytocin appears to have an antinociceptive e ect.
Therefore, migraine treatment targeting prolactin should aim to block its e ects using prolactin receptor antagonists
or monoclonal antibodies specifically acting at migraine-pain related structures. This action should be local in order to
avoid a decrease in prolactin levels throughout the body and associated adverse e ects. In contrast, treatment target-
ing oxytocin should enhance its signalling and antinociceptive e ects, for example using intranasal administration of
oxytocin, or possibly other oxytocin receptor agonists. Interestingly, the prolactin receptor and oxytocin receptor are
co-localized with estrogen receptors as well as calcitonin gene-related peptide and its receptor, providing a positive
perspective on the possibilities for an adequate pharmacological treatment of these nociceptive pathways. Neverthe-
less, many questions remain to be answered. More particularly, there is insu  cient data on the role of sex hormones
in men and the correct dosing according to sex di erences, hormonal changes and comorbidities. The above remains
a major challenge for future development.
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Introduction

Migraine is a severe neurovascular disorder character-
ised by recurrent attacks of moderate to severe headache
accompanied by nausea, vomiting, and/or photo- and
phonophobia. Migraine attacks are aggravated by routine
physical activity, which is minimised as far as possible.
Patients suffering from migraine with aura will experi-
ence reversible neurological symptoms, usually followed
by headaches within 60 min. Among them, visual aura is
most common, other sensory or speech disturbances are
less frequent. Motor or brainstem functions are affected
rarely, while retinal aura happens in exceptional cases.
Two or more aura symptoms may occur [1]. According
to data from the Global Burden of Disease 2019 study,
migraine ranks second among causes of disability world-
wide and first in females between 15 and 49 years of age
[2]. In addition, this disorder highly depends on sex, since
migraine is two-to-three times more prevalent in women
than in men (21.0% of lifetime prevalence for women and
10.7% for men), especially during the reproductive age
[3-5]. In women, the frequency and severity of migraine
attacks alter with the fluctuations of sex hormones in
cycles and hormonal milestones such as menstruation,
pregnancy, lactation and menopause. Migraine has a sim-
ilar prevalence in the prepubertal period in both sexes
but becomes predominant in females along with puberty
and the associated hormonal changes [3, 6, 7].

The mechanisms contributing to the pathophysiol-
ogy of migraine and its sex dimorphism are still poorly
understood. Besides the role of inflammatory media-
tors such as calcitonin gene-related peptide (CGRP)
and pituitary adenylate cyclase activating peptide-38
(PACAP-38), which interact with the trigeminovas-
cular system [8, 9] cyclic fluctuations in sex ster-
oid hormones, including estrogen, progesterone and
testosterone, are involved in the sex dimorphism in
migraine and the genesis of migraine attacks [10,
11]. Nonetheless, it has been reported that pituitary-
derived hormones, such as prolactin (PRL) [6, 12], and
the hypothalamic neuropeptide oxytocin (OT) [13] may
play a modulatory role in migraine and contribute to
its sex-dependent differences [12, 14—17]. Likewise, the
role of the hypothalamus cannot be overlooked. This
area of the brain modulates numerous physiological
processes, coordinates behavioural circadian rhythms
and regulates the autonomic, cardiovascular, endo-
crine, and trigeminal pain systems. Altered activation
of the hypothalamus, and other regions including the
midbrain ventral tegmental area, periaqueductal grey
and dorsal pons, is visible from the earliest stages of
the migraine attack, in the form of premonitory symp-
toms such as sleep, mood or appetite disturbances [18].
Twenty-four hours before the attack, the hypothalamic
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activity in response to trigeminal nociceptive stimula-
tion increases and shows the greatest coupling with the
spinal trigeminal nuclei, as determined using a psycho-
physiological interaction analysis, and measured using
functional MRI. This is in contrast to the ictal phase,
when the hypothalamus is linked to the rostral pons.
This suggests a key role of the hypothalamus as the pri-
mary generator of a migraine attack [19]. Potentially,
the hypothalamus modulates trigeminal pain, being
connected with the trigeminal cervical complex. It
appears that changes in signalling, or top-down inhibi-
tory effects on the trigeminal cervical complex, can lead
to migraine phase changes [19, 20]. Notably, the hypo-
thalamus is involved in the regulation of the synthesis
and secretion of PRL and OT. Paraventricular, supraop-
tic and accessory magnocellular nuclei of the hypo-
thalamus produce OT in mammals [21]. Moreover, in
contrast to the other pituitary hormones, the hypothal-
amus exerts a tonic inhibition over PRL, primarily via
dopamine and other PRL-inhibiting factors [22].

Apart from the influence of sex hormones, functional
interactions between central and peripheral regions
related to migraine, estrogen receptors, CGRP recep-
tors, OT and oxytocin receptors (OTR) are suggested.
Additionally, pituitary peptides, such as PRL, may con-
tribute to the effect of estrogen on migraine [13]. It has
been proposed to decrease tonic OT/OTR activity in
the premenstrual period, thus lowering thresholds for
activation of trigeminal nociceptive afferents. Those
changes might be regulated by different factors (such as
estrogen level, cholesterol, and IL-6 or other inflamma-
tory mediators) and lead to higher neuronal excitability
and migraine attack occurrence [23]. The relationship
between PRL and migraine has been investigated for
years due to its vascular, electrolyte and fluid-absorbing
properties, its effects on dopamine, serotonin (5-HT)
and estrogen, and the effectiveness of medications that
reduce PRL secretion in the treatment of migraine pain
[6, 13-17, 24]. While elevated PRL levels have been
observed in almost all migraine patients, this elevation
is also associated with chronicity of migraine and wors-
ening prognosis in migraine patients [7, 25]. In recent
years, preclinical research on the link between PRL and
migraine also improved our understanding of sex-related
characteristics of migraine [12, 14—17].

For this reason, the authors of the review decided
to investigate the link between the pathophysiology of
migraine and two hormones: PRL and OT. Clinical and
preclinical studies report a pronociceptive role of PRL
as a sensitising factor for pain-related structures also in
the trigeminovascular system, which has specific rele-
vance for migraine. On the contrary, OT seems to play an
antinociceptive and analgesic role in the trigeminal pain
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system and the spinal cord, which will be described in
more detail in this narrative review.

Sex hormones and migraine

Depending on the area and the function needed, proges-
terone and estrogen receptors, which often co-localize,
can interact synergistically, antagonistically or neutrally.
These different actions are explained through the acti-
vation of two estrogen receptors and two progesterone
receptors, estrogen receptor a and  (ERa and ERP) and
progesterone receptor A and B (PR-A and PR-B), respec-
tively. Also, a seven-transmembrane-domain receptor
named the G protein-coupled estrogen receptor (GPER)
that mediates non-genomic estrogen related signalling
was found in the pontine nuclei, cerebellum, and spinal
trigeminal tract, of which Sp5 is an essential part of the
pathway that triggers migraine attacks. Interestingly, its
expression is higher in female rat neurons compared to
males (65% versus 48% respectively) [26—28]. These estro-
gen and progesteron receptors modulate the produc-
tion and metabolic pathways of neurotransmitters and
mediators, such as CGRP, 5-HT, glutamate, noradrenalin,
nitric oxide and endogenous opioids. Their activation can
rapidly modulate vascular tone by producing vasodilat-
ing substances, changing the expression of receptors, or
changing the activity of ion channels [29]. Significantly
higher expression of ERa and ERp in the female trigemi-
nal ganglion was found, while there was no significant
difference in CGRP or PACAP release from trigemi-
nal tissues upon stimulation with potassium chloride in
male versus female rats [26]. However, another group
has recently found significantly higher CGRP release
from the female dura mater upon capsaicin stimulation
[30]. Such contradicting findings are not surprising, as it
should be taken into account that studies on differences
between male and female animals (or humans) highly
depend on the hormonal status of the animals at the time
of investigation. In recent years, research has focused on
the receptors of other sex-related hormones to explain
sex dimorphism in migraine. For example, PRL receptor
(PRLR) expression was found to be higher in females in
the trigeminal ganglion [14, 31]. Moreover, studies on
PRL and estrogens have demonstrated that a response
to estrogen promotes PRL secretion [32]. In addition,
estrogens control PRL expression, PRLR activity and the
expression of long isoforms, and PRL-mediated regula-
tion of transient receptor potential vanilloid 1 (TRPV1)
channels action in trigeminal sensory neurons [33].
Regarding OT, during menstrual cycles OT levels reflect
plasma levels of estrogen. OT production is particu-
larly influenced by the ERp receptor, while OT receptor
expression is influenced by both ERa and ERP in many
brain areas and the trigeminal ganglion [14, 34].
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To understand the sex dimorphism in migraine, a
careful examination of sex hormones is needed. Sex
hormones are classified into three categories: hypotha-
lamic, pituitary and gonadal. The hypothalamic-pitui-
tary—gonadal pathway becomes activated by an increase
in estrogen, androgen and progesterone synthesis in
gonads, and initiates puberty [7]. The menstrual cycle in
women in their reproductive phase begins with menses
and ends on the last day before the next menstruation.
This rhythmic change requires harmonised hypothalamic
(luteinizing hormone-releasing hormone, gonadotropin-
releasing hormone), pituitary [luteinizing hormone (LH),
follicle-stimulating hormone (FSH)] and ovary (estro-
gen, progesterone) activity [35]. In a substantial number
of migraine patients, the number of migraine headaches
increases during the menstruation (also called menstru-
ation-related migraine attacks), coinciding with a cycli-
cal rapid decrease in estrogen, progesterone, and OT
levels, which precedes the onset of menstrual phase. Due
to these observations, and uncertainty about the estro-
gen withdrawal hypothesis as a key role in the patho-
genesis of migraine, the role of OT as a potential (anti)
migraine hormone is emphasised [7, 13]. Moreover, PRL
levels increase at the end of the follicular phase during
the menstrual cycle [36]. One study found that PRL lev-
els were higher in patients during menstrual migraine,
although this was not significantly different from controls
[25]. Additional studies including a higher number of
patients should further investigate the levels of PRL dur-
ing menstrual migraine.

The link between menstruation and migraine is sig-
nificant, as it affects up to two-thirds of women who suf-
fer from migraine [34, 37]. Both migraine without aura
(MO) and migraine with aura (MA) can occur during a
menstrual migraine attack, although the first type seems
to predominate [38, 39]. Pregnancy is a period when
cyclic hormone fluctuations disappear, however, sex
hormones such as estrogen and progesterone, as well as
OT, PRL, beta human chorionic gonadotrophic hormone
(B-HCG) and relaxin increase. Reproductive hormones
that increase during pregnancy drop with childbirth and
return to normal levels within six weeks in the postpar-
tum period, with the exception of PRL in breastfeeding
women [35]. Menopause signifies the end of the repro-
ductive capacity of women, and is manifested by a period
of 12 months amenorrhoea without any other explana-
tion. After menopause, laboratory tests reveal high levels
of FSH and LH and low levels of estradiol and proges-
terone [40, 41]. Also, caused by estrogen loss, blood OT
levels decrease gradually, which affects sexual ability and
vagal activity [24, 42]. PRL levels seem to be higher in
premenopausal women in comparison to postmenopau-
sal women and men. This is consistent with the changes,
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or more precisely, the decrease of menopausal hormones
affecting PRL secretion (prolactin releasing factors), such
as OT, estrogen and thyrotropin-releasing hormone [43].
Due to the decrease in female hormones, symptoms such
as sleep disorders or osteoporosis are observed; however,
hormone replacement therapy may be used to counter
these negative effects [41]. In the postmenopausal period,
the prevalence of MO decreases as the time since the last
menstrual period increases. Such a relationship is not
observed for MA. The change in the nature of this type
of migraine is rather associated with the increasing age of
the patient [44].

Both MO and MA are modulated by reproductive life
changes in women, but critical female hormonal changes
seem to affect it differently. Therefore they can be treated
as two distinct nosological entities [45]. Current reports
see a fall in plasma estrogen levels as a trigger of MO
attacks. In this type of migraine, the greatest risk of an
attack is in the late luteal (premenstrual) phase, while it
decreases with higher estrogen levels. Similar observa-
tions were done in pregnant women suffering from MO
[46]. The development of a normal pregnancy is accom-
panied by a steady increase of endogenous blood levels
of estrogen and progesterone. Those changes are respon-
sible for the gradual improvement of MO symptoms,
with the percentage of improvement increasing with the
duration of pregnancy [47, 48]. As underlying mecha-
nisms of MA, increased susceptibility to cortical spread-
ing depression (CSD) was detected in animal studies of
familial hemiplegic migraine (FHM) type 1 (accord-
ing to ICHD-3, FHM is a subtype of MA [1]). Estrogen
increases the susceptibility to CSD and with increased
levels of this hormone, the brain becomes more suscep-
tible to trigger factors [7, 49]. This could be the reason
why MA may worsen during pregnancy, contraception
or hormonal replacement use, but also throughout a
normal menstrual cycle when levels of estrogen are ele-
vated [50]. Interestingly, since estrogen and androgen
have a reciprocal influence on CSD-susceptibility, male
mouse models of FHM type 1 showed reduced recep-
tivity due to testosterone. Androgens decrease sever-
ity and attack frequency in migraine (and perhaps the
risk of MA [51]), suggesting the possibility of androgen
treatment for men and women [7, 52, 53]. In non-obese
males with migraine, higher levels of estradiol with rela-
tive androgen deficiency was reported; however, the
cohort was too small to draw conclusions and future
studies are needed [54]. Nonetheless, the potential effect
of testosterone (converted to estrogen) was investigated
in animal models [55]. In females, as mentioned earlier,
testosterone may play a protective role demonstrated as
improvement of headache intensity. Perhaps, this can be
explained by the inhibition of CSD by testosterone and/
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or anti-nociceptive and anti-inflammatory properties of
this hormone [43]; however, this is beyond the scope of
this review.

The fact that migraine prevalence is three times higher
in women than men raises the question whether sex hor-
mones may be involved in migraine generation. The pres-
ence of headaches has been studied in male to female
transsexuals. They used antiandrogens to suppress male
sex characteristics and estrogens to induce female sex
characteristics. In a Dutch population, the migraine prev-
alence of 26% in male to female transsexuals is similar to
that of 25% in genetic females, and significantly greater
than the prevalence of 7.5% in men [2, 56]. These findings
could propose an estrogen-mediated regulation of pain
and subsequent OT- and/or PRL-involved mechanisms
in migraine [56]. The potential effect of hormone therapy
on headache disorders also seems significant in transgen-
der patients, however, little data is available and further
research is needed [57, 58].

Prolactin

Prolactin (PRL) is a 23-kDa helical protein produced and
secreted primarily by the lactotroph cells of the anterior
pituitary gland, but is also secreted from many diverse
non-hypophyseal peripheral areas such as decidu-
oma tissue, mammary gland, ovaries, prostate, testes,
endothelium, lymph nodes, skin, adipose tissue, inner
ear cochlea, and immune cells. Besides the classical role
of promoting and maintaining lactation, its biological
actions are not limited only to reproduction. PRL can
modulate many unrelated functions in both females and
males and plays a role in the immune response, brain
and behaviour, osmoregulation, growth and metabolism
[59-61]. PRL can mediate effects in a large variety of
cells of the immune system including monocytes, neu-
trophils, macrophages, lymphocytes, natural killer cells,
and microglia. In the brain, it exerts inflammatory and
anti-inflammatory effects, depending on the cytokines
that it interacts with [62]. Moreover, PRL has antian-
giogenic, vasoconstrictive and anti-vasopermeability
actions and blocks blood vessel growth and dilation [63].
The diversity of actions of PRL stems from the fact that
it activates different intracellular signalling pathways,
resulting in heterogeneity of target genes [64, 65]. The
PRL gene is localised on chromosome six and composed
of five exons and four introns [66]. The transcription is
regulated by two independent promoter regions of which
the proximal one directs PRL expression in the pituitary,
while the distal promoter controls extrapituitary sites
of expression [67]. In line with the functional diversity,
the biological actions of PRL are mediated by the PRLR
which is expressed in different target tissues and has also
been identified in the brain [64]. This receptor is a single
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membrane-bound protein and a member of the class I
cytokine receptor superfamily that includes the growth
hormone (GH) receptor, leptin receptor, erythropoietin
receptors, and receptors for many other interleukins
[67]. The PRLR gene is located on chromosome 5 and
consists of 11 exons, which make up the 5'untranslated
region and the coding one. The 5'UTR contains exon 1,
which exists in five alternative forms characterised by
tissue-specific activity. The transcription of the exon 1
is performed by three different promoters (PI, PII, PIII).
PI is active in gonads, PII is specific for the liver and
PIII is active in all PRL sensitive tissues [66]. This leads
to the expression of different isoforms of the receptor.
In particular, all of them share a common extracellular
and transmembrane domain and a variable intracellular
one, which can be short, intermediate or long and deter-
mines the differences in the signal transmission path-
ways [68]. In humans, five isoforms of the receptor have
been described: the long form (PRLR-L), the intermedi-
ate form (PRLR-I), and three short isoforms (PRLR-S)
AS1, Sla and S1b [16]. The active complex consists of a
single ligand molecule and two receptor molecules, each
containing an extracellular, transmembrane and intra-
cellular domain containing tyrosine residues that deter-
mine phosphorylation which follows receptor activation
[61]. PRL binds to two extracellular interaction sites with
different affinities called binding domain 1 and binding
domain 2, which induce dimerization of the two recep-
tor molecules. The intracellular domain consists of two
main regions, Box 1, which is required for the JAK2 acti-
vation, and Box 2 which is phosphorylated by JAK2 and
acts a key role for the binding and activation of numer-
ous proteins. This leads to the activation of different
downstream signalling pathways which can produce dif-
ferent cell responses and explains the versatility of the
actions of PRL [66, 69, 70]. There are three main routes,
through which PRL can induce genomic responses:
mitogen-activated protein kinase (MAPK) cascade, sig-
nal transducer and activator of transcription (STAT)
and the phosphoinositide 3-kinase (PI3K) pathway [16].
Activation of the long isoform of PRL-R causes the phos-
phorylation of STATS protein, by JAK2 molecules and its
translocation to the nucleus, activating y-interferon acti-
vation sequence (GAS) on target genes [66]. The tyrosine
residues of the short isoform cause the activation of the
MAPK and PI3K cascade, which are involved in the acti-
vation of a wide range of transcription factors involved
in cell proliferation and mediate some of the antiapop-
totic action of PRL [61, 71>].

Physiological concentrations of PRL in adults are
10-25 pg/l in women and 10-20 pg/l in men and they
are closely regulated by a circadian rhythm [72]. There is
an increase in the amplitude of the PRL secretory pulses
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that begins about 60—90 min after sleep onset. The low-
est PRL concentrations are found during REM sleep and
the highest concentrations are found during non-REM
sleep. Moreover, diurnal variation of PRL secretion is
not an inherent rhythm but depends on the occurrence
of sleep [73]. It has also been shown that sleep depriva-
tion can induce a reduction in PRL levels especially in
the second part of the night [74]. Nevertheless, there is
variability in basal PRL levels across different external
environmental stimuli and physiologic or pathologic
internal stimuli. Changes in PRL secretion are induced
by hypothalamic inhibitory or stimulatory hormones
that act on lactotroph cells via the hypothalamic-pitui-
tary portal circulation. The neuroendocrine neurons of
the hypothalamic regulatory circuit can produce PRL
inhibiting factors such as dopamine, somatostatin, and
gamma-aminobutyric acid (GABA), or PRL releasing
factors, such as thyrotropin releasing hormone (TRH),
OT, and neurotensin [71]. The balance between the two
signals determines the amount of PRL released from
the anterior pituitary gland. The main inhibitory signal
is mediated by the neurotransmitter dopamine, which
acts on dopamine receptors (D,) on the surface of lacto-
troph cells. On the other hand, the primary stimulus sig-
nal is due to TRH, which binds to type 1 TRH receptors
expressed in both thyrotrophs and lactotrophs [59, 73,
75, 76]. Estrogen is also an essential physiological acti-
vator of PRL synthesis. Its action is mediated through
binding to the estrogen response element (ERE), which
is located within the distal enhancer of the PRL gene
and results in its transcription. This also explains why
the inhibitory action of dopamine is partially blocked
by estrogen [73]. Unlike other pituitary hormones, the
hypothalamus exerts a predominantly inhibitory influ-
ence on PRL secretion because lactotrophs appear to
spontaneously secrete this hormone. For this reason, the
hypothalamus provides inhibitory rather than stimula-
tory control [68]. Furthermore, circulatory PRL levels
seem to have a negative feedback on their own secre-
tion, called short-loop feedback or autofeedback. In this
way, PRL itself stimulates hypothalamic dopamine secre-
tion via PRLRs located on hypothalamic neurons [77].
Recent studies have shown that PRL secretion seems to
be coupled in some way to the pattern of gonadotropin
secretion. Activation of kisspeptin neurons in the arcu-
ate nucleus drives the pulsatile release of gonadotropin-
releasing hormone (GnRH) and consequently the pulses
of LH secretion from the pituitary gland. At the same
time, kisspeptin can stimulate PRL secretion, through
the suppression of tuberoinfundibular dopamine release.
As a consequence, the hypothesis of a single “pulse
generator” seems feasible, in which each episode of
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kisspeptin release driving an LH pulse may also cause a
temporally-linked pulse of PRL secretion [77].

Role of prolactin in migraine pain

Besides playing an essential role in several physiological
processes, PRL is associated with different pain condi-
tions, including: postoperative [78], inflammatory [14,
79], neuropathic [14] and orofacial pain [80], as well as
primary (i.e. migraine and cluster headache) and sec-
ondary headaches (i.e. prolactinoma- and/or pituitary
diseases-associated headaches) [6, 12, 14—17]. This asso-
ciation may be based (among others) on: (i) the central
and peripheral (in)direct effects of PRL by stimulating
the immune system and neurons involved in nocicep-
tion [78, 79]; (ii) the evidence of high levels and increased
release of both endogenous pituitary and extra-pituitary
PRL during pain [78, 80]; and (iii) the expression of PRLR
in pain-related structures [12, 14, 17, 31, 81].

Regarding the relationship between PRL signalling and
migraine (or prolactinoma- and/or pituitary diseases-
associated headaches), clinical and preclinical studies
have suggested the involvement of PRL and PRLR in
headache disorders. In this respect, preclinical stud-
ies have demonstrated that PRL contributes to migraine
pathogenesis involving sex-specific mechanisms, which
may help to understand the sex-related differences in
migraine. These findings have been supported consider-
ing that: (i) dural administration of PRL produces long-
lasting migraine-like behaviour responses in female but
not in male rodents [15]; (ii) administration of dopamine
D, agonists like bromocriptine [12] or cabergoline [17]
results in decreases in serum PRL levels only in female
mice; (iii) PRLR is expressed in both trigeminal ganglion
sensory neurons [12, 17, 31] and in neuronal fibres that
innervate the dura mater [15], showing a higher expres-
sion in female than in male mice; (iv) the co-localization
of PRLR and calcitonin gene-related peptide (CGRP) in
sensory nerves [14, 15, 31]; and (v) there is a crosstalk
between PRL, CGRPergic and serotonergic systems [15,
17]. In this respect, PRL promotes increases in CGRP
release in female but not in male rodents, inducing
female-specific migraine-like behavioural responses [15,
82], which decrease in the presence of CGRPg 3, a CGRP
receptor antagonist [15]. Moreover, in an animal model
of medication-overuse headache induced by repeated
administration of sumatriptan [17]: (i) increases in serum
PRL levels were observed only in females; (ii) co-admin-
istration of sumatriptan plus cabergoline prevents allo-
dynia and downregulation of the short isoform of PRLR,
which is involved in nociception; and (iii) PRLR co-
localizes with the 5-HT receptors (i.e. 5-HT ;;, recep-
tors, the main therapeutic targets for triptans in the acute
treatment for migraine) [17]. Likewise, PRL release is
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modulated by 5-HT [83]. It has been demonstrated that
female MO patients have a significantly higher rise in
serum PRL levels from baseline than controls in response
to the administration of buspirone, a 5-HT,, receptor
agonist, showing higher sensitive central amine receptor
function [84, 85]. Furthermore, other neuropeptides con-
sidered as migraine triggers, such as PACAP-38, induce
effects on the PRL system. PACAP-38 is a multifunctional
neuropeptide with strong vasodilatory action [86], which
is involved in the regulation of hypothalamus-pituitary
axis [87]. In fact, it has been shown that PACAP-38 infu-
sion increases PRL release in MO patients [88] and in rat
pituitary somatolactotroph GH3 cells [89].

Evidently, the mechanisms involved in sex dimorphism
in pain, including migraine, are not yet fully character-
ised. Nevertheless, they could be explained also by an
(in)direct dysregulation in PRL signalling (i.e. central and
peripheral mechanisms) involving a higher expression
of PRLR in sensory nerves and nociceptor sensitization
in females [14—17, 78, 81], which may be related to the
higher risk and the increase in the prevalence, recur-
rence, and severity or chronification of pain and migraine
in females.

Prolactin system in the modulation of neuronal excitability
Transmission of nociceptive information from peripheral
nociceptive neurons to second-order interneurons in the
spinal cord affects the perception of pain. The spinal cord
dorsal horn can be considered as a critical place for the
transfer of this information [90]. Changes of this trans-
mission due to inflammation, injury or activity, may lead
to abnormal signalling in nociceptive pathways. Sensiti-
zation manifests as psychophysical changes such as low-
ered pain threshold, spontaneous stimulus-independent
pain, or increased response to suprathreshold stimuli,
and plays a role in pain signalling. In this respect, acti-
vation of both peripheral nociceptors and central gen-
erators (spinal or supraspinal) can trigger an increase
in sensitivity and excitability of neurons, resulting in
enhanced nociceptive signalling and pathological pain
perception (i.e. allodynia and hyperalgesia) [91-94]. In
migraine, central sensitization triggers hyperexcitability
of trigeminovascular neurons, leading to the develop-
ment of migraine attacks [95]. This excitability, specifi-
cally in the neocortical neurons, is responsible for the
transition to cortical spreading depression, which is
regarded as the underlying mechanism of aura and a trig-
ger of headache attacks [96].

The increased neuronal excitability in nociceptive
pathways can be regulated by several factors including
steroids and pituitary-derived hormones such as PRL
[14, 94, 97-99]. In this respect, PRL is capable of induc-
ing action potential firing in sensory nerves, which can
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be regulated via the activation of PRLR [14, 99]. Never-
theless, although PRLR is expressed in both males and
females, PRL-induced neuronal excitability in inflam-
matory pain was detected only in dorsal root ganglion
neurons of female mice [14, 99], which may be due to a
higher expression of the PRLR in females. Therefore, it
seems that PRL-regulated sensory neuronal excitability
is a female-specific mechanism which also depends on
estrogen [14]. Furthermore, PRL can regulate excitability
in different neuronal circuits including the magnocellu-
lar neurons of the supraoptic and paraventricular nuclei
[100] and the tuberoinfundibular dopamine neurons
[101] via the PRL-induced release of OT or dopamine,
respectively, as a consequence of the neuronal activation
by PRL, generation of action potentials and increased
calcium influx [99-101].

Prolactin signalling modulates TRP channels

As mentioned above, one of the possible associations
between PRL and pain involve (in)direct modulatory
effects of PRL by stimulating sensory neurons and pro-
ducing nociceptor sensitization [78, 79]. In fact, it has
been demonstrated that sensitization of TRP channels
is one of the mechanisms involved in the modulation of
inflammatory pain by activation of PRL signalling [33, 99,
102].

TRP channels, specifically those belonging to the
vanilloid (i.e. TRPV1), melastatin (i.e. TRPMS8) and
ankyrin (i.e. TRPA1) subfamilies are associated with
pain, including migraine [103, 104]. The peripheral
modulation of pain by PRL signalling via TRP channels
is based on the facts that: (i) PRLRs co-express with
TRPV1 channels in sensory nerves [33, 102]; and (ii)
exogenous PRL induces sensitization of TRPV1, TRPM8
and TRPA1 channels [33, 79, 102, 105] via endocrine,
autocrine and/or paracrine pathways on sensory nerves
[80]. This sensitization involves the activation of the
short isoform of PRLR and protein kinase C-delta/phos-
phatidylinositol 3’-kinase (PKC&/PI3K) pathways [79,
105]. In this respect, activation of the TRPV1, TRPMS8
and TRPA1 channels by capsaicin, mustard oil or men-
thol, respectively, induced a significant potentiation of
calcium influx after PRL pretreatment in mice dorsal
root ganglion neurons [79, 105] and in rat trigeminal
ganglion neurons [33]. This PRL-induced sensitization of
TRP channels is a sex-dependent mechanism consider-
ing that the capsaicin-, mustard oil- or menthol-evoked
increased calcium influx was observed only in neurons
of female mice, with no effect on neurons of male mice
[79]. In addition, behavioural animal studies have shown
that PRL can induce nociception in female rats at proes-
trous but not in ovariectomized rats [33], which sug-
gest that PRL-induced nociception effects are estrogen
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dependent [14, 33]. Likewise, the activity of PRL and the
expression of PRLR isoforms, particularly the long iso-
form in trigeminal sensory neurons, is upregulated by
estrogens. This results in signalling pathway activation
and nociceptor sensitization through increased phos-
phorylation of TRPV1 channels [33].

In conclusion, there is clear evidence that PRL signal-
ling plays an important role in pain pathways, including
migraine. Considering that PRL and PRLR display a sex-
dependent activity, PRL signalling might represent an
important approach in understanding sexual dimorphism
in the pathophysiology of pain and migraine. Neverthe-
less, future research is needed to elucidate the specific
mechanism involved in the sex-specific activity of PRL in
pain modulation in order to investigate whether target-
ing PRL signalling could represent a potential therapeutic
approach for pain disorders, including migraine.

Prolactin levels in migraine patients

Increased serum PRL levels have been described in
patients with headaches, especially migraine [106, 107].
A meta-analysis from 2019 showed higher PRL levels in
the migraine patient group compared to controls based
on 13 studies, although there was a high degree of het-
erogeneity among studies [16, 107]. In comparison, a
few studies showed that reduced PRL levels accom-
pany migraine attacks [108, 109]. One study reported
decreased PRL levels in 20 male patients with migraine as
compared to 20 male controls with non-migraine head-
aches [108]. Masoud et al. showed a decrease in PRL lev-
els during headache attacks as compared to the interictal
phase [109]. Interestingly, this decrease was more promi-
nent in migraine patients compared to patients with non-
migraine headaches [109].

In this respect, clinical studies have shown that high
levels of PRL are associated with the progression of
migraine [106, 110], therefore, PRL is considered as a
worsening factor for migraine [106]. Likewise, patients
with prolactinoma-associated headaches, which can
involve different headache phenotypes (including
cluster headache, trigeminal autonomic cephalalgias,
short-lasting unilateral neuralgiform headache, and
migraine with visual aura), also present with high
serum levels of PRL [111-116]. These increased levels
of PRL can be related to dysregulation of the hypotha-
lamic-pituitary axis [117-119] and may contribute to
the onset of migraine and/or migraine-like headache
attacks [114]. Furthermore, this relationship is sup-
ported by the suppression of PRL release from the
pituitary gland after treatment with dopamine D, and
D, agonists, such as bromocriptine [112, 114, 120] or
cabergoline [111, 112, 114] in patients with prolacti-
noma-associated headaches. These treatments lead
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to a reduction of the frequency of headache attacks,
probably due to a reduction in tumour size, normali-
sation of serum PRL levels, and/or blockade of nocic-
eptor sensitization [111]. Thus, there seems to be an
evident link between blood PRL levels and migraine.
However, further research is warranted on the direc-
tionality of PRL alterations in migraine and whether
an interplay of both decreased and increased PRL lev-
els plays a role in migraine. Moreover, it is not clear
yet how altered PRL levels may influence different
headaches (i.e., episodic and chronic migraine, ten-
sion-type headache, cluster headache) and possibly
aura or prodromal symptoms [16].

The link between migraine and PRL also becomes
evident when taking into account that the normalisa-
tion of PRL levels can alleviate headache (i.e., through
PRL-decreasing medication, such as 0.5 mg of caber-
goline twice a week) [106, 107, 121, 122]. Furthermore,
studies investigating serum PRL levels in patients
with chronic migraine (CM) found increased PRL lev-
els in CM [106]. In addition, one study found lower
nocturnal PRL peaks in patients with CM compared
to healthy controls [123]. Thus, elevated PRL levels
may potentially worsen migraine symptoms or lead to
migraine chronification [106, 124, 125].

Another option to study the link between PRL and
headache is by investigating hyperprolactinemia, a
condition characterised by elevated serum PRL levels
of more than 0.1-0.2 mg/l [126]. Hyperprolactinemia
can occur due to prolactinomas [127-129] but can
also have other causes like comorbidities (i.e., renal
failure, hypothyroidism), medication, stress or preg-
nancy [127, 129]. Prolactinoma-related headaches are
common in 37-83% of prolactinoma cases [124, 130]
and migraine-like headaches have been described in
hyperprolactinemia [112, 114, 120, 121, 124]. In addi-
tion, other headache disorders may be present, like
paroxysmal hemicrania, short-lasting unilateral neu-
ralgiform headache with conjunctival injection and
tearing (SUNCT) syndrome, or cluster-like headache
[122, 131, 132]. While it was postulated in the past
that tumour mass and pressure on nerves may cause
secondary headaches [112, 130], it was recently shown
that headache symptoms do not depend on tumour
size [112, 133]. Instead, the authors indicated that
PRL may exert a modulatory effect on the neuronal
excitability rather than tumour size [99]. Moreover,
hyperprolactinemia was found to worsen migraine
attacks [106, 114]. Nevertheless, it should be noted
that migraine-like headaches associated with hyper-
prolactinemia are often unresponsive to common pre-
ventive medication for migraine and only resolve after
normalisation of PRL levels [121].
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Table 1 Influence on prolactin levels of approved treatments for
migraine (acute and prophylaxis)

Treatment Prolactin levels
Acute Acetaminophen | Decrease [134]
Aspirin No evidence [134]
Triptans (sumatriptan) | Decrease [135, 136]
Prophylactic Propranolol | Decrease — chronic use [137,
138]
Flunarizine 4 Increase — transient e ect [139,
140]
Amitriptyline Noe ect[141-143]
Topiramate No evidence [144-146]
Valproate 4 Increase [146-148]

Botulinum toxin No evidence [149, 150]

Effect of current (anti-migraine) treatment

on prolactin levels

E ectof acutely acting anti-migraine treatment on PRL
levels

Pharmacological treatment of migraine is divided into
two groups: the treatment of the acute episode of pain,
and preventive or prophylactic treatment. Controversy
exists on the effects of migraine treatments on PRL levels
(Table 1). First, the influence of acute anti-migraine treat-
ment on PRL levels is discussed. Common pain relievers,
such as aspirin, acetaminophen, and nonsteroidal anti-
inflammatory drugs (NSAIDs), can alter levels of sex hor-
mones and PRL.

An inverse relationship between the frequency of
paracetamol consumption and PRL levels has been
described. PRL levels were lower in women who used
acetaminophen. Regarding the duration of the treat-
ment, the duration of acetaminophen use was also
inversely related with the levels of free testosterone and
DHEAS. Duration of acetaminophen use was not asso-
ciated with PRL [134]. There is some evidence on the
influence of aspirin and the variation of hormone lev-
els, specifically, the levels of estradiol, estrone, estradiol/
testosterone ratio and PRL. Longer duration of aspirin
use was associated with higher follicular estrone levels.
Also, the frequency of aspirin use was positively associ-
ated with follicular estrone and follicular free estradiol,
and inversely associated with DHEAS. These effects
vary according to the body mass index (BMI), but do not
fluctuate depending on age. Among women with a BMI
higher than 25, frequent use of aspirin was inversely
associated with luteal estradiol. There are no studies that
correlate the use of NSAIDs with the modification of PRL
levels [134].

Triptans are drugs of first choice for the treatment
of migraine attacks with moderate to severe intensity.
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They are serotonergic receptor agonists (5-HTp;1p)
[135]. There is evidence of decreased PRL levels after
the use of sumatriptan [135]. Sumatriptan is a specific
5-HT p1psp serotonergic receptor agonist, with low
affinity for 5-HT,,, 5-HT;, and 5-HT,, receptors [151].
Evidence from preclinical studies suggests that GH
release may be mediated by both 5-HT,; and 5-HT,p
receptors. Sumatriptan significantly increases GH levels
and inhibits PRL release. The ability of a 5-HT receptor
agonist to lower plasma levels of PRL creates some con-
troversy. 5-HT, receptor agonists have been found to
increase PRL levels. If sumatriptan has the ability to act
on 5-HT, receptors, which are present both presynap-
tically and postsynaptically, they could decrease 5-HT
levels and thus decrease PRL levels, and finally increase
GH levels. In human studies, the dynamics of PRL values
after administration of sumatriptan versus placebo were
studied. After the administration of sumatriptan, the
plasma levels of PRL decreased significantly, after 30 min
of administration and in the rest of the measurements
[135, 136].

E ect of prophylactic anti-migraine treatment on PRL
levels

There are various treatments approved as preventive/
prophylactic in migraine. The most commonly used
drugs are: antihypertensives, calcium channel block-
ers, antidepressants, antiepileptics and botulinum toxin.
Within the group of antihypertensives, beta-blockers are
most frequently used. There are studies that demonstrate
a reduction of PRL levels after the use of propranolol
[137]. Chronic use of propranolol (more than 6 weeks)
produces a significant decrease in nocturnal PRL concen-
trations in healthy controls [137, 138]. Although there is
controversy about the mechanism by which propranolol
decreases PRL levels, it may be partially due to a cen-
tral mechanism, or in relation to the antihypertensive
effect of the drug. The chronic use of propranolol may
decrease the levels of LH, but FH and testosterone levels
decrease after a single dose of propranolol. Human stud-
ies in males showed no acute effect of propranolol on the
pulses of LH [138].

Flunarizine is a calcium channel blocker commonly
used in the prophylactic treatment of migraine. Apart
from blocking calcium channels, it also has an antago-
nistic effect on histaminergic H1 receptors, which could
affect hormone secretion [139]. Evidence of an effect of
this drug on PRL levels is controversial. A transiently
significant increase in PRL levels after the administra-
tion of flunarizine was demonstrated but this effect was
not maintained after 90 days of treatment [139, 140].
It is possible that the transient increase in PRL levels
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is due to its action on calcium channels, as well as the
antidopaminergic effect [140].

Tricyclic antidepressants are approved as preventive
treatment for migraine, and within this group the most
widely used is amitriptyline [141]. The hormonal effect of
amitriptyline varies in relation to the history of depres-
sion of the patient. In patients with depression, higher
PRL levels have been reported after the use of amitrip-
tyline, while this was not observed in healthy patients
[142]. Both single administration and chronic treatment
are not associated with changes in the levels of this hor-
mone [141-143].

Another group of drugs used in the prophylaxis
of migraine are the antiepileptics, among them are
approved: topiramate and valproic acid. Both are broad-
spectrum anti-seizure drugs. Topiramate acts as an
antagonist of glutamatergic receptors (AMPA and kain-
ate), enhancing the activity of GABA, receptors and
inhibiting sodium channels [144]. There is a study com-
paring the effects of topiramate with flunarizine on PRL
levels in migraine patients, with no evidence of hormonal
changes after use of the two drugs [145]. Valproic acid
shares a mechanism of action with topiramate, being a
GABAergic drug; although it has a more complex mecha-
nism of action, modulating the conductance of calcium,
potassium, and sodium [146]. Regarding the neuroen-
docrine effects of valproic acid, studies in humans found
evidence of increased PRL levels. The effect is due to
the modification of the GABAergic, noradrenergic, and
serotonergic tone that modulate the release of dopamine
[147, 148).

Finally, in relation to botulinum toxin, a study has
been carried out in female animal models to determine
the influence on the levels of sex hormones (FSH, LH
and progesterone). A decrease in FSH and LH levels was
observed, with an increase in progesterone levels [149].
There is no clear evidence on the effect of botulinum
toxin on PRL secretion. Although there is a study that
suggests the inhibitory effect of a botulinum toxin deriva-
tive on the growth hormone-insulin-like growth factor-
I axis (GH/IGF1 axis). In in vitro models, a decrease in
GH synthesis was observed associated with an increase
in PRL levels [150].

E ect of PRL level modifying drugs

Just as some treatments currently used for migraine
can increase PRL levels, there are other treatments
aiming at modifying the level of this hormone as the
primary target (Table 2). Before discussing the effect
of individual drugs on PRL levels, it is important to
understand the physiological pathways of PRL regu-
lation. The hypothalamus exerts a tonic inhibition
on PRL, the agents responsible for this inhibition are
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Table 2 Treatments that can modify levels of prolactin
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Treatment Mechanism of action Prolactin levels

Bromocriptine Dopamine direct-acting receptor agonist | Decrease [22, 114]

Chlorpromazine Dopamine receptor antagonist 4 Increase [22, 152]

Methysergide Competitive blocker of serotonin receptors 4 Increase — transient e ect [22, 153, 154]

Fenfluramine 5-HT, receptor agonist

4 Increase [22, 155]

prolactin inhibiting factors dopamine, histamine (act-
ing at the H2-receptors) and acetylcholine. Also,
GABAergic receptors are involved in an inhibitory con-
trol of PRL. Additionally, the hypothalamus contains
substances which can promote the release of PRL, such
as polypeptide PRL-releasing factor, 5-HT, melatonin
and histamine (acting at the H1-receptors) [22].

The group of PRL-lowering drugs includes direct act-
ing dopamine agonist (e.g., dopamine, apomorphine),
indirect acting dopamine agonist (e.g., methylpheni-
date, amphetamine), drugs that impair serotonergic
neurotransmission (e.g., methysergide), gamma-amin-
obutytic acid mimetic drugs (e.g., sodium valproate),
histamine H2-receptors agonist and cholinergic recep-
tor agonist. Major prolactin-stimulating agents are
dopamine receptor antagonists (atypical antipsychotic
drugs), drugs capable of central nervous system dopa-
mine function (carbidopa/benserazide), drugs enhanc-
ing serotonergic neurotransmission, 5-HT reuptake
blockers, Hl-receptors agonist and H2-receptors
antagonists [22, 152, 153, 156].

The dopamine mimetic drugs are classified as direct
and indirect-acting receptor agonists. Bromocriptine
is the prototype of the direct-acting receptor agonists.
These drugs act either at the dendrites or the soma of
hypothalamic neurons secreting PRL inhibiting factors or
by stimulating dopamine in the anterior pituitary gland.
One disadvantage of this group is the ability to affect both
central and peripheral 5-HT and noradrenaline receptors
[22]. Historically, bromocriptine has been used cyclically
and continuously in patients with menstrual migraine in
a small number of studies, with a statistically significant
reduction in migraine attacks. Studies have shown that
the use of bromocriptine in patients with prolactinoma
significantly reduces migraine-like headache attacks, and
some patients are even completely pain-free [114].

Chlorpromazine is an antipsychotic drug that acts as a
dopamine receptor antagonist and blocks noradrenaline
receptors. The dopamine receptor blockade by antip-
sychotic drugs increases PRL secretion in animals and
humans. This effect is due to direct blockade of dopamine
receptors on pituitary lactotrophs through the hypophy-
seal portal vessels [22, 152].

Methysergide is a competitive antagonist of 5-HT
receptors, but the exact mechanism of action on PRL
release remains controversial. Some studies suggest
that a dopaminergic inhibitor pathway is involved [153].
In studies conducted in rats, an increase in PRL levels
occurred shortly after the parenteral administration of
methysergide, while after one hour no effect or decreased
levels of PRL were observed. The acute rise may be
caused by antagonism at the dopamine receptors [22].
For migraine, the clinical effect was generally excellent,
but it was later found to cause retroperitoneal fibrosis
after chronic intake [154].

As we previously discussed, drugs that can increase
the availability of 5-HT at postsynaptic sites have PRL-
releasing properties. Fenfluramine can release 5-HT from
presynaptic terminals and activate 5-HT transmission.
However, high doses of fenfluramine can also block dopa-
mine receptors [22, 156]. Fenfluramine can be a migraine
attack inducer [155].

Prolactin, migraine and males

PRL is produced by the anterior pituitary gland and
mainly involved in maternal behaviour [157, 158], how-
ever, it is also present in the male pituitary and studies
indicate the presence of PRLR in the male reproductive
organs [157-160]. PRL increases steroidogenesis by
modulating the release of gonadotropins from the ante-
rior pituitary gland by increasing the number of LH
receptors in Leydig cells in the testicles. In addition, PRL
increases the number of FSH receptors in Sertoli cells. In
germ cells, it regulates the transformation of spermato-
cytes and spermatids [161-164]. Therefore, PRL has an
important role in fertility in males [165-169]. In addition,
PRL has a role in paternal behaviour [170, 171]: men with
high PRL levels allocate more time to their children for
playing, are more sensitive to the crying of their children
[170], and more sensitive and interested in their babies
[171].

PRL may have a role in mechanisms related to pain as
well as reproduction, fertility, and paternal behaviour
[79]. Moreover, PRL levels can be elevated in stress-
ful situations in both males and females [12], and PRL
was shown to be upregulated in inflammatory and
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post-operative conditions in both sexes [79]. PRLR is
expressed in trigeminal ganglion sensory neurons and
fibers innervating the dura mater in both male and
female mice, albeit with a higher expression in females
[12, 15, 31]. In addition, after dural administration of
PRL, migraine behaviour occurs in female mice, but is
absent in male mice [15]. Moreover, PRL can increase
the release of CGRP in the female dura, but it does not
have the same effect in the male dura, suggesting that
the nociceptive effect of PRL may be limited to females
[15]. Further studies support the concept of a female-
specific mechanism that links PRL and migraine [17,
33, 81]. In this respect, sumatriptan administration was
shown to increase PRL levels in female mice, while no
effect was seen on PRL levels in males. Moreover, inhi-
bition of circulating PRL levels using cabergoline pre-
vented cutaneous allodynia in females but not males
[17]. Furthermore, 5-HT,; and 5-HT,, receptors
co-localize with the PRLR in the trigeminal ganglion,
mainly in females, and re-administration of sumatriptan
down-regulates the TGV1 PRLR-L isoform in female
mice only, with no change in PRLR-S. Based on these
results, they reported that PRL levels and PRLR signals
are increased in females in a mouse model for medica-
tion overuse headache, suggesting a potential role of the
hypothalamus and the neuroendocrine system in the
chronicity of migraine, especially in females [17]. Fur-
thermore, it has been reported that the PRL response is
higher in females compared to male sensory neurons in
the dorsal root ganglion and trigeminal ganglion [31, 79,
105, 172]. However, Patil et al. stated that PRLR-L and
PRLR-S mRNA expression in dorsal root ganglion neu-
rons is not dependent on sex [31].

Overall, the preclinical studies point to a female-spe-
cific mechanism of PRL in migraine. However, human
data is not sufficient to be able to draw conclusions on
the effects in men and studies on PRLR expression in
pain structures in men do not provide sufficient infor-
mation. Interestingly, Li et al. found higher PRL levels
in male migraine sufferers compared to healthy men,
just as female migraine sufferers had higher PRL lev-
els compared to healthy women [107, 118], suggesting
that also in men the PRL system could be affected dur-
ing migraine. Therefore, additional studies are needed to
reach a conclusion about whether PRL could be an effec-
tive target in male migraine patients.

Oxytocin

OT is a peptide hormone, or neuropeptide, mainly
produced in the magnocellular neurosecretory cells
of the hypothalamus, specifically in the paraventricu-
lar, supraoptic and accessory magnocellular nucleus.
From these nuclei, OT is further transported from
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neurosecretory granules along axons within the hypo-
thalamo-neurohypophysial tract to axon terminals in
the posterior pituitary. OT is stored in Herring bodies
from which it is released to the circulation with effect
on different tissues through binding to the OTR [21,
173]. OTRs are expressed in the peripheral system, for
instance in the uterus or breast, as well as in the central
nervous system. Their plasticity is strongly influenced
by the levels of estrogen, cholesterol and corticoster-
oids but also by exogenous substances, such as fluox-
etine and cocaine [174]. Via peripheral release from
the posterior pituitary into systemic circulation, OT
is involved in lactation and parturition, as well as the
regulation of social behaviour [175, 176]. Furthermore,
this neuropeptide is dendritically released by hypotha-
lamic neurons and can passively diffuse into various
brain structures. However, a sufficient amount of OT
is required to activate the OTR, which can be accom-
plished directly via long-range axonal projections of
hypothalamic OT neurons [177, 178]. The limbic regions
and the brain stem receive direct innervation by OT fib-
ers. Nonetheless, the phenomenon of local OT release
has also been identified in areas such as the amygdala,
with a particular association with stressful situations
and with the reward system [179]. Additionally, OT
reduces GABAergic inhibition in synapses (especially
in the hippocampus, auditory cortex, piriform cortex,
and paraventricular neurons) [176, 180]. In recent years,
reports indicate the analgesic and antidepressant effects
of OT [181]. According to human and animal models,
OT is linked to nociception and pain, and this phenom-
enon can be explained through both physiological and
psychological mechanisms. It has also been suggested
that oxytocinergic activity may be closely linked to the
endogenous opioid system [181]. Moreover, OT is syn-
thesised in peripheral tissues such as the uterus, pla-
centa, testis and heart [182]. It is believed that plasma
OT does not cross the blood-brain barrier, and there
is no link between the release of OT into the blood by
the neurohypophysis and local releases of OT in the
central nervous system. Due to its versatile involvement
in mood, stress, pain and other central nervous system
effects, strong evidence exists that OT and other drugs
acting through the OTR could act as multifunctional
analgesics [181].

The OT signalling pathway initiates a subsequent
response by the binding of OT to its receptor. The OTR
belongs to the type A G-protein coupled receptor (GPCR)
family and contains seven transmembrane alpha helices
consisting of 389 amino acid residues. OTRs can be coupled
to subunits such as Gq, Gil, Gi2, Gi3, GoA, and GoB, caus-
ing an increase in cytosolic calcium concentration (cou-
pling to the Gq subunit) or inhibition of adenylate cyclase
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activity (coupling with the Gi subunit) [183]. The OTR gene
is located on human chromosome 3p25 and is about 19 kb
in length. The high-affinity receptor state requires both
Mg?" and cholesterol, which probably function as allosteric
modulators. The function and physiological regulation of
the OT system is strongly steroid dependent [182].

Involvement of OT in pregnancy and child delivery is
commonly known. OT helps with the cervical dilatation
process and causes contractions of smooth muscle cells
during the second and third stages of labour. OT is one of
the most potent uterotonic agents and is clinically used to
induce labour. With the onset of labour, uterine sensitivity
to OT increases. This is associated with both an upregula-
tion of OTR mRNA and a strong increase in the density
of myometrial OTRs, reaching a peak during early labour
[184]. Moreover, OT plays a vital role in milk ejection from
the mammary gland by contracting smooth muscle cells.
The secretion of the mammary glands is triggered by the
tactile stimulation of receptors on site, which produces
impulses further transmitted from the nipples to the spi-
nal cord and then to the secretory oxytocinergic neurons
in the hypothalamus [185]. Also, it is well documented
that levels of circulating OT increase during sexual stimu-
lation and arousal, and peak during orgasm in both men
and women [186]. In addition, OT is known for reducing
fear, possibly by inhibiting the amygdala [187], and its anti-
depressant-like effects, though it is believed that the effect
may be mediated by modulation of a different target, per-
haps the vasopressin V1A receptor, where OT is known to
weakly bind as an agonist [188]. Moreover, OT probably
has an effect in many other social interactions (i.e. gener-
osity and empathy, trust, romantic attachment).

Interestingly, OT and PRL are able to influence each
other. OT has been shown to stimulate PRL secretion
when administered peripherally or directly on pituitary
cells in vitro [189]. OT neurons of the paraventricular
nucleus have a periodic activity that coincides with the
PRL surges in rats [190], and OT directly stimulates PRL-
secreting lactotrophs in rat studies through a calcium-
dependent mechanism [191].

Oxytocin and migraine

Connection: Migraine-Trigemin ovascular
System-Hypothalamus-Oxytocin

OT is a pleiotropic hypothalamic hormone/neuro-
transmitter since it has multiple functions ranging from
mammalian behaviour and health, to neurological and
immunological influences [192]. Moreover, it has an
important antinociceptive role through its binding to
the OTR with the effect to inhibit trigeminal neuronal
excitability. However, circulating OT does not cross the
blood-brain barrier, suggesting a peripheral site of action
for its anti-migraine effect, likely acting on receptors
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within the trigeminal system. On the other side, there
is a very important anatomical and pathophysiological
relationship between the trigeminovascular system and
the hypothalamus, of which the latter is indeed the key-
stone to understand the implication of OT in migraine.
The role of the hypothalamus is very complex because it
intervenes throughout the different phases of migraine
[20]: there is an increase in hypothalamic blood flow
during the presence of premonitory symptoms (nausea,
vomiting, nasal congestion, and lacrimation without
pain); it is involved in nociceptive processing by input
from second-order neurons (trigemino-cervical complex)
and output to areas of the pain neuro-axis (cortex, thala-
mus, amygdala, periaqueductal grey, and the spinal cord
dorsal horn). Finally, disturbances of the hypothalamus
lead to changes in quality of life with increased suscepti-
bility to migraine [193].

Oxytocin and migraine

Sensory dorsal root and trigeminal ganglia express OTRs
suggesting a role in pain modulation, more specifically,
an antinociceptive effect by reducing inflammation-
induced firing of dorsal horn neurons and, especially,
trigeminal neurons [194]. These prompted researchers to
experiment with its use as a migraine drug, obviating the
problem of passing through the blood—brain barrier, with
intranasal administration [194, 195]. Wang et al. [196]
demonstrated that repeated intranasal OT eliminates
central sensitization by regulating synaptic plasticity via
OTR in CM, through the downregulation of AC1/PKA/
pCREB signalling pathway [197], which is activated in a
CM model.

OT activates the OTR resulting in intracellular mobili-
sation of Ca”", thereby inhibiting nociception by differ-
ent actions: GABAergic signalling, inhibition of transient
potassium current, desensitisation of spinal TRPV1
channels, and disruption of the NMDA-evoked coordi-
nated neuronal network activity [198-200]. Assessing the
anatomical side, the anti-migraine action follows two dif-
ferent pathways: projection from the hypothalamic para-
ventricular nucleus to the nucleus caudalis and trigeminal
nociceptive pathways via activation of the OTRs.

Studies on menstrual migraine have shown that estro-
gen regulates OT release and the expression of the OTR
[13, 23]. During menstruation there is a reduction of
estrogen and OT, as well as a reduction of magnesium
and cholesterol, which positively modulate the affinity of
OT for OTRs. Consequences are a decrease of OT levels,
reduced affinity of OT for its receptor and a decreased
expression of the trigeminal OTR. All of these variations
seem to determine activation of meningeal trigeminal
nociceptors and increase the risk of menstrually related
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migraine attacks, suggesting trigeminal OTR as a thera-
peutic target for menstrually related migraine [14].

Krause et al. [13] demonstrated co-expression of estro-
gen receptors with CGRP, CGRP receptor, OT and/or
OTR in migraine-related areas, namely the dorsal horn
of the spinal cord, medullary dorsal horn, pontine nuclei
and cerebral cortex. They also underlined the role of
estrogen, which regulates the balance of pro-migraine
factors, such as CGRP, and anti-migraine factors, such
as OT, within the trigeminal ganglion. Moreover, OT is
increased during pregnancy, coinciding with a general
decrease of headaches and migraine during pregnancy
[46, 201]. More specifically, this reduction in headache
occurs in patients with migraine without aura, in which
case there is an increase in the first trimester and a
decrease in the following two trimesters, but new onset
aura may appear at that time [202]. In contrast, MA
patients often do not experience improvement during
pregnancy and new attacks of aura without headache can
occur.

Preclinical studies

Tzabazis et al. [194, 195] investigated trigeminal ganglia
applying an immunohistochemical approach in order
to study the co-localization of OTR with CGRP in rats.
The expression of OTRs is enhanced by painful inflam-
mation and noxious stimulation of the face. Moreover,
it was shown that trigeminal ganglion neurons possess
both OTRs and CGRP and it was demonstrated that the
application of OT to trigeminal ganglion neurons in vitro
inhibits the firing of those neurons and the release of
CGRP, with a reduction of trigeminal nerve-associated
pain responses in vivo. Moreover, intranasal or intrac-
erebroventricular OT produces a dose-dependent anal-
gesic effect in rodent trigeminal/head pain models that
is absent with intravenous application [195]. Recently,
it was shown that spinal OT reduces trigeminocervi-
cal complex (TCC) neuronal firing evoked by meningeal
electrical stimulation in anaesthetised rats, suggesting
OTR as a possible target at the TCC level [200]. Another
study [203] demonstrated that OTRs are expressed in the
rat trigeminovascular system, but no OTRs in the cranial
arteries were detected ex vivo [204], suggesting that the
vascular effects of OT are not mediated by activation of
the OTR, but through vasopressin V1A receptors instead,
while OTRs are present on neuronal structures such as
the trigeminal ganglion and trigeminal nucleus caudalis.

Effect of sex steroids on oxytocin

The role of sex steroids on oxytocinergic activity has
been studied extensively. Testosterone has been shown
to decrease hypothalamic-pituitary-axis (HPA) activ-
ity and subsequently OT, while estrogen enhances the
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OTR binding in various regions of the brain in mice.
More particularly, it was found that, although estrogen
increases OT action via the estrogen receptor « (ERa), it
also decreases its activity in an ERp-dependent manner,
having a double role. Regarding testosterone, its metabo-
lites dihydrotestosterone and 5a-androstan-3f have been
found to inhibit HPA activity via the ERB [205]. Other
studies are in agreement with these findings, so keep-
ing in mind that steroids dramatically affect OT in most
mammals, it seems likely that they have similar influ-
ences in humans as well [206-208].

This regulation of pain by OT could also be involved
in menstrual migraine [13]. Decreased levels of estrogen
seem to increase susceptibility for menstrual migraine
attacks, and estrogen treatment in women could delay
the attack until the hormone levels drop again [209].
Therefore, treatment with oral contraceptives or hor-
mone replacement therapy that stabilises levels of estro-
gen may have a preventive action in migraine [13]. Pain in
women with menstrual migraine, especially in those with
migraine aura, usually happens at days—2 to+3 of the
menstrual cycle, coinciding with the days of the drop of
estrogens and OT [23]. Consequently, the estrogen with-
drawal theory of menstrual migraine suggests that estro-
gen regulates the balance of pro-migraine factors, such as
CGRP, and anti-migraine factors, such as OT, within the
trigeminal ganglion. Regarding the role of progesterone
in migraine, the results remain unclear, although it seems
likely that the drop of progesterone is not related to men-
strual migraine, as administration of progesterone did
not protect against menstrual attacks [13].

In conclusion, the function of OT varies across women
and men, proposing that the sex hormones play a role in
its regulation. Keeping in mind that migraine also var-
ies across the sexes, it can be suggested that sex hor-
mones, OT and migraine are strongly related. Although
further research is needed, such targets may be promis-
ing directions for future research in order to differenti-
ate migraine pathophysiology and therapy in women and
men [210, 211].

Intranasal oxytocin

Intranasal delivery of OT is considered to be an attrac-
tive administration route, allowing non-invasive and
rapid brain delivery of this nonapeptide by using the
nasal-cerebral pathway. While subcutaneous or intra-
venous administration of OT is associated with a short
half-life due to rapid metabolism and elimination, intra-
nasally administered OT reaches the nervous system in
larger amounts with minimal systemic exposure [212—
214]. Furthermore, its targeted delivery minimises the
chance of off-target (side-)effects [215]. As OT is a large
hydrophilic molecule, the blood-brain barrier might
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hinder adequate delivery to the central nervous system of
peripherally administered OT [216], despite the presence
of possible transport mechanisms on endothelial cells of
brain capillaries detected in mice, namely the so-called
vascular receptor for advanced glycation end-products
(RAGE), in both sexes [217]. Although recent studies
have shown that intranasally administered OT may reach
the brain in relevant amounts to exert its biological and
behavioural effects [218], its site of action in migraine
might not be within the central nervous system. Fur-
thermore, while CGRP (receptor)-targeted monoclonal
antibodies, for example, have a half-life of approximately
one month [219], intranasal delivery allows flexibility in
(daily) dosing. In general, the presence of an inflamma-
tory environment has been hypothesised to be an essen-
tial determinant and driver of the expression of OTRs
and the efficacy of intranasal OT [194, 195]. In addi-
tion, in rat studies, estrogen has been demonstrated to
upregulate mRNA expression of the OTR [220]. These
findings might support the hypothesis of heterogene-
ous responses to intranasal OT on migraine during the
menstrual cycle in women and potential differences of
the efficacy of intranasal OT between sexes. Further, the
addition of magnesium ions to intranasal formulations
appears to lead to a more robust decrease in the excit-
ability of trigeminal ganglion neurons and to craniofacial
analgesia [221].

The application of intranasal OT has already been stud-
ied in several disorders. It has been hypothesised to be a
potentially safe and promising treatment option for psy-
chiatric disorders, including autism spectrum disorder in
both youngsters and adults [222—-225] and in schizophre-
nia [226]. The therapeutic aim of intranasal OT in these
disorders was to enhance social functioning, emotional
recognition, and neurocognition, among others. Further-
more, intranasal OT has been demonstrated to exert its
effects on the modulation and anticipation of (chronic)
pain disorders [212, 227, 228]. In rats, intranasal OT
reached the trigeminal ganglion and trigeminal nerves,
cerebrospinal fluid, and brain regions such as the thala-
mus and hypothalamus [212].

The association between migraine and OT is evident
when considering the association between the course
of migraine and female hormonal milestones. Indeed,
improvements in migraine, especially without aura, have
been reported during pregnancy, lactation, and meno-
pause [4] — events that are also associated with OT levels
[24]. In addition, OTRs are expressed in trigeminal gan-
glion neurons, and their activation blocks the release of
CGRP [194]. An older report described the pain reliev-
ing effects of OT infusion in a female presenting with
MA and premature contractions of the uterus (active
labour) and in a male ten-year-old presenting with acute
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migraine [229]. Notably, the time to pain relief was com-
parable to that of other vasoactive compounds—sug-
gesting that direct cranial vasoconstriction might be the
primary route of action of OT in migraine.

A pilot double-blind, placebo-controlled, single-dose
study in low-frequency migraine patients showed no sig-
nificant reductions of pain intensity at two hours after
intranasal OT administration. Still, positive effects on
other acute migraine-related symptoms (photophobia,
phonophobia, and nausea) were observed [195]. A sub-
sequent pilot study in CM patients showed a significant
reduction in pain after four hours, with a lower analge-
sic efficacy in patients who had taken NSAIDs within
24 h [195]. The latter post-hoc findings further high-
light the importance of the presence of inflammatory
mediators on the efficacy of intranasal OT. Further, an
open-label study including chronic and high-frequency
episodic migraine patients who received intranasal OT
during a period of 28 days showed a substantial decline
in total headache days, with a more profound positive
effect on the frequency (with a reduction of 8.2 headache
days) than on the severity of headaches [195]. Another
multisite double-blind, placebo-controlled study was
performed in mostly female subjects suffering from high-
frequency episodic or CM patients from Chile, South
America, Australia, and New Zealand. These migraine
patients received “as needed” chronic dosing of intrana-
sal OT or placebo. Although a strong reduction in head-
ache frequency was observed, an unusual high placebo
response—possibly related to geographical and (socio-)
cultural aspects—was observed at the Chilean site.
Therefore, the latter study did not meet its primary end-
point, i.e. a reduction of migraine headache days [195].

Limitations of intranasal OT include the limited vol-
ume that can be administered, irritation and allergic
reactions due to preservatives, and interference due to
congestion [212], but intranasal OT shows very lim-
ited side-effects and an acceptable safety profile. These
promising (pilot) results and the absence of any (serious)
adverse events have made nasal OT spray an interest-
ing prophylactic treatment option in migraine, probably
also in children. Results of a phase II study of TNX-1900
(intranasal potentiated OT) for the preventive treatment
of migraine in CM patients are currently awaited [230].

Oxytocin in males

Over the last 40 years, efforts to unravel the role of OT
in the male sex have increasingly intensified [231, 232].
To date, research data obtained through clinical trials
highlight an important role both in the physiology of
the male reproductive system, and in the behaviour of
the male towards his partner and children, after child-
birth [233]. With regard to its endocrine role, OT is
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released through the neurohypophysis into the systemic
circulation during sexual intercourse and ejaculation,
facilitating the secretion of sperm by inducing muscle
contractions in the male urogenital system. The exist-
ence of a large amount of OT in cells of the male repro-
ductive system (in the testicles, epididymis and prostate),
raised the suspicion that it is synthesised in these organs;
as a result, after numerous studies in experimental mod-
els (rats and pigs), both its paracrine role and its action
at the local level were highlighted [233, 234]. Further-
more, OT has been shown to regulate androgen levels
in male reproductive tissues by stimulating the conver-
sion of testosterone to dihydrotestosterone (DHT) by
5a-reductase [235].

Since the 1980s clinical trials have been carried out in
both experimental models and humans regarding the
role of OT in the behaviour of men, who are the focus of
most studies as they have lower levels of OT compared
to women. Of great interest is the fact that OT has been
shown to facilitate neurotransmission and, by exten-
sion, communication in brain areas related to emotion
recognition, such as the amygdala, frontal cortex, hypo-
thalamus and ventral area [174]. In fact, administration
of OT in a double-blind study in elderly men showed
an improvement in emotion recognition compared to
those who received a placebo [236]. It was supposed
until recently that OT increases in men after their part-
ner gives birth, supported by a systematic review, which
showed an increase in OT after childbirth [237]. How-
ever, a recent study that enrolled fathers overturned the
literature of previous years, showing that OT levels are
not affected by childbirth; in addition, no explanation
was found for the change in behaviour of fathers towards
newborns [238].

In addition to the OT action in male physiology, it is
also worth highlighting its pathophysiological role in
response to stress. In particular, the secretion of OT was
found to occur in response to intense stressful stimuli. In
a study in male participants, it was found that their expo-
sure to industrial noise caused a significant increase in
OT levels [239] and emotional stress has been confirmed
as a strong stimulus for OT release in forced swimming
and immobilisation rat models, in which an increase
in plasma OT levels was measured [240]. Other stud-
ies have identified pain as an additional stimulus for OT
release and show that corticotropin releasing hormone
(CRH) mediates OT release in various stress models. Sig-
nificant increases in OT levels have also been measured
during insulin-induced hypoglycemia and during bowel
manipulation while abdominal surgery was being per-
formed, confirming that painful stress also activates the
OT release system in humans [240].
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In recent years, based on all the knowledge that has
emerged about the role of OT in the male reproduc-
tive system, efforts are being made to develop phar-
maceutical interventions targeting OTRs. The first
studies were conducted in male sheep in vivo, in which
OT administered under general anaesthesia was found
to cause an increase in both fluid quantity and sperm
count [241]. Today, there is an attempt to create OTR
agonists for the treatment of pathologies related to
male reproductive function, sperm improvement and
for the treatment of prostate disorders [242]. In par-
ticular, the discovery of the presence of OTRs in the
male hyperplastic prostate led to the conduct of stud-
ies with the local use of OTR agonists with the aim of
both symptomatic treatment and halting the progres-
sion of the disease [235]. Moreover, OT expression has
been found to decrease with the progression of pros-
tate cancer, potentially becoming a future biomarker
for invasive disease [243].

Therapeutic use of oxytocin in males

The analgesic effect of OT has been tested in humans
many times. In 1995, a study including 48 healthy male
volunteers found that inhaling OT spray reduced the pain
threshold by 56.5% [244]. A more recent study investi-
gated the analgesic effect of OT on pain in both men and
women. A reduction in pain perception after intranasal
OT application was observed in men but not in women.
One reason may be that women are more sensitive to
psychological or social stimuli of stress or pain than
men as well as the fact that in women endogenous levels
of OT vary during the menstrual cycle [245]. Addition-
ally, another study investigated the effect of OT on CM
in male mice. It was found that repeated administration
of intranasal OT significantly reduced pain through the
OTR, while the expression of CGRP and c-Fos was also
found to be reduced, thus indicating the role of OT in
preventing central sensitization. Therefore, intranasal OT
is a potential treatment for the prevention of CM [197],
and could possibly be effective in both men and women.

Interaction of prolactin and oxytocin

The relationship between OT and PRL described above
is based on the interaction in various life processes. Rat
models revealed that OTRs are present on lactotrophs
and in response to endo- and exogenous OT, they acti-
vate lactotrophs and increase PRL secretion. OT can,
therefore, be regarded as prolactin-releasing factor. OT
may reach the lactotrophs through the long portal ves-
sels, the short portal vessels and from the peripheral
circulation (OT release from the posterior pituitary)
[246] via a Ca’"-dependent mechanism [191]. During
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Fig.1 E ects of OT and PRL on sensory nerves in the trigeminal system. Intranasal OT can reach the trigeminal system and activate the

OTR, resulting in inhibition of CGRP release [195], desensitisation of TRPV1 channels [199] and inhibition of neuronal firing [200], leading to
antinociceptive e ects. PRL activates the PRLR, resulting in increased neuronal excitability [14, 99], sensitization of TRPV1, TRPM8 and TRPAL
channels [33, 79, 102, 105], and release of CGRP [15, 82], suggesting that treatment targeting PRL should aim to decrease its pronociceptive e ects,

e.g. using PRLR antagonists or decreasing PRL levels

breastfeeding, in response to sucking, the level of OT
in the peripheral blood increases first, followed by the
secretion of PRL. This suggests involvement of other
regulating mechanisms and different thresholds of
activation [247]. It seems that OT acts peripherally to
stimulate PRL secretion, while PRL acts on OT through
central mechanisms [248]. Administration of an OT
antagonist with a fixed dose causes no increase in PRL
levels in response to sucking, indicating an effective
blockade of the secretion [79, 249, 250]. An inverse rela-
tionship is observed during lactation, when PRL stimu-
lates the release of OT. This may be due to the existence
of a positive feedback loop between the two hormones
and mutual stimulation of secretion [251]. Disrupting
the rhythmic release of PRL through an OT antagonist
will also inhibit the rhythmic release of dopamine [248,
252]. Moreover, it seems that OT and dopamine may
affect the circadian rhythms of PRL secretion in animal
models and possibly the estrogen cycle [253].

In humans, both hormones are in part mediated
through distinct mechanisms. Positive OT and PRL
correlation was observed during breastfeeding. Not-
withstanding, during this episode, OT is released in a
pulsatile pattern and within minutes, while the increase
in PRL secretion is slower and the effect lasts longer.
Milk production and ejection is stimulated by OT via

oxytocin-containing nerves from paraventricular nucleus
to PRL-producing cells in the anterior pituitary [254].
OT and PRL are also both involved in pair-bonding and
infant care [255].

Discussion

OT and PRL in migraine pathophysiology

Over the last 50 years, pain research has provided con-
siderable support for the assertion that the hypothalamic
peptide OT and pituitary peptide PRL affect pain modu-
lation in animals and humans. It seems that the analge-
sic effect of OT and female-specific hyperalgesia of PRL
play a key role in this process [14, 31, 78, 81]. Research
on PRL revealed that this endocrine hormone is linked
with migraine as well as many other types of pain. On the
other hand, low levels of OT in humans may be a com-
ponent of many chronic pain conditions and have been
associated with increased sensitivity to pain [16, 17, 81,
181, 256].

Clinical and preclinical studies have postulated a role
for PRL and PRLR in headache disorders, particularly
migraine. In the nervous system, PRL acts on various
neuronal circuits, including trigeminal sensory neurons,
through binding to PRLRs, where it increases neuronal
excitability [78]. The effects of OT can be explained by
binding to the OTRs, as well as passive diffusion into
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various brain structures. Moreover, its activity may
also be closely related to the endogenous opioid system
[257]. Identically, PRL and OT are involved in nocice-
ption, acting at peripheral and central levels, with the
distinction that PRL is pronociceptive, and OT is antin-
ociceptive [78, 79] (Fig. 1). In this respect, OTR activa-
tion on sensory neurons inhibits neuronal firing [200]
and leads to desensitisation of TRPV1 channels [199],
while PRLR activation on sensory neurons increases
neuronal excitability [14, 99] and sensitises TRPVI,
TRPMS8 and TRPA1 channels [33, 79, 102, 105].

PRL can access the nervous system, probably through
two mechanisms: mediated by receptors or through
regions that lack a blood—brain barrier, while OT is only
able to pass into the central nervous system where the
blood brain barrier is not present [16, 78, 218, 256, 258].
Another important issue is that PRL may be regulated
by systemic processes such as hormones (estrogens) or
inflammation [78-80] and OT levels can be regulated
by parietal or sexual behaviour and modulate psycho-
logical functions [186, 259]. Considering the location of
the receptors on which these hormones exert an effect,
PRL is mediated by PRLR in pain-associated structures,
and, although more specific data for the OTR are lack-
ing, researchers documented its highest concentration in
the lower medulla where the trigeminal nucleus caudalis
is located [25]. It is confirmed in animal studies that in
trigeminal neurons CGRP is also co-localized with both
OTR and PRLR [15, 17], where activation of the OTR
results in inhibition of CGRP release [195], while PRLR
activation stimulates the release of CGRP [15, 82]. The
inflammatory molecule PACAP-38, another significant
inflammatory peptide, also co-localises with PRL, and
during the pain this peptide increases PRL release [88]. In
the hypothalamus, PACAP partially colocalizes with OT
as well [260].

PRL as a target for the treatment of migraine

Studies on PRL levels almost comprehensively indicate that
this hormone is found at higher levels in migraine patients
compared to healthy controls [31, 80]. Furthermore, it
has been suggested that high PRL levels play a role in the
chronification and progression of migraine. Clinical stud-
ies in patients with hyperprolactinemia demonstrated that
headache is decreased, in some cases diminished via down-
regulation of PRL [25, 111, 261]. It has been demonstrated
that some migraine medications have an impact on PRL
levels [22, 152, 153]. Acetaminophen, triptans and propran-
olol decrease PRL levels, while treatment with valproate
increases PRL levels. Previous studies showed that drugs
such as bromocriptine and methysergide, which affect PRL
levels, are effective in the prevention of migraine, presum-
ably by interacting with dopamine and 5-HT receptors.
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However, their use in migraine is discouraged due to the
risk of causing serious side effects like pulmonary fibrosis.

In terms of the inflammatory side of migraine, PRLR is
known to be expressed on CGRP-immunopositive sen-
sory fibres and promotes the release of CGRP. Addition-
ally, the CGRP receptor is expressed on immune cells,
including dural mast cells, macrophages and T-cells, and
CGRP may interact with these cell types to stimulate
the release of PRL [15]. This reciprocal link is also asso-
ciated with a female-specific migraine-like behavioural
response, which decreases in the presence of CGRPyg 3,
a CGRP receptor antagonist [15-17, 82, 262]. PACAP-
38, another inflammatory agent that may have an accent
role in migraine pathogenesis, has been shown to cause
increased PRL release in MO patients [88].

Besides the direct link between PRL and (migraine)
pain, the relationship between inflammation and PRL
raises the question whether blocking PRLR can be used
in migraine pain—not only as a preventive but also as a
treatment that targets pathophysiological mechanisms of
migraine. PRLR antagonists are suggested therapeutics
for certain malignancies but there is no data in the litera-
ture related to pain. The PRL system could be targeted in
various manners, such as by targeting phosphorylation
or dimerization of the receptor [263]. Nevertheless, the
PRLR has been shown to have single nucleotide polymor-
phisms, some of which may influence how the receptor
functions and reacts to receptor blocking [264]. Further-
more, monoclonal antibodies against PRL could possibly
be used to counteract its effects. However, considering
the many different actions of PRL and its diverse physio-
logical role, preferably only the nociceptive effects of PRL
should be counteracted, to avoid adverse effects. Follow-
ing this rationale, treatments targeting PRL nociception
should specifically target the PRLR in certain migraine
pain-related structures, such as the cranial trigeminal
system. This could be done using locally applied treat-
ment, as is done for OT using an intranasal spray, or
using treatment that specifically targets one area or one
type of tissue or cell, for instance specifically targeting
nociceptive fibres or mast cells. The field of tissue-spe-
cific drug delivery is still under development, but gives
great hope for treatment in the future [265].

Preclinical studies have shown that PRL contributes
to the pathogenesis of migraine involving sex-specific
mechanisms [16]. In animal studies, PRL administered
to the dura mater elicited migraine-like behaviour only
in females, and PRLR was more abundant in the female
sex in trigeminal neurons [78, 79]. We can also claim
that PRL-induced sensitization of TRPV1, TRPMS
and TRPA1 channels in dorsal root ganglion neurons
[14, 15, 78, 79] and trigeminal ganglion neurons [33] is
a sex-dependent mechanism, given that the induced
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increased calcium influx is only observed in females and
not in male neurons [88]. In addition, behavioural animal
studies have shown that PRL can induce nociception in
female rats but not in ovariectomized rats [33], suggest-
ing that PRL-induced nociception effects are estrogen-
dependent [33]. Lowering PRL levels is likely to cause
sexual side effects in males. In the light of this informa-
tion, it seems that blocking PRLR should be considered
as a preliminary objective in females rather than males.
Moreover, considering that the PRLR is also present in
pain-related centres in males but is detected in much
higher concentrations in females, blocking some of the
receptors involved in nociception rather than all recep-
tors might be a preferred option in terms of reducing side
effects.

Recently, it was shown that PRL could be targeted more
upstream as well, using kappa opioid receptor (KOR)
antagonists. Stress-activated hypothalamic KORs were
shown to increase PRL levels resulting in trigeminal
sensitization, with effects in both male and female mice,
suggesting that these KOR antagonists could potentially
be used for migraine prophylaxis in both sexes, while
decreasing PRL levels using the dopamine receptor ago-
nist, cabergoline, seemed to be effective for reducing allo-
dynia in only females, without any effect on males [125].

OT as a target for the treatment of migraine

OTR upregulation in the trigeminal ganglion after nox-
ious stimulation and a blockade of capsaicin-induced
CGRP release from trigeminal dural afferents (nocicep-
tive primary afferent neurons) after exogenous OT was
observed [194]. Also, in a rat model of traumatic brain
injury, intranasal administration of OT into the trigemi-
nal ganglia attenuated allodynic responses, while no
effect was seen after intravenous OT injection of the same
dose. In this study, OT concentration was measured in
the spinal cord, trigeminal ganglia, pons and the olfactory
bulb. After intranasal administration, a higher concen-
tration of OT was observed in all these areas, however,
statistical significance was reached only in the trigeminal
ganglion. Those results rather contradict the activity of
OT in the peripheral blood stream, and support central
transmission of OT [266]. Also, in the nucleus accum-
bens, reward-related processing due to modulation of
dopaminergic reward pathways between OT and dopa-
mine receptor binding have been observed [267], which
is important for coping behaviours. The results of above
studies allowed us to hypothesise the central role of OT
in migraine pathophysiology via descending hypotha-
lamic pathways (transport via olfactory and trigeminal
nerve fibres) and/or peripheral processing via circulating
OT in the blood [196, 204]. The fact that the OTRs in the
trigeminal ganglion are located outside the blood—brain
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barrier makes them available as potential targets of intra-
nasal OT or OTR agonists to counteract migraine head-
aches in men and women.

OT at intranasal (or cerebroventricular) application
inhibits the nociceptive activation of neurons in the
trigeminal nucleus caudalis, and its added advantage
is a dose-dependent and specific response [195]. OT
is a linear organic polymer, which is not likely to cause
addiction and has low toxicity and strong potency. As
disadvantages, inadequate deposition of functional pep-
tide to specific brain regions and short half-lives and
poor availability when administered orally or parenter-
ally, may be mentioned [212, 268]. The role of chronic OT
use in stress and anxiety reduction as well as long-lasting
effects on cardiovascular responses were reported. These
reactions were dose-related and depend on contextual
(such as developmental period or the type of stress expe-
rienced) and interindividual (e.g. sex, genotype) factors
[269]. The above remains relevant when considering trig-
ger factors for migraine headaches; however, potential
positive, indirect, effects on headaches may also be con-
nected to improvement in sexual functions [270] and
social interactions, which positively affect the quality of
life.

Besides OT, other OTR agonists could be used to target
the OT system. There are limited reports, which provide
long-lasting reduction in inflammatory pain-induced
hyperalgesia symptoms after intraperitoneal administra-
tion of a non-peptide full agonist of the OTR (LIT-001) in
animal models [271], or antinociceptive effect of carbe-
tocin, an OTR agonist, in humans [272]. Further research
is in progress, however, the effectiveness of the agonist
may depend on selectivity and its route of administra-
tion [273]. Nevertheless, genetics [274, 275], sexual dif-
ferences [276], and stress-related psychopathology [277]
should be taken into account when making therapeutic
decisions. Sexual dimorphism on OT and OTR expres-
sion remains significant and makes women more vulner-
able to OT decline and an associated greater possibility of
developing depression or menstrual pain [24]. Increased
endogenous OT level is recorded between the attacks due
to generalised enhancement of affective pain and neuro-
genic inflammation. This increase is probably a response
to migraine stress, however, compensatory mechanisms
to reduce affective stress are also suggested [278].

Interaction between OT and PRL

The interaction between OT and PRL needs to be con-
sidered as well. In this respect, OT can be regarded as a
prolactin-releasing factor [246], while PRL can stimulate
OT secretion through central mechanisms [248]. The
fact that the levels of one of these hormones can affect
secretion of the other should be taken into account when
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using them as a target for migraine treatment, especially
considering that OT has antinociceptive effects, while
PRL leads to a more pronociceptive response. Treatment
should aim to increase OT levels, thereby increasing
antinociceptive effects, without resulting in subsequent
increased PRL levels, which could potentially counter the
antinociceptive effects of OT. This interaction between
OT and PRL levels stresses the need for a locally applied
treatment, which is realised with the intranasal applica-
tion of OT.

Conclusions

To gain insight into the role of OT and PRL in migraine
pathophysiology, we have focused on their effects on
pain modulation. Both hormones are involved in noci-
ception, operating at the peripheral and central levels;
however their role is the opposite. PRL, despite its role
in many physiological processes, has a pronociceptive
effect (remarkably in the female sex) and may contrib-
ute to recurrence or chronification of pain symptoms. In
contrast, OT is characterised by antinociceptive activity,
which is particularly marked during pregnancy, feed-
ing and/or sexual behaviour in both sexes. In connec-
tion with this discovery, an increasing role is attributed
to drugs that can act on their receptors. Additionally, the
fact that they co-localize with estrogen receptors, CGRP
and CGRP receptors provides great hope for influencing
nociceptive pathways.

The relationship between various sex hormones is
complex and their interactions should be taken into
account. Despite this complexity, the data shown above
indicate a clear influence of PRL and OT, as well as other
hormones and peptides, on the occurrence of migraine.
These dependencies consist of intricate mechanisms
which, thanks to the increasing number of studies, are
becoming better understood. The role of the hypothala-
mus, a part of the migraine-related regions, as the ini-
tiator of migraine is also increasingly emphasised. While
migraine is more prevalent in women, it should also be
taken into account that there is insufficient data on the
role of sex hormones in males, and this topic needs more
research. Also, research into the correct administration
of doses according to sex-specific differences, hormonal
changes and comorbidities remains a major challenge for
the development of future therapies.

Abbreviations

5-HT Serotonin

CGRP Calcitonin gene-related peptide
CM Chronic migraine

CSD Cortical spreading depression
FHM Familial hemiplegic migraine

Page 19 of 26

FSH Follicle-stimulating hormone

GABA Y-Aminobutyric acid

GH Growth hormone

GPCR G-protein coupled receptor

KOR Kappa opioid receptor

LH Luteinizing hormone

MA Migraine with aura

MO Migraine without aura

o1 Oxytocin

OTR Oxytocin receptor

PACAP-38 Pituitary adenylate cyclase activating polypeptide-38
PRL Prolactin

PRLR Prolactin receptor

TCC Trigeminocervical complex

TRP Transient receptor potential cation channel
TRH Thyrotropin releasing hormone

Acknowledgements

The figure was designed using Servier Medical Art, smart.servier.com,
licensed under a Creative Commons Attribution 3.0 Unported License. ER-M
received research grants from Secretaria de Educacion, Ciencia, Tecnologia e
Innovacion del Gobierno de la Ciudad de México (SECTEI/152/2021) and the
International Headache Society (Junior Research Grant 2022).

Author contributions

AKS and SU took the lead in drafting the manuscript. TdV supervised the process
and designed the concept of the review. All authors contributed to the drafting
and critical revisions of the manuscript and approved the final manuscript.

Declarations

Competing interests

KM received honoraria as consultant or speaker from Novartis Germany, Lilly
Germany, Teva GmbH and the European Association of Manual Medicine,
received research grants from Teva Pharm. Ind. Ltd. Allergan Pharmac. Ireland,
Weber & Weber GmbH, Dr. Robert Pfleger-Stiftung, Johannes und Frieda
Marohn-Stiftung, Alexander von Humboldt Foundation and the Deutsche
Forschungsgemeinschaft. He is member of the Editorial Board for Cephala-
Igia and Frontiers. AMvdB received personal fees (fees as advisor or speaker,
consultancy, any other) from Allergan-Abbvie, Lilly, Novartis and Teva. She
received research support from Novartis and Satsuma, as well as independ-
ent research support from the Dutch Research Council and the Netherlands
Organisation for Health Research and Development. All other authors declare
no conflicts of interest.

Author details

!Doctoral School, Medical University of Lublin, Lublin, Poland. >Department
of Neurology, Medical University of Lublin, Lublin, Poland. *Department

of Neurology, Kartal Dr. Lutfi Kirdar Research and Training Hospital, Istanbul,
Turkey. “Division of Vascular Medicine and Pharmacology, Department

of Internal Medicine, Erasmus University Medical Center, Rotterdam, The
Netherlands. *Department of Pediatrics — Dr. von Hauner Children’s Hospital,
LMU Hospital, Division of Pediatric Neurology and Developmental Medicine,
Ludwig-Maximilians Universitat Miinchen, Lindwurmstr. 4, 80337 Munich,
Germany. °LMU Center for Children with Medical Complexity — iSPZ Hauner,
Ludwig-Maximilians-Universitat Mlinchen, Lindwurmstr. 4, 80337 Munich,
Germany. "Department of Diagnostic and Interventional Neuroradiology,
School of Medicine, Klinikum rechts der Isar, Technical University of Munich,
Ismaninger Str. 22, 81675 Munich, Germany. 5TUM-Neuroimaging Center,
Klinikum rechts der Isar, Technical University of Munich, Munich, Germany.
9Child Neuropsychiatry Unit Department, Pro.M.LS.E. "G D'Alessandro,
University of Palermo, 90133 Palermo, Italy. °First Department of Neurology,
Eginition Hospital, National and Kapodistrian University of Athens, Athens,
Greece. ' Department of Neurology, City Hospital Ostrava, Ostrava, Czech
Republic. *Spine Health Unit, Faculty of Physical Therapy and Rehabilitation,
Hacettepe University, Ankara, Turkey. **Department of Clinical and Molecular
Medicine, Sapienza University, Rome, Italy. 14Neuroscience Section, Depart-
ment of Applied Clinical Sciences and Biotechnology, University of LAquila,
67100 LAquila, Italy. **Department of Neurology, 401 Military Hospital

of Athens, Athens, Greece. 16Department of Neurology, Clinica Universidad



Szewczyk et al. The Journal of Headache and Pain

(2023) 24:31

de Navarra, Pamplona, Spain. *Institute of Physiology and Pathophysiology,
Friedrich-Alexander-Universitat Erlangen-Nurnberg, Erlangen, Germany.

Received: 30 December 2022 Accepted: 28 February 2023
Published online: 27 March 2023

References

1

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

Headache Classification Committee of the International Headache Soci-
ety (2013) The International Classification of Headache Disorders, 3rd
edition (beta version). Cephalalgia 33:629-808. https://doi.org/10.1177/
0333102413485658

Steiner TJ, Stovner LJ, Jensen R et al (2020) Migraine remains second
among the world's causes of disability, and first among young women:
findings from GBD2019. ] Headache Pain 21:137. https://doi.org/10.
1186/510194-020-01208-0

Buse DC, Loder EW, Gorman JA, et al (2013) Sex Di erences in the
Prevalence, Symptoms, and Associated Features of Migraine, Probable
Migraine and Other Severe Headache: Results of the American Migraine
Prevalence and Prevention (AMPP) Study. Headache 53:1278-1299.
https://doi.org/10.1111/head.12150

Al-Hassany L, Haas J, Piccininni M, et al (2020) Giving Researchers a
Headache — Sex and Gender Di erences in Migraine. Front Neurol 11,
https://doi.org/10.3389/fneur.2020.549038

Burch R, Rizzoli P, Loder E (2021) The prevalence and impact of migraine
and severe headache in the United States: Updated age, sex, and
socioeconomic-specific estimates from government health surveys.
Headache 61:60-68. https://doi.org/10.1111/head.14024

Delaruelle Z, lvanova TA, Khan S et al (2018) Male and female sex hor-
mones in primary headaches. J Headache Pain 19:117. https://doi.org/
10.1186/510194-018-0922-7

Vetvik KG, MacGregor EA (2017) Sex di erences in the epidemiology,
clinical features, and pathophysiology of migraine. Lancet Neurol
16:76-87. https://doi.org/10.1016/S1474-4422(16)30293-9

Goadsby PJ, Holland PR, Martins-Oliveira M et al (2017) Pathophysiology
of Migraine: A Disorder of Sensory Processing. Physiol Rev 97:553-622.
https://doi.org/10.1152/physrev.00034.2015

Rivera-Mancilla E, Villalén CM, MaassenVanDenBrink A (2020) CGRP
inhibitors for migraine prophylaxis: a safety review. Expert Opin Drug
Saf 19:1237-1250. https://doi.org/10.1080/14740338.2020.1811229
Labastida-Ramirez A, Rubio-Beltran E, Villalén CM, MaassenVanDenBrink
A (2019) Gender aspects of CGRP in migraine. Cephalalgia 39:435-444.
https://doi.org/10.1177/0333102417739584

van Casteren DS, Verhagen IE, Onderwater GL et al (2021) Sex di er-
ences in prevalence of migraine trigger factors: A cross-sectional study.
Cephalalgia 41:643-648. https://doi.org/10.1177/0333102420974362
Mason BN, Kallianpur R, Price TJ, et al (2022) Prolactin signaling modu-
lates stress-induced behavioral responses in a preclinical mouse model
of migraine. Headache 62:11-25. https.//doi.org/10.1111/head.14248
Krause DN, Warfvinge K, Haanes KA, Edvinsson L (2021) Hormonal influ-
ences in migraine — interactions of oestrogen, oxytocin and CGRP. Nat
Rev Neurol 17:621-633. https://doi.org/10.1038/s41582-021-00544-2
Patil M, Belugin S, Mecklenburg J, et al (2019) Prolactin Regulates Pain
Responses via a Female-Selective Nociceptor-Specific Mechanism. iSci-
ence 20:449-465. https://doi.org/10.1016/j.isci.2019.09.039

Avona A, Mason BN, Burgos-Vega C et al (2021) Meningeal CGRP-Prol-
actin Interaction Evokes Female-Specific Migraine Behavior. Ann Neurol
89:1129-1144. https://doi.org/10.1002/ana.26070

Gazerani P (2021) A link between migraine and prolactin: the way
forward. Future Sci OA 7. https:.//doi.org/10.2144/fsoa-2021-0047
Ilkegami D, Navratilova E, Yue X et al (2022) A prolactin-dependent
sexually dimorphic mechanism of migraine chronification. Cephalalgia
42:197-208. https://doi.org/10.1177/03331024211039813

Maniyar FH, Sprenger T, Monteith T et al (2014) Brain activations in the
premonitory phase of nitroglycerin-triggered migraine attacks. Brain
137:232-241. https://doi.org/10.1093/brain/awt320

Schulte LH, May A (2016) The migraine generator revisited: continuous
scanning of the migraine cycle over 30 days and three spontaneous
attacks. Brain 139:1987-1993. https://doi.org/10.1093/brain/aww097

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 20 of 26

Strother LC, Srikiatkhachorn A, Supronsinchai W (2018) Targeted orexin
and hypothalamic neuropeptides for migraine. Neurotherapeutics
15:377-390. https://doi.org/10.1007/513311-017-0602-3

Sofroniew MV (1983) Morphology of Vasopressin and Oxytocin
Neurones and Their Central and Vascular Projections. Prog Brain Res
60:101-114. https://doi.org/10.1016/S0079-6123(08)64378-2

Muller EE, Locatelli V, Cella S et al (1983) Prolactin-lowering and -releas-
ing drugs mechanisms of action and therapeutic applications. Drugs
25:399-432. https://doi.org/10.2165/00003495-198325040-00004
Bharadwaj VN, Porreca F, Cowan RP, et al (2021) A new hypothesis
linking oxytocin to menstrual migraine. Headache: The Journal of Head
and Face Pain 61:1051-1059. https://doi.org/10.1111/head.14152

Liu N, Yang H, Han L, Ma M (2022) Oxytocin in women'’s health and
disease. Front Endocrinol (Lausanne) 13:. https://doi.org/10.3389/fendo.
2022.786271

Nattero G, Bisbocci D, Ceresa F (1979) Sex hormones, prolactin levels,
osmolarity and electrolyte patterns in menstrual migraine-relationship
with fluid retention. Headache 19:25-30. https://doi.org/10.1111/j.
1526-4610.1979.hed1901025.x

Warfvinge K, Krause DN, Maddahi A et al (2020) Estrogen receptors

a, B and GPER in the CNS and trigeminal system - molecular and
functional aspects. J Headache Pain 21:131. https://doi.org/10.1186/
$10194-020-01197-0

Luo J, Liu D (2020) Does GPER really function as a G protein-coupled
estrogen receptor in vivo? Front Endocrinol (Lausanne) 11:. https://doi.
0rg/10.3389/fend0.2020.00148

Xu S,Yu S, Dong D, Lee LTO (2019) G Protein-coupled estrogen
receptor: a potential therapeutic target in cancer. Front Endocrinol
(Lausanne) 10:. https://doi.org/10.3389/fendo.2019.00725

Allais G, Chiarle G, Sinigaglia S et al (2020) Gender-related di er-

ences in migraine. Neurol Sci 41:429-436. https://doi.org/10.1007/
510072-020-04643-8

Dux M, Vogler B, Kuhn A, et al (2022) The anti-CGRP antibody freman-
ezumab lowers CGRP release from rat dura mater and meningeal blood
flow. Cells 11:. https://doi.org/10.3390/cells11111768

Patil M, Hovhannisyan AH, Wangzhou A, et al (2019) Prolactin receptor
expression in mouse dorsal root ganglia neuronal subtypes is sex-
dependent. J Neuroendocrinol 31.. https://doi.org/10.1111/jne.12759
Dobolyi A, Olah S, Keller D, et al (2020) Secretion and function of pitui-
tary prolactin in evolutionary perspective. Front Neurosci 14.. https://
doi.org/10.3389/fnins.2020.00621

Diogenes A, Patwardhan AM, Jeske NA et al (2006) Prolactin modulates
TRPV1 in female rat trigeminal sensory neurons. J Neurosci 26:8126—
8136. https://doi.org/10.1523/JNEUROSCI.0793-06.2006

Nappi RE, Tiranini L, Sacco S et al (2022) Role of estrogens in menstrual
migraine. Cells 11:1355. https.//doi.org/10.3390/cells11081355
Silberstein SD, Merriam GR (1993) Sex hormones and headache. ]
Pain Symptom Manage 8:. https://doi.org/10.1016/0885-3924(93)
90107-7

Franchimont P, Dourcy C, Legros JJ et al (1976) Prolactin levels during
the menstrual cycle. Clin Endocrinol (Oxf) 5:643-650. https://doi.org/
10.1111/j.1365-2265.1976.tb03867 x

Verhagen IE, Spaink HAJ, van der Arend BWH et al (2022) Validation

of diagnostic ICHD-3 criteria for menstrual migraine. Cephalalgia
42:1184-1193. https://doi.org/10.1177/03331024221099031

Sacco S, Ricci S, Degan D, Carolei A (2012) Migraine in women: the role
of hormones and their impact on vascular diseases. J Headache Pain
13:177-189. https://doi.org/10.1007/510194-012-0424-y

van Casteren DS, Verhagen IE, van der Arend BWH et al (2021) Compar-
ing perimenstrual and nonperimenstrual migraine attacks using an
e-diary. Neurology 97:€1661-e1671. https:.//doi.org/10.1212/WNL.
0000000000012723

Minkin MJ (2019) Menopause: Hormones, Lifestyle, and Optimizing
Aging. Obstet Gynecol Clin North Am 46:. https://doi.org/10.1016/j.0gc.
2019.04.008

Kolatorova L, Vitku J, Suchopar J, et al (2022) Progesterone: A Steroid
with Wide Range of E ects in Physiology as Well as Human Medicine.
Int J Mol Sci 23:. https://doi.org/10.3390/ijms23147989

Maestrini S, Mele C, Mai S et al (2018) Plasma Oxytocin Concentration in
Pre- and Postmenopausal Women: Its Relationship with Obesity, Body


https://doi.org/10.1177/0333102413485658
https://doi.org/10.1177/0333102413485658
https://doi.org/10.1186/s10194-020-01208-0
https://doi.org/10.1186/s10194-020-01208-0
https://doi.org/10.1111/head.12150
https://doi.org/10.3389/fneur.2020.549038
https://doi.org/10.1111/head.14024
https://doi.org/10.1186/s10194-018-0922-7
https://doi.org/10.1186/s10194-018-0922-7
https://doi.org/10.1016/S1474-4422(16)30293-9
https://doi.org/10.1152/physrev.00034.2015
https://doi.org/10.1080/14740338.2020.1811229
https://doi.org/10.1177/0333102417739584
https://doi.org/10.1177/0333102420974362
https://doi.org/10.1111/head.14248
https://doi.org/10.1038/s41582-021-00544-2
https://doi.org/10.1016/j.isci.2019.09.039
https://doi.org/10.1002/ana.26070
https://doi.org/10.2144/fsoa-2021-0047
https://doi.org/10.1177/03331024211039813
https://doi.org/10.1093/brain/awt320
https://doi.org/10.1093/brain/aww097
https://doi.org/10.1007/s13311-017-0602-3
https://doi.org/10.1016/S0079-6123(08)64378-2
https://doi.org/10.2165/00003495-198325040-00004
https://doi.org/10.1111/head.14152
https://doi.org/10.3389/fendo.2022.786271
https://doi.org/10.3389/fendo.2022.786271
https://doi.org/10.1111/j.1526-4610.1979.hed1901025.x
https://doi.org/10.1111/j.1526-4610.1979.hed1901025.x
https://doi.org/10.1186/s10194-020-01197-0
https://doi.org/10.1186/s10194-020-01197-0
https://doi.org/10.3389/fendo.2020.00148
https://doi.org/10.3389/fendo.2020.00148
https://doi.org/10.3389/fendo.2019.00725
https://doi.org/10.1007/s10072-020-04643-8
https://doi.org/10.1007/s10072-020-04643-8
https://doi.org/10.3390/cells11111768
https://doi.org/10.1111/jne.12759
https://doi.org/10.3389/fnins.2020.00621
https://doi.org/10.3389/fnins.2020.00621
https://doi.org/10.1523/JNEUROSCI.0793-06.2006
https://doi.org/10.3390/cells11081355
https://doi.org/10.1016/0885-3924(93)90107-7
https://doi.org/10.1016/0885-3924(93)90107-7
https://doi.org/10.1111/j.1365-2265.1976.tb03867.x
https://doi.org/10.1111/j.1365-2265.1976.tb03867.x
https://doi.org/10.1177/03331024221099031
https://doi.org/10.1007/s10194-012-0424-y
https://doi.org/10.1212/WNL.0000000000012723
https://doi.org/10.1212/WNL.0000000000012723
https://doi.org/10.1016/j.ogc.2019.04.008
https://doi.org/10.1016/j.ogc.2019.04.008
https://doi.org/10.3390/ijms23147989

Szewczyk et al. The Journal of Headache and Pain

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

(2023) 24:31

Composition and Metabolic Variables. Obes Facts 11:429-439. https://
doi.org/10.1159/000492001

Tanner MJ, Hadlow NC, Wardrop R (2011) Variation of female prolactin
levels with menopausal status and phase of menstrual cycle. Australian
and New Zealand Journal of Obstetrics and Gynaecology 51:. https://
doi.org/10.1111/}.1479-828X.2011.01321.x

MacGregor EA (2020) Menstrual and perimenopausal migraine: A narra-
tive review. Maturitas 142

Granella F, Sances G, Pucci E et al (2000) Migraine with aura and
reproductive life events: a case control study. Cephalalgia 20:701-707.
https://doi.org/10.1111/}.1468-2982.2000.00112.x

Goadsby PJ, Goldberg J, Silberstein SD (2008) Migraine in pregnancy.
BMJ 336:1502-1504. https://doi.org/10.1136/bm}.39559.675891.AD
Allais G, Chiarle G, Sinigaglia S et al (2019) Migraine during pregnancy
and in the puerperium. Neurol Sci 40:81-91. https://doi.org/10.1007/
$10072-019-03792-9

Sances G, Granella F, Nappi R et al (2003) Course of migraine dur-

ing pregnancy and postpartum: a prospective study. Cephalalgia
23:197-205. https://doi.org/10.1046/j.1468-2982.2003.00480.x
Eikermann-Haerter K, Dilekdz E, Kudo C et al (2008) Genetic and hormo-
nal factors modulate spreading depression and transient hemiparesis
in mouse models of familial hemiplegic migraine type 1. J Clin Investig.
https://doi.org/10.1172/JCI36059

Anne MacGregor E (2004) Oestrogen and attacks of migraine with and
without aura. Lancet Neurol 3:354-361. https://doi.org/10.1016/S1474-
4422(04)00768-9

Arango O, Bielsa O, Pascual-Calvet J et al (1996) Disappearance of
migraine crises in two patients with male infertility treated with human
chorionic gonadotropin/human menopausal gonadotrophin. Rev
Neurol 24:977-979

Glaser R, Dimitrakakis C, Trimble N, Martin V (2012) Testosterone pellet
implants and migraine headaches: A pilot study. Maturitas 71:385-388.
https://doi.org/10.1016/j.maturitas.2012.01.006

Eikermann-Haerter K, Baum MJ, Ferrari MD et al (2009) Androgenic sup-
pression of spreading depression in familial hemiplegic migraine type 1
mutant mice. Ann Neurol 66:564-568. https://doi.org/10.1002/ana.21779
van Oosterhout WPJ, Schoonman GG, van Zwet EW et al (2018) Female
sex hormones in men with migraine. Neurology 91:e374-e381. https.//
doi.org/10.1212/WNL.0000000000005855

Greco R, Tassorelli C, Mangione AS, et al (2013) E ect of sex and estro-
gens on neuronal activation in an animal model of migraine. Headache
53:288-296. https://doi.org/10.1111/j.1526-4610.2012.02249.x
Pringsheim T, Gooren L (2004) Migraine prevalence in male to female
transsexuals on hormone therapy. Neurology 63:593-594. https://doi.
0rg/10.1212/01.WNL.0000130338.62037.CC

Hranilovich JA, Kaiser EA, Pace A, et al (2021) Headache in transgender
and gender-diverse patients: A narrative review. Headache 61:1040—
1050. https://doi.org/10.1111/head.14171

Pace A, Barber M, Ziplow J et al (2021) Gender minority stress, psychi-
atric comorbidities, and the experience of migraine in transgender and
gender-diverse individuals: a narrative review. Curr Pain Headache Rep
25:82. https://doi.org/10.1007/511916-021-00996-7

Camilletti MA, Abeledo-Machado A, Faraoni EY, et al (2019) New
insights into progesterone actions on prolactin secretion and prolac-
tinoma development. Steroids 152:108496. https://doi.org/10.1016/j.
steroids.2019.108496

Brandebourg T, Hugo E, Ben-Jonathan N (2007) Adipocyte prolactin:
regulation of release and putative functions. Diabetes Obes Metab
9:464-476. https://doi.org/10.1111/j.1463-1326.2006.00671.x
Ben-Jonathan N, Hugo E (2015) Prolactin (PRL) in Adipose Tissue:
Regulation and Functions. Recent Advances in Prolactin Research 1-35.
https://doi.org/10.1007/978-3-319-12114-7_1

Ramos-Martinez E, Ramos-Martinez |, Molina-Salinas G et al (2021) The
role of prolactin in central nervous system inflammation. Rev Neurosci
32:323-340. https://doi.org/10.1515/revneuro-2020-0082

Jara LJ, Medina G, Saavedra MA et al (2011) Prolactin and Autoim-
munity. Clin Rev Allergy Immunol 40:50-59. https://doi.org/10.1007/
$12016-009-8185-3

Cabrera-Reyes EA, Limon-Morales O, Rivero-Segura NA et al (2017)
Prolactin function and putative expression in the brain. Endocrine
57:199-213. https://doi.org/10.1007/s12020-017-1346-x

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

7.

78.

79.

80.

81

82.

83.

84.

85.

Page 21 of 26

Ben-Jonathan N, Mershon JL, Allen DL, Steinmetz RW (1996) Extrapitui-
tary prolactin: distribution, regulation, functions, and clinical aspects*.
Endocr Rev 17:639-669. https://doi.org/10.1210/edrv-17-6-639
Abramicheva PA, Smirnova O, v. (2019) Prolactin receptor isoforms as
the basis of tissue-specific action of prolactin in the norm and pathol-
ogy. Biochem Mosc 84:329-345. https://doi.org/10.1134/S000629791
9040011

Harris J, Stanford PM, Oakes SR, Ormandy CJ (2004) Prolactin and

the prolactin receptor: new targets of an old hormone. Ann Med
36:414-425. https://doi.org/10.1080/07853890410033892

Ladyman SR, Hackwell ECR, Brown RSE (2020) The role of prolactin in
co-ordinating fertility and metabolic adaptations during reproduc-
tion. Neuropharmacology 167:107911. https://doi.org/10.1016/j.neuro
pharm.2019.107911

Carretero J, Sdnchez-Robledo V, Carretero-Hernandez M et al (2019) Pro-
lactin system in the hippocampus. Cell Tissue Res 375:193-199. https.//
doi.org/10.1007/s00441-018-2858-2

Bernard V, Young J, Binart N (2019) Prolactin — a pleiotropic factor in
health and disease. Nat Rev Endocrinol 15:356-365. https://doi.org/10.
1038/s41574-019-0194-6

Gregerson K (2006) Prolactin: Structure, Function, and Regulation

of Secretion. In; Knobil and Neill's Physiology of Reproduction (3rd
edition). Elsevier, pp 1703-1726. https://doi.org/10.1016/B978-01251
5400-0/50037-3

Bouilly J, Sonigo C, Au ret J et al (2012) Prolactin signaling mechanisms
in ovary. Mol Cell Endocrinol 356:80-87. https://doi.org/10.1016/j.mce.
2011.05.004

Melmed S, Jameson JL (2017) Anterior pituitary: physiology of pituitary
hormones. Harrison's Endocrinology (4th Ed). McGraw Hill

Mogavero MP, Cosentino FII, Lanuzza B, et al (2021) Increased serum
prolactin and excessive daytime sleepiness: an attempt of proof-of-
concept study. Brain Sci 11.. https://doi.org/10.3390/BRAINSCI11121574
Binart N (2017) Prolactin. In: The Pituitary (4th edition). Elsevier, pp
129-161 https://doi.org/10.1016/B978-0-12-804169-7.00005-2

Serri O, Chik CL, Ur E, Ezzat S (2003) Diagnosis and management of
hyperprolactinemia. CMAJ 169:575-581

Kirsch P, Kunadia J, Shah S, Agrawal N (2022) Metabolic e ects of
prolactin and the role of dopamine agonists: A review. Front Endocrinol
(Lausanne) 13.. https://doi.org/10.3389/fend0.2022.1002320

Patil MJ, Green DP, Henry MA, Akopian AN (2013) Sex-dependent roles
of prolactin and prolactin receptor in postoperative pain and hyper-
algesia in mice. Neuroscience 253:132-141. https://doi.org/10.1016/j.
neuroscience.2013.08.035

Patil MJ, Ruparel SB, Henry MA, Akopian AN (2013) Prolactin regulates
TRPV1, TRPAL, and TRPM8 in sensory neurons in a sex-dependent
manner: Contribution of prolactin receptor to inflammatory pain. AmJ
Physiol Endocrinol Metabol 305:E1154-E1164. https://doi.org/10.1152/
ajpendo.00187.2013

Dussor G, Boyd JT, Akopian AN (2018) Pituitary hormones and orofacial
pain. Front Integr Neurosci 12.. https://doi.org/10.3389/fnint.2018.
00042

Chen Y, Moutal A, Navratilova E, et al (2020) The prolactin receptor long
isoform regulates nociceptor sensitization and opioid-induced hyperal-
gesia selectively in females. Sci Transl Med 12.. https://doi.org/10.1126/
scitransimed.aay 7550

Avona A, Burgos-Vega C, Burton MD et al (2019) Dural calcitonin gene-
related peptide produces female-specific responses in rodent migraine
models. J Neurosci 39:4323-4331. https://doi.org/10.1523/INEUROSCI.
0364-19.2019

van de Kar LD, Rittenhouse PA, Li Q, Levy AD (1995) Serotonergic
regulation of renin and prolactin secretion. Behav Brain Res 73:203-208.
https://doi.org/10.1016/0166-4328(96)00097-6

Cassidy E, Tomkins E, Dinan T et al (2003) Central 5-Ht receptor hyper-
sensitivity in migraine without aura. Cephalalgia 23:29-34. https://doi.
0rg/10.1046/j.1468-2982.2003.00441 x

Cassidy EM, Tomkins E, Sharifi N et al (2003) Di ering central amine
receptor sensitivity in di erent migraine subtypes? A neuroendocrine
study using buspirone. Pain 101:283-290. https://doi.org/10.1016/
S0304-3959(02)00335-4


https://doi.org/10.1159/000492001
https://doi.org/10.1159/000492001
https://doi.org/10.1111/j.1479-828X.2011.01321.x
https://doi.org/10.1111/j.1479-828X.2011.01321.x
https://doi.org/10.1111/j.1468-2982.2000.00112.x
https://doi.org/10.1136/bmj.39559.675891.AD
https://doi.org/10.1007/s10072-019-03792-9
https://doi.org/10.1007/s10072-019-03792-9
https://doi.org/10.1046/j.1468-2982.2003.00480.x
https://doi.org/10.1172/JCI36059
https://doi.org/10.1016/S1474-4422(04)00768-9
https://doi.org/10.1016/S1474-4422(04)00768-9
https://doi.org/10.1016/j.maturitas.2012.01.006
https://doi.org/10.1002/ana.21779
https://doi.org/10.1212/WNL.0000000000005855
https://doi.org/10.1212/WNL.0000000000005855
https://doi.org/10.1111/j.1526-4610.2012.02249.x
https://doi.org/10.1212/01.WNL.0000130338.62037.CC
https://doi.org/10.1212/01.WNL.0000130338.62037.CC
https://doi.org/10.1111/head.14171
https://doi.org/10.1007/s11916-021-00996-7
https://doi.org/10.1016/j.steroids.2019.108496
https://doi.org/10.1016/j.steroids.2019.108496
https://doi.org/10.1111/j.1463-1326.2006.00671.x
https://doi.org/10.1007/978-3-319-12114-7_1
https://doi.org/10.1515/revneuro-2020-0082
https://doi.org/10.1007/s12016-009-8185-3
https://doi.org/10.1007/s12016-009-8185-3
https://doi.org/10.1007/s12020-017-1346-x
https://doi.org/10.1210/edrv-17-6-639
https://doi.org/10.1134/S0006297919040011
https://doi.org/10.1134/S0006297919040011
https://doi.org/10.1080/07853890410033892
https://doi.org/10.1016/j.neuropharm.2019.107911
https://doi.org/10.1016/j.neuropharm.2019.107911
https://doi.org/10.1007/s00441-018-2858-2
https://doi.org/10.1007/s00441-018-2858-2
https://doi.org/10.1038/s41574-019-0194-6
https://doi.org/10.1038/s41574-019-0194-6
https://doi.org/10.1016/B978-012515400-0/50037-3
https://doi.org/10.1016/B978-012515400-0/50037-3
https://doi.org/10.1016/j.mce.2011.05.004
https://doi.org/10.1016/j.mce.2011.05.004
https://doi.org/10.3390/BRAINSCI11121574
https://doi.org/10.1016/B978-0-12-804169-7.00005-2
https://doi.org/10.3389/fendo.2022.1002320
https://doi.org/10.1016/j.neuroscience.2013.08.035
https://doi.org/10.1016/j.neuroscience.2013.08.035
https://doi.org/10.1152/ajpendo.00187.2013
https://doi.org/10.1152/ajpendo.00187.2013
https://doi.org/10.3389/fnint.2018.00042
https://doi.org/10.3389/fnint.2018.00042
https://doi.org/10.1126/scitranslmed.aay7550
https://doi.org/10.1126/scitranslmed.aay7550
https://doi.org/10.1523/JNEUROSCI.0364-19.2019
https://doi.org/10.1523/JNEUROSCI.0364-19.2019
https://doi.org/10.1016/0166-4328(96)00097-6
https://doi.org/10.1046/j.1468-2982.2003.00441.x
https://doi.org/10.1046/j.1468-2982.2003.00441.x
https://doi.org/10.1016/S0304-3959(02)00335-4
https://doi.org/10.1016/S0304-3959(02)00335-4

Szewczyk et al. The Journal of Headache and Pain

86.

87.

88.

89.

90.

91

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

(2023) 24:31

Schytz HW, Birk S, Wienecke T et al (2009) PACAP38 induces migraine-
like attacks in patients with migraine without aura. Brain 132:16-25.
https://doi.org/10.1093/brain/awn307

Oride A, Kanasaki H, Kyo S (2018) Role of pituitary adenylate cyclase-
activating polypeptide in modulating hypothalamic-pituitary system.
Reprod Med Biol 17:234-241. https://doi.org/10.1002/rmb2.12094

Guo S, Vollesen ALH, Hansen YBL et al (2017) Part II: Biochemical
changes after pituitary adenylate cyclase-activating polypeptide-38
infusion in migraine patients. Cephalalgia 37:136-147. https://doi.org/
10.1177/0333102416639517

Mijiddorj T, Kanasaki H, Purwana IN et al (2011) Stimulatory e ect of
pituitary adenylate-cyclase activating polypeptide (PACAP) and its
PACAP type | receptor (PACLR) on prolactin synthesis in rat pituitary
somatolactotroph GH3 cells. Mol Cell Endocrinol 339:172-179. https://
doi.org/10.1016/j.mce.2011.04.010

Foster E, Wildner H, Tudeau L et al (2015) Targeted ablation, silencing,
and activation establish glycinergic dorsal horn neurons as key compo-
nents of a spinal gate for pain and itch. Neuron 85:1289-1304. https://
doi.org/10.1016/j.neuron.2015.02.028

JiR-R, Nackley A, Huh Y et al (2018) Neuroinflammation and central sen-
sitization in chronic and widespread pain. Anesthesiology 129:343-366.
https://doi.org/10.1097/ALN.0000000000002130

Latremoliere A, Woolf CJ (2009) Central sensitization: a generator of
pain hypersensitivity by Central Neural Plasticity. J Pain 10:895-926.
https://doi.org/10.1016/.jpain.2009.06.012

Raja SN, Ringkamp M, Guan Y, Campbell JN (2020) John J. Bonica Award
Lecture: Peripheral neuronal hyperexcitability: the “low-hanging” target
for safe therapeutic strategies in neuropathic pain. Pain 161:514-S26.
https://doi.org/10.1097/}.pain.0000000000001838

Woolf CJ (2011) Central sensitization: Implications for the diagnosis and
treatment of pain. Pain 152:52-S15. https://doi.org/10.1016/j.pain.2010.
09.030

Moulton EA, Burstein R, Tully S, et al (2008) Interictal dysfunction of a
brainstem descending modulatory center in migraine patients. PLoS
One 3:¢3799. https://doi.org/10.1371/journal.pone.0003799

Ayata C (2010) Cortical spreading depression triggers migraine attack:
Pro. Headache 50:725-730. https://doi.org/10.1111/}.1526-4610.2010.
01647.x

Borsook D, Erpelding N, Lebel A et al (2014) Sex and the migraine brain.
Neurobiol Dis 68:200-214. https://doi.org/10.1016/j.nbd.2014.03.008
ChenY, Navratilova E, Dodick DW, Porreca F (2020) An emerging role for
prolactin in female-selective pain. Trends Neurosci 43:635-648. https:.//
doi.org/10.1016/}.tins.2020.06.003

Patil MJ, Henry MA, Akopian AN (2014) Prolactin receptor in regulation
of neuronal excitability and channels. Channels 8:193-202. https://doi.
0rg/10.4161/chan.28946

Townsend J, Cave BJ, Norman MR et al (2005) E ects of prolactin on
hypothalamic supraoptic neurones: evidence for modulation of STATS
expression and electrical activity. Neuro Endocrinol Lett 26:125-130
Lyons DJ, Hellysaz A, Broberger C (2012) Prolactin regulates tuberoin-
fundibular dopamine neuron discharge pattern: novel feedback control
mechanisms in the lactotrophic axis. J Neurosci 32:8074-8083. https.//
doi.org/10.1523/JNEUROSCI.0129-12.2012

Scotland PE, Patil M, Belugin S et al (2011) Endogenous prolactin
generated during peripheral inflammation contributes to thermal
hyperalgesia. Eur J Neurosci 34:745-754. https://doi.org/10.1111/j.1460-
9568.2011.07788.x

Julius D (2013) TRP Channels and Pain. Annu Rev Cell Dev Biol
29:355-384. https://doi.org/10.1146/annurev-cellbio-101011-155833
Benemei S, Dussor G (2019) TRP channels and migraine: recent devel-
opments and new therapeutic opportunities. Pharmaceuticals 12:54.
https.//doi.org/10.3390/ph12020054

Belugin S, Diogenes AR, Patil MJ et al (2013) Mechanisms of transient
signaling via short and long prolactin receptor isoforms in female and
male sensory neurons. J Biol Chem 288:34943-34955. https://doi.org/
10.1074/jbc.M113.486571

Cavestro C, Rosatello A, Marino MP et al (2006) High prolactin levels as
aworsening factor for migraine. J Headache Pain 7:83-89. https.//doi.
0rg/10.1007/s10194-006-0272-8

Noori-Zadeh A, Karamkhani M, Seidkhani-Nahal A et al (2020)

Evidence for hyperprolactinemia in migraineurs: a systematic review

108.

109.

110.

111

112,

113.

114,

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Page 22 of 26

and meta-analysis. Neurol Sci 41:91-99. https://doi.org/10.1007/
$10072-019-04035-7

Seddighi B, Dehghani MR (2002) Relationship between Migraine acute
attacks and changes in Prolactin secretion. KAUMS Journal ( FEYZ )
51-5

Masoud SA, Fakharian E (2005) Serum prolactin and migraine. Ann
Saudi Med 25:489-491. https://doi.org/10.5144/0256-4947.2005.489
Parashar R, Bhalla P, Rai N, et al (2014) Migraine: is it related to hormonal
disturbances or stress? Int ] Womens Health 921. https://doi.org/10.
2147/1)WH.$62922

Kallestrup M-M, Kasch H, @sterby T et al (2014) Prolactinoma-associated
headache and dopamine agonist treatment. Cephalalgia 34:493-502.
https://doi.org/10.1177/0333102413515343

Levy MJ, Matharu MS, Meeran K et al (2005) The clinical characteristics
of headache in patients with pituitary tumours. Brain 128:1921-1930.
https://doi.org/10.1093/brain/awh525

Negoro K, Kawai M, Tada Y, et al (2005) A case of postprandial cluster-
like headache with prolactinoma: dramatic response to cabergoline.
Headache 45:604-606. https://doi.org/10.1111/}.1526-4610.2005.
05117_1x

Bosco D, Belfiore A, Fava A et al (2008) Relationship between high prol-
actine levels and migraine attacks in patients with microprolactinoma. J
Headache Pain 9:103-107. https://doi.org/10.1007/510194-008-0016-z
Ferrari MD, Haan J, van Seters AP (1988) Bromocriptine-induced
trigeminal patient with a neuralgia attacks in a pituitary tumor. Neurol-
ogy 38:1482-1482. https://doi.org/10.1212/WNL.38.9.1482

Levy MJ, Matharu MS, Goadsby PJ (2003) Prolactinomas, dopamine ago-
nists and headache: two case reports. Eur J Neurol 10:169-173. https://
doi.org/10.1046/}.1468-1331.2003.00549.x

Bosco D, Labate A, Mungari P et al (2007) SUNCT and high nocturnal
prolactin levels: some new unusual characteristics. ) Headache Pain
8:114-118. https://doi.org/10.1007/510194-007-0370-2

Li W, Diao X, Chen C et al (2018) Changes in hormones of the hypo-
thalamic-pituitary-gonadal axis in migraine patients. J Clin Neurosci
50:165-171. https://doi.org/10.1016/jjocn.2017.11.011

May A, Burstein R (2019) Hypothalamic regulation of headache and
migraine. Cephalalgia 39:1710-1719. https://doi.org/10.1177/03331
02419867280

Hartman N, Voron SC, Hershman JM (1995) Resolution of migraine
following bromocriptine treatment of a prolactinoma (Pituitary Micro-
adenoma). Headache 35:430-431. https://doi.org/10.1111/j.1526-4610.
1995.hed3507430.x

Bussone G, Usai S, Moschiano F (2012) How to investigate and treat:
headache and hyperprolactinemia. Curr Pain Headache Rep 16:365—
370. https://doi.org/10.1007/511916-012-0267-x

Porta-Etessam J, Ramos-Carrasco A, Berbel-Garcia A, et al (2001) Clus-
terlike Headache as First Manifestation of a Prolactinoma. Headache:
The Journal of Head and Face Pain 41:723-725. https.//doi.org/10.
1046/}.1526-4610.2001.041007723.x

Peres MFP (2001) Hypothalamic involvement in chronic migraine. J
Neurol Neurosurg Psychiatry 71:747-751. https://doi.org/10.1136/jnnp.
71.6.747

da Oliveira M, C, Barea LM, Horn APK, et al (2020) Resolution of
headache after reduction of prolactin levels in hyperprolactinemic
patients. Arq Neuropsiquiatr 78:28-33. https://doi.org/10.1590/0004-
282x20190143

Watanabe M, Kopruszinski CM, Moutal A et al (2022) Dysregulation of
serum prolactin links the hypothalamus with female nociceptors to
promote migraine. Brain 145:2894-2909. https://doi.org/10.1093/brain/
awac104

Abe T, Matsumoto K, Kuwazawa J, et al (1998) Headache associated
with pituitary adenomas. Headache 38:782—786. https://doi.org/10.
1046/}.1526-4610.1998.3810782.x

Mah PM, Webster J (2002) Hyperprolactinemia: etiology, diagnosis

and management. Semin Reprod Med 20:365-374. https://doi.org/10.
1055/s-2002-36709

Majumdar A, Mangal N (2013) Hyperprolactinemia. J Hum. Reprod Sci
6:168. https://doi.org/10.4103/0974-1208.121400

Vilar L, Vilar CF, Lyra R, da Freitas M, C, (2019) Pitfalls in the diagnostic
evaluation of hyperprolactinemia. Neuroendocrinology 109:7-19.
https://doi.org/10.1159/000499694


https://doi.org/10.1093/brain/awn307
https://doi.org/10.1002/rmb2.12094
https://doi.org/10.1177/0333102416639517
https://doi.org/10.1177/0333102416639517
https://doi.org/10.1016/j.mce.2011.04.010
https://doi.org/10.1016/j.mce.2011.04.010
https://doi.org/10.1016/j.neuron.2015.02.028
https://doi.org/10.1016/j.neuron.2015.02.028
https://doi.org/10.1097/ALN.0000000000002130
https://doi.org/10.1016/j.jpain.2009.06.012
https://doi.org/10.1097/j.pain.0000000000001838
https://doi.org/10.1016/j.pain.2010.09.030
https://doi.org/10.1016/j.pain.2010.09.030
https://doi.org/10.1371/journal.pone.0003799
https://doi.org/10.1111/j.1526-4610.2010.01647.x
https://doi.org/10.1111/j.1526-4610.2010.01647.x
https://doi.org/10.1016/j.nbd.2014.03.008
https://doi.org/10.1016/j.tins.2020.06.003
https://doi.org/10.1016/j.tins.2020.06.003
https://doi.org/10.4161/chan.28946
https://doi.org/10.4161/chan.28946
https://doi.org/10.1523/JNEUROSCI.0129-12.2012
https://doi.org/10.1523/JNEUROSCI.0129-12.2012
https://doi.org/10.1111/j.1460-9568.2011.07788.x
https://doi.org/10.1111/j.1460-9568.2011.07788.x
https://doi.org/10.1146/annurev-cellbio-101011-155833
https://doi.org/10.3390/ph12020054
https://doi.org/10.1074/jbc.M113.486571
https://doi.org/10.1074/jbc.M113.486571
https://doi.org/10.1007/s10194-006-0272-8
https://doi.org/10.1007/s10194-006-0272-8
https://doi.org/10.1007/s10072-019-04035-7
https://doi.org/10.1007/s10072-019-04035-7
https://doi.org/10.5144/0256-4947.2005.489
https://doi.org/10.2147/IJWH.S62922
https://doi.org/10.2147/IJWH.S62922
https://doi.org/10.1177/0333102413515343
https://doi.org/10.1093/brain/awh525
https://doi.org/10.1111/j.1526-4610.2005.05117_1.x
https://doi.org/10.1111/j.1526-4610.2005.05117_1.x
https://doi.org/10.1007/s10194-008-0016-z
https://doi.org/10.1212/WNL.38.9.1482
https://doi.org/10.1046/j.1468-1331.2003.00549.x
https://doi.org/10.1046/j.1468-1331.2003.00549.x
https://doi.org/10.1007/s10194-007-0370-2
https://doi.org/10.1016/j.jocn.2017.11.011
https://doi.org/10.1177/0333102419867280
https://doi.org/10.1177/0333102419867280
https://doi.org/10.1111/j.1526-4610.1995.hed3507430.x
https://doi.org/10.1111/j.1526-4610.1995.hed3507430.x
https://doi.org/10.1007/s11916-012-0267-x
https://doi.org/10.1046/j.1526-4610.2001.041007723.x
https://doi.org/10.1046/j.1526-4610.2001.041007723.x
https://doi.org/10.1136/jnnp.71.6.747
https://doi.org/10.1136/jnnp.71.6.747
https://doi.org/10.1590/0004-282x20190143
https://doi.org/10.1590/0004-282x20190143
https://doi.org/10.1093/brain/awac104
https://doi.org/10.1093/brain/awac104
https://doi.org/10.1046/j.1526-4610.1998.3810782.x
https://doi.org/10.1046/j.1526-4610.1998.3810782.x
https://doi.org/10.1055/s-2002-36709
https://doi.org/10.1055/s-2002-36709
https://doi.org/10.4103/0974-1208.121400
https://doi.org/10.1159/000499694

Szewczyk et al. The Journal of Headache and Pain

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149

150.

151

(2023) 24:31

Kreitschmann-Andermahr |, Siegel S, Weber Carneiro R et al (2013)
Headache and pituitary disease: a systematic review. Clin Endocrinol
(Oxf) 79:760-769. https://doi.org/10.1111/cen.12314

Sarov M, Valade D, Jublanc C, Ducros A (2006) Chronic paroxysmal
hemicrania in a patient with a macroprolactinoma. Cephalalgia
26:738-741. https://doi.org/10.1111/j.1468-2982.2006.01101.x

Matharu MS (2003) SUNCT syndrome secondary to prolactinoma. J
Neurol Neurosurg Psychiatry 74:1590-1592. https.//doi.org/10.1136/
jnnp.74.11.1590

Levy MJ, Jager HR, Powell M et al (2004) Pituitary Volume and Head-
ache. Arch Neurol 61:721. https://doi.org/10.1001/archneur.61.5.721
Bauer SR, Fortner RT, Gates MA et al (2013) Analgesic use in relation

to sex hormone and prolactin concentrations in premenopausal
women. Cancer Causes Control 24:1087-1097. https.//doi.org/10.1007/
$10552-013-0186-0

Pallanti S, Bernardi S, Allen A, Hollander E (2010) Serotonin function

in pathological gambling: blunted growth hormone response to
Sumatriptan. J Psychopharmacol 24:1802-1809. https://doi.org/10.
1177/0269881109106907

Herdman JRE, Delva NJ, Hockney RE et al (1994) Neuroendocrine e ects
of sumatriptan. Psychopharmacology 113:561-564. https://doi.org/10.
1007/BF02245240

Dart A, McHardy K, Barber H (1982) The e ect of propranolol on lute-
inising hormone and prolactin plasma concentrations in hypertensive
women. Br J Clin Pharmacol 14:839-841. https://doi.org/10.1111/}.1365-
2125.1982.th02046 x

Dart A, Lewis M, Groom G et al (1981) The e ect of chronic propranolol
treatment on overnight plasma levels of anterior pituitary and related
hormones. Br J Clin Pharmacol 12:849-853. https://doi.org/10.1111/j.
1365-2125.1981.th01319.x

Maestri E, Manzoni GC, Marchesi G et al (1987) E ect of flunarizine on
pituitary secretion by healthy men and in woman with migraine. Eur J
Clin Pharmacol 32:525-527. https://doi.org/10.1007/BF00637681
Cortelli P, Santucci M, Righetti F et al (1988) Neuroendocrinological evi-
dence of an anti-dopaminergic e ect of flunarizine. Acta Neurol Scand
77:289-292. https://doi.org/10.1111/j.1600-0404.1988.th05912.x

Frase L, Doerr JP, Feige B et al (2018) Di erent endocrine e ects of an
evening dose of amitriptyline, escitalopram, and placebo in healthy
participants. Clin Psychopharmacol Neurosci 16:253-261. https://doi.
0rg/10.9758/cpn.2018.16.3.253

Fava GA, Lisansky J, Buckman MT et al (1988) Prolactin, cortisol, and
antidepressant treatment. Am J Psychiatry 145:358-360. https.//doi.
0rg/10.1176/ajp.145.3.358

Cowen PJ, McCance SL, Gelder MG, Grahame-Smith DG (1990) E ect of
amitriptyline on endocrine responses to intravenous L-trytophan. Psy-
chiatry Res 31:201-208. https://doi.org/10.1016/0165-1781(90)90122-L
Huang Y, Peng M, Zhu G (2020) Topiramate in the treatment of antip-
sychotic-induced hyperprolactinemia. Med Hypotheses 138:109607.
https://doi.org/10.1016/j.mehy.2020.109607

LiW, Liu R, Liu W, et al (2021) The e ect of topiramate versus flunar-
izine on the non-headache symptoms of migraine. International
Journal of Neuroscience 1-7. https://doi.org/10.1080/00207454.2021.
1881091

Abou-Khalil BW (2022) Update on antiseizure medications 2022. Con-
tinuum 28:500-535. https://doi.org/10.1212/CON.0000000000001104
Mohamed WS, Nageeb RS, Hashim NA, Omran AA (2019) E ect of
valproate versus levetiracetam monotherapy on reproductive functions
in newly diagnosed epileptic males. Egypt J Neurol Psychiatr Neurosurg
55:43: https://doi.org/10.1016/j.yebeh.2020.107489

Melis GB, Paoletti AM, Mais V et al (1982) The e ects of the gabaergic
drug, sodium valproate, on prolactin secretion in normal and hyperpro-
lactinemic subjects*. J Clin Endocrinol Metab 54:485-489. https://doi.
0rg/10.1210/jcem-54-3-485

Al-Fartosi KG, Imran A, Alawadi M, et al (2021) E ect of BOTOX on Sex
Hormones and Lipid Profile of Females Rats. Ann Rom Soc Cell Biol 25:
Somm E, Bonnet N, Martinez A et al (2012) A botulinum toxin—derived
targeted secretion inhibitor downregulates the GH/IGF1 axis. J Clin
Investig 122:3295-3306. https.//doi.org/10.1172/JCI63232
Rubio-Beltran E, Labastida-Ramirez A, Villalén CM, MaassenVanDenBrink
A (2018) Is selective 5-HT 1F receptor agonism an entity apart from

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171

Page 23 of 26

that of the triptans in antimigraine therapy? Pharmacol Ther 186:88-97.
https://doi.org/10.1016/j.pharmthera.2018.01.005

Cordes J, Kahl KG, Werner C et al (2011) Clomipramine-induced serum
prolactin as a marker for serotonin and dopamine turnover: results of
an open label study. Eur Arch Psychiatry Clin Neurosci 261:567-573.
https://doi.org/10.1007/s00406-011-0201-y

Gallo R, v, Rabii J, Moberg GP, (1975) E ect of methysergide, a blocker
of serotonin receptors, on plasma prolactin levels in lactating and
ovariectomized rats. Endocrinology 97:1096-1105. https://doi.org/10.
1210/endo-97-5-1096

Koehler P, Tfelt-Hansen P (2008) History of methysergide in migraine.
Cephalalgia 28:1126-1135. https.//doi.org/10.1111/j.1468-2982.2008.
01648.x

Panconesi A, Sicuteri R (1997) Headache Induced by Serotonergic
Agonists—a Key to the Interpretation of Migraine Pathogenesis? Cepha-
lalgia 17:3-14. https://doi.org/10.1046/}.1468-2982.1997.1701003.x
Dulchin M, Oquendo MA, Malone KM et al (2001) Prolactin Response
to dl-Fenfluramine challenge before and after treatment with par-
oxetine. Neuropsychopharmacology 25:395-401. https://doi.org/10.
1016/50893-133X(01)00239-1

Freeman ME, Kanyicska B, Lerant A, Nagy G (2000) Prolactin: Struc-
ture, function, and regulation of secretion. Physiol Rev 80:. https://
doi.org/10.1152/physrev.2000.80.4.1523

Brown RSE, Aoki M, Ladyman SR, et al (2017) Prolactin action in the
medial preoptic area is necessary for postpartum maternal nursing
behavior. Proc Natl Acad Sci U S A 114:. https://doi.org/10.1073/pnas.
1708025114

Bolyakov A, Paduch DA (2011) Prolactin in men’s health and disease.
Curr Opin Urol 21:. https://doi.org/10.1097/MOU.0b013e32834bdf01
Raut S, Deshpande S, Balasinor NH (2019) Unveiling the role of pro-
lactin and its receptor in male reproduction. Horm Metabol Res 51..
https://doi.org/10.1055/a-0859-1144

Purvis K, Clausen OPF, Olsen A, et al (1979) Prolactin and leydig cell
responsiveness to LH/hCG in the rat. Syst Biol Reprod Med 3. https://
doi.org/10.3109/01485017908988408

Guillaumot P, Tabone E, Benahmed M (1996) Sertoli cells as potential
targets of prolactin action in the testis. Mol Cell Endocrinol 122:.
https://doi.org/10.1016/0303-7207(96)03891-9

Nag S, Sanval S, Ghosh KK, Biswas NM (1981) Prolactin suppression
and spermatogenic developments in maturing rats. A quantitative
study. Horm Res Paediatr 15:. https://doi.org/10.1159/000179436
Dombrowicz D, Sente B, Closset J, Hennen G (1992) Dose-depend-
ent effects of human prolactin on the immature hypophysecto-
mized rat testis. Endocrinology 130:. https://doi.org/10.1210/endo.
130.2.1733717

Lotti F, Corona G, Maseroli E, et al (2013) Clinical implications of
measuring prolactin levels in males of infertile couples. Andrology 1..
https://doi.org/10.1111/j.2047-2927.2013.00114 x

Gonzales GF, Velasquez G, Garcia-Hjarles M (1989) Hypoprolactine-
mia as related to seminal quality and serum testosterone. Syst Biol
Reprod Med 23:. https://doi.org/10.3109/01485018908986849
Corona G, Mannucci E, Jannini EA, et al (2009) Hypoprolactinemia: A
new clinical syndrome in patients with sexual dysfunction. Journal of
Sexual Medicine 6:. https://doi.org/10.1111/}.1743-6109.2008.01206.x
Corona G, Wu FC, Rastrelli G, et al (2014) Low Prolactin Is Associated
with Sexual Dysfunction and Psychological or Metabolic Distur-
bances in Middle-Aged and Elderly Men: The European Male Aging
Study (EMAS). Journal of Sexual Medicine 11.. https://doi.org/10.
1111/jsm.12327

Ufearo CS, Orisakwe OE (1995) Restoration of normal sperm charac-
teristics in hypoprolactinemic infertile men treated with metoclo-
pramide and exogenous human prolactin. Clin Pharmacol Ther 58..
https://doi.org/10.1016/0009-9236(95)90253-8

Gettler LT, McDade TW, Feranil AB, Kuzawa CW (2012) Prolactin,
fatherhood, and reproductive behavior in human males. Am J Phys
Anthropol 148:. https://doi.org/10.1002/ajpa.22058

Delahunty KM, McKay DW, Noseworthy DE, Storey AE (2007) Prolactin
responses to infant cues in men and women: E ects of parental
experience and recent infant contact. Horm Behav 51.. https://doi.
0rg/10.1016/j.yhbeh.2006.10.004


https://doi.org/10.1111/cen.12314
https://doi.org/10.1111/j.1468-2982.2006.01101.x
https://doi.org/10.1136/jnnp.74.11.1590
https://doi.org/10.1136/jnnp.74.11.1590
https://doi.org/10.1001/archneur.61.5.721
https://doi.org/10.1007/s10552-013-0186-0
https://doi.org/10.1007/s10552-013-0186-0
https://doi.org/10.1177/0269881109106907
https://doi.org/10.1177/0269881109106907
https://doi.org/10.1007/BF02245240
https://doi.org/10.1007/BF02245240
https://doi.org/10.1111/j.1365-2125.1982.tb02046.x
https://doi.org/10.1111/j.1365-2125.1982.tb02046.x
https://doi.org/10.1111/j.1365-2125.1981.tb01319.x
https://doi.org/10.1111/j.1365-2125.1981.tb01319.x
https://doi.org/10.1007/BF00637681
https://doi.org/10.1111/j.1600-0404.1988.tb05912.x
https://doi.org/10.9758/cpn.2018.16.3.253
https://doi.org/10.9758/cpn.2018.16.3.253
https://doi.org/10.1176/ajp.145.3.358
https://doi.org/10.1176/ajp.145.3.358
https://doi.org/10.1016/0165-1781(90)90122-L
https://doi.org/10.1016/j.mehy.2020.109607
https://doi.org/10.1080/00207454.2021.1881091
https://doi.org/10.1080/00207454.2021.1881091
https://doi.org/10.1212/CON.0000000000001104
https://doi.org/10.1016/j.yebeh.2020.107489
https://doi.org/10.1210/jcem-54-3-485
https://doi.org/10.1210/jcem-54-3-485
https://doi.org/10.1172/JCI63232
https://doi.org/10.1016/j.pharmthera.2018.01.005
https://doi.org/10.1007/s00406-011-0201-y
https://doi.org/10.1210/endo-97-5-1096
https://doi.org/10.1210/endo-97-5-1096
https://doi.org/10.1111/j.1468-2982.2008.01648.x
https://doi.org/10.1111/j.1468-2982.2008.01648.x
https://doi.org/10.1046/j.1468-2982.1997.1701003.x
https://doi.org/10.1016/S0893-133X(01)00239-1
https://doi.org/10.1016/S0893-133X(01)00239-1
https://doi.org/10.1152/physrev.2000.80.4.1523
https://doi.org/10.1152/physrev.2000.80.4.1523
https://doi.org/10.1073/pnas.1708025114
https://doi.org/10.1073/pnas.1708025114
https://doi.org/10.1097/MOU.0b013e32834bdf01
https://doi.org/10.1055/a-0859-1144
https://doi.org/10.3109/01485017908988408
https://doi.org/10.3109/01485017908988408
https://doi.org/10.1016/0303-7207(96)03891-9
https://doi.org/10.1159/000179436
https://doi.org/10.1210/endo.130.2.1733717
https://doi.org/10.1210/endo.130.2.1733717
https://doi.org/10.1111/j.2047-2927.2013.00114.x
https://doi.org/10.3109/01485018908986849
https://doi.org/10.1111/j.1743-6109.2008.01206.x
https://doi.org/10.1111/jsm.12327
https://doi.org/10.1111/jsm.12327
https://doi.org/10.1016/0009-9236(95)90253-8
https://doi.org/10.1002/ajpa.22058
https://doi.org/10.1016/j.yhbeh.2006.10.004
https://doi.org/10.1016/j.yhbeh.2006.10.004

Szewczyk et al. The Journal of Headache and Pain

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

(2023) 24:31

LiuTT, Qu ZW, Ren C, et al (2016) Prolactin potentiates the activity
of acid-sensing ion channels in female rat primary sensory neurons.
Neuropharmacology 103:. https://doi.org/10.1016/j.neuropharm.
2015.07.016

Burbach JPH, Luckman SM, Murphy D, Gainer H (2001) Gene regula-
tion in the magnocellular hypothalamo-neurohypophysial system.
Physiol Rev 81.. https://doi.org/10.1152/physrev.2001.81.3.1197
Veening JG, Olivier B (2013) Intranasal administration of oxytocin:
Behavioral and clinical e ects, a review. Neurosci Biobehav Rev
37:1445-1465. https://doi.org/10.1016/j.neubiorev.2013.04.012
Freund-mercier MJ, Moos F, Poulain DA, et al (1988) Role of central
oxytocin in the control of the milk ejection reflex. Brain Res Bull 20..
https://doi.org/10.1016/0361-9230(88)90085-8

Kendrick KM, Guastella AJ, Becker B (2018) Overview of human oxy-
tocin research. Curr Top Behav Neurosci 35:. https://doi.org/10.1007/
7854_2017_19

Veenema AH, Neumann ID (2008) Central vasopressin and oxytocin
release: regulation of complex social behaviours. Prog Brain Res 170:.
https://doi.org/10.1016/S0079-6123(08)00422-6

Knobloch HS, Charlet A, Ho mann LC, et al (2012) Evoked axonal
oxytocin release in the central amygdala attenuates fear response.
Neuron 73:. https://doi.org/10.1016/j.neuron.2011.11.030

Ebner K, Bosch OJ, Krémer SA, et al (2005) Release of oxytocin in

the rat central amygdala modulates stress-coping behavior and the
release of excitatory amino acids. Neuropsychopharmacology 30..
https://doi.org/10.1038/sj.npp.1300607

Mitre M, Marlin BJ, Schiavo JK, et al (2016) A distributed network for
social cognition enriched for oxytocin receptors. Journal of Neurosci-
ence 36:. https://doi.org/10.1523/JNEUROSCI.2409-15.2016

Goodin B, Ness T, Robbins M (2014) Oxytocin - A Multifunctional
Analgesic for Chronic Deep Tissue Pain. Curr Pharm Des 21:906-913.
https://doi.org/10.2174/1381612820666141027111843

Gimpl G, Fahrenholz F (2001) The oxytocin receptor system: Struc-
ture, function, and regulation. Physiol Rev 81.. https://doi.org/10.
1152/physrev.2001.81.2.629

Shen H (2015) Neuroscience: The hard science of oxytocin. Nature
522:. https://doi.org/10.1038/522410a

Fuchs A -R, Fuchs F (1984) Endocrinology of human parturition: a
review. BJOG 91.. https://doi.org/10.1111/j.1471-0528.1984.tb03671.x
MacGill M. (2017) What is oxytocin, and what does it do. Medical
News Today. Healthline Media

Carmichael MS, Warburton VL, Dixen J, Davidson JM (1994) Relation-
ships among cardiovascular, muscular, and oxytocin responses dur-
ing human sexual activity. Arch Sex Behav 23:59-79. https://doi.org/
10.1007/BF01541618

Kirsch P (2005) Oxytocin modulates neural circuitry for social cogni-
tion and fear in humans. J Neurosci 25:11489-11493. https://doi.org/
10.1523/JNEUROSCI.3984-05.2005

McQuaid RJ, McInnis OA, Abizaid A, Anisman H (2014) Making room

for oxytocin in understanding depression. Neurosci Biobehav Rev 45:,

https://doi.org/10.1016/j.neubiorev.2014.07.005

Lumpkin MD, Samson WK, Mc cann SM (1983) Hypothalamic and
pituitary sites of action of oxytocin to alter prolactin secretion in the
rat. Endocrinology 112 https://doi.org/10.1210/endo-112-5-1711
Arey BJ, Freeman ME (1992) Activity of oxytocinergic neurons in the
paraventricular nucleus mirrors the periodicity of the endogenous
stimulatory rhythm regulating prolactin secretion. Endocrinology
130:126-132. https://doi.org/10.1210/end0.130.1.1727695

Egli M, Bertram R, Sellix MT, Freeman ME (2004) Rhythmic secretion
of prolactin in rats: Action of oxytocin coordinated by vasoactive
intestinal polypeptide of suprachiasmatic nucleus origin. Endocrinol-
ogy 145:. https://doi.org/10.1210/en.2003-1710

Sue Carter C, Kenkel WM, Maclean EL, et al (2020) Is oxytocin
“nature’s medicine™ Pharmacol Rev 72:. https://doi.org/10.1124/pr.
120.019398

Stankewitz A, Keidel L, Rehm M, et al (2021) Migraine attacks as a
result of hypothalamic loss of control. Neuroimage Clin 32:. https://
doi.org/10.1016/j.nicl.2021.102784

Tzabazis A, Mechanic J, Miller J, et al (2016) Oxytocin receptor:
Expression in the trigeminal nociceptive system and potential role

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.

210.

211

212,

213.

214.

215.

216.

Page 24 of 26

in the treatment of headache disorders. Cephalalgia 36:. https://doi.
0rg/10.1177/0333102415618615

Tzabazis A, Kori S, Mechanic J, et al (2017) Oxytocin and migraine
headache. Headache 57:64-75. https://doi.org/10.1111/head.13082
Wang YL, Yuan Y, Yang J, et al (2013) The interaction between the
oxytocin and pain modulation in headache patients. Neuropeptides
47.. https://doi.org/10.1016/j.npep.2012.12.003

Wang Y, Pan Q, Tian R, et al (2021) Repeated oxytocin prevents central
sensitization by regulating synaptic plasticity via oxytocin receptor in
a chronic migraine mouse model. Journal of Headache and Pain 22:.
https://doi.org/10.1186/510194-021-01299-3

Gonzalez-Hernandez A, Condés-Lara M, Garcia-Boll E, Villalén CM
(2021) An outlook on the trigeminovascular mechanisms of action
and side e ects concerns of some potential neuropeptidergic anti-
migraine therapies. Expert Opin Drug Metab Toxicol 17.. https://doi.
0rg/10.1080/17425255.2021.1856366

Nersesyan Y, Demirkhanyan L, Cabezas-Bratesco D et al (2017) Oxytocin
Modulates Nociception as an Agonist of Pain-Sensing TRPV1. Cell Rep
21:1681-1691. https://doi.org/10.1016/j.celrep.2017.10.063

Garcia-Boll E, Martinez-Lorenzana G, Condés-Lara M, Gonzélez-Hernan-
dez A (2020) Inhibition of nociceptive dural input to the trigemi-
nocervical complex through oxytocinergic transmission. Exp Neurol
323:113079. https://doi.org/10.1016/j.expneurol.2019.113079
Hoshiyama E, Tatsumoto M, lwanami H, et al (2012) Postpartum
migraines: A long-term prospective study. Internal Medicine 51..
https://doi.org/10.2169/internalmedicine.51.8542

Silberstein SD, Lipton RB, Goadsby PJ (2002) Headache in clinical prac-
tice , 2nd edition

Warfvinge K, Krause D, Edvinsson L (2020) The distribution of

oxytocin and the oxytocin receptor in rat brain: relation to regions
active in migraine. J Headache Pain 21:10. https://doi.org/10.1186/
$10194-020-1079-8

Warfvinge K, Krause DN, Maddahi A et al (2020) Oxytocin as a regula-
tory neuropeptide in the trigeminovascular system: Localization,
expression and function of oxytocin and oxytocin receptors. Cephalal-
gia 40:1283-1295. https://doi.org/10.1177/0333102420929027
Jirikowski GF, Ochs SD, Caldwell JD (2018) Oxytocin and steroid actions.
Curr Top Behav Neurosci 35:. https://doi.org/10.1007/7854_2017_9
Insel TR, Young L, Witt DM, Crews D (1993) Gonadal Steroids have
Paradoxical E ects on Brain Oxytocin Receptors. J Neuroendocrinol 5.
https://doi.org/10.1111/j.1365-2826.1993.tb00531.x

Jenkin L, Nicholson HD (1999) Evidence for the regulation of prostatic
oxytocin by gonadal steroids in the rat. J Androl 20:

Assinder SJ, Nicholson HD (2004) E ects of steroids on oxytocin secre-
tion by the human prostate in vitro. Int J Androl 27.. https://doi.org/10.
1111/j.1365-2605.2004.00439.x

Somerville BW (1972) The role of estradiol withdrawal in the etiology
of menstrual migraine. Neurology 22:. https://doi.org/10.1212/wnl.
22.4.355

Ivell R, Walther N (1999) The role of sex steroids in the oxytocin hor-
mone system. Mol Cell Endocrinol 151:. https://doi.org/10.1016/S0303-
7207(99)00025-8

Acevedo-Rodriguez A, Mani SK, Handa RJ (2015) Oxytocin and estrogen
receptor B in the brain: An overview. Front Endocrinol (Lausanne) 6:.
https://doi.org/10.3389/fendo.2015.00160

Bharadwaj VN, Tzabazis AZ, Klukinov M, et al (2021) Intranasal adminis-
tration for pain: Oxytocin and other polypeptides. Pharmaceutics 13..
https.//doi.org/10.3390/pharmaceutics13071088

Mens WBJ, Witter A, van Wimersma Greidanus TB (1983) Penetration

of neurohypophyseal hormones from plasma into cerebrospinal fluid
(CSF): Half-times of disappearance of these neuropeptides from CSF.
Brain Res 262:. https.//doi.org/10.1016/0006-8993(83)90478-X

Tanaka A, Furubayashi T, Arai M, et al (2018) Delivery of oxytocin to the
brain for the treatment of autism spectrum disorder by nasal applica-
tion. Mol Pharm 15:. https://doi.org/10.1021/acs.molpharmaceut.
7b00991

Keller LA, Merkel O, Popp A (2022) Intranasal drug delivery: opportuni-
ties and toxicologic challenges during drug development. Drug Deliv
Transl Res 12.. https://doi.org/10.1007/513346-020-00891-5

Ermisch A, Barth T, Ruhle HJ, et al (1985) On the blood-brain

barrier to peptides: Accumulation of labelled vasopressin,


https://doi.org/10.1016/j.neuropharm.2015.07.016
https://doi.org/10.1016/j.neuropharm.2015.07.016
https://doi.org/10.1152/physrev.2001.81.3.1197
https://doi.org/10.1016/j.neubiorev.2013.04.012
https://doi.org/10.1016/0361-9230(88)90085-8
https://doi.org/10.1007/7854_2017_19
https://doi.org/10.1007/7854_2017_19
https://doi.org/10.1016/S0079-6123(08)00422-6
https://doi.org/10.1016/j.neuron.2011.11.030
https://doi.org/10.1038/sj.npp.1300607
https://doi.org/10.1523/JNEUROSCI.2409-15.2016
https://doi.org/10.2174/1381612820666141027111843
https://doi.org/10.1152/physrev.2001.81.2.629
https://doi.org/10.1152/physrev.2001.81.2.629
https://doi.org/10.1038/522410a
https://doi.org/10.1111/j.1471-0528.1984.tb03671.x
https://doi.org/10.1007/BF01541618
https://doi.org/10.1007/BF01541618
https://doi.org/10.1523/JNEUROSCI.3984-05.2005
https://doi.org/10.1523/JNEUROSCI.3984-05.2005
https://doi.org/10.1016/j.neubiorev.2014.07.005
https://doi.org/10.1210/endo-112-5-1711
https://doi.org/10.1210/endo.130.1.1727695
https://doi.org/10.1210/en.2003-1710
https://doi.org/10.1124/pr.120.019398
https://doi.org/10.1124/pr.120.019398
https://doi.org/10.1016/j.nicl.2021.102784
https://doi.org/10.1016/j.nicl.2021.102784
https://doi.org/10.1177/0333102415618615
https://doi.org/10.1177/0333102415618615
https://doi.org/10.1111/head.13082
https://doi.org/10.1016/j.npep.2012.12.003
https://doi.org/10.1186/s10194-021-01299-3
https://doi.org/10.1080/17425255.2021.1856366
https://doi.org/10.1080/17425255.2021.1856366
https://doi.org/10.1016/j.celrep.2017.10.063
https://doi.org/10.1016/j.expneurol.2019.113079
https://doi.org/10.2169/internalmedicine.51.8542
https://doi.org/10.1186/s10194-020-1079-8
https://doi.org/10.1186/s10194-020-1079-8
https://doi.org/10.1177/0333102420929027
https://doi.org/10.1007/7854_2017_9
https://doi.org/10.1111/j.1365-2826.1993.tb00531.x
https://doi.org/10.1111/j.1365-2605.2004.00439.x
https://doi.org/10.1111/j.1365-2605.2004.00439.x
https://doi.org/10.1212/wnl.22.4.355
https://doi.org/10.1212/wnl.22.4.355
https://doi.org/10.1016/S0303-7207(99)00025-8
https://doi.org/10.1016/S0303-7207(99)00025-8
https://doi.org/10.3389/fendo.2015.00160
https://doi.org/10.3390/pharmaceutics13071088
https://doi.org/10.1016/0006-8993(83)90478-X
https://doi.org/10.1021/acs.molpharmaceut.7b00991
https://doi.org/10.1021/acs.molpharmaceut.7b00991
https://doi.org/10.1007/s13346-020-00891-5

Szewczyk et al. The Journal of Headache and Pain

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

221.

228.

229.

230.

231

232.

233.

234,

235.

236.

(2023) 24:31

DesGlyNH2-vasopressin and oxytocin by brain regions. Endocrinol Exp
19:

Yamamoto Y, Liang M, Munesue S, et al (2019) Vascular RAGE transports
oxytocin into the brain to elicit its maternal bonding behaviour in mice.
Commun Biol 2:. https://doi.org/10.1038/s42003-019-0325-6

Quintana DS, Lischke A, Grace S et al (2021) Advances in the field of
intranasal oxytocin research: lessons learned and future directions for
clinical research. Mol Psychiatry 26:80-91. https://doi.org/10.1038/
$41380-020-00864-7

Al-Hassany L, Goadsby PJ, Danser AHJ, MaassenVanDenBrink A (2022)
Calcitonin gene-related peptide-targeting drugs for migraine: how
pharmacology might inform treatment decisions. Lancet Neurol 21..
https://doi.org/10.1016/S1474-4422(21)00409-9

Vanya QJ, Jenab S, Ogawa S, et al (1997) E ects of estrogen on oxytocin
receptor messenger ribonucleic acid expression in the uterus, pituitary,
and forebrain of the female rat. Neuroendocrinology 65:. https.//doi.
0rg/10.1159/000127160

Bharadwaj VN, Meyerowitz J, Zou B et al (2022) Impact of Magnesium
on Oxytocin Receptor Function. Pharmaceutics 14:1105. https://doi.
0rg/10.3390/pharmaceutics14051105

Althaus M, Groen Y, Wijers AA, et al (2015) Oxytocin enhances orienting
to social information in a selective group of high-functioning male
adults with autism spectrum disorder. Neuropsychologia 79.. https:.//
doi.org/10.1016/j.neuropsychologia.2015.10.025

Guastella AJ, Einfeld SL, Gray KM, et al (2010) Intranasal Oxytocin
Improves Emotion Recognition for Youth with Autism Spectrum Disor-
ders. Biol Psychiatry 67:. https://doi.org/10.1016/j.biopsych.2009.09.020
Tachibana M, Kagitani-Shimono K, Mohri |, et al (2013) Long-term
administration of intranasal oxytocin is a safe and promising therapy for
early adolescent boys with autism spectrum disorders. J Child Adolesc
Psychopharmacol 23:. https://doi.org/10.1089/cap.2012.0048

Preti A, Melis M, Siddi S, et al (2014) Oxytocin and autism: A systematic
review of randomized controlled trials. J Child Adolesc Psychopharma-
col 24:. https://doi.org/10.1089/cap.2013.0040

Zheng W, Zhu XM, Zhang QE, et al (2019) Adjunctive intranasal oxy-
tocin for schizophrenia: A meta-analysis of randomized, double-blind,
placebo-controlled trials. Schizophr Res 206.. https://doi.org/10.1016/.
schres.2018.12.007

Herpertz SC, Schmitgen MM, Fuchs C, et al (2019) Oxytocin E ects on
Pain Perception and Pain Anticipation. J Pain 20. https://doi.org/10.
1016/jpain.2019.04.002

Paloyelis Y, Krahé C, Maltezos S, et al (2016) The analgesic e ect of oxy-
tocin in humans: a double-blind, placebo-controlled cross-over study
using laser-evoked potentials. J Neuroendocrinol 28:. https://doi.org/10.
1111/jne. 12347

Phillips WJ, Ostrovsky O, Galli RL, Dickey S (2006) Relief of acute
migraine headache with intravenous oxytocin: Report of two cases.

J Pain Palliat Care Pharmacother 20.. https://doi.org/10.1300/J354v
20n03_05

Tonix Pharmaceuticals (2021) Tonix Pharmaceuticals announces FDA
clearance of the IND for potentiated intranasal oxytocin (TNX-1900)
for the prevention of migraine headache in chronic migraineurs. In:
Biospace

Audunsdottir K, Quintana DS (2022) Oxytocin’s dynamic role across the
lifespan. Aging Brain 2: https://doi.org/10.1016/j.nbas.2021.100028
Leng G, Leng RI (2021) Oxytocin: A citation network analysis of 10 000
papers. J Neuroendocrinol 33.. https://doi.org/10.1111/jne.13014

Ang HL, Ivell R, Walther N, et al (1994) Over-expression of oxytocin in
the testes of a transgenic mouse model. Journal of Endocrinology 140:.
https.//doi.org/10.1677/joe.0.1400053

Kukucka MA, Misra HP (1992) HPLC determination of an oxytocin-like
peptide produced by isolated Guinea pig leydig cells: Stimulation by
ascorbate. Syst Biol Reprod Med 29.. https://doi.org/10.3109/01485
019208987723

Thackare H, Nicholson HD, Whittington K (2006) Oxytocin - Its role in
male reproduction and new potential therapeutic uses. Hum Reprod
Update 12 https://doi.org/10.1093/humupd/dmk002

Campbell A,Ru man T, Murray JE, Glue P (2014) Oxytocin improves
emotion recognition for older males. Neurobiol Aging 35.. https://doi.
0rg/10.1016/j.neurobiolaging.2014.04.021

237.

238.

239.

240.

241.

242.

243.

244,

245,

246.

247.

248.

249.

250.

251.

252.

253.

254,

255,

256.

Page 25 of 26

Grumi S, Saracino A, Volling BL, Provenzi L (2021) A systematic review
of human paternal oxytocin: Insights into the methodology and what
we know so far. Dev Psychobiol 63.. https://doi.org/10.1002/dev.
22116

Bakermans-Kranenburg MJ, Verhees MWFT, Lotz AM, et al (2022) Is
paternal oxytocin an oxymoron? Oxytocin, vasopressin, testosterone,
oestradiol and cortisol in emerging fatherhood. Philosophical Transac-
tions of the Royal Society B: Biological Sciences 377:. https.//doi.org/10.
1098/rsth.2021.0060

Fruhstorfer B, Pritsch MG, Ott P, Sturm G (1988) E ects of daytime noise
load on the sleep-wake cycle and endocrine patterns in man: Il. 24
hours secretion of anterior and posterior pituitary hormones and of
cortisol. International Journal of Neuroscience 39.. https://doi.org/10.
3109/00207458808985705

McGregor GP, Lang RE (2001) Oxytocin in the male: An old hormone
growing sexy with age. Exp Clin Endocrinol Diabetes 109:. https://doi.
0rg/10.1055/s-2001-14827

Nicholson HD, Parkinson TJ, Lapwood KR (1999) E ects of oxytocin and
vasopressin on sperm transport from the cauda epididymis in sheep. ]
Reprod Fertil 117:. https://doi.org/10.1530/jrf.0.1170299

Stadler B, Whittaker MR, Exintaris B, Middendor R (2020) Oxytocin

in the male reproductive tract; the therapeutic potential of oxytocin-
agonists and-antagonists. Front Endocrinol (Lausanne) 11:. https://doi.
0rg/10.3389/fend0.2020.565731

Whittington K, Assinder S, Gould M, Nicholson H (2004) Oxytocin,
oxytocin-associated neurophysin and the oxytocin receptor in

the human prostate. Cell Tissue Res 318.. https://doi.org/10.1007/
500441-004-0968-5

Uryvaev Y v., Petrov GA (1996) Extremely low doses of oxytocin reduce
pain sensitivity in men. Bull Exp Biol Med 122:. https://doi.org/10.1007/
bf02447648

Pfeifer AC, Schroeder-Pfeifer P, Schneider E, et al (2020) Oxytocin and
positive couple interaction a ect the perception of wound pain in
everyday life. Mol Pain 16:. https.//doi.org/10.1177/1744806920918692
Chadio SE, Antoni FA (1989) Characterization of oxytocin receptors
in rat adenohypophysis using a radioiodinated receptor antagonist
peptide. J Endocrinol 122:465-470. https://doi.org/10.1677/joe.0.
1220465

Grosvenor CE, Shyr SW, Goodman GT, Mena F (1986) Comparison of
plasma profiles of oxytocin and prolactin following suckling in the rat.
Neuroendocrinology 43:. https://doi.org/10.1159/000124604

Kennett JE, McKee DT (2012) Oxytocin: An Emerging Regulator of
Prolactin Secretion in the Female Rat. J Neuroendocrinol 24:403-412.
https://doi.org/10.1111/j.1365-2826.2011.02263.x

Parker SL, Armstrong WE, Sladek CD, et al (1991) Prolactin stimulates the
release of oxytocin in lactating rats: Evidence for a physiological role via
an action at the neural lobe. Neuroendocrinology 53:. https://doi.org/
10.1159/000125764

Flanagan LM, Pfaus JG, Pfa  DW, McEwen BS (1993) Induction of fos
immunoreactivity in oxytocin neurons after sexual activity in female
rats. Neuroendocrinology 58:. https://doi.org/10.1159/000126562
Samson WK, Lumpkin MD, McCann SM (1986) Evidence for a physiolog-
ical role for oxytocin in the control of prolactin secretion. Endocrinology
119. https://doi.org/10.1210/endo-119-2-554

McKee DT, Poletini MO, Bertram R, Freeman ME (2007) Oxytocin Action
at the Lactotroph Is Required for Prolactin Surges in Cervically Stimu-
lated Ovariectomized Rats. Endocrinology 148:4649-4657. https://doi.
0rg/10.1210/en.2007-0646

Bertram R, Helena C, Gonzalez-Iglesias AE et al (2010) A tale of two
rhythms: the emerging roles of oxytocin in rhythmic prolactin release.
J Neuroendocrinol no-no. https://doi.org/10.1111/j.1365-2826.2010.
02012.x

Uvnas-Moberg K, Ekstrom-Bergstrom A, Buckley S, et al (2020) Maternal
plasma levels of oxytocin during breastfeeding-a systematic review.
PL0S One 15: https://doi.org/10.1371/journal.pone.0235806

Snowdon CT, Ziegler TE (2015) Variation in prolactin is related to varia-
tion in sexual behavior and contacta liation. PLoS One 10:. https://doi.
0rg/10.1371/journal.pone.0120650

Ben-Jonathan N, LaPensee CR, LaPensee EW (2008) What can we learn
from rodents about prolactin in humans? Endocr Rev 29.. https://doi.
0rg/10.1210/er.2007-0017


https://doi.org/10.1038/s42003-019-0325-6
https://doi.org/10.1038/s41380-020-00864-7
https://doi.org/10.1038/s41380-020-00864-7
https://doi.org/10.1016/S1474-4422(21)00409-9
https://doi.org/10.1159/000127160
https://doi.org/10.1159/000127160
https://doi.org/10.3390/pharmaceutics14051105
https://doi.org/10.3390/pharmaceutics14051105
https://doi.org/10.1016/j.neuropsychologia.2015.10.025
https://doi.org/10.1016/j.neuropsychologia.2015.10.025
https://doi.org/10.1016/j.biopsych.2009.09.020
https://doi.org/10.1089/cap.2012.0048
https://doi.org/10.1089/cap.2013.0040
https://doi.org/10.1016/j.schres.2018.12.007
https://doi.org/10.1016/j.schres.2018.12.007
https://doi.org/10.1016/j.jpain.2019.04.002
https://doi.org/10.1016/j.jpain.2019.04.002
https://doi.org/10.1111/jne.12347
https://doi.org/10.1111/jne.12347
https://doi.org/10.1300/J354v20n03_05
https://doi.org/10.1300/J354v20n03_05
https://doi.org/10.1016/j.nbas.2021.100028
https://doi.org/10.1111/jne.13014
https://doi.org/10.1677/joe.0.1400053
https://doi.org/10.3109/01485019208987723
https://doi.org/10.3109/01485019208987723
https://doi.org/10.1093/humupd/dmk002
https://doi.org/10.1016/j.neurobiolaging.2014.04.021
https://doi.org/10.1016/j.neurobiolaging.2014.04.021
https://doi.org/10.1002/dev.22116
https://doi.org/10.1002/dev.22116
https://doi.org/10.1098/rstb.2021.0060
https://doi.org/10.1098/rstb.2021.0060
https://doi.org/10.3109/00207458808985705
https://doi.org/10.3109/00207458808985705
https://doi.org/10.1055/s-2001-14827
https://doi.org/10.1055/s-2001-14827
https://doi.org/10.1530/jrf.0.1170299
https://doi.org/10.3389/fendo.2020.565731
https://doi.org/10.3389/fendo.2020.565731
https://doi.org/10.1007/s00441-004-0968-5
https://doi.org/10.1007/s00441-004-0968-5
https://doi.org/10.1007/bf02447648
https://doi.org/10.1007/bf02447648
https://doi.org/10.1177/1744806920918692
https://doi.org/10.1677/joe.0.1220465
https://doi.org/10.1677/joe.0.1220465
https://doi.org/10.1159/000124604
https://doi.org/10.1111/j.1365-2826.2011.02263.x
https://doi.org/10.1159/000125764
https://doi.org/10.1159/000125764
https://doi.org/10.1159/000126562
https://doi.org/10.1210/endo-119-2-554
https://doi.org/10.1210/en.2007-0646
https://doi.org/10.1210/en.2007-0646
https://doi.org/10.1111/j.1365-2826.2010.02012.x
https://doi.org/10.1111/j.1365-2826.2010.02012.x
https://doi.org/10.1371/journal.pone.0235806
https://doi.org/10.1371/journal.pone.0120650
https://doi.org/10.1371/journal.pone.0120650
https://doi.org/10.1210/er.2007-0017
https://doi.org/10.1210/er.2007-0017

Szewczyk et al. The Journal of Headache and Pain

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271

272.

273.

274,

275.

276.

(2023) 24:31

Poisbeau P, Grinevich V, Charlet A (2017) Oxytocin signaling in pain:
cellular, circuit, system, and behavioral levels. Curr Top Behav Neurosci
193-211. https://doi.org/10.1007/7854_2017_14

Martins DA, Mazibuko N, Zelaya F et al (2020) E ects of route of
administration on oxytocin-induced changes in regional cerebral
blood flow in humans. Nat Commun 11:1160. https://doi.org/10.1038/
541467-020-14845-5

Ol M, Frijling JL, Kubzansky LD et al (2013) The role of oxytocin in
social bonding, stress regulation and mental health: An update on the
moderating e ects of context and interindividual di erences. Psycho-
neuroendocrinology 38:1883-1894. https://doi.org/10.1016/j.psyneuen.
2013.06.019

Koves K, Gores TJ, Kausz M, Arimura A (1994) Present status of
knowledge about the distribution and colocalization of PACAP in the
forebrain. Acta Biol Hung 45:297-321

Benedek Jaszmann LJ, Lequin RM, Sternthal V (1975) Treatment of the
premenstrual syndrome with bromocryptine. Acta Endocrinol (Copenh)
70.. https://doi.org/10.1530/acta.0.080s029

Burgos-Vega CC, Quigley LD, Trevisan dos Santos G, et al (2019)
Non-invasive dural stimulation in mice: A novel preclinical model of
migraine. Cephalalgia 39.. https://doi.org/10.1177/0333102418779557
Go nV, Bernichtein S, Touraine P, Kelly PA (2005) Development and
potential clinical uses of human prolactin receptor antagonists. Endocr
Rev 26.. https://doi.org/10.1210/er.2004-0016

Jacobson EM, Hugo ER, Borcherding DC, Ben-Jonathan N (2011) Prolac-
tin in breast and prostate cancer: molecular and genetic perspectives.
Discov Med 11

Zhao Z, Ukidve A, Kim J, Mitragotri S (2020) Targeting Strategies for
Tissue-Specific Drug Delivery. Cell 181:. https://doi.org/10.1016/j.cell.
2020.02.001

Meidahl AC, Eisenried A, Klukinov M, et al (2018) Intranasal Oxytocin
Attenuates Reactive and Ongoing, Chronic Pain in a Model of Mild
Traumatic Brain Injury. Headache: The Journal of Head and Face Pain
58:545-558. https://doi.org/10.1111/head.13248

Bethlehem RAI, van Honk J, Auyeung B, Baron-Cohen S (2013) Oxytocin,
brain physiology, and functional connectivity: A review of intranasal
oxytocin fMRI studies. Psychoneuroendocrinology 38:962-974. https://
doi.org/10.1016/j.psyneuen.2012.10.011

Churchland PS, Winkielman P (2012) Modulating social behavior with
oxytocin: How does it work? What does it mean? Horm Behav 61..
https://doi.org/10.1016/j.yhbeh.2011.12.003

Horta M, Kaylor K, Feifel D, Ebner NC (2020) Chronic oxytocin admin-
istration as a tool for investigation and treatment: A cross-disciplinary
systematic review. Neurosci Biobehav Rev 108.. https://doi.org/10.
1016/j.neubiorev.2019.10.012

MacDonald K, Feifel D (2012) Dramatic Improvement in Sexual Function
Induced by Intranasal Oxytocin. J Sex Med 9:1407-1410. https://doi.
0rg/10.1111/}.1743-6109.2012.02703.x

Hilfiger L, Zhao Q, Kerspern D, et al (2020) A nonpeptide oxytocin
receptor agonist for a durable relief of inflammatory pain. Sci Rep 10..
https://doi.org/10.1038/541598-020-59929-w

Biurrun Manresa JA, Schliessbach J, Vuilleumier PH, et al (2021)
Anti-nociceptive e ects of oxytocin receptor modulation in healthy
volunteers—A randomized, double-blinded, placebo-controlled study.
European Journal of Pain (United Kingdom) 25.. https://doi.org/10.
1002/ejp.1781

Wolfe M, Wisniewska H, Tariga H, et al (2018) Selective and non-selec-
tive OT receptor agonists induce di erent locomotor behaviors in male
rats via central OT receptors and peripheral V1a receptors. Neuropep-
tides 70.. https://doi.org/10.1016/j.npep.2018.05.007

Quintana DS, Rokicki J, van der Meer D et al (2019) Oxytocin pathway
gene networks in the human brain. Nat Commun 10:668. https://doi.
0rg/10.1038/541467-019-08503-8

Seeley SH, Chou Y, hui, O’Connor MF, (2018) Intranasal oxytocin and
OXTR genotype e ects on resting state functional connectivity: A
systematic review. Neurosci Biobehav Rev 95:17-32. https://doi.org/10.
1016/j.neubiorev.2018.09.011

Flynn MJ, Campbell TS, Robert M et al (2021) Intranasal oxytocin as a treat-
ment for chronic pelvic pain: A randomized controlled feasibility study. Int
J Gynecol Obstet 152:425-432. https.//doi.org/10.1002/ijgo.13441

271.

278.

Page 26 of 26

Riem MME, Kunst LE, Kop WJ (2021) Intranasal oxytocin and the stress-
bu ering e ects of social support during experimentally induced pain:
The role of attachment security. JA ect Disord 278:149-156. https://
doi.org/10.1016/jjad.2020.09.057

You DS, Haney R, Albu S, Meagher MW (2018) Generalized pain sen-
sitization and endogenous oxytocin in individuals with symptoms of
migraine: a cross-sectional study. Headache 58:62—77. https://doi.org/
10.1111/head.13213

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional a liations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1007/7854_2017_14
https://doi.org/10.1038/s41467-020-14845-5
https://doi.org/10.1038/s41467-020-14845-5
https://doi.org/10.1016/j.psyneuen.2013.06.019
https://doi.org/10.1016/j.psyneuen.2013.06.019
https://doi.org/10.1530/acta.0.080s029
https://doi.org/10.1177/0333102418779557
https://doi.org/10.1210/er.2004-0016
https://doi.org/10.1016/j.cell.2020.02.001
https://doi.org/10.1016/j.cell.2020.02.001
https://doi.org/10.1111/head.13248
https://doi.org/10.1016/j.psyneuen.2012.10.011
https://doi.org/10.1016/j.psyneuen.2012.10.011
https://doi.org/10.1016/j.yhbeh.2011.12.003
https://doi.org/10.1016/j.neubiorev.2019.10.012
https://doi.org/10.1016/j.neubiorev.2019.10.012
https://doi.org/10.1111/j.1743-6109.2012.02703.x
https://doi.org/10.1111/j.1743-6109.2012.02703.x
https://doi.org/10.1038/s41598-020-59929-w
https://doi.org/10.1002/ejp.1781
https://doi.org/10.1002/ejp.1781
https://doi.org/10.1016/j.npep.2018.05.007
https://doi.org/10.1038/s41467-019-08503-8
https://doi.org/10.1038/s41467-019-08503-8
https://doi.org/10.1016/j.neubiorev.2018.09.011
https://doi.org/10.1016/j.neubiorev.2018.09.011
https://doi.org/10.1002/ijgo.13441
https://doi.org/10.1016/j.jad.2020.09.057
https://doi.org/10.1016/j.jad.2020.09.057
https://doi.org/10.1111/head.13213
https://doi.org/10.1111/head.13213

