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Peroxynitrite Contributes to Behavioral Responses,
Increased Trigeminal Excitability, and Changes in
Mitochondrial Function in a Preclinical Model of Migraine
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Administration of a nitric oxide (NO) donor triggers migraine attacks, but the mechanisms by which this occurs are
unknown. Reactive nitroxidative species, including NO and peroxynitrite (PN), have been implicated in nociceptive sensitization,
and neutralizing PN is antinociceptive. We determined whether PN contributes to nociceptive responses in two distinct models
of migraine headache. Female and male mice were subjected to 3 consecutive days of restraint stress or to dural stimulation
with the proinflammatory cytokine interleukin-6. Following resolution of the initial poststimulus behavioral responses, animals
were tested for hyperalgesic priming using a normally non-noxious dose of the NO donor sodium nitroprusside (SNP) or dural
pH 7.0, respectively. We measured periorbital von Frey and grimace responses in both models and measured stress-induced
changes in 3-nitrotyrosine (3-NT) expression (a marker for PN activity) and trigeminal ganglia (TGs) mitochondrial function.
Additionally, we recorded the neuronal activity of TGs in response to the PN generator SIN-1 [5-amino-3-(4-morpholinyl)2
1,2,3-oxadiazolium chloride]. We then tested the effects of the PN decomposition catalysts Fe(III)5,10,15,20-tetrakis(N-methyl-
pyridinium-4-yl) porphyrin (FeTMPyP) and FeTPPS [Fe(III)5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrinato chloride], or the
PN scavenger MnTBAP [Mn(III)tetrakis(4-benzoic acid)porphyrin] against these behavioral, molecular, and neuronal changes.
Neutralizing PN attenuated stress-induced periorbital hypersensitivity and priming to SNP, with no effect on priming to dural
pH 7.0. These compounds also prevented stress-induced increases in 3-NT expression in both the TGs and dura mater, and atte-
nuated TG neuronal hyperexcitability caused by SIN-1. Surprisingly, FeTMPyP attenuated changes in TG mitochondrial function
caused by SNP in stressed males only. Together, these data strongly implicate PN in migraine mechanisms and highlight the
therapeutic potential of targeting PN.
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Significance Statement

Among the most reliable experimental triggers of migraine are nitric oxide donors. The mechanisms by which nitric oxide
triggers attacks are unclear but may be because of reactive nitroxidative species such as peroxynitrite. Using mouse models of
migraine headache, we show that peroxynitrite-modulating compounds attenuate behavioral, neuronal, and molecular
changes caused by repeated stress and nitric oxide donors (two of the most common triggers of migraine in humans).
Additionally, our results show a sex-specific regulation of mitochondrial function by peroxynitrite following stress, providing
novel insight into the ways in which peroxynitrite may contribute to migraine-related mechanisms. Critically, our data under-
score the potential in targeting peroxynitrite formation as a novel therapeutic for the treatment of migraine headache.

Introduction
Migraine is an extremely complex disorder that is the second
leading cause of disability worldwide. While the pathology of
migraine is poorly understood, the headache phase is thought
to be the result of abnormal activation and sensitization of tri-
geminal sensory afferents innervating the meninges (Noseda
and Burstein, 2013). Despite recent progress in therapeutics,
the larger migraine population is still burdened by issues of
low drug efficacy and high rates of headache relapse following
treatment, underscoring the critical need for better treatments
(Goadsby, 2013).
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One of the most consistent pharmacological triggers of mi-
graine is administration of a nitric oxide (NO) donor, after which
migraine patients typically develop an attack within several hours
of administration (Olesen et al., 1993). NO donors cause activa-
tion of hypothalamic circuits and trigger premonitory symptoms,
both of which are also known to occur during the early stages of
naturally occurring migraines (Afridi et al., 2004; Maniyar et al.,
2014). Notably, these effects are not observed in healthy control
subjects, implying that migraine patients are sensitized to mecha-
nisms that are triggered by NO donors (Olesen and Ashina,
2015). However, given the relatively short half-life of NO (merely
seconds), it is unclear how attacks can occur hours after NO has
cleared the system. Additionally, NO plays a critical role in main-
taining normal physiological processing, and, therefore, targeting
NO as a therapeutic strategy has achieved mixed results (Lassen
et al., 1997; Høivik et al., 2010; Pradhan et al., 2018).

NO reacts with superoxide (SO) to produce peroxynitrite
(PN), a reactive nitroxidative species (RNOS) that promotes oxi-
dative damage through the inactivation of essential enzymes, the
inhibition of mitochondrial respiration, and upregulating mech-
anisms of neuroinflammation and nitrosative stress (Radi et al.,
1994, 2002a; Virág et al., 2003). Numerous studies have implicated
PN in the development and maintenance of painful states and
have underscored its ability to promote spinal transmission, sensi-
tize neurons, and disrupt homeostasis (Salvemini et al., 2011;
Little et al., 2012). PN promotes dorsal root ganglia and dorsal
horn hyperexcitability in models of neuropathic pain and a wide
variety of PN-modulating compounds (PNMCs) have demon-
strated efficacy in rodent models of neuropathic, inflammatory,
and visceral pain (Doyle et al., 2012; Little et al., 2012; Slosky and
Vanderah, 2015). Although it is still unclear whether PN forma-
tion contributes to migraine, clinical studies have generated sup-
port for a potential role. A meta-analysis of .1000 migraine
patients found significantly decreased concentrations of SO dis-
mutase (SOD; indicating increased SO levels) and increased levels
of NO during migraine attacks, both of which are necessary for
PN formation (Neri et al., 2015). Interestingly, administration of
the NO synthase (NOS) precursor, L-arginine, led to increased
levels of PN in the platelets of migraineurs during headache-
free periods, an effect that is thought to be regulated by NO
pathways (D’Andrea et al., 1994; Gallai et al., 1996; Taffi et al.,
2005). Preclinically, a recent study found that the administration
of a PNMC, but not a NOS inhibitor, prevented nociceptive
responses caused by systemic injection of calcitonin gene-related
peptide (CGRP), providing compelling evidence for a role of PN in
migraine pathophysiology (Akerman et al., 2021). Furthermore, PN
plays a critical role in mediating mitochondria dysfunction via inac-
tivation of essential enzymes and proteins involved in cellular respi-
ration and is believed to be the primary mechanism by which
NO disrupts mitochondrial function (Radi et al., 1994, 2002b;
Schweizer and Richter, 1996). In human migraine patients,
changes in energy production are marked by impairments in
enzymes that are critical for respiration. In preclinical migraine
models, mitochondrial dysfunction is marked by increases in
calcium release as well as impairments in mitochondrial bio-
genesis in the trigeminal ganglia (TGs), both of which can
directly modulate neuronal excitability (Fried et al., 2014; Dong
et al., 2017).

We recently demonstrated that rodents become sensitized to
normally non-noxious doses of a NO donor following repeated
restraint stress, an important observation given that stress is the
number one reported trigger of migraine in humans (Peroutka,
2014; Avona et al., 2020). Additionally, our laboratory has

previously shown that noninvasive dural stimulation with
noxious compounds is able to induce hyperalgesic priming
in mice (Burgos-Vega et al., 2019). Based on the above observa-
tions, we sought to explore whether PNMCs were efficacious in
reducing nociceptive responses in these preclinical migraine
models. Furthermore, we examined PN-related mechanisms by
measuring the effects of PNMCs on the hyperexcitability of
TGs as well as stress-induced 3-nitrotyrosine (3-NT) expression
(a marker for PN activity) and mitochondrial bioenergetics.

Materials and Methods
Experimental animals. Unless otherwise indicated, all behavioral

experiments presented in this article used female and male ICR (CD-1)
mice (age, 6–8weeks; weight, ;25–30 g), which were outbred and pur-
chased from Envigo. All experiments were performed between the hours
of 9:00 A.M. and 5:00 P.M. All mice were housed in groups of four ani-
mals per cage on a 12 h light/dark cycle and had access to food and water
ad libitum. Upon arrival at the animal care facility, animals were allowed
a minimum of 72 h to acclimate to their new environment before being
handled for experiments. All procedures were conducted with prior
approval of the Institutional Animal Care and Use Committee at the
University of Texas at Dallas. Anesthetized mice were placed on a
warm heating pad and allowed to recover before being placed in their
respective home cages. Animal health was monitored for any adverse
reactions to compounds administered and injection sites were exam-
ined for bleeding. Stressed mice were routinely checked for adverse
events potentially because of the restraint tube. The health of stressed
mice was also monitored daily by assessing changes in feeding behav-
ior and/or significant changes in weight. Across all experiments, no
adverse events were observed.

Drugs and compounds. For dural injections, a human recombinant
interleukin-6 (IL-6) protein (R&D Systems) stock solution (100mg/
ml) was prepared in sterile 0.1% BSA and diluted to 1 ng/ml in syn-
thetic interstitial fluid (SIF) consisting of 135 mM NaCl, 5 mM KCl, 10
mM HEPES, 2 mM CaCl2, 10 mM glucose, and 1 mM MgCl2, at pH 7.4
and 310 mOsm. The NO donor sodium nitroprusside (SNP; Sigma-
Aldrich) was prepared fresh in sterile PBS at the time of use and was
kept away from light. To assess the role of PN, a 150 ml 30mg/kg in-
traperitoneal injection of the PN scavenger Mn(III)tetrakis(4-benzoic
acid)porphyrin (MnTBAP) or the PN decomposition catalyst (PNDC) Fe
(III)5,10,15,20-tetrakis(N-methylpyridinium-4-yl) porphyrin (FeTMPyP)
was administered following repeated stress or before hyperalgesic priming.
This dose was based on previous studies showing that PNMCs adminis-
tered intraperitoneally at this dose achieved efficacy in behavioral pain
and trigeminal nociception assays (Akerman et al., 2002; Doyle et al.,
2012). To test for the presence of hyperalgesic priming, mice were given a
150ml intraperitoneal injection of 0.1mg/kg SNP or a 5ml dural injection
of SIF pH 7.0 solution. For electrophysiology experiments, the PNDC Fe
(III)5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrinato chloride
(FeTPPS) was purchased from Cayman Chemicals, and a stock
was made in deionized water at 5 mg/ml. A final working concen-
tration of 100 or 10 mM was diluted in external solution. SIN-1 [5-
amino-3-(4-morpholinyl)�1,2,3-oxadiazolium chloride] was pur-
chased from Tocris Bioscience and was dissolved in external solu-
tion to a final concentration of 1 mM. SIN-1 was freshly prepared
before patching each cell reported here. SNP was dissolved in the
L15 culture medium and the external solution to a final concen-
tration of 100 mM.

Mouse dural injections. Mouse dural injections were performed as
previously described (Burgos-Vega et al., 2019). Mice were anesthetized
under isoflurane for ,2min with ,2.5–3% isoflurane via a chamber
and given a 5ml injection via a modified internal cannula (Invivo1, part
#8IC313ISPCXC, Internal Cannula; standard, 28 gauge, fit to 0.5 mm).
The inner projection of the cannula was used to inject through the soft
tissue at the intersection of the lambdoidal and sagittal sutures. Using a
caliper, the length of the projection was adjusted to be from 0.6 to 0.7
mm based on animal weight (25–30 g) to avoid puncturing the dura
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mater. Control mice received a 5ml dural injection of SIF, at pH 7.4 and
310 mOsm. Upon completion of injections, mice were placed back into
their respective cups in the testing chamber for 1 h before testing.

Repeated restraint stress. Mice were stressed as previously described
(Avona et al., 2020). Mice were stressed between the hours of 10:00 A.M.
and 12:00 P.M. for 2 h/d for 3 consecutive days. Mice were placed right
side up in tail vein injection tubes (catalog #51338, Stoelting) with the
nose through the provided breathing hole. The slotted tail piece was
tightened so as to prevent the mouse from rotating in the tube, but loose
enough to allow the animal to breathe. Mice were restrained at a level
that allowed for adequate respiration, and care was taken to avoid
any trauma caused by the restraint tube. Control mice were placed
into a separate room and deprived of food and water for the same 2
h interval for 3 consecutive days. Animals subjected to stress were
housed separately from control mice to avoid potential transfer of
the stress phenotype.

Measuring mechanical hypersensitivity and grimace. Mice were
handled and conditioned for a single 5 min session, ;24 h before habit-
uation. Mice were habituated to paper cups (Choice 4 ounce paper cups:
top diameter, 6.5 cm; bottom diameter, 4.5 cm; length, 72.5 cm) while in
testing chambers for 2 h/d and for at least 2 d before measuring a base-
line. Each mouse typically used their same assigned paper cup for the re-
mainder of the experiment. Animals were given food while in testing
chambers. Grimace measurements were recorded for each animal in 10
min increments using an Apple iPhone 11 Pro video camera and were
analyzed as previously described (Langford et al., 2010; Avona et al.,
2019). Analysis of five characterized pain behaviors (orbital tightening,
nose bulging, cheek bulging, flattening of whiskers, and flattening of the
ears) was scored on a scale from 0 to 2 (0=not present, 1 = somewhat
present, 2 = clearly present). Following grimace measurements, von Frey
testing of the periorbital region of the face was used to measure mechan-
ical hypersensitivity of the face as previously described (Burgos-Vega et
al., 2019; Lackovic et al., 2021). Filament thresholds were determined
using the Dixon “up-and-down” method. Testing in mice began with
0.07 g on the face and increased in weight to a maximum of 0.6 g on the
face. The testing timelines for dural injection experiments and stress
experiments were conducted as previously described (Burgos-Vega et al.,
2019; Avona et al., 2020). In both experimental paradigms, once the
mice returned to baseline, a subthreshold dose of compound was
administered either onto the dura, at pH 7.0, or intraperitoneally (so-
dium nitroprusside) to test for hyperalgesic priming. Responses were
defined as a mouse removing/swiping the filament away from its face
on brief application of the filament. All animals were randomly allo-
cated to experimental groups by drawing for groups. All experiment-
ers were blinded to animal treatments.

Patch-clamp electrophysiology. Animals were anesthetized with 5%
isoflurane and killed by decapitation. TGs were dissected and placed
in ice-cold HBSS (divalent free) and incubated at 37°C for 15min in
20 U/ml papain (Worthington) followed by 15min in 3mg/ml colla-
genase type II (Worthington). After trituration through fire-polished
Pasteur pipettes of progressively smaller opening sizes, cells were
plated on plates (diameter, 3.5 cm; Corning) coated with poly-D-ly-
sine and laminin (Sigma-Aldrich). Cells were allowed to adhere for
several hours at room temperature in a humidified chamber and then
nourished with Liebovitz L-15 medium (Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum, 10 mM glucose, 10 mM

phosphate buffer, and 50 U/ml penicillin/streptomycin. Whole-
cell patch-clamp experiments were performed on isolated mouse
TG neurons within 24 h of dissociation using a patch-clamp ampli-
fier (MultiClamp 700B, Molecular Devices) and acquisition soft-
ware (PClamp 9, Molecular Devices) at room temperature. Recordings
were sampled at 20 kHz and filtered at 3 kHz (Digidata 1550B, Molecular
Devices). Pipettes (outer diameter, 1.5 mm; inner diameter, 1.1 mm,
BF150-110–10, Sutter Instruments) were pulled using a PC-100 puller
(Narishige) and heat polished to 3–5 MV resistance using a micro-
forge (model MF-83, Narishige). Series resistance was typically 7 MV
and was compensated up to 60%. Data were analyzed using Clampfit
10 (Molecular Devices). All neurons included in the analysis had a
resting membrane potential (RMP) more negative than �40mV. The

RMP was recorded 1–3min after achieving whole-cell configuration.
In current-clamp mode, cells were held at �60mV, and action poten-
tials (APs) were elicited by injecting slow ramp currents from 100 to
700 pA with D200 pA over 1 s to mimic slow depolarization. Basic
membrane properties of AP threshold, AP amplitude, half-width, and
rheobase were measured using a standard step protocol of 5ms dura-
tion, depolarizing the cell in 10 pA increments until a single action
potential was fired. A hyperpolarizing 25 pA pulse of 500ms duration
was applied to the cell in current-clamp mode to determine the input
resistance. The pipette solution contained the following (in mM): 120
K-gluconate, 6 KCl, 4 ATP-Mg, 0.3 GTP-Na, 0.1 EGTA, 10 HEPES,
and 10 phosphocreatine, at pH 7.4 (adjusted with N-methyl gluca-
mine) and osmolarity at ;290 mOsm. The external solution con-
tained the following (in mM): 135 NaCl, 2 CaCl2, 1 MgCl2, 5 KCl, 10
glucose, and 2 phosphate buffer, at pH 7.4 (adjusted with N-methyl
glucamine) and osmolarity adjusted to ;315 mOsm with sucrose.
Neurons were treated with MnTBAP (100 mM) mixed with the NO
donor SIN-1 (1 mM) or FeTPPS (100 mM) mixed with SIN-1 for ;20–
30 min before recording.

Trigeminal mitochondrial bioenergetics. At 24 h or 14d following
repeated stress, animals were deeply anesthetized with isoflurane and
decapitated. TGs were dissected and collected into prechilled tubes of 1�
HBSS and then centrifuged at 440 rpm for 30 s. Supernatants were removed
and TGs were treated with Collagenase A (catalog #10103586001, Sigma-
Aldrich) and incubated in a water bath at 37°C for 25 min. Cells were cen-
trifuged at 440 rpm for 30 s, and supernatant was again removed. Cells were
then treated with Collagenase D (catalog #1188866001, Sigma-Aldrich) and
incubated at 37°C for another 20 min. Cells were centrifuged at 440 rpm for
2min, and the pellet was resuspended in Enzyme T (trypsin inhibitor).
Digested tissues were triturated ;20 times using a 1 ml pipette tip and
passed through a 70mmnylon mesh filter followed by a wash with DMEM/
F12 media. The resulting solution was centrifuged at 440 rpm for 4 min,
and the pellet was resuspended in DMEM/F12 media (supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin). The number of
cells was counted using a hemocytometer and trypan blue dye exclusion.
For bioenergetic analysis, 60,000 cells were seeded directly into XFp Cell
Culture Miniplates (catalog #103025–100, Agilent) coated with 1� poly-D-
lysine (catalog #P6407, Sigma-Aldrich) and 1� laminin (catalog #L6274,
Sigma-Aldrich). The following day, XF Assay Media (Seahorse Bioscience)
supplemented with 2 mM glutamine, 5 mM glucose, 1 mM sodium pyruvate,
and pH adjusted to 7.4 was warmed to 37°C in a 0% CO2 incubator.
Culture media were replaced with Seahorse XF Calibrant Solution 1 h
before running the Seahorse Mito Stress Test according to the manufacturer
protocol (User Guide Kit 103010–100). From the oxygen consumption rates
(OCRs) measured by the Seahorse apparatus, parameters of mitochondria
function, including basal respiration, maximal respiration, spare reserve
capacity, proton leak, ATP production, and coupling efficiency were calcu-
lated as described in the Seahorse XF Cell Mito Stress Test Report
Generator manual in SeahorseWave Software (Agilent).

3-Nitrotyrosine Western blotting. At 24 h or 14d following repeated
stress, animals were deeply anesthetized with isoflurane and decapitated.
TGs and dura mater were dissected and flash frozen on dry ice. Frozen
tissues were homogenized in lysis buffer (50 mM Tris, pH 7.4; 150 nM
NaCl; 1 mM EDTA, pH 8.0; and 1% Triton X-100) containing protease
and phosphatase inhibitors (Sigma-Aldrich) using cell lysis tubes (cata-
log #P000918, Bertin Corp.), which were shaken for 60 s in a Minilys
(Bertin Corp.). Tubes were then centrifuged at 14,000 rpm for 15min,
and supernatant was collected and transferred to prechilled tubes.
Twenty micrograms of protein was loaded into each well of a 10% SDS-
PAGE gel, and proteins were transferred to a 0.45 PVDF membrane
(Millipore) at 30 V overnight at 4°C. The following day, membranes
were blocked with 5% nonfat dry milk in 1� Tris buffer solution con-
taining Tween 20 (TTBS) at room temperature for 1 h and then incu-
bated with anti-3-nitrotyrosine antibody (catalog #ab61392, Abcam)
overnight at 4°C. Membranes were then washed in 1� TTBS three times
for 5min each and then incubated with the corresponding secondary
antibody at room temperature for 1 h. Subsequently, membranes were
then washed in 1� TTBS six times for 5min each, and signals were
detected using Immobilon Western Chemiluminescence HRP Substrate
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(Millipore). Bands were visualized using a ChemiDoc Touch (Bio-Rad).
Overexposed or saturated pixels were not used in the analysis. Analysis
was performed using ImageJ version 2.1.0.

Experimental design and statistical analysis. Female and male mice
were used in almost all experiments to determine any sex differences.
Behavioral data were analyzed for multiple comparisons at each time
point via two-way ANOVA followed by Bonferroni’s post hoc analysis.
F-values for these analyses are presented in Table 1. Significance was set
at p, 0.05 for all statistical comparisons. Each experiment was inde-
pendently replicated at least twice. All investigators were blinded to
treatments during testing and scoring. Western blot and Seahorse data
were also analyzed using a two-way ANOVA with Bonferroni’s correc-
tion. For Seahorse data comparisons within sex, a Welch’s two-tailed
t test was used. Analysis of electrophysiology traces was performed using
either Clampfit 10 or Axograph software. Comparisons between groups
was performed using one-way or two-way ANOVA, as appropriate, fol-
lowed by Dunnett’s test to assess changes in all experimental groups rela-
tive to the vehicle group. In experiments measuring ramp-induced
excitability changes between a control group and a single treatment
group, a repeated-measures ANOVA followed by Bonferroni’s post hoc
analysis. For the comparison of drug effects on membrane properties
between a control group and a drug group, either the paired or the
unpaired t test was used, as appropriate. All data are represented in the
Results and figures as the mean6 SEM. Significance was set at p, 0.05
for all statistical comparisons. All data analyses were performed using
Prism version 9.2 for Mac OS X, and figures were composed in Prism or
Inkscape (www.inkscape.org).

Results
PN contributes to NO donor-induced hypersensitivity
following repeated stress
Although the exact mechanism of how NO donors cause sensiti-
zation in migraine or other types of pain is still not understood,
targeting the downstream formation the reactive nitro-oxidative
molecule PN has demonstrated a role in mediating painful states
(Radi et al., 2001; Little et al., 2012; Slosky and Vanderah, 2015;
Akerman et al., 2021). Previously, our laboratory published that
repeated restraint stress is capable of sensitizing mice to sub-
threshold, typically non-noxious doses of the NO donor SNP
(Avona et al., 2020). Based on this, we tested whether administer-
ing a PN-modulating compound before NO donor administra-
tion was capable of preventing hyperalgesic priming following
repeated stress. Following baseline measurements, female and
male mice were subjected to repeated restraint stress and tested

for grimace responses and von Frey thresholds. Upon returning
to baseline thresholds, mice were administered 30mg/kg PN
scavenger MnTBAP, the decomposition catalyst FeTMPyP,
or vehicle ;30 min before intraperitoneal administration of
0.1 mg/kg SNP and again tested for facial hypersensitivity
(Fig. 1A). Stress caused acute facial hypersensitivity and nox-
ious grimace responses in both females (Fig. 1B,C) and males
(Fig. 1D,E) that lasted for ;14d; however, stress-primed mice
that received MnTBAP or FeTMPyP, but not vehicle, before SNP
exhibited significantly reduced facial withdrawal thresholds, sug-
gesting a role for PN formation in mediating NO donor-induced
behavioral responses following stress. Grimace measurements
were insignificant in the priming phase of these experiments,
consistent with what we have previously reported (Avona et
al., 2020).

PN does not contribute to dural pH 7.0 responses in IL-6-
primed mice
Although modulating PN demonstrated efficacy in the SNP
model where the production of PN is more likely to occur fol-
lowing the generation of NO, it was unclear what effect it would
have against other stimuli. Thus, we asked whether PN plays a
role in the development of responses to dural pH 7.0 in mice
primed by dural IL-6. Our laboratory has previously shown that
dural IL-6 is capable of inducing facial hypersensitivity in mice
and sensitizing them to dural pH 7.0, which is typically non-nox-
ious in healthy control mice (Burgos-Vega et al., 2019). Female
and male mice were administered a 5ml injection of IL-6 onto
their dura mater and tested for facial hypersensitivity and gri-
macing. Upon resolution of acute behavioral responses, mice
were given an intraperitoneal injection of 30mg/kg MnTBAP,
FeTMPyP, or vehicle followed by a 5ml dural injection of pH 7.0
solution ;30 min later (Fig. 2A). Although grimace responses
were slightly altered in the early time points following dural pH
7.0, we found that neither MnTBAP or FeTMPyP was able to
attenuate the facial hypersensitivity caused by dural pH 7.0 in ei-
ther sex (Fig. 2B–E), suggesting that PN formation may not be
critical to the development of pH 7.0 responses in IL-6-primed
mice.

Temporal effects of modulating PN following repeated stress
After observing that modulation of PN was capable of preventing
NO donor-induced hypersensitivity in stress-primed mice, we
examined a potential role of PN in the acute stress response. As
mentioned earlier, stress is the number one reported trigger of
migraine in human patients. Based on this, we wanted to explore
how PN formation plays a role in stress-induced acute facial
hypersensitivity. Following the third day of stress, female mice
were given a 30mg/kg intraperitoneal injection of FeTMPyP or
vehicle at ;1, 24, 48, and 72 h following stress and were tested
for facial allodynia 1 h following injections (Fig. 3A). This
repeated dose regimen was found to significantly attenuate
facial hypersensitivity (Fig. 3B), grimacing behaviors (Fig.
3C), and priming to SNP compared with stressed mice that
received vehicle.

Based on these results, we tested whether administering a sin-
gle dose of a PNMC was enough to prevent stress-induced acute
facial hypersensitivity. We gave female mice a single dose of
FeTMPyP (30mg/kg, i.p.) at 24 h following stress (;1 h before
our first behavioral time point; Fig. 4A) and checked for priming
to SNP (0.1mg/kg, i.p.). Contrary to the effects of multidosing
FeTMPyP, we found no significant differences in acute facial
hypersensitivity or grimacing between the treated group and the

Table 1. F-Values for between-factors two-way ANOVAs of behavioral data are
presented for each figure

Figure Interaction Row factor Column factor

1B F(27,540) = 10.07 F(9,540) = 65.95 F(3,540) = 136.1
1C F(27,370) = 8.502 F(9,370) = 38.76 F(3,370) = 91.74
1D F(27,280) = 10.52 F(9,280) = 81.07 F(3,280) = 117.4
1E F(27,280) = 17.65 F(9,280) = 173.9 F(3,280) = 167.9
2B F(30,396) = 3.329 F(10,396) = 29.68 F(3,396) = 63.92
2C F(30,330) = 4.342 F(10,330) = 52.70 F(3,330) = 107.2
2D F(30,220) = 2.900 F(10,220) = 21.53 F(3,220) = 51.06
2E F(30,220) = 2.331 F(10,220) = 23.51 F(3,220) = 84.19
3B F(27,200) = 7.308 F(9,200) = 20.29 F(3,200) = 139.3
3C F(27,200) = 12.74 F(9,200) = 33.59 F(3,200) = 139.0
4B F(36,260) = 4.852 F(9,260) = 21.86 F(4,260) = 92.94
4C F(36,260) = 8.091 F(9,260) = 40.22 F(4,260) = 61.78
4D F(36,350) = 6.744 F(9,350) = 37.44 F(4,350) = 113.7
4E F(36,350) = 12.98 F(9,350) = 78.00 F(4,350) = 103.0
5B F(27,120) = 5.911 F(9,120) = 19.79 F(3,120) = 134.1
5C F(27,120) = 5.806 F(9,120) = 18.64 F(3,120) = 47.11

In all cases, Bonferroni’s post hoc analysis was used for multiple comparisons.
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stress/vehicle group (Fig. 4B,C). Additionally, FeTMPyP at 24 h
poststress did not prevent priming to low-dose SNP.

We next determined whether these effects were temporally
dependent on when the compound was given following stress.
We gave mice a single dose of FeTMPyP or MnTBAP (30mg/kg,
i.p.) 1 h after removing them from the restraint tubes and again
tested them for acute facial hypersensitivity and grimace. Upon
returning to baseline thresholds, we administered SNP (0.1mg/
kg, i.p.) to test for hyperalgesic priming (Fig. 5A). Strikingly,
stressed female (Fig. 5B,C) mice that received a single PNMC
dose at this time point exhibited significantly reduced facial with-
drawal thresholds and grimace responses and did not prime
to low-dose SNP compared with those that received vehicle.

Because of the remarkable effect of single dosing at 1 h poststress,
we additionally assessed these results in male mice (Fig. 5D,E)
and found similar efficacy (i.e., no sex differences) in response to
the PNMCs following stress. Together, these data suggest that
PN contributes to the acute stress response, that the effects of
PNMC administration on the acute stress response may be tem-
porally dependent, and that a role for PN formation is critical in
the hours immediately following stress exposure.

3-Nitrotyrosine expression
PN plays a critical role in the nitration of proteins and essential
enzymes, ultimately modifying their activity and leading to potential
changes in neuronal excitability (Radi, 2004, 2013; Grace et al.,

Figure 1. Peroxynitrite mediates NO donor-induced mechanical hypersensitivity in stress-primed mice. A, A schematic of the stress paradigm used is shown. Mice were subjected to repeated restraint
stress or control conditions and tested for facial allodynia via von Frey assessment and mean grimace scores. Upon returning to baseline thresholds 14 d after stress, mice received a 30mg/kg intraperito-
neal injection of a PN scavenger (MnTBAP), a PN decomposition catalyst (FeTMPyP), or vehicle (PBS) 30 min before injection of the NO donor SNP (0.1mg/kg, i.p.) and were again tested for facial allody-
nia. B, D, MnTBAP and FeTMPyP both significantly attenuated facial hypersensitivity caused by SNP in stress-primed female (B) and male (D) mice. C, E, No differences in grimace scoring were found in
either sex (C, E). All control groups received vehicle before SNP. Two-way ANOVA followed by Bonferroni’s post hoc analysis revealed significant differences in the priming phase between stressed mice
that received vehicle before SNP and stressed mice that received MnTBAP (denoted by *) or FeTMPyP (denoted by †) before SNP. n� 6 for all groups in B and C; n=8 for all groups in D and E. Data
are represented as the mean6 SEM. Table 1, see for F-values. *†p, 0.05, **p, 0.01, ***†††p, 0.001, ****††††p, 0.0001.
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2016). Additionally, 3-NT is a well establishedmarker of PN activity
and has been shown to be upregulated in the blood platelets of
human migraine patients between attacks (Van der Schueren et al.,
2009; Bandookwala and Sengupta, 2020). Based on this, we meas-
ured 3-NT expression levels in the TGs and dura of mice that were
subjected to repeated restraint stress. Approximately 24 h following
repeated stress, an increase in the density of 3-NT expression identi-
fied at a nonspecific protein band (;15–25 kDa) was observed in
both the TGs and dura of stressed mice compared with controls,
suggesting an increase in PN activity (Fig. 6). Furthermore, treat-
ment with FeTMPyP (30mg/kg, i.p.) at 1 h poststress was able to
attenuate these increases. Similarly, 3-NT expression was increased
in both tissues in stressed mice following administration of SNP
(0.1mg/kg, i.p.) ;14d poststress (Fig. 7), the time point at which
mice return to baseline facial withdrawal thresholds. Interestingly,

treatment with FeTMPyP 30 min before injection of SNP was able
to prevent these increases in both sexes. Together, these observa-
tions suggest that repeated stress leads to increased PN activity and,
subsequently, nitrotyrosination of proteins that may contribute to
neuronal hyperexcitability.

Electrophysiological characterization of the effects of PN on
TG neurons in vitro
Since cutaneous periorbital hypersensitivity and grimace could
be mediated by actions of PN on TG neurons, we tested this
question using TG cultures and direct exposure to NO donors in
vitro. TG cultures were generated for patch-clamp recordings
from adult male and female mice that were otherwise naive. All
data were recorded from neurons having capacitances between
20 and 30pF. APs were evoked by the application of a 1 s slow

Figure 2. Modulating PN does not attenuate facial priming to dural pH 7.0. A, Dural injections and behavioral testing timelines are presented. B–E, Female (B, C) and male (D, E) mice received a
5ml dural injection of vehicle (SIF) or IL-6 (0.1 ng) to induce acute periorbital hypersensitivity and grimacing that lasted out to 72 h. After the pain resolved, mice were given a 30mg/kg intraperitoneal
injection of MnTBAP, FeTMPyP, or vehicle (SIF) 30 min before a second 5ml dural injection of a SIF pH 7.0 solution to check for the presence of hyperalgesic priming. Mice that received a PN-modulating
compound did not exhibit significant differences in nociceptive thresholds from those that received vehicle after IL-6; however, a two-way ANOVA with Bonferroni’s post hoc analysis of the priming phase
revealed significantly lower grimace scores between the group that received MnTBAP (denoted by *) and the IL-6/vehicle group within the first 3 h following dural pH 7.0. All control mice received pH
7.0 solution in the priming phase. n� 8 for all groups in A and B; n=6 for all groups in D and E. Data are represented as the mean6 SEM. Table 1, see for F-values. *p, 0.05, **p, 0.01.
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Figure 3. Multiple dosing with a PNMC attenuates stress-induced hypersensitivity and priming to a NO donor. A, Stress paradigm and dosing regimen are shown. B, C, Following 3 d of
repeated stress, female ICR mice were administered FeTMPyP (30 mg/kg, i.p.) or vehicle at 1, 24, 48, and 72 h poststress and tested for acute facial hypersensitivity (B) and grimacing (C).
Upon returning to baseline thresholds, mice were checked for priming to low-dose SNP (0.1 mg/kg, i.p.). Stress-induced acute mechanical hypersensitivity and grimace responses in mice that
received multiple injections of vehicle; however, these effects were attenuated by multiple injections of FeTMPyP, determined by a two-way ANOVA with Bonferroni’s post hoc analysis.
*Significance between stressed mice that received FeTMPyP and those that received vehicle. All control groups received vehicle and were administered SNP before the priming phase (n= 6 for
all groups). Data are represented as the mean6 SEM. Table 1, see for F-values. *p, 0.05, **p, 0.01, ****p, 0.0001.

Figure 4. Administration of a PNMC 24 h following repeated stress does not block facial allodynia. A, Stress paradigm and dosing regimen are shown. B, C, Following stress, female ICR
mice exhibited robust facial hypersensitivity (B) and grimacing (C), and were primed to low-dose SNP (0.1 mg/kg, i.p.). A two-way ANOVA with Bonferroni’s post hoc analysis revealed no signif-
icant differences in acute hypersensitivity or priming in stressed mice that received a PNMC at 24 h following stress compared with stressed mice that received vehicle (n = 3–5 for all groups).
Data are represented as the mean6 SEM. Table 1, see for F-values.
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ramp current of four intensities (100 pA, 300 pA, 500 pA and
700 pA). APs that exceeded at least 40mV were counted for each
ramp injection. In initial experiments, TG cultures were treated
with SNP (100 mM) for up to 1 h. However, we did not observe a
significant increase in excitability compared with the vehicle
group [vehicle, n= 5; number of APs: 100 pA, 16 0.63; 300 pA,
56 1.7; 500 pA, 7.46 1.75; 700 pA, 96 1.52; SNP (n= 8), 1.786
0.43; 300 pA, 6.566 0.96; 500 pA, 10.116 1; 700 pA, 12.896
0.89; main effect of treatment: F(1,12) = 2.33, p=0.15]. Therefore,
we tested an alternate NO donor compound, SIN-1, that leads to
the direct formation of PN and measured changes in TG neuron
excitability. Compared with the vehicle group, treatment of
the TG neurons with SIN-1 (1 mM) increased the number of
APs fired at all ramp intensities (Fig. 8A,B, top). Treatment

of the neurons with MnTBAP (100 mM) mixed with SIN-1
(1 mM) prevented the increase in hyperexcitability. Next, we eval-
uated whether treatment with MnTBAP alone influenced the
excitability of TG neurons. Compared with the vehicle group,
MnTBAP did not alter the number of APs fired at the various
ramp intensities (MnTBAP: number of APs: 100 pA, 0.626 0.21;
300 pA, 4.846 0.59; 500 pA, 8.076 0.87; 700 pA, 11.236 1.01;
main effect of treatment: F(1,34) = 0.14, p=0.71). Additionally, we
tested the PN decomposition catalyst FeTPPS (100 mM) and
found that, like MnTBAP, FeTPPS was also able to prevent the
increase in the hyperexcitability caused by SIN-1. Treatment
with SIN-1 also reduced the latency to the first AP at all ramp
intensities, and this was prevented by coapplication of SIN-1 with
MnTBAP or FeTPPS (Fig. 8B, bottom). Of the 20 cells recorded, 11

Figure 5. Administration of a PNMC at 1 h following stress results in attenuation of acute facial hypersensitivity and prevents priming to a NO donor. A, Following repeated stress, mice
were administered FeTMPyP or MnTBAP (30 mg/kg, i.p.) 1 h poststress and tested for facial hypersensitivity, grimacing, and priming to low-dose SNP (0.1 mg/kg, i.p.). B–E, Compared with
stressed mice that received vehicle, stressed mice that received a PNMC were found to have significant attenuation of acute allodynia and grimace scores, and did not prime to SNP in both
females (B, C) and males (D, E). *Significance between stressed mice that received MnTBAP and those that received vehicle. †Significance between Stress/FeTMPyP and Stress/Vehicle
groups. All control groups received vehicle and were administered SNP before the priming phase (n� 4 in B and C; n= 8 in D and E). Data are represented as the mean6 SEM. Table 1, see
for F-values. *†p, 0.05, **††p, 0.01, ***†††p, 0.001, ****††††p, 0.0001. Ctrl, Control.
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were from male and 9 from females. We found that there was
no effect of sex in the number of APs elicited by SIN-1 (main
effect of sex: F(1,18) = 0.4223, p = 0.52). Therefore, the data
from male and female mice were pooled together for all
treatment groups. We also tested whether a shorter applica-
tion of SIN-1 would have the same effects on the excitability
of TG neurons. In a separate set of experiments, baseline lev-
els of AP firing in response to ramps were recorded and then

SIN-1 (1 mM) was applied for 2 min, followed by a repeat of
the ramp protocols. SIN-1 treatment for 2 min did not
increase the excitability of TG neurons (n = 6 cells; capaci-
tance, 25.836 1.93 pF; baseline number of APs: 100 pA,
1.146 0.4; 300 pA, 4.856 1.33; 500 pA, 8.146 1.71; 700 pA,
10.576 1.78; SIN-1: 100 pA, 1.296 0.52; 300 pA, 6.576 1.48;
500 pA, 9.576 1.88; 700 pA, 11.426 1.88; main effect of
treatment: F(1,5) = 4.495, p = 0.09).

Figure 6. PN mediates stress-induced increases in 3-NT expression in the TGs and dura. A, B, Approximately 24 h following the final day of repeated stress, an increase in 3-NT expression, a
marker for PN, was observed in the TGs and dura of female (A) and male (B) mice compared with controls, suggesting an increase in PN activity. These changes were prevented by the admin-
istration of FeTMPyP (30 mg/kg) at 1 h poststress, as indicated by a one-way ANOVA with post hoc Bonferroni’s correction (n= 4 independent replicates/group). Representative Western blots
are shown. Data are represented as the mean6 SEM. **p, 0.01, ****p, 0.0001.

Figure 7. A, B, Administration of low-dose SNP (0.1 mg/kg, i.p.);14 d after repeated stress (when mice typically return to baseline withdrawal thresholds) induces a robust increase in 3-
NT expression in the TGs and dura of stressed female (A) and male (B) mice compared with controls. Notably, pretreatment with FeTMPyP (30 mg/kg, i.p.) 30 min before injection of SNP pre-
vented this increase in 3-NT expression, as indicated by one-way ANOVA with Bonferroni’s post hoc correction (n= 4 independent replicates/group). Representative Western blots shown. Data
are represented as the mean6 SEM. ****p, 0.0001.
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We next used a 5ms step protocol to elicit a single AP to mea-
sure basic membrane properties (Table 2).We found that SIN-1 sig-
nificantly reduced the AP threshold, increased the AP amplitude
(measured from threshold to peak), and decreased the rheobase
(Fig. 8C). Consistent with the data obtained with the ramp protocol,
all of these changes were prevented by the cotreatment of SIN-1
with either MnTBAP or FeTPPS. However, we found that in the
SIN-11 FeTPPS group, the AP half-width was significantly broader
compared with the vehicle group (Fig. 8C). In a small group of
cells (n =3), FeTPPS (100 mM) alone did not change the number
of APs in the ramp protocol compared with vehicle (FeTPPS:
100 pA, 16 0.58; 300 pA, 5.336 1.76; 500pA, 8.336 2.73; 700pA,
10.676 3.38) although the AP half-width was high in this group of
cells (9.056 2.78ms).

Effects of stress, sex, NO donors, and PNMCs on TG
mitochondrial energetics
One of the most important consequences of nitroxidative stress
is the disruption of proper mitochondrial function, ultimately
culminating in impaired bioenergetics and homeostasis (Radi et

al., 2001, 2002a). Based on this, we decided to explore whether
stress induces mitochondrial dysfunction and whether PN plays
a role mediating these effects. Following repeated restraint stress,
we harvested and cultured mouse TGs from male and female
ICR mice and allowed them to grow overnight. The next day, we
processed these cultures using the Mito Stress Test Kit (Agilent)
and measured OCRs using an Agilent Seahorse XFp apparatus.
Approximately 24 h following day 3 of repeated restraint stress,
basal respiration levels are significantly increased in stressed
male mice, but not female mice, compared with controls; how-
ever, maximal respiration levels are significantly upregulated in
both sexes, suggesting that female and male mice exhibit differ-
ences in respiration outputs shortly after repeated stress (Fig. 9).
Conversely, at 14 d following repeated stress, when animals typi-
cally return to baseline nociceptive thresholds, we found signifi-
cant increases in spare respiratory capacity (a measure of the
ability of the cell to adapt to environmental stressors) and ATP
production in female stressed mice, but not in male mice (Fig.
10). Additionally, comparisons within sex and between stressed
and control conditions at both time points identified significant

Figure 8. SIN-1 (1 mM) increases the excitability of TG neurons, and this hyperexcitability is prevented by the coapplication with SIN-1 of the peroxynitrite scavenger MnTBAP (100mM) or the peroxy-
nitrite decomposition catalyst FeTPPS (100 mM). A, Example traces of action potentials in the different treatment groups in response to the slow ramp injection of varying intensities. B, Top, Bar graphs
representing the number of APs evoked by ramps. Main effect of treatment, F(3,64) = 11.01, p, 0.0001; *p, 0.05 for vehicle versus SIN-1 groups, post hoc Dunnett’s test. Bottom, Bar graphs represent-
ing the latency to the first AP at each ramp injection. Main effect of treatment, F(3,64) = 9.38, p, 0.0001, *p, 0.05 for vehicle versus SIN-1 groups, post hoc Dunnett’s test. Bottom, Bar graphs repre-
senting the latency to the first AP at each ramp injection. Main effect of treatment, F(3,64) = 9.38, p, 0.0001, *p, 0.05 for vehicle versus SIN-1 groups, post hoc Dunnett’s test. C, Raw traces of single
APs evoked by a depolarizing step protocol. The dotted line is used to represent the lowering of threshold to fire an AP by SIN-1 and the prevention of this change in relation to vehicle treatment. The cor-
responding current rheobase used to evoke the APs is shown near each AP trace. Inset, Comparison of the AP half-width between vehicle group (black) and the SIN-11 FeTPPS 100 mM group (red).
Vehicle, n=23 cells from 18 mice; SIN-1, n=20 cells from 11 mice; SIN-11MnTBAP, n=15 cells from 6 mice; SIN-11 FeTPPS, n=10 cells from 3 mice.
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increases in maximal respiration, spare respiratory capacity, and
ATP production in female stressed mice at 14d poststress. In
stressed male mice, we observed an increase in maximal respira-
tion at both time points (Table 3). To parallel the behavior
experiments with stress, we also measured OCRs in mice that
were administered either vehicle or FeTMPyP 30 min before
SNP at day 14 of stress. Interestingly, we found that maximal res-
piration, spare respiratory capacity, and nonmitochondrial respi-
ration are all increased in male mice, but not female mice,

following SNP, and, critically, this effect is attenuated by pre-
treatment with FeTMPyP (Fig. 11).

Discussion
Here, we demonstrate a critical role for PN in contributing to
long-lasting facial hypersensitivity and priming to a low-dose
NO donor following repeated restraint stress, a preclinical model
of migraine headache with important clinical implications given

Table 2. AP Membrane properties of the different treatment groups

Vehicle SIN-1 SIN-11MnTBAP SIN-11 FeTPPS MnTBAP only ANOVA

Capacitance (pF) 25.826 0.94 256 0.66 25.736 1.13 26.786 1.15 23.176 1.15 F(4,73) = 1.387,
p= 0.25

RMP (mV) �53.26 0.96 �50.16 1.39 �51.16 1.72 �52.66 2.22 �52.46 1.41 F(4,73) = 0.9081,
p= 0.46

AP threshold (mV) �18.096 0.95 �22.536 0.63* �19.126 0.89 �20.926 1.03 �17.696 1.27 F(4,71) = 4.957,
p= 0.0014;
*p= 0.0012

AP amplitude (mV) 77.586 1.24 82.316 0.52* 77.356 1.1 80.386 1.28 75.816 1.52 F(4,71) = 5.241,
p= 0.0009;
*p= 0.005

AP half-width (ms) 3.196 0.13 3.66 0.1 3.176 0.13 5.266 0.38* 3.386 0.16 F(4,71) = 19.05,
p, 0.0001;
*p, 0.0001

Rheobase (pA) 301.366 15.81 2206 9.85* 288.576 13.86 275.566 11.68 2756 10.84 F(4,71) = 6.319,
p= 0.0002;
*p, 0.0001

Input resistance (MV) 1168.86 85.1 11936 69.57 1137.196 137.8 1203.46 59.58 1015.386 116.05 F(4,68) = 0.4791,
p= 0.751

One-way ANOVA followed by post hoc Dunnett’s test. Data are represented as mean 6 SEM. Asterisks denote a significant difference between the marked group and all other groups, with p-values being reported in the far
right column for each row.

Figure 9. Mitochondrial respiration is increased in the TGs of male and female mice at 24 h following repeated restraint stress. A, B, Mitochondrial OCRs were measured for females (A) and
males (B) from which several metabolic parameters were calculated. C, D, Overall, male mice exhibited an increase in basal respiration (C) levels while both sexes were found to have increased
levels of maximal respiration (D), indicating that stress increases respiration rates in TG mitochondria (n= 3 replicate runs). Data are represented as the mean6 SEM. *p, 0.05.
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the extreme sensitivity of migraine patients to both stress and NO-
producing agents (Peroutka, 2014). Administering FeTMPyP or
MnTBAP before administration of low-dose SNP in stress-primed
mice demonstrated efficacy in reducing nociceptive responses,
suggesting that PN mediates at least some of the effects of NO do-
nor-induced behavioral responses. Critically, our data also impli-
cate endogenous PN formation in the mechanisms responsible for
the onset of acute facial hypersensitivity following stress. Stress has
been shown to induce NOS expression in the dura, to stimulate
production of RNOS, and to promote hyperalgesic priming to
NO donors in preclinical migraine models (Olivenza et al.,
2000; Costa et al., 2005; Zinck et al., 2006; Avona et al., 2020).
Repeated daily dosing with FeTMPyP beginning 1 h poststress
and lasting out to 72 h was able to attenuate acute facial hyper-
sensitivity in mice, an effect that was also achieved with just a
single dose given 1 h poststress. To our surprise, this efficacy
was not achieved when administered as a single dose 24 h
poststress, suggesting that PN temporally mediates the devel-
opment of acute hypersensitivity. Indeed, future experiments
should test the efficacy of other multidosing strategies to con-
firm these time-dependent effects. Critically, these findings
support previous studies that implicate PN in nociceptive
processing, but also suggest a critical role for PN formation in
the mechanisms responsible for the onset of acute hypersensi-
tivity (Little et al., 2012; Akerman et al., 2021). Additionally,
the observation that targeted PN degradation partially attenu-
ates stress-induced facial hypersensitivity in both the acute
and priming phase indicates that PN contributes to sustained
hyperalgesia, which is likely caused by sensitization of the tri-
geminal sensory system, given the enhanced susceptibility to

Figure 10. At day 14 following repeated stress (when mice typically return to baseline withdrawal thresholds), spare respiratory capacity and ATP production are increased in female mice.
A, B, Mitochondrial OCRs were measured for females (A) and males (B) from which several metabolic parameters were calculated. C, D, Female mice exhibited increased mitochondrial spare re-
spiratory capacity (C) and ATP production (D) in their TGs, an effect that was not observed in male mice, suggesting a potential sex difference in the long-term effects of stress on mitochondrial
function (n= 3 replicate runs). Data are represented as the mean6 SEM. ****p, 0.0001.

Table 3. Comparison of stress-induced TG mitochondrial activity within sex

Metabolic parameters (pmol/min/100,000 cells)

24 h 14 d

Control Stress Control Stress

Female
Basal respiration 7.216 1.50 12.566 1.41 12.686 0.79 15.156 2.06
Maximal respiration 16.146 2.99 34.386 5.91 27.596 5.59 52.576 6.50*
Spare reserve capacity 8.936 2.89 21.826 6.27 11.586 2.25 34.086 1.64**
Non-mitochondrial
respiration

8.146 0.88 9.776 2.52 3.036 0.90 5.746 1.20

Proton leak 3.226 0.84 3.826 0.42 4.636 0.82 4.986 0.49
ATP production 3.996 0.66 8.746 1.64 8.056 1.07 23.506 1.24***
Coupling efficiency 57.676 1.25 68.756 5.86 64.036 4.76 69.706 8.34

Male
Basal respiration 6.226 0.19 13.786 2.25 11.436 0.27 11.256 1.45
Maximal respiration 21.696 3.05 45.296 3.05** 23.596 0.93 27.146 0.39*
Spare reserve capacity 15.476 3.06 31.516 1.24* 12.366 0.84 15.626 1.78
Non-mitochondrial
respiration

4.266 0.46 4.966 2.09 4.086 0.46 6.426 1.50

Proton leak 2.856 0.17 6.636 2.13 0.736 0.18 1.796 0.36
ATP production 3.376 0.31 7.156 2.46 10.846 0.05 12.276 0.42
Coupling efficiency 54.656 4.11 48.696 14.91 93.756 1.55 91.816 0.40

Seahorse metabolic data are presented for female and male mice at 24 h and 14 d poststress. A two-tailed
Welch’s t test found a significant increase in maximal respiration, spare respiratory capacity, and ATP produc-
tion in stressed female mice compared with controls at 14 d poststress. Similarly, an increase in maxi-
mal respiration and spare respiratory capacity was identified in stressed male mice at 24 h poststress
followed by an increase in maximal respiration between conditions at 14 d poststress. Data are represented
as the mean 6 SEM.
*p, 0.05, **p, 0.01, ***p, 0.001.
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normally non-noxious stimuli in both preclinical migraine
models as well as in human migraine patients (Goadsby et al.,
2017).

Stimulation of the dura mater with proinflammatory media-
tors sensitizes meningeal afferents to pH 7.0 (Burgos-Vega et al.,
2019), an effect that is mediated by acid-sensing ion channels
(ASICs), which have been implicated in migraine pathophysiol-
ogy (Yan et al., 2011; Holland et al., 2012; Dussor, 2015; Karsan
et al., 2018). Of particular relevance, NO has been shown to
modulate ASICs in DRG neurons, an effect that is reversed on
treatment with oxidative reducing agents, but not inhibitors of
cGMP, suggesting a role for RNOS in the modulation of ASICS
during inflammation (Cadiou et al., 2007). Additionally, inhibi-
ting ASIC3 prevents durovascular and NO-mediated trigeminal
pain in rats (Holton et al., 2020). Based on this, we tested the effi-
cacy of PNMCs in preventing facial hypersensitivity to dural pH
7.0 in mice primed with dural IL-6 and discovered that neither
PNMC was successful in reducing nociceptive responses
(Cadiou et al., 2007). Although these data suggest that PN
does not contribute to the nociceptive response to pH 7.0 fol-
lowing IL-6, it may still be involved in other mechanisms of
trigeminal nociception.

Indeed, the production of RNOS in response to noxious stim-
ulation or injury has been shown to contribute to the hyperexcit-
ability of primary sensory neurons. For example, NO and PN are
capable of directly increasing the excitability of neurons via
proinflammatory, proapoptotic, and nitroxidative stress path-
ways (Salvemini et al., 2011; Doyle et al., 2012; Little et al., 2012;
Liu et al., 2013; Grace et al., 2016). Additionally, PN directly or

indirectly acts as a neuromodulator for mechanisms of neuroin-
flammatory signaling, mitochondrial dysfunction, protein tyro-
sine nitration, and lipid peroxidation, all of which can contribute
to neuronal hyperexcitability and, ultimately, peripheral sensiti-
zation (Radi et al., 2002a; Grace et al., 2016). A role for PN in TG
nociceptor sensitization was recently demonstrated, in which
treatment with FeTPPS was able to attenuate neuronal hyperex-
citability caused by systemic injection of CGRP in rats (Goadsby
et al., 2017; Akerman et al., 2021). In further support of this, we
show that treatment with either MnTBAP or FeTPPS prevents
NO donor-induced hyperexcitability in cultured TG neurons,
implicating PN in this process. We also demonstrate that repeated
stress increases 3-NT expression in the TGs and dura of mice and
that low-dose SNP further increases this expression in stress-
primed mice, indicating a general increase in PN activity as well as
the modulation of protein activity that may underscore neuronal
hyperexcitability. Importantly, targeting PN formation prevents
these changes. Tyrosine nitration by PN is known to modulate the
activity of several critical proteins, including MnSOD, the essential
antioxidant enzyme that detoxifies free radical species, as well as
numerous excitatory channels, leading to enhanced neurotrans-
mission, neurotoxicity, and hyperexcitability (Trotti et al., 1996;
Zanelli et al., 2002; Radi, 2004; Görg et al., 2005; Little et al., 2012;
Janes et al., 2013; Muscoli et al., 2013). Together, these studies
strongly implicate PN in mechanisms underlying peripheral
sensitization.

Our data also suggest that repeated stress induces several
changes in mouse mitochondrial function that may contribute
to TG neuronal hyperexcitability. These changes are marked by

Figure 11. Administration of low-dose SNP induces robust changes in mitochondrial function in the TGs of male, but not female mice, an effect that is attenuated by pretreatment with
FeTMPyP. Fourteen days following repeated stress, mice were administered either FeTMPyP (30 mg/kg, i.p.) or vehicle and were primed with SNP (0.1 mg/kg, i.p.). A, B, Mitochondrial OCRs
were measured for females (A) and males (B) from which several metabolic parameters were calculated. C–E, Interestingly, stress-primed male mice exhibited robust increases in maximal res-
piration (C), spare respiratory capacity (D), and nonmitochondrial respiration (E) in response to SNP. Notably, these changes were attenuated by pretreatment with FeTMPyP. No changes were
observed in female mice (n= 3 replicate runs). Data are represented as the mean6 SEM. **p, 0.01, ***p, 0.001, ***p, 0.0001.
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increases in TG mitochondrial respiration levels 24 h following
repeated stress and, in stressed female mice specifically, are sus-
tained by increases in spare respiratory capacity and ATP pro-
duction out to at least 2 weeks. Although an important output of
mitochondrial respiration is the production of ATP, abnormal
production can lead to abnormal Ca21 signaling and, ultimately,
to neuronal hyperexcitability (Boyman et al., 2020; Agalave et al.,
2021). Based on this, it is possible that alterations in TG mito-
chondrial activity may contribute to peripheral sensitization in
this model.

Regulation of mitochondrial function is a highly dynamic
process and, in response to cellular stress, mitochondria adapt
their energy production to meet the metabolic demands of the
cell. Spare respiratory capacity characterizes the mitochondrial
capacity to meet this demand and, thus, can be used to gauge
the relative metabolic fitness (and health) of the cell (Nicholls,
2009). Although we do not see any significant changes in this
parameter by 24 h poststress, there is a robust increase in
female spare respiratory capacity and ATP production at 14 d
poststress, an effect not observed in males, suggesting that
female TG mitochondria have a higher capacity to adapt to
stress than male TG mitochondria. Because female mice ex-
hibit this level of metabolic flexibility at 14 d poststress, this
may potentially explain why the administration of SNP at this
time point does not cause a substantial change in respiration
output in female TG mitochondria. In other words, stressed
female TG mitochondria may not require as much energy to
respond to the cellular stress induced by the administration of
SNP, whereas stressed male TG mitochondria, which do not
appear to be as metabolically flexible at this time point, are
generating significant amounts of respiration to meet the
energy requirements necessary to initiate an appropriate cel-
lular response. This sex difference in mitochondrial func-
tion may be driven by evolutionary selection, considering
that the majority of mitochondrial DNA is inherited from
the mother. Additionally, several studies have demon-
strated that female mitochondria tend to be more resilient
to cellular stress than male mitochondria, and this is likely
influenced by hormones (Justo et al., 2005; Klinge, 2008;
Rutkai et al., 2015; Ventura-Clapier et al., 2017). Interestingly,
treatment with FeTMPyP before SNP was able to attenuate
these male-specific effects, providing metabolic evidence that PN
at least partially mediates NO donor-induced mitochondrial dys-
function. Indeed, these cellular metabolic differences could
potentially explain some of the sex differences observed in
the development of hypersensitivity to various stimuli
(Avona et al., 2019). Because we did not observe sex differ-
ences in stress-induced mechanical hypersensitivity, we
believe these differences in metabolic fitness may reflect a
sex-dependent role for PN in the regulation of mechanisms
that underlie stress and NO donor-induced hypersensitivity
(i.e., stress-induced PN production may lead to similar phe-
notypic outputs using distinct cellular mechanisms). Future
studies should aim to elucidate the extent to which PN-
mediated mitochondrial dysfunction is involved in mi-
graine-related mechanisms, including determining poten-
tial contributions to TG neuronal excitability.

In summary, the above data highlight a novel role for PN
in contributing to the development and maintenance of
hypersensitivity in a preclinical model of migraine head-
ache and further implicate PN as a therapeutically attractive
target for this disease. To our knowledge, our study is the
first to demonstrate that PN contributes to stress-induced

increases in mechanical hypersensitivity, protein tyrosine
nitration, neuronal excitability, and mitochondrial activity,
providing a basic framework for how PN may be involved
in mechanisms underlying migraine. One caveat to our
study involves the ability of FeTMPyP to scavenge SO in
addition to PN, making it difficult to differentiate between
their activity; however, MnTBAP and FeTPPS, which are
more specific to PN decomposition, were both found to
attenuate nociceptive responses or neuronal hyperexcitability,
respectively, providing a strong rationale for PN being the pri-
mary RNOS behind these effects. It is also important to
acknowledge the other actions of NO and how they may relate
to migraine. For example, stimulation of the NO receptor
soluble guanylyl cyclase has been shown to contribute to mi-
graine-related pain in mice, suggesting an alternative mecha-
nism of action for NO in trigeminal nociception (Ben Aissa et
al., 2018). Thus, future therapeutic development in this area
may be driven by dual-action compounds with effects on
more than one pathway downstream of NO production.
Regardless, given the important roles of NO and SO in
maintaining normal physiological function, targeting the over-
production of PN presents a unique approach to resolving nitro-
oxidative stress and other consequences of RNOS formation that
may play a critical role in migraine pathophysiology. Currently,
more pharmacologically efficacious PNMCs are being developed
and phase II trials have begun for chemotherapy-induced pe-
ripheral neuropathy as well as surgical, osteoarthritic, and dia-
betic pain; the data shown here suggest that these compounds
should be tested as potential novel migraine treatments (Doyle et
al., 2021).
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