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Clinical and basic research on regulation of pituitary hormones, extra-pituitary release of these hormones, distribution of their receptors and cell signaling pathways recruited upon receptor binding suggests that pituitary hormones can regulate mechanisms of nociceptive transmission in multiple orofacial pain conditions. Moreover, many pituitary hormones either regulate glands that produce gonadal hormones (GnH) or are regulated by GnH. This implies that pituitary hormones may be involved in sex-dependent mechanisms of orofacial pain and could help explain why certain orofacial pain conditions are more prevalent in women than men. Overall, regulation of nociception by pituitary hormones is a relatively new and emerging area of pain research. The aims of this review article are to: (1) present an overview of clinical conditions leading to orofacial pain that are associated with alterations of serum pituitary hormone levels; (2) discuss proposed mechanisms of how pituitary hormones could regulate nociceptive transmission; and (3) outline how pituitary hormones could regulate nociception in a sex-specific fashion. Pituitary hormones are routinely used for hormonal replacement therapy, while both receptor antagonists and agonists are used to manage certain pathological conditions related to hormonal imbalance. Administration of these hormones may also have a place in the treatment of pain, including orofacial pain. Hence, understanding the involvement of pituitary hormones in orofacial pain, especially sex-dependent aspects of such pain, is essential to both optimize current therapies as well as provide novel and sex-specific pharmacology for a diversity of associated conditions.
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INTRODUCTION

Orofacial pain conditions dramatically impact basic daily life activities such as talking and chewing, which leads to debilitating physiological and psychological consequences (Murray et al., 1996). Many conditions that localize to the orofacial region present with sex-specific differences in prevalence, chronicity and severity of pain (Mogil, 2012). Trigeminal-regulated orofacial pain conditions include temporomandibular disorders (TMDs), migraines, cluster headaches, tension-type headaches, burning mouth syndrome, neuralgias, dental-associated conditions, head and neck cancers and certain idiopathic pain syndromes. Women present with a 50% (TMD and tension-type headache), 90% (burning mouth syndrome) and up to 200% (migraine) increase in orofacial pain frequency over men (Cairns, 2007; Shinal and Fillingim, 2007). In contrast, men develop cluster headaches at nearly five times the rate of women, demonstrating the vast sexual dimorphism seen in orofacial pain (Holroyd et al., 2000; Shinal and Fillingim, 2007). The prevalence of chronic pain among women was also reported in a large epidemiological study, which compared orofacial with other types of pain (Fillingim et al., 2009). Overall, chronic orofacial pain occurs in about 10% of adults and 50% of the elderly, and of those with orofacial pain lasting more than a week, over 90% complain of pain in other areas of the body (Madland et al., 2001; Kohlmann, 2002; Mogil, 2012).

The higher prevalence of chronic pain in female patients could be explained by: (1) females could have different pain tolerance/thresholds than men and they may also seek out health care services at higher rates than do men. While there is evidence that this can be the case for humans, animal data do not convincingly show differences in tolerance/threshold between sexes so it may be unlikely that sensitivity alone explains higher female pain prevalence (Mogil, 2012); and (2) there are apparent sex differences in the responsiveness, tolerance, pharmacokinetics and/or pharmacodynamics for many analgesics, especially opioids (Niesters et al., 2010; Campesi et al., 2012; Franconi and Campesi, 2014).

A third factor, and the subject of this review article, is that the distinct sexual differences seen in orofacial pain conditions are mediated by hormone-based mechanisms. In fact, changes in gonadal hormones (GnH) such as estrogen, progesterone and androgens are shown to be associated with changes in pain experience in many orofacial pain conditions (Shinal and Fillingim, 2007). For instance, women using exogenous hormones report more severe orofacial pain compared to women not using hormones (Wise et al., 2000). Similarly, pregnant women during the first trimester experience a dramatic increase in pain associated with periodontal disease, gingivitis, caries and erosions (Kandan et al., 2011). Women also report that noxious chemical (capsaicin, serotonin or glutamate) injection into the facial skin or into the masseter muscle evokes more significant pain than in men (Cairns, 2007). Animal studies corroborate the hormone-dependency of this effect since estrogen replacement therapy in male or ovariectomized (OVX) female rats increases excitability of neurons innervating the TMJ and also increases the magnitude of glutamate-evoked jaw muscle nociception (Cairns et al., 2002; Flake et al., 2005). Moreover, expression and functions of many hormones, including prolactin (PRL), growth hormone (GH) and thyroid hormones, are influenced by analgesics (Mistraletti et al., 2005; Merza, 2010; Vuong et al., 2010; Gudin et al., 2015). The mechanisms that underlie the hormonal and sex-differences seen in prevalence, intensity and especially chronicity of orofacial pain and nociception are still not clear. Nevertheless, this area of pain research is experiencing rapid advances and the currently-available information and existing hypothesis will be reviewed here. The many studies on the influence of analgesics on the function of hormones are covered elsewhere (Demarest et al., 2015; Gudin et al., 2015).

While extensive research has looked at GnH regulation of pain, the impact of GnH-regulating hormones like gonadotropin releasing hormone (GnRH), PRL, follicle stimulating hormone (FSH), luteinizing hormone (LH) and other pituitary hormones has not been explored to the same depth. Hormones produced by the pituitary were originally named and characterized according to their primary biological function at the time of discovery: PRL is linked to milk production in females, GH is associated with cell growth, proliferation, differentiation and regeneration and other pituitary hormones, such as FSH, LH and adrenocorticotropic hormones (ACTHs) are master controllers of critical glands. Later studies established that pituitary hormones play critical roles in a much wider variety of physiologic and pathophysiologic processes. Thus, many of pituitary hormones have been associated with pain conditions across the entire body. This review article focuses on several pituitary hormones which according to human and animal studies are known to be involved in the regulation of orofacial pain. Particular emphasis will be placed on hormones regulating GnH production or those regulated by GnH, since they are viable candidates for the sexually-dimorphic regulation of orofacial pain.

PROLACTIN

The main variant of PRL is a 23 kDa protein (Ben-Jonathan et al., 2008). Pituitary production of PRL is closely regulated by estrogen via an estrogen-response element found in its promoter. In addition, PRL elevation down-regulates the sex hormones (GnH) estrogen and testosterone (discussed below; Grattan et al., 2007). PRL production and release by the pituitary is modulated by many factors, including hormones, stress and trauma (Freeman et al., 2000). The main regulator of PRL secretion from pituitary (Pit PRL) is dopamine, which is released from tuberoinfundibulum (TIDA) neurons of the arcuate nucleus and acts on the D2 receptors of lactotrophs (pituitary cells producing PRL), inhibiting Pit PRL release (Freeman et al., 2000). PRL is also produced by several extra-pituitary tissues (EPit PRL) and can act through paracrine and autocrine mechanisms (Ben-Jonathan et al., 1996). PRL performs its biological function by activating the PRL receptor (Prlr), which is widely expressed in many cell types (Mancini et al., 2008). Prlr belong to the cytokine-class 1 receptor family, is encoded by one gene and has two main forms: long (Prlr-L) and short (Prlr-S; Freeman et al., 2000). Prlr-L predominantly signals through the JAK-STAT5 pathway, regulates transcription and produces long-lasting effects (Brown et al., 2012; Yip et al., 2012). In contrast, activation of Prlr-S produces transient effects through the PI3K/PKC pathway but is not capable of inducing the JAK-STAT5 pathway (Belugin et al., 2013). Prlr in humans (or primates) is distinct from rodent Prlr in one important aspect; it is activated not only by PRL, but also by GH and placental lactogen (Ben-Jonathan et al., 2008). This type of cross-reactivity of Prlr in humans is important for determining disease mechanisms and also developing potential therapeutics.

Pituitary adenomas are classified as nonfunctional (silent) or functional (hormone secreting) with symptomology dependent on the specific hormone(s) secreted. Headache and facial allodynia are common in patients with functional adenomas (Abe et al., 1998; Levy et al., 2005), especially PRL-secreting tumors (prolactinomas or hyperprolactinemia). Patients typically present with sexual dysfunction, galactorrhea and highly elevated PRL in serum (normal 1–20 ng/ml vs. prolactinomas 40–2,000 ng/ml (Kallestrup et al., 2014). Prolactinoma-induced headache has been classified as migraine-like (Hartman et al., 1995) with trigeminal autonomic cephalalgias, including cluster headache (Porta-Etessam et al., 2001; Negoro et al., 2005), paroxysmal hemicrania (Sarov et al., 2006) and short-lasting unilateral neuralgiform headache attacks with conjunctival injection and tearing (SUNCT; Matharu et al., 2003; Chitsantikul and Becker, 2013). Headache associated with prolactinomas can be effectively treated with dopamine agonists, which block PRL secretion from the pituitary (Hartman et al., 1995; Gabrielli et al., 2002; Kallestrup et al., 2014). Migraineurs without pituitary adenomas do not have higher serum PRL levels compared to controls (Guldiken et al., 2011); however, PRL rises during migraine attacks but not tension-type-headaches (Di Mario et al., 2006; Bosco et al., 2008). Moreover, some cases of migraine have been successfully treated by blocking pituitary PRL with the dopamine agonist—bromocriptine or carbidopa/levodopa (Gordon et al., 1995; Hartman et al., 1995).

The precise mechanism(s) for how elevated endogenous PRL causes pain is not fully known, but clear links between PRL and the somatosensory system exist. Prlr is known to be expressed in a subset of rat and mouse sensory neurons of dorsal root ganglia (DRG) and trigeminal ganglia (TG) neurons, although the precise Prlr+ sensory neuron sub-type identity is still unresolved (Table 1; Diogenes et al., 2006). Nevertheless, exogenous PRL transiently potentiates transient receptor potential V1 (TRPV1) in rat TG neurons (Diogenes et al., 2006), and TRPV1, TRPA1 and TRPM8 in mouse DRG neurons (Belugin et al., 2013; Patil et al., 2013b). TRPA1 and TRPM8 regulation by PRL in TG neurons were not yet tested. PRL sensitizes TRPV1 in mouse DRG neurons by activating Prlr-S via PKCδ and PI3-kinase pathways (Belugin et al., 2013; Patil et al., 2013b). Importantly, 40-fold lower concentration of PRL is required to substantially sensitize TRPV1 in female (>25 ng/ml) than male (>1 μg/ml) mouse and rat DRG and TG neurons (Diogenes et al., 2006; Belugin et al., 2013; Patil et al., 2013b). Behavioral experiments also show exogenous PRL can induce acute nociception in cycling female, but not OVX rats (Diogenes et al., 2006). This indicates that Prlr displays estrogen-dependent activity in rodent sensory neurons. However, whether human sensory neurons show sex-dependency in Prlr expression, and whether sensory neuronal Prlr contributes to pain in a variety of models (or diseases), and the precise mechanisms underlying female-selective activity of Prlr and GnH regulation of pain, remain unidentified.

TABLE 1. Expression of pituitary and gonadal hormones (GnH), their releasing hormones and receptors in male mouse dorsal root ganglia (DRG) sensory neurons.
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As mentioned previously, sources of endogenous PRL can originate from pituitary (i.e., Pit PRL) or extra-pituitary (EPit PRL) tissues (Ben-Jonathan et al., 1996). It is well known that acute restraint stress induces Pit PRL in both female and male rodents (Brown et al., 2016). Pit PRL release is also increased by trauma and surgery in both humans and rodents (Noel et al., 1972; Anand, 1986; Chernow et al., 1987; Yardeni et al., 2007; Patil et al., 2013a). Stress and trauma-induced Pit PRL is slightly higher in females than males (Reiner et al., 1987; Patil et al., 2013a). In contrast, EPit PRL expression/release in relation to various pain conditions not as well studied and there are essentially no publications on humans or primates. Recent data in mice indicate that surgery and inflammation elevate local (i.e., hind paws) PRL and spinal cord PRL levels (Scotland et al., 2011; Patil et al., 2013a). Unlike Pit PRL, the increase in EPit PRL is profoundly female-specific (Scotland et al., 2011; Patil et al., 2013a). Sources of EPit PRL during pain conditions have not been fully explored, but multiple groups have speculated that it could be supplied by immune cells (Clevenger et al., 1990; Hawkins et al., 1996).

Endogenous PRL can contribute to female-selective mechanisms of postoperative and inflammatory nociception as shown in PRL and Prlr global knock-out mice (Patil et al., 2013a,b). Although the precise mechanisms underlying sex-dependent involvement of the PRL system in a variety of pain conditions is still unknown, a multi-step process can be inferred from the current literature. First, endogenous Pit and/or EPit PRL are elevated and released during stress, migraine attacks, trauma and inflammation-induced pain conditions (Figure 1). Second, endogenous PRL acts via endocrine, autocrine and/or paracrine pathways on sensory neurons through Prlr, transiently sensitizing TRP channels and possibly increasing excitability and/or neurotransmission to spinal cord (Patil et al., 2014; Figure 1). Finally, these changes generate thermal and mechanical hyperalgesia (Figure 1). The female-selectivity of the suggested pain mechanisms comes both from elevated PRL during stress or injury, and especially through the sexually-dimorphic and cell type-specific functional expression of Prlr in sensory neurons. Mechanisms underlying sex and GnH-dependent regulation of functional expression of Prlr in sensory ganglia are still unknown. But, a recent report indicates that Prlr mRNA expression can be detected in mouse male DRG, but not TG neurons (Lopes et al., 2017). Prlr mRNA was identified in both female DRG and TG neurons (Diogenes et al., 2006; Patil et al., 2013b). This may indicate that sex-dependent Prlr mRNA expression is more pronounced in TG than DRG neurons. As a consequence, PRL may preferentially contribute to sexual-differences in orofacial pain. However, sex-dependent contributions of the endogenous PRL in postoperative and inflammatory pain of hind paws were reported (Patil et al., 2013a,b). Accordingly, the PRL system could involve different sex-dependent mechanisms for spinal vs. orofacial pain. For instance, PRL may contribute to nociceptive transmission via indirect mechanisms. Endogenous PRL could activate Prlr on non-neuronal cells, leading to sensitization of sensory neurons via non-neuronal to neuronal cell interactions. Overall, the mechanisms critical to Prlr functional expressions in females vs. males and in TG vs. DRG need further exploration.
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FIGURE 1. Schematic illustration of putative mechanisms underlying hyperalgesic action of the endogenous PRL system in orofacial pain conditions. Schematic shows an orofacial pain condition, i.e., migraine, triggered by stress. The presented pathway could be suggested for other orofacial conditions triggered by inflammation or trauma. The large figure represents dura mater with nerves and vessels running throughout, and the inset shows multiple pathways for PRL release and action on sensory neurons. Dural afferents are peripheral terminals of a subset of trigeminal ganglion neurons; VGCh, voltage-gated channels; TRP, transient receptor potential; Immune cells—PRL-expressing macrophages, mast and T cells as main candidates; Prlr, prolactin receptor; ΔPRL, Prlr antagonist, which is modified PRL that binds but does not activate Prlr; CGRP, calcitonin gene related peptide; PRL−, dural afferents without PRL stimulation; PRL+, dural afferents stimulated with PRL.



It is also unknown whether the PRL and Prlr sexual-dimorphism seen in mouse studies is applicable in primate and human sensory neurons. Prolactinomas provide a confounding example since severe headaches are seen equally in males and females with the tumors (Kallestrup et al., 2014). Extremely high levels of PRL can also cause sensory neuron sensitization in male mice, so the phenomenon seen in men with prolactinomas may be a result of the overwhelmingly exaggerated levels of PRL (Patil et al., 2013b). Another complication to high PRL resulting in increased pain is the issue of why pregnant in third trimester and lactating women do not report amplified pain experiences. One possible explanation is that pregnancy at the third trimester increases T cell-mediated endogenous opioid analgesia in the spinal cord (Rosen et al., 2017). This could counteract endogenous PRL’s hyperalgesia effects. There is strong interaction of the PRL and endogenous opioid systems in hypothalamic TIDA neurons (Tolis et al., 1978). Thus, endogenous opioid analgesia during pregnancy might still involve PRL, since endogenous opioids, acting via mu and kappa opioid receptors, suppress dopamine secretion from TIDA neurons, raising PRL levels in serum (Tolis et al., 1978). Prolonged elevation of PRL in serum of the third trimester pregnant women could suppress inflammation and pain (see below; Adán et al., 2013; Ledesma-Colunga et al., 2017). Moreover, systemic treatment with naloxone (a mu-opioid receptor antagonist) during late pregnancy completely blocks PRL secretion (Ieiri et al., 1980; Rossier et al., 1980). So the naloxone treatment used by Rosen et al. (2017) may affect not only the opioid but also the PRL system. Another potential explanation for the conflicting PRL effects during lactation could be the elevation of oxytocin (OXT) stimulated by breastfeeding (discussed below; Ren et al., 1997). Finally, prolonged and repetitive treatment with high concentrations of PRL (equivalent to the concentrations encountered during the third trimester of pregnancy) can suppress inflammation and pain (Adán et al., 2013; Ledesma-Colunga et al., 2017). Overall, further research on the function of the PRL system on the nociceptive pathway is vital for both determining mechanisms of sexual-dimorphism in orofacial pain and possibly developing new and sex-targeted therapeutics.

OXYTOCIN

OXT is a peptide hormone (1 kDa), which is mainly produced by the paraventricular nucleus (PVN) of the hypothalamus and the posterior pituitary (D’Antoni, 2016). The precursor peptide contains OXT and the carrier protein neurophysin I (Brownstein et al., 1980). Elevation of OXT release above background levels depends on many factors and is regulated by estrogen (Acevedo-Rodriguez et al., 2015). There is a vast literature and multiple reviews on factors controlling OXT release, biosynthesis and degradation. Classical factors responsible for OXT release in the blood are: stretching of the cervix and uterus during labor and stimulation of the nipples from breastfeeding (Takeda et al., 1985). OXT fulfils its biological functions through activation of its receptor (OXTr; Gimpl and Fahrenholz, 2001). The OXTr, a 7-transmembrane G protein-coupled receptor capable of binding to either Gi or Gq proteins, can activate a set of signaling cascades, including the MAPK, PKC, PLC, or calmadulinK (CaMK) pathways, which converge on transcription factors like CREB or MEF-2 (Jurek and Neumann, 2018).

Clinical studies on abdominal hysterectomy for non-cancer indications compared to cesarean delivery show that childbirth is not associated with a high incidence of post-surgery chronic pain in humans (Brandsborg et al., 2007; Brandsborg, 2012; Khelemsky and Noto, 2012). Peripheral nerve injury shows similar hypersensitivity in non-pregnant and mid-pregnancy rats, but after delivery this hypersensitivity is partially reversed (Gutierrez et al., 2013b). Importantly, partial reversal of peripheral nerve injury pain does not happen in lactating rodent females in the absence of pups (Gutierrez et al., 2013b). Since labor and breastfeeding promote elevation of OXT in blood as well as cerebrospinal fluid (Gutierrez et al., 2013b) and since PVN afferents project to the spinal cord (Reiter et al., 1994; Eliava et al., 2016), it is hypothesized that exogenous OXT could be used as an anti-hyperalgesia drug in a variety of pain conditions (Breton et al., 2008; Gutierrez et al., 2013a,b; Boll et al., 2017). Indeed, direct administration of OXT into the spinal cord produced analgesia in a patient with intractable cancer pain (Madrazo et al., 1987). In chronic and high-frequency episodic migraineurs, 1 month of intranasal OXT administration reduced pain and significantly decreased the frequency of headaches (Tzabazis et al., 2017). In animals, OXT gene ablation leads to reduction of stress-induced analgesia (Robinson et al., 2002), while stimulated OXT release from rat PVN reduces hyperalgesia generated by loose ligature of the sciatic nerve (Miranda-Cardenas et al., 2006). direct administration of OXT into rat TG attenuated mechanical hypersensitivity due to partial ligation of the infraorbital nerve (Kubo et al., 2017), and intranasal OXT also attenuated thermal hypersensitivity of inflamed facial skin, TMJ nociception and mechanical allodynia in trigeminal neuralgia, facial incision and nitroglycerin-induced headache behavior, respectively (Tzabazis et al., 2017).

While much is known underlying the anti-hyperalgesia effects of OXT, there is still debate as to the mechanism or mechanisms responsible. It is unknown whether OXTr signals through classical Gq or Gi pathways in sensory neurons, suggesting potentiating or inhibitory effects on sensory neuron functions (Boll et al., 2017). In addition, single-cell sequencing data indicate that OXTr is expressed at low levels in DRG neurons (Table 1; Usoskin et al., 2015). Three models for the anti-hyperalgesic actions of OXT have been proposed: the original descending model (Figure 2A), a peripheral OXTr model (Figure 2B), and a TRPV1 desensitization model (Figure 2C). The first model proposes a descending mechanism in which PVN afferents projecting to spinal cord release OXT upon electrical stimulation of PVN, labor or breastfeeding (Figure 2A). The released OXT activates a subset of lamina II glutamatergic interneurons (Figure 2A). These activated glutamatergic interneurons excite all GABAergic interneurons in lamina II, which in turn inhibits DRG-spinal cord neurotransmission of central terminals of incoming Aδ and C afferent sensory nerves (Figure 2A; Breton et al., 2008; Eliava et al., 2016). In later works, it was shown that GABAergic interneurons in lamina II are activated by OXT via an allopregnanolone pathway (Juif et al., 2013). The second model suggests direct inhibition of TG and DRG neurons by OXT through the OXTr (Figure 2B; Moreno-López et al., 2013; Tzabazis et al., 2017). According to this model, OXTr is expressed in the Aδ and C fiber central terminals of TG and DRG neurons (Moreno-López et al., 2013; Tzabazis et al., 2016). Spinal OXT is able to directly inhibit nociceptive neuronal firing in dorsal horn wide-dynamic-range neurons (González-Hernández et al., 2017). Using immunohistochemistry, it was shown that OXTr is expressed in male rat peptidergic TG neurons (Tzabazis et al., 2016) and OXT inhibits capsaicin-induced current in TG neurons and capsaicin-evoked calcitonin gene related peptide (CGRP) release from dura tissue (Tzabazis et al., 2016). Moreover, inflammation and electrical stimulation leads to rapid up-regulation of OXTr on TG neurons (Tzabazis et al., 2016). Precise mechanisms of how OXTr activation results in inhibition of sensory neurons, especially TRPV1 channels, are still unknown. It may be presumed that OXTr is a Gi-type receptor in TG and DRG neurons. This could explain the inhibition of neurotransmission (Boll et al., 2017), but it still does not explain the inhibition of TRPV1. Thus, activation of μ-opioid receptor signaling via the Gi pathway does not inhibit TRPV1-mediated current (Rowan et al., 2014). Another interesting observation from transcriptomic analysis is that OXTr mRNA is predominantly expressed on male TG compare to DRG neurons (Lopes et al., 2017). Since only low levels of OXTr are expressed in DRG neurons, a third model was developed to overcome discrepancies. It was suggested that OXT acts as a direct agonist of TRPV1 and produces anti-hyperalgesia effects via TRPV1 channel desensitization involving a calcineurin (a serine/threonine protein phosphatase) pathway (Nersesyan et al., 2017; Figure 2C). Alternative methods of OXT action on the nociceptive system have been proposed that involve either indirect modulation of TG and DRG neurons by OXT or the influence of OXT on emotional pain processing within the central amygdala (Eisenach et al., 2015). It is possible that a combination of these pathways accounts for the anti-hyperalgesic effects of OXT and may contribute to male vs. female pain states.
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FIGURE 2. Schematic illustration of putative mechanisms explaining anti-hyperalgesic actions of the endogenous oxytocin (OXT) system in orofacial pain conditions. (A) Paraventricular nucleus (PVN) afferents projected to spinal cord release OXT, act on spinal neurons (including interneurons) and inhibit nociception; WDR, wide dynamic range spinal neurons; OXTr, OXT receptor; DRG, dorsal root ganglion. (B) OXT inhibits neurotransmission at DRG (or trigeminal ganglia, TG) by directly activating OXTr on central terminals, inhibiting activation and firing of dorsal horn wide-dynamic-range neurons. (C) OXT inhibits DRG (or TG) neurons by directly activating TRPV1, inducing Ca2+ influx and triggering desensitization mechanisms involving the calcineurin (PP2B)-calmadulin (CaM) pathway, which dephosphorylates TRPV1 and other channels (including VGChs).



OXT shows sex-dependent effects in response to socially relevant stimuli (Theodoridou et al., 2013) and an increase in amygdala activity following threatening scenes (Lischke et al., 2012). However, OXT-induced inhibition of nociceptive pathways and analgesia were mainly studied in male rodents, demonstrating effective anti-hyperalgesia, suggesting less distinct sexual-dimorphic mechanisms than seen with PRL (Eliava et al., 2016; Tzabazis et al., 2016). One of the main complications in clinical studies with OXT is that it has a very short half-life (3–5 min) and does not readily cross the blood-brain barrier. This excludes oral or parenteral administration of exogenous OXT, leaving two viable possibilities: intra-spinal or intra-nasal (e.g., Syntocinon Nasal). Both approaches for OXT delivery produce short-living analgesia (Tzabazis et al., 2017). Therefore, analgesic efficacy of intranasal OXT in episodic migraineurs is relatively low and sometimes does not meet the primary endpoint of pain relief at 2 h (Tzabazis et al., 2017). Inflammation was found to play a critical role in upregulation of OXTr on rat TG neurons (Tzabazis et al., 2016), so a repeat study was performed in patients who had not taken anti-inflammatory drugs within 24 h. The results of this single-dose intranasal OXT application clinical study on chronic migraine patients was more encouraging and a follow-up 1 month intranasal study also showed a reduction in pain (Tzabazis et al., 2017). The results indicate that intranasal OXT might provide an effective therapy for migraine, although more studies still need to be performed.

GROWTH HORMONE

GH (aka somatotropin) is a 22 kDa protein produced by somatotrophs located in the anterior pituitary. GH production and secretion is regulated by myriad factors including hormones, sex hormones, stress, deep sleep, fasting, vigorous exercise, etc (Greenwood and Landon, 1966; Kanaley et al., 1997; Wren et al., 2000; Van Cauter et al., 2004). The primary mechanism for secretion of GH from the pituitary is regulated by GH-releasing hormone (GHRH; aka somatocrinin) and GH-inhibiting hormone (GHIH; aka somatostatin) produced by the neurosecretory nuclei of the hypothalamus (Lin-Su and Wajnrajch, 2002). GH is released in a circadian and pulsatory manner with the largest discharge happening after the onset of sleep and 50% of total daily release occurring during non-rapid eye movement sleep (Takahashi et al., 1968). Even though many of GH’s functions are still unknown, it is readily prescribed to treat children’s growth disorders (GHD) and adult GH shortage (Bright et al., 1999). GH signals through the GH receptor (GHr), which belongs to the cytokine receptor family, activates the JAK-STAT5 pathway, and is very closely related to Prlr (Brooks and Waters, 2010; Dehkhoda et al., 2018). Like Prlr, GHr can also signal transiently via the Src-PLCγ-PKC pathway (Brooks and Waters, 2010; Belugin et al., 2013).

Some pituitary adenomas dramatically increase secretion of GH (Kreitschmann-Andermahr et al., 2013). These patients reported a variety of types of headaches (Levy et al., 2005). Headaches improved dramatically in individual cases following successful surgery on removal of the tumor only to return with recurrent GH excess (Marzocchi et al., 2005). Additionally, somatostatin analogs rapidly eased headaches (Williams et al., 1987). In a large cohort of more than 30,000 children treated with GH for GHD, headache was reported with an incidence of 1%–3% patient years on initiation of GH therapy (Darendeliler et al., 2007). Circadian production of GH is shown to be disrupted in cluster headache patients, producing a bimodal profile with an abnormal evening peak during cluster periods (Leone and Bussone, 1993). Alterations in circadian GH secretion patterns were also reported in other headache syndromes (Ferrari et al., 1983). Excess GH produced by a functional pituitary adenoma could lead to a disorder called acromegaly. Two key symptoms of acromegaly are severe headache (Levy et al., 2005) and muscle pain (Khaleeli et al., 1984). Dural stretch and cavernous sinus invasion have been considered as mechanisms for acromegaly-induced headache. However, further studies showed that this may not be the case, since acromegaly-induced headache often occur without dural stretch and cavernous sinus invasion (Abe et al., 1998). Acromegaly can manifest the entire range of headache disorders: chronic and episodic migraine, SUNCT, cluster headache, primary stabbing headache, et cetera (Levy et al., 2008). The diversity of headache disorders occurring in acromegaly patients goes beyond any currently proposed mechanistic explanation. However, systemic treatment with a somatostatin analog results in dramatic improvement of pain-related acromegaly symptoms (Musolino et al., 1990). This suggests that decrease of GH results in reduction of headache in adult patients. Alternatively, it has been speculated that somatostatin inhibits the release of some, as yet undefined, pro-nociceptive peptide causing headache in patients with acromegaly (Williams et al., 1987). There are few additional reports that GH deficiency may indirectly lead to an increase in pain, specifically fibromyalgia-associated bone and muscle complications. It was shown that prolonged systemically applied GH therapy improves overall symptomatology, including the number of tender points in fibromyalgia patients (Bennett et al., 1998). It was also suggested that bone and muscle deficiencies may result in resting pain through GH deficiency (Bennett, 2004). Overall, a majority of clinical studies indicate that GH increase directly leads to severe pain, while few reports imply that GH shortage resulted in abnormalities indirectly affecting resting pain.

Regulation of pain pathways by the GH system is not well investigated, and there are only a few publications in this field. Some information indicates that GHr mRNA is expressed in neuronal cells, including spinal cord and DRG neurons (Table 1; Lobie et al., 1993; Kastrup et al., 2005). The specific subset of DRG neurons expressing functional GHr is still unknown, and GHr has also not been evaluated in TG neurons. So, it is not known whether GH could be able to transiently potentiate a subset of sensory neurons. Hind paw inflammation has been shown to reduce GH levels in affected skin of mice. Behavioral studies showed that like PRL (Adán et al., 2013), prolonged systemic treatment with high dose GH in inflamed (hind paw) mice leads to a reduction of mechanical and thermal hypersensitivity as well as excitability of C-fiber afferents (Liu et al., 2017). It has been suggested that this effect is due to GH’s action on inflammation-induced up-regulation of the insulin-like growth factor 1 receptor in mouse DRG neurons (Liu et al., 2017). Prolonged treatment of the rodent hindpaw with PRL does not change acute nociception and mechanical hyperalgesia. The effects on hyperalgesia and nociception after prolonged treatment in hind paw of naïve mice with GH are unknown. Alternative mechanisms involving epigenetic changes induced by GH have also not been considered and investigated as yet. Altogether, major research needs to be undertaken to further elucidate the underlying mechanisms governing modulation of the nociceptive pathway by the GH system.

ADRENOCORTICOTROPIC HORMONE

Thirty nine amino acid-long (4.5 kDa) ACTH is a key component of the hypothalamic-pituitary-adrenal (HPA) axis, which is a chief controller of physiologic responses to both physical and emotional stress (Collip et al., 1933). ACTH coordinates neuroendocrine and autonomic responses through production and release of cortisol (i.e., glucocorticoid) by the adrenal glands. ACTH is a cleavage product of proopiomelanocortin (POMC), and is controlled by corticotrophin-releasing hormone (CRH), which is produced by the PVN of the hypothalamus in response to stress. The ACTH receptor (MC2R gene) is a Gs protein-coupled receptor that rapidly activates PKA upon stimulation (Hanukoglu et al., 1990). ACTH acting via MC2R also has long term actions by altering transcription of genes in a Ca2+-dependent manner (Raikhinstein and Hanukoglu, 1993). Single cell sequencing of lumbar DRG show MC2R is not expressed in sensory neurons (Table 1; Usoskin et al., 2015). However, ACTH can still regulate sensory neuronal plasticity through glucocorticoid production and downstream activation of glucocorticoid receptors (GR or NR3C1; Hollenberg et al., 1985). NR3C1 belongs to a nuclear receptor family controlling transcription (Hollenberg et al., 1985), it is expressed in almost all sensory neuronal groups, and it could directly influence sensory neuronal plasticity (Table 1; Usoskin et al., 2015).

Several well characterized pathological conditions are associated with misbalanced ACTH production or activity. Addison’s disease is a primary adrenal insufficiency most commonly arising from autoimmune disruption of adrenal response to ACTH (Brandão Neto and de Carvalho, 2014). Primary and secondary adrenal insufficiency result in severely decreased glucocorticoids and mineralocorticoids, but ACTH levels are elevated in primary and decreased in secondary diseases. There are many pain symptoms associated with both primary and secondary adrenal insufficiency, including myalgia, joint pain, sciatic-like pain and low back pain (Sheridan et al., 1976; Calabrese and White, 1979; Zaleske et al., 1984; Mor et al., 1987; Tzoufi et al., 2013). Because both primary and secondary adrenal insufficiencies present with similar pain phenotypes and starkly different ACTH levels, the symptoms appear to be due to glucocorticoid and/or mineralocorticoid deficiency (discussed below) and not the direct result of ACTH. Conversely, Cushing’s syndrome is characterized by overproduction of cortisol. Cushing’s can be triggered by exogenous corticosteroid use (↓ ACTH), primary adrenal tumors (↓ ACTH) or secondary pituitary tumors (↑ ACTH; Nieman and Ilias, 2005). Cushing’s patients were initially reported to display painful adiposity, but later characterizations revealed the syndrome seldom affects resting pain or nociception (Plotz et al., 1952). Again, the diversity of ACTH levels with no change in nociception indicates little direct role of ACTH on pain.

It is well known that stress is a trigger for many pain conditions, including migraine, TMJD and neuropathies. Cluster headache patients have also been found to have significantly elevated 24 h cortisol production in the attack (i.e., cluster) periods (Leone and Bussone, 1993). It was originally suggested that stress, due to pain, elevates cortisol levels. Animal studies showed acute stressor-induced activation of the HPA axis transiently suppressed pain and the inflammatory response (Brandt et al., 1976; Harmsen and Turney, 1985; Rhen and Cidlowski, 2005). Other evidence indicates that repeated stress (even mild) worsens nociception in a number of chronic inflammatory conditions and could also trigger development of nociception in naïve animals (Zautra et al., 1994). It was shown that repeated restraint stress on male rats aggravates inflammation via the adrenal cortex but not through adrenal medulla innervation-mediated mechanisms (Strausbaugh et al., 1999). Interestingly, this effect was mimicked by repeated systemic injections of corticosterone (Strausbaugh et al., 1999). Mechanisms responsible for this repeated corticosterone-triggered enhancement of inflammation are not clear and are controversial, since elevated cortisol at Cushing’s syndrome patients does not produce a pain phenotype. Basically, the unanswered question is whether cortisol directly regulates nociceptive pathways, whether cortisol induces nociception as a consequence of inflammation, which leads to up-regulation of inflammatory mediators sensitizing the nociceptive pathways, or whether other stress-induced proteins contribute to nociception more than cortisol (Green et al., 1995).

Stress may also regulate inflammation through sympatho-adrenal modulation of the inflammatory response. Miao et al. (1992) and Lundeberg et al. (1993) determined α2 adrenergic receptor activation decreases inflammation whereas β2 adrenergic activity increases chronic inflammation in male rats (Miao et al., 1992; Lundeberg et al., 1993). Many pain disorders associated with the sympathetic nervous system also show a female predominance, including complex regional pain syndrome (CRPS), formerly known as sympathetically maintained pain and causalgia (Berkley, 1997). Alternatively, stress-induced hyperalgesia may result from changes in the serotoninergic, nicotinic or opioid systems, which could explain the link between stress and orofacial pain (Miao et al., 1996; Gameiro et al., 2006). One group suggests that diurnal exacerbations of mechanical allodynia in neuropathy may be the result of glucocorticoid-induced release of ATP from spinal astrocytes, acting on microglia (Koyanagi et al., 2016). The diurnal rhythm of glucocorticoid release and allodynia may be dependent on ACTH release patterns independent of inflammation. However, the HPA axis does not show clear effects on pain conditions in which stress and inflammation are not present. For instance, hypophysectomy does not alter postoperative pain responses in females or males (Green et al., 2016). Surgery briefly upregulates ACTH (Srinivasan et al., 2011), but this does not enhance surgery-triggered inflammation. Likewise, it was found that long-lasting injury generated by nerve damage alters the limbic system but is dissociated from HPA axis activation (Ulrich-Lai et al., 2006). In summary, the sympatho-adrenal axis could play a more dominant role in stress-induced hyperalgesia than the pituitary. Nevertheless, this model presumes that stress-induced pain is controlled by stress hormones (i.e., cortisol, ACTH etc.), but stress can dramatically upregulate other pituitary hormones such as GH and PRL (see above).

Are acute and repeated stress-induced alterations in nociception and pain sex-dependent? After decades of research, there is an agreement that clear sex differences in the HPA stress system and its responses exist (Chen et al., 2014; Goel et al., 2014). The sympatho-adrenal stress axis, which is indirectly controlled by ACTH, is also sexually dimorphic (DeTurck and Vogel, 1980; Livezey et al., 1985; Green et al., 1999). HPA and sympatho-adrenal axes mediate key differences in GnH levels (Kudielka and Kirschbaum, 2005). For instance, activation of the HPA axis leads to suppression of the LH/testosterone/E2 pathways (Tsigos and Chrousos, 2002). Nevertheless, there is no consensus on whether stress exacerbates nociceptive and pain conditions more in animal and human females or males (Kudielka and Kirschbaum, 2005; Goel et al., 2014). The majority of studies imply that the HPA axis in females responds more rapidly to stress and produces a greater output of ACTH (Videlock et al., 2016). Long et al. (2016) showed that restraint stress affects formalin-induced mechanical hypersensitivity in male, but not female mice (Long et al., 2016). One reason for variation in results is the complex interaction between sites controlling the HPA axis, including POMC neurons of the arcuate nucleus, PVA and the central nucleus of the amygdala (CeA), which releases CRH depending on emotional state (Kastrup et al., 2005). Another reason for variable results is that the HPA axis is affected by other medications used in clinical settings, i.e., opiates and NSAIDs (Aloisi et al., 2011). Overall, the sexual-dimorphic role of the HPA axis and modulatory sites, such as POMC neurons and CeA, in pain conditions needs further study to establish a unified theory.

THYROID-STIMULATING HORMONE

Thyroid-stimulating hormone (TSH) controls tissue metabolism via production of thyroxine (T4) through iodination of thyroglobulin in thyroid gland follicles. T4 is later converted into the active hormone triiodothyronine (T3) at target tissues, and acts via a combination of transport and nuclear receptors (Brent, 2012). Release of TSH from the pituitary is positively regulated by hypothalamic thyrotropin-releasing hormone (TRH), while it is suppressed by somatostatin. TSH is also controlled by negative feedback of T3 and T4 at the anterior pituitary. TSH has two subunits, the alpha (92 AA) and the beta (118 AA). The TSH receptor (TSHr) is a G protein-coupled receptor that can act through both Gs and Gq mechanisms (Farid and Szkudlinski, 2004).

Several diseases are characterized by misbalanced TSH, T3 and/or T4. All forms of thyroid disease are at least 3–4 times more prevalent in women than in men (Gessl et al., 2012). Graves’ disease is the most common cause of hyperthyroidism. Graves’ presents with elevated T3 and T4, but decreased TSH due to autoimmune TSHr-stimulating IgG (Burch and Cooper, 2015). Graves’ disease presents with many ophthalmic and dermatologic symptoms, but pain thresholds are not affected in patients with this condition. Hashimoto’s is an autoimmune hypothyroid disease characterized by low T3 and T4, and high TSH. Thyroid hormone resistance is another hypothyroid disease that results from mutations in thyroid receptors. It is diagnosed with high T3, T4 and TSH but hypothyroid symptoms result from lack of receptor recognition. Unlike hyperthyroidism, hypothyroid patients with thyroid gland hormone (i.e., T3 and T4) deficiencies have significantly higher nociceptive thresholds (i.e., lesser pain) than control subjects (Guieu et al., 1993; Guasti et al., 2007). The variability between hyper and hypothyroid patients in pain thresholds, even when TSH levels are equivalent, indicates that it is either a T3/T4 effect or a secondary indirect effect.

Similarly, a correlation of headache to high or low TSH levels has not been consistent. In one group of patients, high TSH values were associated with low headache prevalence (Hagen et al., 2007). Other studies show TSH levels are normal in cluster headache patients, but there is a reduced TSH response to TRH during cluster periods (Waldenlind and Gustafsson, 1987; Bussone et al., 1988; Leone et al., 1990). It is unclear whether this decreased TSH surge is the result of amplified stress, altered hypothalamic aminergic-peptidergic regulation, endogenous depression or overproduction of TRH (Engler et al., 1982; Jackson, 1982; Loosen and Prange, 1982; Leone and Bussone, 1993). Multiple animal studies on TRH concluded it does not influence basal nociception, or have a complex action on morphine-induced anti-nociception (Watkins et al., 1986; Cridland and Henry, 1988).

TSHr is mainly expressed by small peptidergic sensory neurons (Table 1; Usoskin et al., 2015). THr-beta (T3 receptor) is expressed at low levels in DRG sensory neurons (Table 1), but THr-alpha (T3 and T4 receptor) is present in every DRG sensory neuronal group at substantial levels (Table 1; Usoskin et al., 2015). TRHr is almost absent in DRG neurons (Table 1; Usoskin et al., 2015). In clinical settings and behavioral experiments on animals, it is very difficult to determine whether effects of certain thyroid hormones are direct or indirect, since they not only control each other’s production and secretion, but they also regulate the production of other hormones as well as many immune cell functions. In total, published data on nociceptive effects of the thyroid system in animals are inconsistent and often contradict clinical observations on patients.

GONADOTROPHINS

Gonadotrophins, LH and FSH regulate the production of steroid sex hormones (GnH) by the ovaries and testes. LH and FSH are heterodimers with alpha and beta subunits. The alpha subunits (92 AA) are identical in LH, FSH and TSH, leading to high levels of cross-reactivity between hormones and receptors. FSH and LH production and secretion are controlled by GnRH supplied by specialized hypothalamic neurons. GnRH is in turn strictly regulated (inhibited) by GnHs, especially estradiol and testosterone. LH and FSH are regulated by virtually every pituitary hormone via numerous pathways. Generally, these regulations occur either through GnRH or GnH pathways. Because of their diverse regulation, LH and FSH levels are often affected during pain conditions, especially chronic ones. However, clinical reports are not as consistent as basic research data. Some studies reported reduction of LH and increase in FSH basal levels in headache patients (Leone and Bussone, 1993). It was noted that this type of pattern is also observed in pre-pubescent and post-menopausal subjects who lack central control of sex hormone levels. Lack of such control is also observed in migraine and cluster headache patients (Leone and Bussone, 1993). In addition, discrepancies in clinical studies could be due to effects of anti-pain drugs and stress on LH and FSH levels (Rivier et al., 1986; Leone and Bussone, 1993). The male predominance in cluster headache patients along with the typical post-adolescence onset indicates a sex hormone role, particularly testosterone and LH dependent (Manzoni et al., 1991). Both LH and testosterone reductions in cluster headache patients could be pain-inducing events through either direct or indirect mechanisms (Micieli et al., 1987).

Modulation of nociceptive pathways by FSH and/or LH is mainly studied in association with steroid sex hormone regulation of this pathway. There is an agreement and enormous number of reports that GnH play a pivotal role in the perception of somatosensory stimuli, nociceptive transmission and pain chronicity (Traub and Ji, 2013). A recent report shows that male migraine patients exhibited elevated levels of estradiol and had clinical evidence of relative androgen deficiency (van Oosterhout et al., 2018). Reports on the roles of GnH in pain and nociception will not be covered here, since they are summarized in multiple excellent reviews, including: Gintzler and Liu (2012); Amandusson and Blomqvist (2013); Traub and Ji (2013). Nevertheless, despite the number of findings on regulation of nociceptive pathways by GnH, little is known on mechanisms governing these effects. They likely involve complex mechanisms, which encompass numerous neuroanatomical circuits, neuron-modulating pathways and messengers/factors controlling interaction of neurons with non-neuronal cells.

Regulation of the endogenous opioid system by GnH is one of the most studied areas of hormonal regulation of nociception (Gintzler and Liu, 2012); however, a majority of critical questions remain unanswered: what signaling pathway(s) controls neuronal plasticity within GnH-regulated nociception? How do GnHs interplay with other hormones, especially pituitary hormones closely regulated by GnH, and how do they regulate nociceptive transmission? Will local treatment with GnHs have the same effect on nociception/hypersensitivity as the massive changes observed after systemic replacement or deprivation of GnHs? Nevertheless, generation of transgenic lines and development of modern approaches such as optogenetics, RNAseq (both tissue and single cell) and detection of specific cell activities in ex vivo and in vivo preparations will undoubtedly help tackle many of these questions.

CONCLUSION

It can conservatively be said that pituitary hormones control nearly all vital systems and physiological processes in mammals. For many decades, clinical characterization of pathological conditions has involved collecting hormone panels, including for many pain conditions. Data from these accumulated hormone panels show pain conditions correlate with altered serum levels of certain pituitary hormones, hypothalamic hormones controlling pituitary hormones and/or glandular hormones governed by pituitary hormones. Even with all the data, it is still not clear whether pain conditions lead to these hormonal changes or if hormonal imbalances trigger the pain conditions. This problem is especially precarious with regard to the many orofacial pain disorders that show age or sex-dependence because of the physiologic variance of pituitary hormones between sexes and developmental stages. The most pressing question explored in many of the referenced studies that still needs to be answered is, “Do pituitary hormones directly or indirectly modulate nociceptive pathways, pain threshold and chronicity?”

Research focused on pituitary hormones in pain transmission provides a number of challenges and advantages. First, as mentioned above, natural age and sex-dependency of hormones makes them challenging to correlate to pain disorders and also to translate between animal and humans. However, the sex differences mean hormones are viable mechanistic and therapeutic candidates for the sexual dimorphism seen in pain threshold and chronicity. The second challenge/advantage is that pituitary hormones are capable of controlling many cellular signaling pathways ranging from transient to chronic to epigenetic. The diverse mechanisms of action provide many targets to explore, but trying to narrow the pathways responsible for specific changes in nociception is difficult. The third challenge/advantage is that pituitary hormones are capable of not only endocrine, but also autocrine and paracrine actions. Again, the diversity of actions indicates hormones are viable targets for many habitus-wide pain states, but pinpointing mechanisms is daunting. The last challenge/advantage for studying pituitary hormones is the extremely complex cross-interaction between pituitary hormones as well as the downstream hormones they regulate. The vast overlap makes even developing the right questions overwhelming.

Even with their challenges, pituitary hormones remain targets for extensive research in many fields, including: neuroscience, immunology, reproductive biology, metabolism and cancer research. This is dictated by their critical involvement in many pathological conditions and their appeal as worthwhile “druggable targets.” As an example, currently-approved therapeutics include: GH, GHr antagonist (pegvisomant), Somatostatins, Dopamine agonists (to block PRL), TH (synthroid), FSH, LH, FSH/LH combos (menopur), FSH receptor antagonists, GnRH agonists and antagonists, ACTH, OXT and many more.

AUTHOR CONTRIBUTIONS

AA wrote the first draft of the manuscript. AA, JB and GD prepared final version of the manuscript.

FUNDING

This work was supported by NIH/NIGMS GM112747 (to AA); NIH/NINDS NS104200 (to GD and AA) and UT BRAIN Pilot Program ID: 1503083 (to GD and AA). JB (MD/PhD student) is supported by South Texas Medical Scientist Training Program, by NIH T32GM113896 and by individual fellowship award F30 AT009949.

ACKNOWLEDGMENTS

We would like to thank different federal and state organizations for supporting this research direction.

REFERENCES

Abe, T., Matsumoto, K., Kuwazawa, J., Toyoda, I., and Sasaki, K. (1998). Headache associated with pituitary adenomas. Headache 38, 782–786. doi: 10.1046/j.1526-4610.1998.3810782.x

Acevedo-Rodriguez, A., Mani, S. K., and Handa, R. J. (2015). Oxytocin and estrogen receptor β in the brain: an overview. Front. Endocrinol. 6:160. doi: 10.3389/fendo.2015.00160

Adán, N., Guzmán-Morales, J., Ledesma-Colunga, M. G., Perales-Canales, S. I., Quintanar-Stéphano, A., Lopez-Barrera, F., et al. (2013). Prolactin promotes cartilage survival and attenuates inflammation in inflammatory arthritis. J. Clin. Invest. 123, 3902–3913. doi: 10.1172/jci69485

Aloisi, A. M., Buonocore, M., Merlo, L., Galandra, C., Sotgiu, A., Bacchella, L., et al. (2011). Chronic pain therapy and hypothalamic-pituitary-adrenal axis impairment. Psychoneuroendocrinology 36, 1032–1039. doi: 10.1016/j.psyneuen.2010.12.017

Amandusson, A., and Blomqvist, A. (2013). Estrogenic influences in pain processing. Front. Neuroendocrinol. 34, 329–349. doi: 10.1016/j.yfrne.2013.06.001


Anand, K. J. (1986). The stress response to surgical trauma: from physiological basis to therapeutic implications. Prog. Food Nutr. Sci. 10, 67–132.


Belugin, S., Diogenes, A. R., Patil, M. J., Ginsburg, E., Henry, M. A., and Akopian, A. N. (2013). Mechanisms of transient signaling via short and long prolactin receptor isoforms in female and male sensory neurons. J. Biol. Chem. 288, 34943–34955. doi: 10.1074/jbc.M113.486571

Ben-Jonathan, N., LaPensee, C. R., and LaPensee, E. W. (2008). What can we learn from rodents about prolactin in humans? Endocr. Rev. 29, 1–41. doi: 10.1210/er.2007-0017

Ben-Jonathan, N., Mershon, J. L., Allen, D. L., and Steinmetz, R. W. (1996). Extrapituitary prolactin: distribution, regulation, functions, and clinical aspects. Endocr. Res. 17, 639–669. doi: 10.1210/er.17.6.639

Bennett, R. (2004). Growth hormone in musculoskeletal pain states. Curr. Rheumatol. Rep. 6, 266–273. doi: 10.1007/s11926-004-0034-z

Bennett, R. M., Clark, S. C., and Walczyk, J. (1998). A randomized, double-blind, placebo-controlled study of growth hormone in the treatment of fibromyalgia. Am. J. Med. 104, 227–231. doi: 10.1016/s0002-9343(97)00351-3

Berkley, K. J. (1997). Sex differences in pain. Behav. Brain Sci. 20, 371–380; discussion 435–513. doi: 10.1017/S0140525X97221485

Boll, S., Almeida de Minas, A. C., Raftogianni, A., Herpertz, S. C., and Grinevich, V. (2017). Oxytocin and pain perception: from animal models to human research. Neuroscience doi: 10.1016/j.neuroscience.2017.09.041 [Epub ahead of print].

Bosco, D., Belfiore, A., Fava, A., De Rose, M., Plastino, M., Ceccotti, C., et al. (2008). Relationship between high prolactin levels and migraine attacks in patients with microprolactinoma. J. Headache Pain 9, 103–107. doi: 10.1007/s10194-008-0016-z

Brandão Neto, R. A., and de Carvalho, J. F. (2014). Diagnosis and classification of Addison’s disease (autoimmune adrenalitis). Autoimmun. Rev. 13, 408–411. doi: 10.1016/j.autrev.2014.01.025


Brandsborg, B. (2012). Pain following hysterectomy: epidemiological and clinical aspects. Dan. Med. J. 59:B4374.


Brandsborg, B., Nikolajsen, L., Hansen, C. T., Kehlet, H., and Jensen, T. S. (2007). Risk factors for chronic pain after hysterectomy: a nationwide questionnaire and database study. Anesthesiology 106, 1003–1012. doi: 10.1097/01.anes.0000265161.39932.e8

Brandt, M. R., Kehlet, H., Skovsted, L., and Hansen, J. M. (1976). Rapid decrease in plasma-triiodothyronine during surgery and epidural analgesia independent of afferent neurogenic stimuli and of cortisol. Lancet 2, 1333–1336. doi: 10.1016/s0140-6736(76)91977-2

Brent, G. A. (2012). Mechanisms of thyroid hormone action. J. Clin. Invest. 122, 3035–3043. doi: 10.1172/JCI60047

Breton, J. D., Veinante, P., Uhl-Bronner, S., Vergnano, A. M., Freund-Mercier, M. J., Schlichter, R., et al. (2008). Oxytocin-induced antinociception in the spinal cord is mediated by a subpopulation of glutamatergic neurons in lamina I-II which amplify GABAergic inhibition. Mol. Pain 4:19. doi: 10.1186/1744-8069-4-19


Bright, G. M., Julius, J. R., Lima, J., and Blethen, S. L. (1999). Growth hormone stimulation test results as predictors of recombinant human growth hormone treatment outcomes: preliminary analysis of the National Cooperative Growth Study database. Pediatrics 104, 1028–1031.


Brooks, A. J., and Waters, M. J. (2010). The growth hormone receptor: mechanism of activation and clinical implications. Nat. Rev. Endocrinol. 6, 515–525. doi: 10.1038/nrendo.2010.123

Brown, R. S. E., Kokay, I. C., Phillipps, H. R., Yip, S. H., Gustafson, P., Wyatt, A., et al. (2016). Conditional deletion of the prolactin receptor reveals functional subpopulations of dopamine neurons in the arcuate nucleus of the hypothalamus. J. Neurosci. 36, 9173–9185. doi: 10.1523/JNEUROSCI.1471-16.2016

Brown, R. S. E., Piet, R., Herbison, A. E., and Grattan, D. R. (2012). Differential actions of prolactin on electrical activity and intracellular signal transduction in hypothalamic neurons. Endocrinology 153, 2375–2384. doi: 10.1210/en.2011-2005

Brownstein, M. J., Russell, J. T., and Gainer, H. (1980). Synthesis, transport, and release of posterior pituitary hormones. Science 207, 373–378. doi: 10.1126/science.6153132

Burch, H. B., and Cooper, D. S. (2015). Management of graves disease: a review. JAMA 314, 2544–2554. doi: 10.1001/jama.2015.16535


Bussone, G., Frediani, F., Leone, M., Grazzi, L., Lamperti, E., and Boiardi, A. (1988). TRH test in cluster headache. Headache 28, 462–464.


Cairns, B. E. (2007). The influence of gender and sex steroids on craniofacial nociception. Headache 47, 319–324. doi: 10.1111/j.1526-4610.2006.00708.x

Cairns, B. E., Sim, Y., Bereiter, D. A., Sessle, B. J., and Hu, J. W. (2002). Influence of sex on reflex jaw muscle activity evoked from the rat temporomandibular joint. Brain Res. 957, 338–344. doi: 10.1016/s0006-8993(02)03671-5

Calabrese, L. H., and White, C. S. (1979). Musculoskeletal manifestations of Addison’s disease. Arthritis Rheum. 22:558. doi: 10.1002/art.1780220520

Campesi, I., Fois, M., and Franconi, F. (2012). Sex and gender aspects in anesthetics and pain medication. Handb. Exp. Pharmacol. 214, 265–278. doi: 10.1007/978-3-642-30726-3_13

Chen, F., Zhou, L. B., Bai, Y. Y., Zhou, R., and Chen, L. (2014). Sex differences in the adult HPA axis and affective behaviors are altered by perinatal exposure to a low dose of bisphenol A. Brain Res. 1571, 12–24. doi: 10.1016/j.brainres.2014.05.010

Chernow, B., Alexander, H. R., Smallridge, R. C., Thompson, W. R., Cook, D., Beardsley, D., et al. (1987). Hormonal responses to graded surgical stress. Arch. Intern. Med. 147, 1273–1278. doi: 10.1001/archinte.147.7.1273

Chitsantikul, P., and Becker, W. J. (2013). SUNCT, SUNA and pituitary tumors: clinical characteristics and treatment. Cephalalgia 33, 160–170. doi: 10.1177/0333102412468672

Clevenger, C. V., Sillman, A. L., and Prystowsky, M. B. (1990). Interleukin-2 driven nuclear translocation of prolactin in cloned T-lymphocytes. Endocrinology 127, 3151–3159. doi: 10.1210/endo-127-6-3151

Collip, J. B., Anderson, E. M., and Thomson, D. L. (1933). The adrenotropic hormone of the anterior pituitary lobe. Lancet 2, 347–348. doi: 10.1016/s0140-6736(00)44463-6

Cridland, R. A., and Henry, J. L. (1988). Effects of intrathecal administration of neuropeptides on a spinal nociceptive reflex in the rat: VIP, galanin, CGRP, TRH, somatostatin and angiotensin II. Neuropeptides 11, 23–32. doi: 10.1016/0143-4179(88)90024-8

D’Antoni, A. V. (2016). Gray’s anatomy, the anatomical basis of clinical practice, 41st edition. Clin. Anat. 29, 264–265. doi: 10.1002/ca.22677

Darendeliler, F., Karagiannis, G., and Wilton, P. (2007). Headache, idiopathic intracranial hypertension and slipped capital femoral epiphysis during growth hormone treatment: a safety update from the KIGS database. Horm. Res. 68, 41–47. doi: 10.1159/000110474

Dehkhoda, F., Lee, C. M. M., Medina, J., and Brooks, A. J. (2018). The growth hormone receptor: mechanism of receptor activation, cell signaling and physiological aspects. Front. Endocrinol. 9:35. doi: 10.3389/fendo.2018.00035

Demarest, S. P., Gill, R. S., and Adler, R. A. (2015). Opioid endocrinopathy. Endocr. Pract. 21, 190–198. doi: 10.4158/EP14339.RA

DeTurck, K. H., and Vogel, W. H. (1980). Factors influencing plasma-catecholamine levels in rats during immobilization. Pharmacol. Biochem. Behav. 13, 129–131. doi: 10.1016/0091-3057(80)90132-x

Di Mario, F., Aragona, G., Dal Bó, N., Cavallaro, L., Marcon, V., Olivieri, P., et al. (2006). Bovine lactoferrin for Helicobacter pylori eradication: an open, randomized, multicentre study. Aliment. Pharmacol. Ther. 23, 1235–1240. doi: 10.1111/j.1365-2036.2006.02851.x

Diogenes, A., Patwardhan, A. M., Jeske, N. A., Ruparel, N. B., Goffin, V., Akopian, A. N., et al. (2006). Prolactin modulates TRPV1 in female rat trigeminal sensory neurons. J. Neurosci. 26, 8126–8136. doi: 10.1523/JNEUROSCI.0793-06.2006

Eisenach, J. C., Tong, C., and Curry, R. (2015). Phase 1 safety assessment of intrathecal oxytocin. Anesthesiology 122, 407–413. doi: 10.1097/aln.0000000000000539

Eliava, M., Melchior, M., Knobloch-Bollmann, H. S., Wahis, J., da Silva Gouveia, M., Tang, Y., et al. (2016). A new population of parvocellular oxytocin neurons controlling magnocellular neuron activity and inflammatory pain processing. Neuron 89, 1291–1304. doi: 10.1016/j.neuron.2016.01.041

Engler, D., Chad, D., and Jackson, I. M. (1982). Thyrotropin-releasing hormone in the pancreas and brain of the rat is regulated by central noradrenergic and dopaminergic pathways. J. Clin. Invest. 69, 1310–1320. doi: 10.1172/jci110571

Farid, N. R., and Szkudlinski, M. W. (2004). Minireview: structural and functional evolution of the thyrotropin receptor. Endocrinology 145, 4048–4057. doi: 10.1210/en.2004-0437

Ferrari, E., Canepari, C., Bossolo, P. A., Vailati, A., Martignoni, E., Micieli, G., et al. (1983). Changes of biological rhythms in primary headache syndromes. Cephalalgia 3, 58–68. doi: 10.1177/03331024830030s107

Fillingim, R. B., King, C. D., Ribeiro-Dasilva, M. C., Rahim-Williams, B., and Riley, J. L. III. (2009). Sex, gender, and pain: a review of recent clinical and experimental findings. J. Pain 10, 447–485. doi: 10.1016/j.jpain.2008.12.001

Flake, N. M., Bonebreak, D. B., and Gold, M. S. (2005). Estrogen and inflammation increase the excitability of rat temporomandibular joint afferent neurons. J. Neurophysiol. 93, 1585–1597. doi: 10.1152/jn.00269.2004

Franconi, F., and Campesi, I. (2014). Pharmacogenomics, pharmacokinetics and pharmacodynamics: interaction with biological differences between men and women. Br. J. Pharmacol. 171, 580–594. doi: 10.1111/bph.12362

Freeman, M. E., Kanyicska, B., Lerant, A., and Nagy, G. (2000). Prolactin: structure, function, and regulation of secretion. Physiol. Rev. 80, 1523–1631. doi: 10.1152/physrev.2000.80.4.1523

Gabrielli, M., Gasbarrini, A., Fiore, G., Santarelli, L., Padalino, C., De Martini, D., et al. (2002). Resolution of migraine with aura after successful treatment of a pituitary microadenoma. Cephalalgia 22, 149–150. doi: 10.1046/j.1468-2982.2002.00314.x

Gameiro, G. H., Gameiro, P. H., Andrade Ada, S., Pereira, L. F., Arthuri, M. T., Marcondes, F. K., et al. (2006). Nociception- and anxiety-like behavior in rats submitted to different periods of restraint stress. Physiol. Behav. 87, 643–649. doi: 10.1016/j.physbeh.2005.12.007

Gessl, A., Lemmens-Gruber, R., and Kautzky-Willer, A. (2012). Thyroid disorders. Handb. Exp. Pharmacol. 214, 361–386. doi: 10.1007/978-3-642-30726-3_17

Gimpl, G., and Fahrenholz, F. (2001). The oxytocin receptor system: structure, function, and regulation. Physiol. Rev. 81, 629–683. doi: 10.1152/physrev.2001.81.2.629

Gintzler, A. R., and Liu, N. J. (2012). Importance of sex to pain and its amelioration; relevance of spinal estrogens and its membrane receptors. Front. Neuroendocrinol. 33, 412–424. doi: 10.1016/j.yfrne.2012.09.004

Goel, N., Workman, J. L., Lee, T. T., Innala, L., and Viau, V. (2014). Sex differences in the HPA axis. Compr. Physiol. 4, 1121–1155. doi: 10.1002/cphy.c130054

González-Hernández, A., Manzano-García, A., Martínez-Lorenzana, G., Tello-García, I. A., Carranza, M., Arámburo, C., et al. (2017). Peripheral oxytocin receptors inhibit the nociceptive input signal to spinal dorsal horn wide-dynamic-range neurons. Pain 158, 2117–2128. doi: 10.1097/j.pain.0000000000001024

Gordon, M. L., Lipton, R. B., Brown, S. L., and van Praag, H. M. (1995). The neuroendocrine challenge paradigm in headache research. Cephalalgia 15, 292–296. doi: 10.1046/j.1468-29821995.1504292.x

Grattan, D. R., Jasoni, C. L., Liu, X., Anderson, G. M., and Herbison, A. E. (2007). Prolactin regulation of gonadotropin-releasing hormone neurons to suppress luteinizing hormone secretion in mice. Endocrinology 148, 4344–4351. doi: 10.1210/en.2007-0403

Green, P. G., Dahlqvist, S. R., Isenberg, W. M., Strausbaugh, H. J., Miao, F. J. P., and Levine, J. D. (1999). Sex steroid regulation of the inflammatory response: sympathoadrenal dependence in the female rat. J. Neurosci. 19, 4082–4089. doi: 10.1523/JNEUROSCI.19-10-04082.1999

Green, P. G., Miao, F. J., Janig, W., and Levine, J. D. (1995). Negative feedback neuroendocrine control of the inflammatory response in rats. J. Neurosci. 15, 4678–4686. doi: 10.1523/JNEUROSCI.15-06-04678.1995

Green, D. P., Patil, M. J., and Akopian, A. N. (2016). Influence of hypophysectomy, ovariectomy and gonadectomy on postoperative hypersensitivity in rats. Glob. Anesth. Perioper. Med. 2, 171–175. doi: 10.15761/gapm.1000145

Greenwood, F. C., and Landon, J. (1966). Growth hormone secretion in response to stress in man. Nature 210, 540–541. doi: 10.1038/210540a0

Guasti, L., Marino, F., Cosentino, M., Cimpanelli, M., Rasim, E., Piantanida, E., et al. (2007). Pain perception, blood pressure levels and peripheral benzodiazepine receptors in patients followed for differentiated thyroid carcinoma: a longitudinal study in hypothyroidism and during hormone treatment. Clin. J. Pain 23, 518–523. doi: 10.1097/ajp.0b013e3180735e5e

Gudin, J. A., Laitman, A., and Nalamachu, S. (2015). Opioid related endocrinopathy. Pain Med. 16, S9–S15. doi: 10.1111/pme.12926


Guieu, R., Harley, J. R., Blin, O., Pouget, J., and Serratrice, G. (1993). Nociceptive threshold in hypothyroid patients. Acta Neurol. 15, 183–188.


Guldiken, S., Guldiken, B., Demir, M., Kabayel, L., Ozkan, H., Turgut, N., et al. (2011). Soluble CD40 ligand prolactin levels in migraine patients during interictal period. J. Headache Pain 12, 355–360. doi: 10.1007/s10194-011-0306-8

Gutierrez, S., Hayashida, K., and Eisenach, J. C. (2013a). The puerperium alters spinal cord plasticity following peripheral nerve injury. Neuroscience 228, 301–308. doi: 10.1016/j.neuroscience.2012.10.039

Gutierrez, S., Liu, B., Hayashida, K., Houle, T. T., and Eisenach, J. C. (2013b). Reversal of peripheral nerve injury-induced hypersensitivity in the postpartum period: role of spinal oxytocin. Anesthesiology 118, 152–159. doi: 10.1097/aln.0b013e318278cd21

Hagen, K., Stovner, L. J., and Zwart, J. A. (2007). Potentials and pitfalls in analytical headache epidemiological studies—lessons to be learned from the Head-HUNT study. Cephalalgia 27, 403–413. doi: 10.1111/j.1468-2982.2007.01302.x


Hanukoglu, I., Feuchtwanger, R., and Hanukoglu, A. (1990). Mechanism of corticotropin and cAMP induction of mitochondrial cytochrome P450 system enzymes in adrenal cortex cells. J. Biol. Chem. 265, 20602–20608.


Harmsen, A. G., and Turney, T. H. (1985). Inhibition of in vivo neutrophil accumulation by stress. Possible role of neutrophil adherence. Inflammation 9, 9–20. doi: 10.1007/bf00915407

Hartman, N., Voron, S. C., and Hershman, J. M. (1995). Resolution of migraine following bromocriptine treatment of a prolactinoma (pituitary microadenoma). Headache 35, 430–431. doi: 10.1111/j.1526-4610.1995.hed3507430.x

Hawkins, T. A., Gala, R. R., and Dunbar, J. C. (1996). The lymphocyte and macrophage profile in the pancreas and spleen of NOD mice: percentage of interleukin-2 and prolactin receptors on immunocompetent cell subsets. J. Reprod. Immunol. 32, 55–71. doi: 10.1016/s0165-0378(96)00986-2

Hollenberg, S. M., Weinberger, C., Ong, E. S., Cerelli, G., Oro, A., Lebo, R., et al. (1985). Primary structure and expression of a functional human glucocorticoid receptor cDNA. Nature 318, 635–641. doi: 10.1038/318635a0

Holroyd, K. A., Stensland, M., Lipchik, G. L., Hill, K. R., O’Donnell, F. S., and Cordingley, G. (2000). Psychosocial correlates and impact of chronic tension-type headaches. Headache 40, 3–16. doi: 10.1046/j.1526-4610.2000.00001.x

Ieiri, T., Chen, H. T., Campbell, G. A., and Meites, J. (1980). Effects of naloxone and morphine on the proestrous surge of prolactin and gonadotropins in the rat. Endocrinology 106, 1568–1570. doi: 10.1210/endo-106-5-1568

Jackson, I. M. (1982). Thyrotropin-releasing hormone. N. Engl. J. Med. 306, 145–155. doi: 10.1056/NEJM198201213060305

Juif, P. E., Breton, J. D., Rajalu, M., Charlet, A., Goumon, Y., and Poisbeau, P. (2013). Long-lasting spinal oxytocin analgesia is ensured by the stimulation of allopregnanolone synthesis which potentiates GABAA receptor-mediated synaptic inhibition. J. Neurosci. 33, 16617–16626. doi: 10.1523/JNEUROSCI.3084-12.2013

Jurek, B., and Neumann, I. D. (2018). The oxytocin receptor: from intracellular signaling to behavior. Physiol. Rev. 98, 1805–1908. doi: 10.1152/physrev.00031.2017

Kallestrup, M. M., Kasch, H., Østerby, T., Nielsen, E., Jensen, T. S., and Jørgensen, J. O. (2014). Prolactinoma-associated headache and dopamine agonist treatment. Cephalalgia 34, 493–502. doi: 10.1177/0333102413515343

Kanaley, J. A., Weltman, J. Y., Veldhuis, J. D., Rogol, A. D., Hartman, M. L., and Weltman, A. (1997). Human growth hormone response to repeated bouts of aerobic exercise. J. Appl. Physiol. 83, 1756–1761. doi: 10.1152/jappl.1997.83.5.1756


Kandan, P. M., Menaga, V., and Kumar, R. R. (2011). Oral health in pregnancy (guidelines to gynaecologists, general physicians and oral health care providers). J. Pak. Med. Assoc. 61, 1009–1014.


Kastrup, Y., Le Grevès, M., Nyberg, F., and Blomqvist, A. (2005). Distribution of growth hormone receptor mRNA in the brain stem and spinal cord of the rat. Neuroscience 130, 419–425. doi: 10.1016/j.neuroscience.2004.10.003

Khaleeli, A. A., Levy, R. D., Edwards, R. H. T., McPhail, G., Mills, K. R., Round, J. M., et al. (1984). The neuromuscular features of acromegaly: a clinical and pathological-study. J. Neurol. Neurosurg. Psychiatry 47, 1009–1015. doi: 10.1136/jnnp.47.9.1009

Khelemsky, Y., and Noto, C. J. (2012). Preventing post-thoracotomy pain syndrome. Mt. Sinai J. Med. 79, 133–139. doi: 10.1002/msj.21286

Kohlmann, T. (2002). Epidemiology of orofacial pain. Schmerz 16, 339–345. doi: 10.1007/s004820200000

Koyanagi, S., Kusunose, N., Taniguchi, M., Akamine, T., Kanado, Y., Ozono, Y., et al. (2016). Glucocorticoid regulation of ATP release from spinal astrocytes underlies diurnal exacerbation of neuropathic mechanical allodynia. Nat. Commun. 7:13102. doi: 10.1038/ncomms13102

Kreitschmann-Andermahr, I., Siegel, S., Weber Carneiro, R., Maubach, J. M., Harbeck, B., and Brabant, G. (2013). Headache and pituitary disease: a systematic review. Clin. Endocrinol. 79, 760–769. doi: 10.1111/cen.12314

Kubo, A., Shinoda, M., Katagiri, A., Takeda, M., Suzuki, T., Asaka, J., et al. (2017). Oxytocin alleviates orofacial mechanical hypersensitivity associated with infraorbital nerve injury through vasopressin-1A receptors of the rat trigeminal ganglia. Pain 158, 649–659. doi: 10.1097/j.pain.0000000000000808

Kudielka, B. M., and Kirschbaum, C. (2005). Sex differences in HPA axis responses to stress: a review. Biol. Psychol. 69, 113–132. doi: 10.1016/j.biopsycho.2004.11.009

Ledesma-Colunga, M. G., Adán, N., Ortiz, G., Solís-Gutiérrez, M., López-Barrera, F., Martínez de la Escalera, G., et al. (2017). Prolactin blocks the expression of receptor activator of nuclear factor κB ligand reduces osteoclastogenesis and bone loss in murine inflammatory arthritis. Arthritis Res. Ther. 19:93. doi: 10.1186/s13075-017-1290-4

Leone, M., and Bussone, G. (1993). A review of hormonal findings in cluster headache. Evidence for hypothalamic involvement. Cephalalgia 13, 309–317. doi: 10.1046/j.1468-2982.1993.1305309.x

Leone, M., Patruno, G., Vescovi, A., and Bussone, G. (1990). Neuroendocrine dysfunction in cluster headache. Cephalalgia 10, 235–239. doi: 10.1046/j.1468-2982.1990.1005235.x

Levy, M. J., Matharu, M., and Goadsby, P. J. (2008). Chronic headache and pituitary tumors. Curr. Pain Headache Rep. 12, 74–78. doi: 10.1007/s11916-008-0014-5

Levy, M. J., Matharu, M. S., Meeran, K., Powell, M., and Goadsby, P. J. (2005). The clinical characteristics of headache in patients with pituitary tumours. Brain 128, 1921–1930. doi: 10.1093/brain/awh525

Lin-Su, K., and Wajnrajch, M. P. (2002). Growth hormone releasing hormone (GHRH) and the GHRH receptor. Rev. Endocr. Metab. Disord. 3, 313–323. doi: 10.1038/scibx.2010.1232

Lischke, A., Gamer, M., Berger, C., Grossmann, A., Hauenstein, K., Heinrichs, M., et al. (2012). Oxytocin increases amygdala reactivity to threatening scenes in females. Psychoneuroendocrinology 37, 1431–1438. doi: 10.1016/j.psyneuen.2012.01.011

Liu, X., Green, K. J., Ford, Z. K., Queme, L. F., Lu, P., Ross, J. L., et al. (2017). Growth hormone regulates the sensitization of developing peripheral nociceptors during cutaneous inflammation. Pain 158, 333–346. doi: 10.1097/j.pain.0000000000000770

Livezey, G. T., Miller, J. M., and Vogel, W. H. (1985). Plasma norepinephrine, epinephrine and corticosterone stress responses to restraint in individual male and female rats and their correlations. Neurosci. Lett. 62, 51–56. doi: 10.1016/0304-3940(85)90283-6

Lobie, P. E., García-Aragón, J., Lincoln, D. T., Barnard, R., Wilcox, J. N., and Waters, M. J. (1993). Localization and ontogeny of growth-hormone receptor gene-expression in the central-nervous-system. Dev. Brain Res. 74, 225–233. doi: 10.1016/0165-3806(93)90008-x

Long, C. C., Sadler, K. E., and Kolber, B. J. (2016). Hormonal and molecular effects of restraint stress on formalin-induced pain-like behavior in male and female mice. Physiol. Behav. 165, 278–285. doi: 10.1016/j.physbeh.2016.08.009

Loosen, P. T., and Prange, A. J. Jr. (1982). Serum thyrotropin response to thyrotropin-releasing hormone in psychiatric patients: a review. Am. J. Psychiatry 139, 405–416. doi: 10.1176/ajp.139.4.405

Lopes, D. M., Denk, F., and McMahon, S. B. (2017). The molecular fingerprint of dorsal root and trigeminal ganglion neurons. Front. Mol. Neurosci. 10:304. doi: 10.3389/fnmol.2017.00304

Lundeberg, T., Nordling, L., Liedberg, H., Theodorsson, E., and Ekman, P. (1993). Epinephrine reduces the severity of catheter-induced urethral inflammation by action at the α-2-adrenoceptors. Br. J. Urol. 72, 349–352. doi: 10.1111/j.1464-410x.1993.tb00731.x

Madland, G., Newton-John, T., and Feinmann, C. (2001). Chronic idiopathic orofacial pain: I: what is the evidence base? Br. Dent. J. 191, 22–24. doi: 10.1038/sj.bdj.4801081

Madrazo, I., Francobourland, R. E., Leonmeza, V. M., and Mena, I. (1987). Intraventricular somatostatin-14, arginine vasopressin, and oxytocin: analgesic effect in a patient with intractable cancer pain. Appl. Neurophysiol. 50, 427–431. doi: 10.1159/000100753

Mancini, T., Casanueva, F. F., and Giustina, A. (2008). Hyperprolactinemia and prolactinomas. Endocrinol. Metab. Clin. North Am. 37, 67–99. doi: 10.1016/j.ecl.2007.10.013

Manzoni, G. C., Micieli, G., Granella, F., Tassorelli, C., Zanferrari, C., and Cavallini, A. (1991). Cluster headache—course over ten years in 189 patients. Cephalalgia 11, 169–174. doi: 10.1046/j.1468-2982.1991.1104169.x

Marzocchi, N., Cainazzo, M. M., Catellani, D., and Pini, L. A. (2005). A case of a GH-producing pituitary adenoma associated with a unilateral headache with autonomic signs. J. Headache Pain 6, 152–155. doi: 10.1007/s10194-005-0170-5

Matharu, M. S., Levy, M. J., Merry, R. T., and Goadsby, P. J. (2003). SUNCT syndrome secondary to prolactinoma. J. Neurol. Neurosurg. Psychiatry 74, 1590–1592. doi: 10.1136/jnnp.74.11.1590

Merza, Z. (2010). Chronic use of opioids and the endocrine system. Horm. Metab. Res. 42, 621–626. doi: 10.1055/s-0030-1254099


Miao, F. J. P., Benowitz, N. L., Basbaum, A. I., and Levine, J. D. (1992). Sympathoadrenal contribution to nicotinic and muscarinic modulation of bradykinin-induced plasma extravasation in the knee joint of the rat. J. Pharmacol. Exp. Ther. 262, 889–895.


Miao, F. J. P., Jänig, W., Green, P. G., and Levine, J. D. (1996). Inhibition of bradykinin-induced synovial plasma extravasation produced by intrathecal nicotine is mediated by the hypothalamopituitary adrenal axis. J. Neurophysiol. 76, 2813–2821. doi: 10.1152/jn.1996.76.5.2813

Micieli, G., Facchinetti, F., Martignoni, E., Manzoni, G. C., Cleva, M., and Nappi, G. (1987). Disordered pulsatile LH release in cluster headache. Cephalalgia 7, 79–81. doi: 10.1177/03331024870070s624

Miranda-Cardenas, Y., Rojas-Piloni, G., Martínez-Lorenzana, G., Rodríguez-Jiménez, J., López-Hidalgo, M., Freund-Mercier, M. J., et al. (2006). Oxytocin and electrical stimulation of the paraventricular hypothalamic nucleus produce antinociceptive effects that are reversed by an oxytocin antagonist. Pain 122, 182–189. doi: 10.1016/j.pain.2006.01.029

Mistraletti, G., Donatelli, F., and Carli, F. (2005). Metabolic and endocrine effects of sedative agents. Curr. Opin. Crit. Care. 11, 312–317. doi: 10.1097/01.ccx.0000166397.50517.1f

Mogil, J. S. (2012). Sex differences in pain and pain inhibition: multiple explanations of a controversial phenomenon. Nat. Rev. Neurosci. 13, 859–866. doi: 10.1038/nrn3360

Mor, F., Green, P., and Wysenbeek, A. J. (1987). Myopathy in Addison’s disease. Ann. Rheum. Dis. 46, 81–83. doi: 10.1136/ard.46.1.81

Moreno-López, Y., Martínez-Lorenzana, G., Condés-Lara, M., and Rojas-Piloni, G. (2013). Identification of oxytocin receptor in the dorsal horn and nociceptive dorsal root ganglion neurons. Neuropeptides 47, 117–123. doi: 10.1016/j.npep.2012.09.008


Murray, H., Locker, D., Mock, D., and Tenenbaum, H. C. (1996). Pain and the quality of life in patients referred to a craniofacial pain unit. J. Orofac. Pain 10, 316–323.


Musolino, N. R., Marino Júnior, R., and Bronstein, M. D. (1990). Headache in acromegaly: dramatic improvement with the somatostatin analog SMS 201–995. Clin. J. Pain 6, 243–245. doi: 10.1097/00002508-199009000-00013

Negoro, K., Kawai, M., Tada, Y., Ogasawara, J. I., Misumi, S., and Morimatsu, M. (2005). A case of postprandial cluster-like headache with prolactinoma: dramatic response to cabergoline. Headache 45, 604–606. doi: 10.1111/j.1526-4610.2005.05117_1.x

Nersesyan, Y., Demirkhanyan, L., Cabezas-Bratesco, D., Oakes, V., Kusuda, R., Dawson, T., et al. (2017). Oxytocin modulates nociception as an agonist of pain-sensing TRPV1. Cell Rep. 21, 1681–1691. doi: 10.1016/j.celrep.2017.10.063

Nieman, L. K., and Ilias, I. (2005). Evaluation and treatment of Cushing’s syndrome. Am. J. Med. 118, 1340–1346. doi: 10.1016/j.amjmed.2005.01.059

Niesters, M., Dahan, A., Kest, B., Zacny, J., Stijnen, T., Aarts, L., et al. (2010). Do sex differences exist in opioid analgesia? A systematic review and meta-analysis of human experimental and clinical studies. Pain 151, 61–68. doi: 10.1016/j.pain.2010.06.012

Noel, G. L., Suh, H. K., Stone, J. G., and Frantz, A. G. (1972). Human prolactin and growth hormone release during surgery and other conditions of stress. J. Clin. Endocrinol. Metab. 35, 840–851. doi: 10.1210/jcem-35-6-840

Patil, M. J., Green, D. P., Henry, M. A., and Akopian, A. N. (2013a). Sex-dependent roles of prolactin and prolactin receptor in postoperative pain and hyperalgesia in mice. Neuroscience 253, 132–141. doi: 10.1016/j.neuroscience.2013.08.035

Patil, M. J., Ruparel, S. B., Henry, M. A., and Akopian, A. N. (2013b). Prolactin regulates TRPV1, TRPA1, and TRPM8 in sensory neurons in a sex-dependent manner: contribution of prolactin receptor to inflammatory pain. Am. J. Physiol. Endocrinol. Metab. 305, E1154–E1164. doi: 10.1152/ajpendo.00187.2013

Patil, M. J., Henry, M. A., and Akopian, A. N. (2014). Prolactin receptor in regulation of neuronal excitability and channels. Channels 8, 193–202. doi: 10.4161/chan.28946


Plotz, C. M., Knowlton, A. I., and Ragan, C. (1952). Natural course of Cushing’s syndrome as compared with the course of rheumatoid arthritis treated by hormones. Ann. Rheum. Dis. 11, 308–309.


Porta-Etessam, J., Ramos-Carrasco, A., Berbel-García, A., Martínez-Salio, A., and Benito-Leon, J. (2001). Clusterlike headache as first manifestation of a prolactinoma. Headache 41, 723–725. doi: 10.1046/j.1526-4610.2001.041007723.x

Raikhinstein, M., and Hanukoglu, I. (1993). Mitochondrial-genome-encoded RNAs: differential regulation by corticotropin in bovine adrenocortical-cells. Proc. Natl. Acad. Sci. U S A 90, 10509–10513. doi: 10.1073/pnas.90.22.10509


Reiner, Z., Oreskovic, M., and Ribaric, K. (1987). Endocrine responses to head and neck surgery in men. Acta Otolaryngol. 103, 665–668.


Reiter, M. K., Kremarik, P., Freundmercier, M. J., Stoeckel, M. E., Desaulles, E., and Feltz, P. (1994). Localization of oxytocin-binding sites in the thoracic and upper lumbar spinal-cord of the adult and postnatal rat: a histoautoradiographic study. Eur. J. Neurosci. 6, 98–104. doi: 10.1111/j.1460-9568.1994.tb00251.x

Ren, K., Blass, E. M., Zhou, Q., and Dubner, R. (1997). Suckling and sucrose ingestion suppress persistent hyperalgesia and spinal Fos expression after forepaw inflammation in infant rats. Proc. Natl. Acad. Sci. U S A 94, 1471–1475. doi: 10.1073/pnas.94.4.1471

Rhen, T., and Cidlowski, J. A. (2005). Antiinflammatory action of glucocorticoids—new mechanisms for old drugs. N. Engl. J. Med. 353, 1711–1723. doi: 10.1056/nejmra050541

Rivier, C., Rivier, J., and Vale, W. (1986). Stress-induced inhibition of reproductive functions: role of endogenous corticotropin-releasing factor. Science 231, 607–609. doi: 10.1126/science.3003907

Robinson, D. A., Wei, F., Wang, G. D., Li, P., Kim, S. J., Vogt, S. K., et al. (2002). Oxytocin mediates stress-induced analgesia in adult mice. J. Physiol. 540, 593–606. doi: 10.1113/jphysiol.2001.013492

Rosen, S. F., Ham, B., Drouin, S., Boachie, N., Chabot-Dore, A. J., Austin, J. S., et al. (2017). T-cell mediation of pregnancy analgesia affecting chronic pain in mice. J. Neurosci. 37, 9819–9827. doi: 10.1523/JNEUROSCI.2053-17.2017

Rossier, J., French, E., Rivier, C., Shibasaki, T., Guillemin, R., and Bloom, F. E. (1980). Stress-induced release of prolactin: blockade by dexamethasone and naloxone may indicate β-endorphin mediation. Proc. Natl. Acad. Sci. U S A 77, 666–669. doi: 10.1073/pnas.77.1.666

Rowan, M. P., Bierbower, S. M., Eskander, M. A., Szteyn, K., Por, E. D., Gomez, R., et al. (2014). Activation of mu opioid receptors sensitizes transient receptor potential vanilloid type 1 (TRPV1) via β-arrestin-2-mediated cross-talk. PLoS One 9:e93688. doi: 10.1371/journal.pone.0093688

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

Scotland, P. E., Patil, M., Belugin, S., Henry, M. A., Goffin, V., Hargreaves, K. M., et al. (2011). Endogenous prolactin generated during peripheral inflammation contributes to thermal hyperalgesia. Eur. J. Neurosci. 34, 745–754. doi: 10.1111/j.1460-9568.2011.07788.x

Sheridan, P., Murray-Leslie, C. F., and Golding, J. R. (1976). Addison’s disease presenting with chronic low backache. Br. Med. J. 1:77. doi: 10.1136/bmj.1.6001.77

Shinal, R. M., and Fillingim, R. B. (2007). Overview of orofacial pain: epidemiology and gender differences in orofacial pain. Dent. Clin. North Am. 51, 1–18. doi: 10.1016/j.cden.2006.09.004

Srinivasan, L., Laws, E. R., Dodd, R. L., Monita, M. M., Tannenbaum, C. E., Kirkeby, K. M., et al. (2011). The dynamics of post-operative plasma ACTH values following transsphenoidal surgery for Cushing’s disease. Pituitary 14, 312–317. doi: 10.1007/s11102-011-0295-2

Strausbaugh, H. J., Dallman, M. F., and Levine, J. D. (1999). Repeated, but not acute, stress suppresses inflammatory plasma extravasation. Proc. Natl. Acad. Sci. U S A 96, 14629–14634. doi: 10.1073/pnas.96.25.14629

Takahashi, Y., Kipnis, D. M., and Daughaday, W. H. (1968). Growth hormone secretion during sleep. J. Clin. Invest. 47, 2079–2090. doi: 10.1172/jci105893

Takeda, S., Kuwabara, Y., and Mizuno, M. (1985). Effects of pregnancy and labor on oxytocin levels in human plasma and cerebrospinal fluid. Endocrinol. Jpn. 32, 875–880. doi: 10.1507/endocrj1954.32.875

Theodoridou, A., Penton-Voak, I. S., and Rowe, A. C. (2013). A direct examination of the effect of intranasal administration of oxytocin on approach-avoidance motor responses to emotional stimuli. PLoS One 8:e58113. doi: 10.1371/journal.pone.0058113

Tolis, G., Dent, R., and Guyda, H. (1978). Opiates, prolactin, and the dopamine receptor. J. Clin. Endocrinol. Metab. 47, 200–203. doi: 10.1210/jcem-47-1-200

Traub, R. J., and Ji, Y. (2013). Sex differences and hormonal modulation of deep tissue pain. Front. Neuroendocrinol. 34, 350–366. doi: 10.1016/j.yfrne.2013.07.002

Tsigos, C., and Chrousos, G. P. (2002). Hypothalamic-pituitary-adrenal axis, neuroendocrine factors and stress. J. Psychosom. Res. 53, 865–871. doi: 10.1016/s0022-3999(02)00429-4

Tzabazis, A., Kori, S., Mechanic, J., Miller, J., Pascual, C., Manering, N., et al. (2017). Oxytocin and migraine headache. Headache 57, 64–75. doi: 10.1111/head.13082

Tzabazis, A., Mechanic, J., Miller, J., Klukinov, M., Pascual, C., Manering, N., et al. (2016). Oxytocin receptor: expression in the trigeminal nociceptive system and potential role in the treatment of headache disorders. Cephalalgia 36, 943–950. doi: 10.1177/0333102415618615

Tzoufi, M., Makis, A., Chaliasos, N., Nakou, I., Siomou, E., Tsatsoulis, A., et al. (2013). A rare case report of simultaneous presentation of myopathy, Addison’s disease, primary hypoparathyroidism, and Fanconi syndrome in a child diagnosed with Kearns-Sayre syndrome. Eur. J. Pediatr. 172, 557–561. doi: 10.1007/s00431-012-1798-1

Ulrich-Lai, Y. M., Xie, W., Meij, J. T., Dolgas, C. M., Yu, L., and Herman, J. P. (2006). Limbic and HPA axis function in an animal model of chronic neuropathic pain. Physiol. Behav. 88, 67–76. doi: 10.1016/j.physbeh.2006.03.012

Usoskin, D., Furlan, A., Islam, S., Abdo, H., Lönnerberg, P., Lou, D., et al. (2015). Unbiased classification of sensory neuron types by large-scale single-cell RNA sequencing. Nat. Neurosci. 18, 145–153. doi: 10.1038/nn.3881

Van Cauter, E., Latta, F., Nedeltcheva, A., Spiegel, K., Leproult, R., Vandenbril, C., et al. (2004). Reciprocal interactions between the GH axis and sleep. Growth Horm. IGF Res. 14, S10–S17. doi: 10.1016/j.ghir.2004.03.006

van Oosterhout, W. P. J., Schoonman, G. G., van Zwet, E. W., Dekkers, O. M., Terwindt, G. M., MaassenVanDenBrink, A., et al. (2018). Female sex hormones in men with migraine. Neurology 91, e374–e381. doi: 10.1212/WNL.0000000000005855

Videlock, E. J., Shih, W., Adeyemo, M., Mahurkar-Joshi, S., Presson, A. P., Polytarchou, C., et al. (2016). The effect of sex and irritable bowel syndrome on HPA axis response and peripheral glucocorticoid receptor expression. Psychoneuroendocrinology 69, 67–76. doi: 10.1016/j.psyneuen.2016.03.016

Vuong, C., Van Uum, S. H., O’Dell, L. E., Lutfy, K., and Friedman, T. C. (2010). The effects of opioids and opioid analogs on animal and human endocrine systems. Endocr. Rev. 31, 98–132. doi: 10.1210/er.2009-0009

Waldenlind, E., and Gustafsson, S. A. (1987). Prolactin in cluster headache: diurnal secretion, response to thyrotropin-releasing hormone and relation to sex steroids and gonadotropins. Cephalalgia 7, 43–54. doi: 10.1046/j.1468-2982.1987.0701043.x

Watkins, L. R., Suberg, S. N., Thurston, C. L., and Culhane, E. S. (1986). Role of spinal cord neuropeptides in pain sensitivity and analgesia: thyrotropin releasing hormone and vasopressin. Brain Res. 362, 308–317. doi: 10.1016/0006-8993(86)90455-5

Williams, G., Ball, J. A., Lawson, R. A., Joplin, G. F., Bloom, S. R., and Maskill, M. R. (1987). Analgesic effect of somatostatin analogue (octreotide) in headache associated with pituitary tumours. Br. Med. J. 295, 247–248. doi: 10.1136/bmj.295.6592.247

Wise, E. A., Riley, J. L. III., and Robinson, M. E. (2000). Clinical pain perception and hormone replacement therapy in postmenopausal women experiencing orofacial pain. Clin. J. Pain 16, 121–126. doi: 10.1097/00002508-200006000-00005

Wren, A. M., Small, C. J., Ward, H. L., Murphy, K. G., Dakin, C. L., Taheri, S., et al. (2000). The novel hypothalamic peptide ghrelin stimulates food intake and growth hormone secretion. Endocrinology 141, 4325–4328. doi: 10.1210/en.141.11.4325

Yardeni, I. Z., Shavit, Y., Bessler, H., Mayburd, E., Grinevich, G., and Beilin, B. (2007). Comparison of postoperative pain management techniques on endocrine response to surgery: a randomised controlled trial. Int. J. Surg. 5, 239–243. doi: 10.1016/j.ijsu.2006.09.008

Yip, S. H., Eguchi, R., Grattan, D. R., and Bunn, S. J. (2012). Prolactin signalling in the mouse hypothalamus is primarily mediated by signal transducerz and activator of transcription factor 5b but not 5a. J. Neuroendocrinol. 24, 1484–1491. doi: 10.1111/j.1365-2826.2012.02357.x

Zaleske, D. J., Bode, H. H., Benz, R., and Krishnamoorthy, K. S. (1984). Association of sciatica-like pain and Addison’s disease. A case report. J. Bone Joint Surg. Am. 66, 297–298. doi: 10.2106/00004623-198466020-00020

Zautra, A. J., Burleson, M. H., Matt, K. S., Roth, S., and Burrows, L. (1994). Interpersonal stress, depression, and disease-activity in rheumatoid-arthritis and osteoarthritis patients. Health Psychol. 13, 139–148. doi: 10.1037//0278-6133.13.2.139

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Dussor, Boyd and Akopian. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnint-12-00042-g001.gif
Pituitary Immune cells

[
@ Paracrine @
action
Endocrine ®
action

Autocrine Prir
action

Sensitization

Dural
afferents

PRL-

)






OPS/images/fnint-12-00042-g002.gif





OPS/images/crossmark.jpg





OPS/images/fnint-12-00042-t001.jpg
Hormone system  Protein/peptide name Genename  Expression level (RPKM)  Expression pattern
Prolactin Prolactin PRL 12 C-fiber peptidergic and mrgA3* neurons
Prolactin receptor Prir 640 In G- and A-fiber peptidergic neurons and PV+
neurons. Prlr was nor revealed in mouse male
TG neurons (Lopes et al., 2017)
Oxytocin Oxytocin oxT Very low level (3.777 RPKM) in trkB* neurons
Oxytocin receptor OXTR 23 trkB* and PV* neurons. OXTR is expressed in
peptidergic DRG neurons (Tzabazis et al., 2016;
Lopes et al., 2017)
Somatotropin Growth hormone Gh None
Growth hormone receptor Ghr 13-54 Almost ll sensory neurons
Growth hormone-releasing hormone Ghrh None
Growth hormone releasing hormone receptor ~ Ghrhr None
Growth hormone-inhibiting hormone ssT 1,395 TRPV1+/CGRP- neurons (NP-3)
920 mrgA3*+ and C-fiber peptidergic neurons
Growth hormone-inhibiting hormone receptor ~ Sstri 25 mrgA3*, C-fiber peptidergic and trkB* neurons
Corticotropin Adrenocorticotropin (ACTH) POMC 2-10 Almost all neurons
Corticotropin releasing hormone ch None
Corticotropin releasing hormone receptor crhrt 35 PV* neurons
ACTH receptor—MC2R Me2r None
Glucocorticoid receptors NR3CH 10-100 Almost all neurons
Thyroid Thyroid-stimulating hormone (beta subunit) ~ Tshb None
Thyroid-stimulating hormone receptor Tshr 15 A-fiber peptidergic neurons
Thyrotropin-releasing hormone Th None
Thyroid-releasing hormone receptor Trhr 6 Large neurons (NF groups)
Trhr2 None
thyroid hormone receptor Tha None
Thib 1-10 Almost all neurons
Gonadotrophins Luteinizing hormone (beta) Lhb None
Folicle stimulating hormone (beta subunit) Fshb None
Gonadotropin-releasing hormone Gnrhi Almost none
Gonadotropin releasing hormone receptor Gnrhr 24 mrgA3*+ and C-fiber peptidergic neurons
Gonadal hormones  Estrogen receptor a. Esrt 2-10 Allneurons
Estrogen receptor 8 Esr2 10 A-fiber peptidergic neurons
GPR30 Gprao 20 TRPV1+/CGRP- neurons (NP-3)
Progesterone receptor Par 1-10 C-fiber peptidergic and large neurons
Testosterone receptor A 210 C and A-fiber nociceptors
10-60 Large neurons (NF groups)

Data is from Usoskin et al. (2015). PV is parvalbumin. RPKM is Reads Per Kilobase Milion. 1-3 RPKM—very low expression level; 3-10 RPKM—low expression level;
10-100 RPKM—moderate expression level: 100—1,000 RPKM—high expression level: 1,000 RPKM—very high expression level,
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