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Abstract
Background
Migraine is among the most prevalent and burdensome neurological disorders in the United States based on disability-adjusted life years. Cortical spreading depolarization (SD) is the most likely electrophysiological cause of migraine aura and may be linked to trigeminal nociception. We previously demonstrated, using a minimally invasive optogenetic approach of SD induction (opto-SD), that opto-SD triggers acute periorbital mechanical allodynia that is reversed by 5HT1B/1D receptor agonists, supporting SD-induced activation of migraine-relevant trigeminal pain pathways in mice. Recent data highlight hypothalamic neural circuits in migraine, and SD may activate hypothalamic neurons. Furthermore, neuroanatomical, electrophysiological, and behavioral data suggest a homeostatic analgesic function of hypothalamic neuropeptide hormone, oxytocin. We, therefore, examined the role of hypothalamic paraventricular nucleus (PVN) and oxytocinergic (OXT) signaling in opto-SD-induced trigeminal pain behavior.


Methods
We induced a single opto-SD in adult male and female Thy1-ChR2-YFP transgenic mice and quantified fos immunolabeling in the PVN and supraoptic nucleus (SON) compared with sham controls. Oxytocin expression was also measured in fos-positive neurons in the PVN. Periorbital mechanical allodynia was tested after treatment with selective OXT receptor antagonist L-368,899 (5 to 25 mg/kg i.p.) or vehicle at 1, 2, and 4 h after opto-SD or sham stimulation using von Frey monofilaments.

Results
Opto-SD significantly increased the number of fos immunoreactive cells in the PVN and SON as compared to sham stimulation (p < 0.001, p = 0.018, respectively). A subpopulation of fos-positive neurons also stained positive for oxytocin. Opto-SD evoked periorbital mechanical allodynia 1 h after SD (p = 0.001 vs. sham), which recovered quickly within 2 h (p = 0.638). OXT receptor antagonist L-368,899 dose-dependently prolonged SD-induced periorbital allodynia (p < 0.001). L-368,899 did not affect mechanical thresholds in the absence of opto-SD.

Conclusions
These data support an SD-induced activation of PVN neurons and a role for endogenous OXT in alleviating acute SD-induced trigeminal allodynia by shortening its duration.
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Introduction
Migraine is among the top three most burdensome neurological disorders in the United States based on disability adjusted life years [1]. Migraine with aura (MwA) is a subtype of migraine occurring in 20–30% of the migraine population [2]. MwA, while phenotypically heterogeneous, is most commonly characterized by scintillating scotoma followed by severe throbbing headache often with cutaneous allodynia [3–7]. Given the high prevalence of migraine, it is projected that there are between 1–1.5 million new cases of MwA every year [1].

Cortical spreading depression (SD) is a wave of neuronal and glial depolarization propagating at a rate of 2-5 mm/min and is the most likely electrophysiological cause of aura [8, 9]. While there have been recent controversies [10, 11], the bulk of preclinical evidence suggests a putative causal link between SD and trigeminal pain. This hypothesis is reinforced by observations that SD increases the firing of trigeminal nociceptors [12]. SD also increases fos expression in medullary dorsal horn [13] and results in increased sensitization of trigeminal brainstem neurons [14]. Moreover, SD induces trigeminal pain behavior [15–17]. Using minimally invasive optogenetic SD induction (opto-SD), we previously showed that opto-SD triggers periorbital mechanical allodynia in mice within 1 h, which was reversed by sumatriptan, a 5HT1B/1D receptor agonist and migraine abortive [18]. We also showed more severe allodynia with chronic opto-SD [18]. These data support the view that SD mediates activation of migraine-relevant trigeminal pain pathways in rodents and, by extrapolation, may be able to provoke headache in humans.
Hypothalamic neural circuits are activated before, during, and even after migraine attacks [19, 20] and implicated in migraine initiation and disease phenotype [21]. KCl-induced SD activates neurons in the paraventricular nucleus (PVN) of the hypothalamus [22], which has widespread projections, including to the spinal trigeminal nucleus (Sp5c) [23]. Importantly, emerging data provides evidence that oxytocinergic (OXT) PVN neurons may play an important role in descending pain modulation. For example, OXT can dose-dependently attenuate evoked activity from lamina V wide dynamic range (WDR) neurons receiving Aδ and C fiber inputs from the periorbital region [24, 25] and meninges [26] following peripheral electrical stimulation. This oxytocinergic inhibition of nociceptive activity is blocked by selective oxytocin receptor (OXT-R) antagonist L-368,899 [24–26].
However, the role of hypothalamic PVN neuronal activation and OXT in shaping the amplitude and timing of SD-induced pain behavior remains uncertain. We aimed to identify populations of hypothalamic neurons activated by opto-SD and the role of OXT in modulating opto-SD-induced pain behavioral responses using the selective OXT-R antagonist L-368,899.

Methods
Animals
80 male and female transgenic mice (4–10 months, 22-38 g) expressing channelrhodopsin-2-YFP fusion protein under the thymus cell antigen-1 promoter (ChR2+; B6.Cg-Tg(Thy1-COP4/EYFP)9Gfng/J – Line 9), housed under 12/12-h day/night cycles in temperature-controlled rooms were used for these experiments. Food and water were given ad libitum. All experiments were performed at Massachusetts General Hospital, Charlestown Navy Yard. Experiments received approval from the Institutional Animal Care and Use Committee and were conducted in accordance with the NIH Guide for Care and Use of Laboratory Animals and ARRIVE guidelines.

Spreading depression and drug administration
Procedures for SD induction have been previously described [27]. Briefly, under short duration isoflurane anesthesia, mice underwent scalp incision and placement of a glass coverslip using cyanoacrylate and C&B Metabond one week prior to SD induction. On the day of SD induction, mice were again briefly anesthetized. SD was induced with a 400 µm fiberoptic light source over motor cortex to deliver a 470 nM, 10mW square pulse for 10 s. Single SD was confirmed with intrinsic optical signal difference images using a webcam (OT-HD, Opti-TekScope, Chandler, AZ, USA) interfaced with MATLAB. Mice randomly assigned to sham control groups received coverslip and anesthesia but were not exposed to light stimulation. Following opto-SD, fos staining and mouse behavior were examined in separate cohorts.

Immunohistochemistry (IHC)
1 h after single opto-SD, whole brain was removed and placed in a coronal mouse brain matrix with ventral surface facing up. A block containing the hypothalamus was taken using two blades placed between the optic chiasm rostrally and the ponto-midbrain junction caudally. Brain blocks containing hypothalamus were post-fixed in 4% PFA overnight. Tissue was then submerged in 15% and then 30% sucrose and snap frozen in mounting media using isopentane on dry-ice. For single fos labeling, tissue sections were air dried, washed in 1X phosphate buffered saline (1X PBS) three times for 10 min and incubated in blocking solution (5% normal donkey serum (NDS), 0.5% triton X-100 in 1X PBS) in a humidified chamber for 1 h and then in primary antibody (rabbit anti-c-fos antibody, Abcam, 1:500 in blocking solution) at 4 °C overnight. The following day, tissues were washed three times in 1X PBS (10 min), incubated in secondary antibody (donkey anti-rabbit Alexa fluor 647, Thermofisher 1:500 in 1X PBS) at room temperature for 2 h, washed again and counterstained with DAPI mounting media (Vectashield). For double labeling, tissues were processed as above except they were incubated in blocking solution containing normal goat serum followed by incubation with two primary antibodies (guinea pig anti-c-fos antibody, Synaptic Systems, 1:500; rabbit anti-oxytocin antibody, Abcam, 1:1000 in blocking solution) at 4 °C overnight. The next day, tissues were incubated with two secondary antibodies (goat anti-guinea pig Alexa fluor 647, Abcam; goat anti-rabbit Alexa Fluor 488, Thermofisher 1:500 in 1X PBS) at room temperature for 2 h prior to wash and DAPI counterstain. Controls included the omission of primary antibody, which did not yield positive nonspecific staining for fos or oxytocin.
Fos-immunoreactivity (fos-IR) was examined in SD and sham animals. The number of fos-positive neurons in the PVN in n = 9 SD and n = 7 sham animals and the supraoptic nucleus (SON) in n = 7 SD and n = 5 sham animals was quantified. Every fourth brain slice (10 μm thickness) was mounted, a total of 5–6 sections per slide. Every other slide was examined for PVN/SON fos staining. An average of 5.0 ± 0.8 slides per animal in the SD and 5.4 ± 1.2 slides per animal in the sham groups contained PVN. An average of 3.1 ± 0.6 slides per animal in the SD and 3.6 ± 0.7 slides per animal in the sham groups contained SON suggesting even sampling of regions of interest in both groups. Fos positive neurons were identified using Image J software. A sliding paraboloid background subtraction with 50-pixel radius was used to reduce uneven background staining. ‘Adjust threshold’ function was used to distinguish positive staining from background and ‘analyze particle’ function to count positively labeled cells with sizes between 150–3000 pixel2. Image J-generated outline tracings of positive cells were visually inspected for congruence with fos-IR staining (supplemental figure). Cell counts were averaged across slides and presented as mean cell count per slide in the PVN and SON.

Periorbital allodynia
Immediately following opto-SD induction or sham stimulation, intraperitoneal injection of either vehicle or selective oxytocin receptor inhibitor, L-368,899 (Tocris) was administered at doses of 5, 10, or 25 mg/kg. Mechanical periorbital allodynia was examined between the mid-afternoon hours at 1, 2 and 4 h after opto-SD using sequential ascending calibrated von Frey monofilaments (0.008 to 0.4 g, Stoelting Co, Wood Dale, IL, USA), as previously reported, [28, 29] with right and left threshold values averaged.
OXT binds OXTR and vasopressin 1A receptor (V1AR). L-368,899 is a potent, selective small molecule (i.e., nonpeptide) antagonist of the OXTR [30] with a t1/2 of 2 h that appears consistent across species when administered intravenously [31]. The Cmax is reached within 1 h after oral administration of 25 mg/kg in rats. L-368,899 was dissolved in saline to make 0.625 mg/mL solution, aliquoted, and stored at -80ºC to be used on the day of the behavior experiment.

Statistical and data analysis, and experimental rigor
Mice were randomized for experiments using an online random number generator (https://​www.​graphpad.​com/​quickcalcs/​randomize1/​). For behavior testing, all experiments were carried out with the investigator blinded to group allocation and unblinded only after the completion of data collection. For sample size determination, using existing variability of prior data (σ 0.014 – 0.12), a sample size of n = 8 per group was estimated assuming power ≥ 80%, α = 0.05 for periorbital allodynia testing. Males and females were balanced per group. Statistical analyses for each dataset are indicated in the results section and figure legends. All statistical analyses are conducted using GraphPad Prism 7.0. For all testing, two-tailed p < 0.05 was considered statistically significant. Parametric data analysis was performed unless data were not normally distributed (e.g., periorbital allodynia), in which case data were rank transformed. Data are presented as mean ± standard error (SEM) or median ± 25th,75th percentile.


Results
SD induces c-fos expression in oxytocinergic PVN neurons of the hypothalamus
On visual inspection, SD-induced fos immunoreactivity (fos-IR) was found in the ipsilateral cerebral cortex, piriform cortex, and thalamus (supplemental figure). There was dense fos-IR in the bilateral paraventricular nucleus (PVN) of the hypothalamus following SD, as previously described [22]. Oxytocin (OXT) is expressed in the PVN, SON and intermediate accessory nuclei of the hypothalamus with widespread projections [32, 33]. Furthermore, OXT PVN neurons send projections to OXT expressing SON neurons to form anatomical and functional connections that may be important for modulating pain [33, 34]. SD produced robust fos-IR in both the PVN and SON. While PVN and SON share expression of other neuropeptides, activation of neurons in both regions would be consistent with activation of an OXT neural circuit. Based on the pattern of fos staining and the putative role of OXT in pain modulation, quantification of fos staining and colocalization with OXT were examined in PVN and SON.
Single opto-SD increased the number of fos-IR cells in the PVN compared to sham (122.4 ± 11.1 vs. 24.9 ± 7.2, respectively, p < 0.001, t-test). Likewise, there was robust SD-induced increases in fos-IR in the SON compared to sham (43.5 ± 4.1 vs. 25.7 ± 4.7, respectively, p = 0.018, t-test). OXT is expressed in magnocellular and parvocellular neurons of the PVN and SON with broad projections to limbic (amygdala, bed nucleus of the stria terminalis) and brainstem (medullary dorsal horn, periaqueductal grey) areas [24–26, 33, 35, 36]. A subpopulation of SD-induced fos-positive PVN neurons were also positive for OXT (11.54 ± 2.03% fos-IR neurons stain positive for OXT and 14.62 ± 1.72% OXT-IR neurons stain positive for fos in SD mice, Fig. 1).[image: ]
Fig. 1Opto-SD increases fos-IR in PVN and SON and co-localizes with oxytocin. A Single opto-SD was induced 1 h prior to removal of a tissue block containing the hypothalamus. 10 µM thick tissue sections were stained for fos. B SD (n = 9), significantly increased the number of fos postive cells in the PVN as compared to sham (n = 7). In tissue sections where SON was identified, SD (n = 7) also produced a significant increase in the number of fos positive cells as compared to sham (n = 5). Males are represented as circles and females as triangles. Because of the sample size, sex differences were not tested. *p < 0.0001, #p = 0.0182, unpaired t-test. C Left upper panel shows symmetric fos staining in the PVN following SD, and right upper panel following sham stimulation. Fos-IR in SON following SD and sham stimulation are shown in the left lower and right lower panels respectively. D In the right upper panels fos and oxytocin staining are shown following SD. The lower panel shows colocalization of fos and oxytocin in some PVN cells in an example of a merged image (arrows are shown in the magnified image to the right). E Demonstrates the same for SON following SD. Bar = 100 µM



Oxytocin mediates recovery from SD-induced periorbital allodynia
To examine the putative role of OXT neuron activation in SD-induced trigeminal pain, animals were divided into four groups (n = 8/group), each receiving a single opto-SD or sham stimulation and OXTR antagonist L-368,899 (5, 10, or 25 mg/kg i.p.) or vehicle (i.e., two-by-two design) immediately after SD. Periorbital allodynia was tested at 1, 2 and 4 h after opto-SD.
After sham stimulation, L-368,899 (5, 10, or 25 mg/kg i.p.) did not significantly alter periorbital mechanical thresholds compared with vehicle at any time point (Fig. 2). Opto-SD significantly reduced periorbital threshold compared to sham 1 h after stimulation in all treatment arms (p < 0.001, p = 0.003, p < 0.001, p < 0.001 at 0 (i.e., vehicle), 5, 10 and 25 mg/kg L-368,899, respectively) [18, 27, 37]. In vehicle-treated mice, opto-SD-induced acute periorbital allodynia completely resolved within 2 h (p = 0.638 and p = 0.990 at 2 and 4 h, respectively). L-368,899 dose-dependently delayed the recovery of periorbital allodynia. While 5 mg/kg was ineffective (p = 0.923 and 0.911 at 2 and 4 h, respectively), 10 mg/kg prevented the recovery at 2 h (p = 0.005) but not at 4 h (p = 0.409). At 25 mg/kg dose level, opto-SD-induced periorbital allodynia persisted at 4 h (p < 0.001 at 2 and 4 h). The relative EC50 at 4 h was 16 mg/kg.[image: ]
Fig. 2Oxytocin receptor antagonist (L-368,899, Oxy-R ⊣) prolongs opto-SD-induced acute periorbital allodynia (n = 8/group). A Following opto-SD, vehicle or oxytocin receptor antagonist (5, 10 and 25 mg/kg in 3 separate groups) was administered via intraperitoneal injection. Periorbital mechanical allodynia was tested 1, 2 and 4 h later. There was no significant effect of Oxy-R antagonist on periorbital thresholds in sham mice at any dose tested. Opto-SD produced periorbital allodynia at 1 h which recovered by 2 h. At low doses of Oxy-R antagonist (5 mg/kg), there was no effect on opto-SD induced periorbital allodynia. However, with increasing doses, mice displayed longer lasting periorbital allodynia. In the presence of Oxy-R antagonist 10 mg/kg, opto-SD produced periorbital allodynia that lasted 2 h and in the presence of Oxy-R antagonist 25 mg/kg, opto-SD produced periorbital allodynia that lasted at least 4 h. B Shows individual data for each animal tested for each dose of vehicle or drug per group. * p = 0.001, ** p = 0.003, # p = 0.0003 at 1 h, p = 0.005 at 2 h, ‡ p < 0.0001 at 1, 2 and 4 h; two-way ANOVA, Tukey’s post-hoc analysis


While sex differences were not the primary end point of this study, multivariable regression revealed a significant three-way interaction among the variables sex, opto-SD (vs. sham) and L-368,899 dose (0–25 mg/kg) on lowering periorbital threshold (p < 0.001) such that females appeared more sensitive to higher doses of the drug. There were also significant interactions between SD and recovery over time from allodynia across sex as previously demonstrated [37] (Table 1).
Table 1Multiple regression analysis of SD-induced Periorbital Allodynia


	Variable
	Estimate
	95% CI
	Std error
	|t|
	p-value
	F (DFn, DFd)

	SD vs Sham
	-67.25
	-82.01
	-52.48
	7.48
	8.99
	 < 0.0001
	F (1, 182) = 80.75

	Drug dose
	0.14
	-0.64
	0.93
	0.40
	0.36
	0.718
	F (1, 182) = 0.13

	Time
	5.22
	0.15
	10.28
	2.57
	2.03
	0.044
	F (1, 182) = 4.13

	Sex
	2.92
	-12.23
	18.06
	7.67
	0.38
	0.704
	F (1, 182) = 0.14

	Age
	0.76
	-2.30
	3.82
	1.55
	0.49
	0.626
	F (1, 182) = 0.24

	SD vs Sham: Dose: Time
	-0.39
	-0.76
	-0.02
	0.19
	2.08
	0.039
	F (1, 182) = 4.32

	SD vs Sham: Dose: Sex
	-2.32
	-3.62
	-1.02
	0.66
	3.51
	0.001
	F (1, 182) = 12.31

	SD vs Sham: Time: Sex
	12.24
	4.97
	19.52
	3.69
	3.32
	0.001
	F (1, 182) = 11.02


A multivariable regression was performed examining the effect of SD on periorbital threshold controlling for sex, age, time between SD and allodynia testing, and dose of OXTR antagonist L-368,899. The overall model was significant (F = 28.48, p < 0.0001). There was no effect of age on periorbital threshold. SD was significantly associated with lower thresholds. Time was significantly associated with recovery from periorbital allodynia. There were significant three-way interactions demonstrating the effect of SD and drug dose on periorbital threshold varies across time such that higher drug doses reduced recovery from allodynia. Additionally, three-way interactions with sex demonstrated SD and recovery from allodynia as well as SD and drug dose varied across sex





Discussion
Our data suggest opto-SD can activate neurons in the PVN, some of which are oxytocinergic. Following single minimally invasive opto-SD, there was robust fos-staining in the bilateral PVN and colocalization of fos with oxytocin immunoreactivity in some but not all fos-IR neurons. Our data also demonstrated that while selective OXTR antagonist did not affect baseline trigeminal pain, it dose-dependently prolonged opto-SD-induced periorbital allodynia. These data support the hypothesis that SD activates oxytocinergic neural circuits and further suggests that the role of oxytocin may be to alleviate SD-induced trigeminal pain by shortening the duration of periorbital allodynia.
SD and activation of PVN neurons
Our study findings are consistent with prior observations that SD activates hypothalamic neural circuits. In one study, 1 M cotton ball soaked KCl applied to the dural surface produced recurrent SD and increased fos-immunolabeling in magnocellular PVN neurons compared to aCSF application [22]. Furthermore, there is existing indirect evidence that SD may activate hypothalamic oxytocinergic neural circuits. SD triggered by electrophoretic application of K+ using 1 mA current stimulus over silver wire in glass electrodes filled with 25% KCl or pressure injection of 6% KCl elicits bouts of yawning behavior in male hooded rats [38]. While other neurohormones and neurotransmitters are involved in this behavior, dopaminergic activation of oxytocinergic neurons facilitates yawning [39]. Our observation that opto-SD produces fos expression in oxytocinergic PVN neurons is consistent with an SD-mediated increase in yawning. Indeed, migraine with aura has also been associated with repetitive yawning during the headache phase [40]. Other forms of cortical excitation also activate oxytocinergic PVN neurons, though the patterns of activation differ. For example, kainic acid evoked seizures elicits fos expression in oxytocinergic PVN neurons [41]. These data suggest strong depolarizing cortical stimulation may induce stress adaptive responses capable of activating PVN neural circuits [41].
SD in rodent lissencephalic cortex is holohemispheric, raising the possibility that a more restricted pattern of SD propagation observed in gyrencephalic cortex may not produce a stimulus sufficiently robust to activate PVN neurons to the extent observed in this study. Equally, it is possible that direct propagation of SD into prefrontal cortex is needed to produce hypothalamic neuronal activation [42] and that such widespread SD propagation would rarely occur in gyrencephalic brain [43, 44]. However, while most afferent inputs to the PVN and SON are bilateral, cortical afferent projections are ipsilateral from prelimbic, agranular insular, cingulate and amygdaloid cortex [45, 46]. Importantly, we found increases in PVN fos expression ipsilateral and contralateral to single cortical opto-SD induction. Based on these neuroanatomical connections, it is unlikely that opto-SD-induced bilateral PVN fos expression is explained by propagation into prefrontal cortex. Rather activation of other neural circuits including ascending trigeminohypothalamic [47, 48], and/or thalamic inputs [45] may explain this bilateral pattern of fos activation.

Anti-nociceptive effects of OXT
We focused on OXT because of its emerging role in trigeminal analgesia [24–26, 49]. PVN electrical stimulation inhibits meningeal WDR neurons in Sp5c. This inhibitory effect was blocked by OXTR antagonist [25, 26]. Indeed, exogenous OXT dose-dependently inhibits Aδ and C fiber nociceptive input to Sp5c WDR lamina V neurons with cutaneous supraorbital receptive fields. Treatment with L-368,899 prevented OXT inhibition of Sp5c neuronal activity. However selective V1AR inhibitor, SR-49059 did not [24]. These data suggest OXT may play an important role in the pathology of cranial pain disorders via descending inhibition of nociceptive input. Further, these data identify OXT and OXTR as a viable antimigraine therapeutic target.
To date for migraine, this has only been supported by a behavioral study using a nitroglycerin (NTG) migraine mouse model and preliminary clinical studies. In a model of chronic migraine without aura in which NTG was administered every other day for 11 days, repeated exogenous administration of intranasal OXT produced robust inhibition of NTG-induced hindpaw and periorbital mechanical allodynia [50]. There was an NTG-mediated increase in OXTR expression in the trigeminal nucleus caudalis (TNC). Moreover, NTG increased fos staining and phosphorylated N-methyl D-aspartate receptor subunit (NR2B) expression in the TNC. These changes were reversed by OXT administration [50]. Importantly, our data demonstrate that OXT is likely involved in intrinsic homeostatic responses important for mitigating opto-SD or events downstream of opto-SD as OXT was not administered exogenously but OXTR antagonist was able to prolong the effect of opto-SD on pain behavior. Taken together, these data indeed provide compelling preclinical evidence for a potential anti-migraine therapeutic benefit of OXT.
Data from OXT pilot studies have been published in a review that describes results of a double-blind pilot trial testing a single dose of intranasal OXT which demonstrated a non-significant trend in greater subject satisfaction at 24 h compared to placebo for acute treatment of episodic migraine though there was no effect on the proportion of patients experiencing significant 2-h headache relief [51]. In a chronic migraine population, intranasal OXT for acute treatment of migraine attacks alleviated headache in a greater proportion of patients at 4 h, but not 2 h compared to placebo. There were additional open label pilot studies of OXT for migraine prevention suggesting a reduction in migraine attack frequency [51]. Certainly, larger clinical studies including dose finding studies might be informative to understand the clinical efficacy of OXT.

OXT as a putative anti-migraine therapeutic target
The anti-nociceptive effect of OXT is not selective for trigeminal pain. There is evidence that OXT also plays a role in spinal analgesia [34, 52–54]. Activation of PVN neurons can alleviate CFA-mediated hindpaw mechanical allodynia and heat hyperalgesia [34]. 1.5% carrageenan injection into the hindpaw produces paw withdrawal whose latency is increased with intrathecal OXT administration. However, the dose needed to produce an analgesic effect in female mice was an order of magnitude higher (1.25 nmol OXT) as compared to males (0.125 nmol OXT) suggesting sex differences in oxytocinergic mechanisms of pain modulation [55]. Similar results were obtained with formalin hindpaw injection [56]. Most data with spinal nerve injury models also provide evidence that OXT plays a role in spinal analgesia. While chemogenetic inhibition of PVN oxytocinergic neurons exacerbated pain responses in CFA treated rats, it did not have an effect in cuff pressure sciatic nerve injury animals suggesting OXT modulates pain in most but not all spinal pain states [34]. In contrast, intrathecal OXT reduced loose ligature sciatic nerve injury-induced cold allodynia in response to topical acetone and mechanical allodynia [53]. Analgesic effects have also been demonstrated in partial sciatic nerve injury model [56].
Taken together, these data support an inhibitory role of PVN OXT neurons in most spinal inflammatory and nerve injury models with potential sex differences in response and suggest a general role of OXT in limiting the experience of pain across a wide variety of pain states.

Site of action of oxytocin
The major site of neuronal OXT expression is in the PVN and SON. OXT is released into the systemic circulation via the neurohypophysis and also acts as a neurotransmitter via widespread oxytocinergic projections [57]. While the proposed site of analgesic action of OXT is at the level of the TNC given the expression of OXTR on medullary dorsal horn neurons and descending projection of PVN neurons to this region [58], other regions receiving oxytocinergic projections from the PVN may also be involved in shaping pain behavior. For example, PVN OXT neurons project to the rostral angular insular cortex where OXT microinjection dose-dependently reduces formalin-induced flinching behavior, likely via GABAergic and noradrenergic descending pain modulation [59]. Additionally, there are direct PVN to prelimbic prefrontal cortex (PFC) projections and OXT injection into PFC inhibits chronic inflammatory pain behavior in a CFA hindpaw model [60]. Moreover, OXTR is also expressed on CGRP containing trigeminal neurons, raising the possibility that additional anti-nociceptive effects may be mediated via inhibitory action on peripheral nociceptors [61].
Selective OXTR antagonist L-368,899 in this study enhanced the acute SD-induced pain behavior in a dose-dependent manner (10 and 25 mg/kg i.p.). While lower doses of antagonist were used in studies examining appetitive and taste aversion behavior in mice (1-3 mg/kg i.p.) [62], higher doses (5-10 mg/kg i.p.) have been used to examine hyperaggressive behavior, social interaction and fear avoidance behavior [63–65]. Also, based on the pharmacokinetic profile of the OXTR antagonist in rat and dog at 10 mg/kg i.v. and 100 mg/kg oral dosing (plasma t1/2 ~ 2 h and 2–4 h respectively)[31], we expect the drug to be biologically active at the timepoints tested. However, since L-368,899 can readily cross the BBB [66], it is not able to distinguish between central and peripheral actions of OXT. It is therefore plausible that SD-induced activation of PVN OXT neurons could target peripheral, central, medullary, limbic and/or supralimbic OXTR to shape pain behavior and each of these neural circuits could be playing a relevant role in shaping pain behavior and therefore could be potential targets of future drug therapies.

Duration and characteristics of SD-induced allodynia
Several studies demonstrate acute allodynia following SD. However, the duration of allodynia varies from 1–5 h. The difference in duration may be attributed to differences in assessment of behavior, procedures used to induce SD (i.e. craniotomy), SD induction methods (i.e. KCl, pinprick trauma or optogenetic techniques), and SD number (single vs. repetitive SD). Additionally, there is intrinsic variability in neuronal response to SD. For example, while the timing of SD-induced activation of cervicomedullary neurons may not correlate with the exact timing of behavior, pinprick trauma and KCl-induced SD increase baseline firing in nearly 50% of neurons with differences in duration of activation. For some neurons activation lasts 30 min while in others activation lasts nearly 2 h (throughout the recording period). The variability in onset, duration and rate of increase in firing is attributed to SD induction methods [14]. The pattern and duration of SD-induced activation of meningeal nociceptors likewise vary [12]. In a behavioral study examining opto-SD, the reduction in periorbital force threshold lasted for at least 3 h [67]. While both this study and our study used opto-SD, the method of stimulation differed. To induce SD in occipital cortex, this study produced a burrhole and cortical injection of adeno-associated viral vector containing Chr2 [67] which may have contributed to the longer lasting allodynia response. Lastly, it should be noted that periorbital allodynia is a surrogate measure of activation of trigeminal nociceptive pathways. Its validity for use in preclinical migraine studies is based on the observation that patients experience cutaneous allodynia [7] likely mediated by central sensitization. Like previous observations [18], unilateral SD produced bilateral periorbital allodynia. Indeed, unilateral SD produces bilateral activation of subcortical and brainstem areas involved in pain processing [22, 68]. Spread of allodynia to bilateral regions has also been described in clinical studies [69] and may be attributed to recruitment of supramedullary nociceptive neurons [70].

Study limitations
There are several study limitations. We did not directly record from PVN neurons following opto-SD but rather used fos expression as a marker of neuronal activation. While fos expression has been reliably used as a marker of neural activity for decades, its expression may be incomplete [71, 72]. Therefore, SD-induced timing and pattern of changes in PVN neuronal firing are still unexplored areas of investigation. Opto-SD-induced fos positive neurons in the PVN stained positive and negative for OXT with colocalization between fos and OXT representing 12% of the fos population and 15% of the OXT population. The PVN contains a diverse population of descending projection neurons, including dynorphinergic, enkephalinergic and vasopressinergic neurons [73, 74]. The role of these neuronal subpopulations in migraine-relevant pain behavior and other cardiovascular and cerebrovascular phenotypes associated with aura remains unclear. Indeed, other methods including spatial transcriptomics may be useful in identifying other subpopulations of the PVN activated by SD. Additionally, in our study, higher doses of drug in females appeared to exacerbate opto-SD-induce periorbital allodynia as compared to males with a significant three-way interaction between sex, opto-SD, and drug. This effect is likely related to sex-differences in pharmacokinetics of L-368,899. At higher i.v. doses, clearance of drug in females is reduced. Additionally, the plasma concentration area under the curve is higher in females suggesting sex differences in drug metabolism and pharmacodynamics which may affect studies using this antagonist when examining higher doses of drug [31]. Lastly, mechanisms of SD and SD morphology may differ depending on method of induction [75, 76], species selection [77], or sleep/wake states [78]. Similarly, the degree and pattern of SD spread differ in gyriform cortex [43, 44]. Resultingly, it is possible that trigeminal pain phenotypes are amplified in mouse SD models and that the pattern of trigeminal responses, their duration, and activation of other neural circuits including hypothalamic neural circuits may differ in anesthetized lissencephalic cortical SD. While the behavioral experiments in non-primate mammals with gyrencephalic cortex may be possible, there are limitations in their feasibility. However, emerging tools are becoming more widely available to study differences in awake SD and subsequent pain phenotypes [79]. However, as both sham and SD mice were exposed to anesthesia, we believe the SD-induced activation of PVN neurons is mediated by the effect of SD. Moreover, similar patterns of PVN neuronal activation have been observed in other models of somatic and trigeminal pain [80, 81] suggesting a broader role of the PVN in pain modulation.


Conclusions
Despite limitations, to date, neuroanatomical, electrophysiogical, and behavioral data suggest a homeostatic analgesic function of OXT [82]. Data presented here support an SD-induced activation of PVN neurons and a role for endogenous OXT in alleviating acute SD-induced trigeminal allodynia by shortening its duration.
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