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MALE-SPECIFIC MECHANISMS IN A MURINE MODEL OF
NOCIPLASTIC PAIN

Publication No. 1

Kathleen Erin McDonough, Ph.D.
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In order to address how acute nociceptive pain can transition to nociplastic pain,
we developed a murine model in which acute injury-induced mechanical hypersensitivity
was prolonged beyond its normal resolution time following postinjury stimulation at
normally innocuous intensity. This model utilized intraplantar capsaicin injection or
plantar incision as an acute injury, and vibration or warm water immersion for postinjury
stimulation. The prolonged mechanical hypersensitivity in both males and females lasted
at least 21 days in the absence of peripheral inflammation, indicating the nociplastic nature
of this hypersensitivity. The persistent mechanical hypersensitivity was attenuated by
morphine or gabapentin in both sexes but was maintained by sex-specific mechanisms:
specifically, by ongoing peripheral afferent activity at the initial injury site in females and
by reactive spinal microglia in males. Further investigation into the male-specific
mechanisms underlying the nociplastic pain state revealed that activation of spinal
microglia drives the postinjury vibration stimulation-triggered transition to a nociplastic
pain state, but that microglia activation was not mediated by the BDNF-TrkB pathway,
unlike other chronic pain models. After an acute peripheral injury, GABAergic

disinhibition was required for postinjury vibration stimulation to trigger the spinal
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microglia-driven transition to a nociplastic pain state. Even in the absence of an inciting
peripheral injury, vibration stimulation could trigger the transition to a spinal microglia-
mediated nociplastic pain state in males following direct spinal GABAergic disinhibition
by intrathecal injection of the GABAA receptor antagonist bicuculline or the GABAg
receptor antagonist CGP 52432. In females, spinal GABAg receptor inhibition, but not
GABAA receptor inhibition, followed by vibration stimulation was able to trigger a
transition to the nociplastic pain state. However, this pain state in females was not mediated
by spinal microglia. Proinflammatory cytokines, but not prostaglandins, at the spinal level
contributed to the maintenance of nociplastic pain state in males. Overall, these findings
provide key insights for understanding the sex-specific mechanisms underlying the
transition to and maintenance of the nociplastic pain state, indicating that spinal microglia

are potential therapeutic targets to prevent and treat nociplastic pain in males.
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Chapter 1: Introduction

BACKGROUND
Nociplastic Pain

There are three main categories of pain conditions: nociceptive, neuropathic, and
nociplastic. Nociceptive pain occurs when there is threatened or actual damage to non-
neuronal tissue and resultant inflammation following the injury. This pain is a normal,
evolutionarily advantageous response to injury, as it both warns against potential danger
and encourages the protection of an injured area to facilitate recovery. However,
neuropathic pain, which is caused by damage in the somatosensory nervous system, and
nociplastic pain, which is the subject of the present study, are conditions which are
maladaptive chronic disorders severely impacting quality of life. Nociplastic pain is
defined as pain arising from altered nociception despite lacking clear evidence of tissue
injury activating peripheral nociceptors or somatosensory nerve damage (Kosek et al.
2016). In other words, changes within the undamaged pain circuitry itself abnormally
produce chronic pain in nociplastic pain conditions. Nociplastic pain is seen in a
multitude of chronic pain conditions including Complex Regional Pain Syndrome
(CRPS) Type I, non-neuropathic chronic post-surgical pain, and fibromyalgia, among
others, and may also be comorbid with other types of pain conditions. Often, nociplastic
pain conditions present with additional non-pain symptoms including sleep disturbances,
fatigue, and cognitive impairment (Fitzcharles et al. 2021).

Nociplastic pain is challenging to treat, as the underlying mechanisms are still

poorly understood. Traditional analgesics such as nonsteroidal anti-inflammatory drugs



(NSAIDs) have been found to be less efficacious in nociplastic pain conditions (Derry et
al. 2017), and opioid analgesics come with a number of adverse side effects, including
the risk of addiction and opioid-induced hyperalgesia (Higgins, Smith, and Matthews
2019). Furthermore, due to lack of clear tissue or nerve damage, patient diagnosis can be
delayed or symptoms doubted, leading to significant emotional distress. CRPS, for
example, has an average time delay of nearly 4 years from onset of disease to diagnosis
(Lunden, Kleggetveit, and Jarum 2016), and the average delay for fibromyalgia diagnosis
has been reported as more than 6 years (Gendelman et al. 2018). On its own, this is
clearly unacceptable, but combined with the fact that CRPS, and chronic pain conditions
in general, are associated with higher rates of suicidal idealization and suicide attempts,
this is nothing short of tragic (Sharma et al. 2009; Edwards et al. 2006). Therefore, it is of
the utmost importance that nociplastic pain conditions be better studied to improve

diagnosis and treatment outcomes for patients.

Central Sensitization and the Gate Control Theory of Pain

One key mechanism thought to underlie nociplastic pain is central sensitization.
Central sensitization is characterized by heightened activity of nociceptive neurons in the
central nervous system to afferent input. The perceptual/behavioral manifestation of
central sensitization includes secondary mechanical allodynia, in which typically
innocuous stimulation outside of any initial injury site abnormally produces pain
(Sandkuihler 2009; Latremoliere and Woolf 2009). A tissue injury can induce central
sensitization that normally resolves as the injury heals. However, in the case of

nociplastic pain conditions in which there is often an initial insult that has since fully
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healed, the central sensitization induced by the initial insult may be maintained
persistently, being disconnected from the status of the insult itself.

An understanding of the Gate Control Theory of Pain can help to explain, at least
in part, how central sensitization occurs. In 1965, Drs. Ronald Melzack and Patrick Wall
published the Gate Control Theory of Pain to explain the seemingly contradictory
findings supporting the earlier Specificity and Intensity Theories of Pain. In this theory,
primary afferents responsible for pain (nociceptors; C-fibers) and touch
(mechanoreceptors; AB-fibers) form synapses in the dorsal horn both with spinal
inhibitory (e.g., GABAergic) interneurons (SGABAN) and with projection neurons which
send pain signals to the brain via the spinal anterolateral ascending tract. The SGABAN
act as a “gate” within the dorsal horn to modulate the transmission of sensory information
from peripheral afferents to nociceptive projection neurons. Specifically, AB-fibers
activate SGABAN, which in turn inhibit the activation of projection neurons by C- and
AP-fiber inputs, thus attenuating and/or preventing the transmission of pain signals to the
brain. However, C-fibers inhibit SGABAn, effectively “opening the gate,” allowing Ap-
fibers as well as those same C-fibers, to activate projection neurons (Melzack and Wall
1965; Moayedi and Davis 2012). Projection neurons are therefore abnormally activated
by AB-fibers producing pain (allodynia) in response to stimuli which would normally
encode light touch.

One important aspect of nociplastic pain, however, is that persistent mechanical
allodynia is present despite lack of continuously activated nociceptors responsible for
“opening the gate.” In these cases, some other factors must be causing GABAergic

disinhibition within the spinal cord. This disinhibition has been found to be produced by
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a variety of factors, including changes within the GABAergic system itself, such as
decreased synaptic excitation of GABAergic interneurons after intense nociceptor inputs
(H. Y. Kim et al. 2015; Sivilotti and Woolf 1994), dysregulation of the Potassium
Chloride Cotransporter 2 (KCC2) (K. Y. Lee and Prescott 2015), or as a result of Brain-
derived neurotrophic factor (BDNF) modulation of GABAA receptor function (Chen et al.
2014). Other key factors known to play a role in disinhibition are proinflammatory
cytokines. Proinflammatory cytokines, including TNF-a, IL-1p, and IL-6, are produced in
response to injury or inflammation, as well as by activated microglia (to be discussed in
the next section). TNF-a has been shown to specifically decrease inhibitory synaptic
transmission and inhibit spontaneous action potentials in SGABAnN (H. Zhang, Nei, and
Dougherty 2010). IL-1p has also been shown to increase overall dorsal horn excitability,
due, at least in part, to inhibition of inhibitory tonic-firing neurons (Gustafson-Vickers et
al. 2008). Likewise, soluble IL-6 was found to both inhibit GABA- and glycine-induced
currents, as well as produce heat hyperalgesia (Kawasaki et al. 2008). Identifying which
factors or combination of factors are underlying GABAergic disinhibition in different
pain conditions is necessary for the proper treatment of individuals suffering from
chronic pain disorders, as the mechanisms underlying central sensitization in chronic

neuropathic or inflammatory pain may not be the same as in nociplastic pain.

Spinal Microglia and Pain

Microglia are the primary immune cells of the central nervous system, clearing cellular
debris via phagocytosis and orchestrating inflammatory responses within the central
nervous system (Lynch 2009). However, microglia can undergo a phenotypic

transformation from “resting” to “activated”, which produces significant changes in both
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their morphology and function. While in a “resting” state, microglia appear to have a
small soma with numerous fine ramifications, which are used to monitor the central
nervous system in order to detect changes in homeostasis. If such a threat to homeostasis
is detected, such as inflammation or nerve damage, microglia undergo a rapid
transformation process defined as microglia activation. As microglia become reactive,
they appear amoeboid in shape, proliferate and migrate toward the detected threat,
increasingly express certain cell surface markers such as Ibal, as well as release factors
such as BDNF, proinflammatory cytokine, and chemokines. Furthermore, depending on
the detected threat, microglia may take on distinct reactive phenotypes (Kettenmann et al.
2011; X. Zhang et al. 2014; Lynch 2009; D. Ito et al. 1998).

The changes associated with microglia activation are known to produce alteration in
pain sensitivity (Gao and Ji 2010; Zhao et al. 2017). For example, proinflammatory
cytokines such as IL-1p can increase the excitability of nociceptive neurons, contributing
to pain hypersensitivity and central sensitization (Takeda et al. 2007; Gustafson-Vickers
et al. 2008), and others have shown that neutralizing antibodies against TNF-a, IL-1,
and IL-6, all known to be released from spinal microglia, can attenuate mechanical
allodynia after partial sciatic nerve ligation (Echeverry et al. 2017). Increased expression
of chemokines and their receptors mediate neuronal signaling involved in chronic pain
states (White and Wilson 2008; Clark and Malcangio 2014; Lindia et al. 2005).
Furthermore, the involvement of microglia activation has been demonstrated in both
chronic nerve injury and inflammatory pain models (Kohno et al. 2018; Svensson et al.
2003). Interestingly, the role of spinal microglia activation in central sensitization appears

to be male-specific (Sorge et al. 2015; Taves et al. 2016). Understanding the sex-specific
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mechanisms underlying chronic pain conditions, including nociplastic pain, is important
for identifying sex-specific targets for the treatment of these conditions.

The mechanistic differences in regard to spinal microglia involvement in male but not
female chronic pain models are neither fully understood nor consistent across the
literature (Haight et al. 2020; Kwok et al. 2021; Koyanagi et al. 2016), but accumulating
evidence points toward potential differences in male and female microglia themselves. A
recent transcriptomic study revealed that in a murine models of chronic constriction
injury, microglia from males and females showed differences in microglial gene
expression (Fiore et al. 2022). Furthermore, others have found sex-specific features in
murine microglia which have a basis in gestational hormone levels, both at the
transcriptomic and phenotypic level. Male microglia were found to have a more
inflammatory phenotype, while female microglia were neuroprotective, maintaining this
distinct characteristic even when transplanted into male mice (Villa et al. 2018). It should
be noted that this particular study was done in isolated brain microglia, and therefore
whether spinal microglia also show these characteristics must still be investigated.

In addition to microglia’s ability to release factors which alter pain sensitivity,
nociceptors and GABAergic signaling have also been found to alter microglia function,
indicating a potential place for microglia within the Gate Control Theory of Pain. For
instance, in male rats, brief intense electrical stimulation of C-fibers was able to activate
microglia in the dorsal horn, resulting in long-lasting mechanical hypersensitivity,
demonstrating that afferent activity may directly activate microglia (Hathway et al.

2009). While this study only showed that stimulation of C-fibers, but not Ap/d-fibers,
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could activate microglia, whether myelinated afferents could potentially activate

microglia in pain states needs to be investigated.

In regard to microglial interactions with GABAergic signaling, it has been found
that during early development, GABA-receptive microglia play a key role in pruning
inhibitory synapses in a GABABg receptor-dependent manner (Favuzzi et al. 2021). Whether
microglia continue to play any role in inhibitory pathway plasticity later in life upon injury
has yet to be investigated, but could potentially shed light on microglia-dependent central
sensitization. Beyond the developmental period, it has been reported that microglia express
GABAGB receptors, which upon activation, inhibit their proinflammatory function (Kuhn et
al., 2004). Furthermore, cultured human microglia from brain tissue express mRNA and
protein for GABA-transaminase, the enzyme which metabolizes GABA, and both GABAA
and GABAGg receptors. Furthermore, agonists of both GABA A and GABAR receptors were
also found to attenuate cytokine release from these cultured human microglia (M. Lee,
Schwab, and McGeer 2011). Further study into how the spinal GABAergic system may be
able to regulate microglia, as well as reciprocal effects of microglia on GABAergic

signaling are of great interest for the pain field.

SIGNIFICANCE

In to develop more efficacious and personalized treatments, the mechanisms underlying
different types of chronic pain disorders, especially nociplastic pain disorders, must be
better understood. Previously, there have been no animal models specific for the
transition from acute to nociplastic pain conditions, producing an important gap in
knowledge in terms of how an acute injury may trigger the development of a nociplastic
pain state. With this question in mind, this project was developed in order to produce a

novel murine model of “a transition to nociplastic pain” in order to investigate the sex-
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specific mechanisms underlying the transition to and maintenance of the nociplastic pain
state, with a specific interest in the role of microglia in nociplastic pain.

Building upon previous studies indicating that normally innocuous postinjury
stimulation can prolong capsaicin-induced mechanical hypersensitivity (H. K. Kim et al.
2007; H. T. Kim et al. 2001), we hypothesized that 1) postinjury stimulation can induce a
transition to a nociplastic pain state, which is maintained by sex-specific mechanisms,
and 2) that spinal GABAergic disinhibition sex-dependently allows low-threshold
mechanoreceptors to activate microglia, underlying the transition to nociplastic pain.
Data gained from this research will help to identify key targets for sex-specific treatment
and prevention of nociplastic pain.

Portions of Chapter 2 (Materials and Methods) as well as Chapter 3 (Postinjury
stimulation triggers a transition to nociplastic pain in mice) in its entirety were previously
published by PAIN® with a co-first authorship with Kali Hankerd (K. Hankerd et al.

2021).
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Chapter 2: Materials and Methods

ANIMALS

Adult male and female C57BL/6N mice (aged 7-9 weeks) were purchased from Charles
River (Houston, TX, USA) or bred inhouse. Mice were housed in groups of five in plastic
cages with a 12-12 hour light-dark cycle and fed ad libitum. All experimental procedures
were approved by the Institutional Animal Care and Use Committee at the University of
Texas Medical Branch (UTMB) and in accordance with the National Institutes of Health

(NIH) guidelines.

ANIMAL MODELS OF PAIN
Experimental Injury

All procedures were conducted while animals were under 1.5-2.5% isoflurane anesthesia.

INTRAPLANTAR CAPSAICIN INJECTION

As an experimental chemical injury, capsaicin (0.1% in 10% ethanol, 10% Tween-20,
and 80% saline; Sigma-Aldrich, St. Louis, MO, USA) was injected intradermally at the
(plantar side) base of the third and fourth digits of the left hind paw (3 pg in 3 pL) using

a 30G needle.

PLANTAR INCISION

A group of mice underwent a plantar incision procedure instead of intraplantar capsaicin
injection. The skin incision (~4.0 mm) was made along the (plantar side) base of the 2nd-
4th digits and sutured (9-0 microsurgical needle; Fine Science Tools, Foster City, CA,

USA).
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Post-injury Stimulation
All procedures were conducted while animals were under 1.5-2.5% isoflurane anesthesia.

Post-injury thermal stimulation: In some groups of mice that received intraplantar
capsaicin injection, the injured paw (i.e., the capsaicin injection area and surrounding
tissues) was stimulated 2, 6, 24, or 72 hr after the injury. Post-injury thermal stimulation
(30°C or 40°C) was applied in the following manner: the distal half of the hind paw
(including the toes, injury area, and surrounding tissues, but not the von Frey testing site)
was repeatedly submerged into temperature controlled sterile water for 30 sec with 30 sec
intervals over a period of 10 min (10 times of 30 sec in and 30 sec out). When the
experimenter’s fingers were immersed in 40°C water, a sensation of warmth was elicited;
no definitive cooling or warmth was sensed in 30°C water. In experiments when
treatment timepoints coincided with behavioral tests, post-injury thermal stimulation was
administered 30 min prior to behavioral tests. The timeline of these manipulations and
behavioral testing is depicted in Figure 1.

As a control for the hind paw manipulation associated with water immersion after
intraplantar capsaicin injection, a subset of mice was treated with capsaicin followed by
“air immersion” 2 hr after capsaicin injection. Mice subjected to “air immersion”
underwent the same dipping motion into an empty water-bath instrument.

In some mice that received plantar incision instead of capsaicin injection, 40°C post-
injury thermal stimulation was performed 23 hr after the incision (i.e., 1 hr before von

Frey assay at 24 hr post-incision) in the manner described above.
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Post-injury vibratory stimulation: In experiments utilizing vibration (92 Hz)
rather than water immersion, vibration was applied focally to the capsaicin-injected hind
paw using a Hitachi HV-1 mini massager (2.25 mm? contact surface with 13-22 Pa of
pressure). Vibration was applied for 10 sec with 30 sec intervals over 10 minutes. When
tested on the experimenter’s fingers, a mild but definite vibratory sensation was elicited.
Sham vibration was used as a control, applying the vibration probe to the paw without

turning on the vibrator.

Drug effect tests (Figs. 11-13)
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Figure 1:  Timeline for behavioral experiments using capsaicin injection
followed by postinjury thermal (warmth) stimulation.

After determining baseline (BL) behaviors, capsaicin (Cap, red arrow) was
injected at the plantar side of the hind paw. The capsaicin-injected paw was
immersed into warm water at time points marked by yellow arrows; at days 1 and
3 post-Cap, the warmth stimulation was delivered 30 minutes before von Frey
filament (VFF) testing. VFF tests and radiant heat tests were conducted at
predetermined times (blue arrows) in separate groups of mice. Effects of various
drugs on persistent mechanical hypersensitivity were determined days 7 to 10
post-Cap.

Pain Models Lacking an Experimental Injury
Other experiments utilized nociplastic pain models lacking direct peripheral injury.
Specifically, (+)-Bicuculline (30 ng/5 pL in 10% DMSO, 1% Tween-20 in saline; Sigma-

Aldrich, St. Louis, MO, USA) or CGP 52432 (342.5 ng/5 pL in saline; Tocris, Bristol,
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UK) was delivered intrathecally and followed 1 or 1.5 hour later by vibration stimulation
as described above. Additionally, an animal model of intrathecal Brain-derived
neurotrophic factor (BDNF) injection (Marcos et al. 2017; M’Dahoma et al. 2015; Zhou
et al. 2011) was used, in which mice received a single intrathecal injection of human
BDNF (10 ng/kg in saline, Alomone Labs, Jerusalem, Israel). All procedures were

conducted while animals were under 1.5-2.5% isoflurane anesthesia.

BEHAVIORAL TESTS

Mechanical Sensitivity Test

Mice were habituated to behavioral test conditions (including experimenters) for four
days prior to conducting behavioral procedures. Mice were placed into acrylic chambers
(14 cm length x 5 cm width x 4.5 cm height) on a raised metal grid-floor platform and
were acclimated to testing conditions for 30 minutes prior to testing on the day of
experiment. Mechanical sensitivity of the capsaicin-injected hind paw was tested using a
von Frey filament (0.98 mN) that evokes only 0-20% withdrawal responses in naive
mice. This mechanical force is below the mechanical thresholds of hind paw-innervating
AJ/C fibers, determined in ex-Vivo skin nerve preparations from C57BL/6 mice (2.0-13.9
mN, (Milenkovic et al. 2008; Smith, O’Hara, and Stucky 2013) or in vivo from C3H/HeJ
mice (the interquartile range 10-25 mN (Cain, Khasabov, and Simone 2001), and
therefore unlikely to be a “threatened tissue damage causing the activation of peripheral
nociceptors” in normal conditions. Considering the possibility that direct repeated
probing of the injured area (e.g., capsaicin injection site) over time could be a

confounding factor in experimentally defining post-injury stimulation, we stimulated the
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area outside the injury (4-5 mm proximal to the injured area; mid-hind paw) with the 0.98
mN von Frey filament. Mechanical hypersensitivity is known to develop outside the
injured area (commonly called secondary mechanical hypersensitivity) due to the injury-
induced sensitization of nociceptive system at a central level (Melzack and Wall 1965;
Sang et al. 1996; Simone et al. 1991; Torebjork, Lundberg, and LaMotte 1992). The

percent of withdrawal responses out of ten probing trials was recorded.

Thermal Sensitivity Test

After habituation as described above, mice were placed into acrylic chambers on a glass
platform. A mobile laser emitter under the glass platform was placed beneath the middle
of the hind paw and turned on. When the mouse withdrew the hind paw from the radiant
heat of the laser, the emitter was automatically turned off and the latency to withdrawal
was recorded. It should be noted here that the radiant heat could not be restricted to the
outside of injured area, which therefore, could confound the “post-injury stimulation of
injured area” paradigm when used before capsaicin-induced thermal hypersensitivity
substantially abates. Therefore, except for the experiment determining the resolution time
course of capsaicin-induced thermal hypersensitivity (i.e., Chapter 3, Fig. 2A and Fig. 3),
we performed this radiant heat test at baseline and after persistent mechanical

hypersensitivity was established.

DRUG ADMINISTRATION
For all injections, mice were anesthetized by 1.5-2.5% isoflurane, and injections were

administered using a 30G needle. For experiments investigating the mechanisms of
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transition from acute to nociplastic pain, mice received either a single intrathecal
injection of (1) unconjugated saporin or Mac-1-saporin (8.85 uM, 5 uL; Advanced
Targeting Systems, San Diego, CA) immediately after capsaicin injection or minocycline
hydrochloride (150 pg, 5 pL, 10% DMSO, 0.5% Tween-20 in saline; Sigma-Aldrich, St.
Louis, MO, USA) 1.5 hours post capsaicin; (2) recombinant human TrkB Fc chimera (2
Mg, 5 UL, in saline; R&D Systems, Minneapolis, MN, USA) 1.5 hours post capsaicin or
30 minutes prior to intrathecal BDNF; or (3) muscimol (0.1 ug/ 5uL in saline; Tocris,
Bristol, UK), or (+)-baclofen (0.06 ug/ 5uL in saline; Sigma-Aldrich, St. Louis, MO,
USA) 1.5 hours post capsaicin.

For experiments studying the mechanisms of nociplastic pain maintenance, 7-10
days after the capsaicin injection, mice received 1) either a single intraplantar injection of
0.75% bupivacaine (3 uL; Sigma-Aldrich) or saline (0.9%; Baxter Healthcare
Corporation, Deerfield, IL, USA) at the capsaicin injection area seven to ten days after
capsaicin injection; 2) an intraperitoneal injection of morphine (5 mg/kg; Westward,
Eatontown, NJ, USA), gabapentin (100 mg/kg; Spectrum Chemical Mfg Corporation,
New Brunswick, NJ, USA) or saline (0.9%, Baxter Healthcare Corporation); 3) a single
intrathecal injection of unconjugated saporin or Mac-1-saporin (8.85 uM, 5 uL;
Advanced Targeting Systems, San Diego, CA, USA); (4) indomethacin (20 ug/ 5uL, 1%
DMSO, 1% Tween-80 in saline; Sigma-Aldrich, St. Louis, MO, USA); (5) minocycline
hydrocholoride (150 g, 5 pL, 10% DMSO, 0.5% Tween-20 in saline; Sigma-Aldrich, St.
Louis, MO, USA); or (6) a cocktail of neutralizing antibodies against TNF-a, IL-1f3, and
IL-6 (0.167 ug each anti-TNF-a, anti-1L-1p, anti-IL-6 in 5 pL of phosphate buffered

saline, R&D Systems, Minneapolis, MN, USA) (Echeverry et al. 2017).
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EVANS BLUE EXTRAVASATION

Under 2% isoflurane anesthesia, Evans Blue (50 mg/mL; Sigma Aldrich) was
intravenously administered (50 mg/kg) via the tail vein either 2 hr, 1 day, or 7 days after
capsaicin injection with or without 40°C water immersion at 2 hr post-capsaicin; for 2 hr
post-capsaicin time point data in the water immersion group, Evans Blue injection was
done immediately after the immersion. Thirty minutes after Evans Blue injection, mice
were perfused with saline, and glabrous skin samples (2 mm x 2 mm) from the capsaicin
injection area and corresponding area on the contralateral hind paw were collected.
Samples were dried in a 37°C oven for 72 hr. Evans Blue dye deposits were extracted in
formamide (16 mL per 1.0 g dry weight tissue; Sigma Aldrich) at 37°C for 72 hr. The
concentration of Evans Blue was quantified using a Nanodrop 2000C (Thermo Fisher,

Waltham, MA, USA) and analyzed as described in the literature (Martin et al. 2010).

QUANTIFICATION OF PROINFLAMMATORY CYTOKINE GENE TRANSCRIPTS

On post-capsaicin injection day 1 or day 7, skin samples (2 mm x 2 mm) from the
capsaicin injection area and corresponding area of the contralateral hind paw were
collected and flash-frozen on dry ice. Skin tissue was diced finely, then transferred to an
Eppendorf tube containing TRIzol reagent (Thermo Fisher) with 1 mg/mL collagenase
type I (= 125 U/mg, Gibco, Waltham, MA, USA). Using a bead mill homogenizer with
micro glass beads (0.5 mm, Biospecs Products, Bartlesville, OK, USA), tissue was
processed for 10-15 cycles of 120 sec at speed 5. The supernatant was isolated and 400
ML pheno-chloroform (Amresco, Solon, OH, USA) per 1.0 mL TRIzol reagent was

added. After centrifuging the mixture at 12,000 x g for 15 min, the supernatant was
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transferred to a fresh Eppendorf tube containing an equal volume of isopropanol,
incubated on wet ice for 10 min, and centrifuged at 10,000 x g for 10 min. Finally, the
RNA pellet was rinsed three times with 1.0 mL 70% ethanol and centrifuged at 5,000 x g
for 5 min prior to resuspension in nuclease-free water. RNA quality and purity were
checked using a Nanodrop 2000C (Thermo Scientific) prior to being transcribed into
cDNA using the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) per
manufacturer instructions. SYBR Green Master Mix (Applied Biosystems, Foster City,
CA, USA) was mixed with 10 ng of cDNA and B-2-microglobulin primer (forward: 5’-
TGGTCTTTCTGGTGCTTGTC-3", 100 uM; reverse: 5’-
GCAGTTCAGTATGTTCGGCT-3’, 100 uM), IL-1B primer (forward: 5°-
CTGGTGTGTGACGTTCCCATTA-3’, 100 uM; reverse: 5’°-
CCACAGCACGAGGCTTT-3’, 100 uM), IL-6 primer (forward: 5°-
AAGAACAAAGCCAGAGTCCTTC-3’, 300 uM; reverse: 5°-
TAGGAGAGCATTGGAAATTGGG-3’, 300 uM), or TNF-a primer (forward: 5°-
CCCTCACACTCACAAACCAC-3’, 300 uM; reverse: 5°-
TTTGAGATCCATGCCGTTGG-3’, 300 uM). gPCR was conducted at 95°C for 10 min,
followed by 40 cycles of 95°C for 10 sec, 55.6°C for 30 sec, and 60°C for 30 sec. Single
amplicon was confirmed by melt curve. As a readout of proinflammatory cytokine gene
transcript amount, we first calculated a difference in quantification cycle number (ACq),
detected using LinRegPCR software (Ramakers et al. 2003), between the reference gene
(B-2-microglobulin) and the proinflammatory cytokine gene transcripts in each sample.
Next, we calculated AACq by subtracting each ACq value from the mean of

corresponding contralateral ACq values; the greater the AACq value, the greater the
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amount of proinflammatory cytokine gene transcript in the ipsilateral side relative to that

in the contralateral side.

IMMUNOHISTOCHEMISTRY

Twenty-four hours after treatment with intrathecal unconjugated saporin or Mac-1-
saporin, or seven to ten days after capsaicin plus vibration, bicuculline plus vibration, or
CGP 52342 plus vibration, mice were perfusion-fixed using phosphate buffered saline
(PBS) followed by Lana’s fixative (4% paraformaldehyde and 14% picric acid in PBS).
The lumbar spinal cord (L3-L5) was resected and post-fixed in Lana’s fixative for 4 hr,
and then dehydrated in 30% sucrose solution overnight. Samples were then embedded in
Tissue-Plus Optimal Cutting Temperature (O.C.T.) Compound (Fisher Health Care,
Norwich, UK). Lumbar spinal cord sections (12 um thick) were stained for Ibal using an
anti-Ibal primary antibody (1:2,000, rabbit; Wako, Japan), followed by AlexaFluor 488-
conjugated anti-rabbit secondary antibody (1:300; Thermo Fisher). Stained sections were
mounted with DAPI-containing media (Vectashield; Vector Laboratories, Burlingame,
CA, USA). ImageJ was used to analyze confocal microscope images by percent area

florescence (La et al. 2016; F. Zhang et al. 2012) within the medial dorsal horn.

STATISTICAL ANALYSES
In experiments assessing thermal sensitivity by measuring paw withdrawal latency at
multiple time points, mean+SD or individual values are presented, and data were

analyzed using linear mixed model (LMM) with the first order autoregressive (AR1)
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covariance structure for repeated measures (Time) followed by Sidak multiple
comparison tests. To delineate the resolution time course of capsaicin-induced thermal
hypersensitivity, the difference between withdrawal latencies at baseline and each time
point (ALt) was normalized to the peak difference at 2 hr post-capsaicin (AL2p) in
individual mice. Curve fitting was performed using a single-phase exponential decay
function in each sex and statistically tested to determine whether different curves fit for
male and female data (Prism ver. 8, GraphPad, CA, USA).

In experiments assessing mechanical sensitivity by counting the number of paw
withdrawals out of 10 trials at multiple experimental time points, data are presented as
mean with standard error of the mean (SEM) and were analyzed using generalized linear
mixed model (GLMM) with a logit link function for binomial distribution and AR1
covariance structure for repeated measures; sequential Sidak procedure was used for
multiple comparisons between groups at each time point; degrees of freedom were
allowed to vary across tests (SPSS ver. 25, IBM, NY, USA).

In an Evans Blue extravasation assay, data were log-transformed to resolve
heteroscedasticity and analyzed using LMM (Paw side [nested within an animal] x Model
x Time in each sex; Bonferroni test for multiple comparisons). The levels of gene
expression were analyzed by comparing AACq value between groups using LMM (Paw
side [nested within an animal] x Model x Time in each sex; Bonferroni test for multiple
comparisons).

Ibal-immunoreactive density values were obtained from each dorsal horn side of
multiple sections from a single mouse. A multilevel analysis (linear mixed model) was

used for this nested design (two dorsal horn sides nested within a section and multiple
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sections nested within a mouse) with random intercepts. We took an a priori approach for
predetermining comparison pairs by Bonferroni tests (e.g., ipsilateral vs. contralateral

sides in each treatment); P value was adjusted.
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Chapter 3: Post-injury stimulation triggers a transition to nociplastic

pain in micel

INTRODUCTION
Tissue injury produces nociceptive pain that gradually subsides as the injury heals and
local inflammation resolves. However, as in chronic pain conditions such as complex
regional pain syndrome (CRPS) type | and chronic post-surgical pain, pain can persist
long after the inciting injury has healed, without apparent organic abnormalities
underlying the pain (McCabe and Blake 2008; Steegers et al. 2008). This type of chronic
pain, recently termed “nociplastic pain” by the International Association for the Study of
Pain (1ASP) taskforce, is a unique category of chronic pain disorders distinct from
idiopathic and neuropathic pain (Kosek et al. 2016). In such disorders, nociplastic pain
originates from “altered nociception despite no clear evidence of actual or threatened
tissue damage causing the activation of peripheral nociceptors or evidence for disease or
lesion of the somatosensory system” (Kosek et al. 2016). Owing to its heterogeneous
etiology and a lack of mechanistic insight, the development and implementation of
effective therapeutics to prevent and treat nociplastic pain conditions have been greatly
hindered.

There are multiple critical questions which must be addressed in nociplastic pain
studies. Notably, females are disproportionately affected by nociplastic pain conditions

(Kehlet, Jensen, and Woolf 2006; Melchior et al. 2016; Sandroni et al. 2003). The female

I This chapter was published by PAIN. Hankerd K, McDonough KE, Wang J, Tang SJ, Chung JM, La JH.
Postinjury stimulation triggers a transition to nociplastic pain in mice. PAIN. 2022 March 1. doi:
10.1097/j.pain.0000000000002366. PMID: 34285154.
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overrepresentation in chronic pain conditions in general has been attributed to both
biological and psychosocial factors. However, the potential contribution of inherent
female susceptibility or sexually dimorphic pain mechanisms to the incidence of
nociplastic pain is unclear. Aside from sex, it is noteworthy that in some nociplastic pain
conditions such as CRPS type | (“Complex Regional Pain Syndrome Fact Sheet” 2020),
fibromyalgia (Dadabhoy and Clauw 2006), post-infectious irritable bowel syndrome, and
chronic post-surgical pain, potential or obvious inciting injuries (trauma, infection, etc.)
could be identified. Since such injuries do not always result in nociplastic pain
conditions, it is of interest and significance to understand how the injury-induced initial
pain transitions to nociplastic pain, and how the nociplastic pain state is maintained, once
established, in the absence of ongoing tissue damage.

With respect to such transition, chronic post-surgical pain provides valuable
information about risk factors. Surgery being considered a tissue injury by itself or a post
injury insult, clinical findings indicate that the magnitude of pain after or before surgery
may be predictive of its “chronification” (Yarnitsky et al. 2008). Designing experimental
approaches for modeling nociplastic pain in animals to address the abovementioned
questions, we used these clinical findings to experimentally trigger the transition from an
injury-induced, normally resolving pain to nociplastic pain in an animal model of acute
injury. Specifically, we enhanced post-injury pain by stimulating the injured area. Our
previous studies show that capsaicin-induced mechanical hypersensitivity in rats is
transiently enhanced and prolonged by stimulation of the capsaicin-injected paw even at a
normally innocuous intensity (H. K. Kim et al. 2007; H. T. Kim et al. 2001). Using this

paradigm, we established here that mechanical hypersensitivity can be significantly
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prolonged after post-injury stimulation in both male and female mice, without apparent
persistent tissue damage, and that this prolonged mechanical hypersensitivity is
maintained by sexually dimorphic mechanisms. Portions of these studies have been
reported in abstract form (K. M. Hankerd, La, and Chung 2019; K. E. McDonough et al.

2019).

RESULTS
Intraplantar capsaicin produced pain hypersensitivity that resolved in different

time courses between sexes

Our model utilizes 0.1% capsaicin injection as an experimental injury, followed by post-
injury thermal stimulation. This concentration of capsaicin is commonly used as a
chemical injury for producing acute pain by directly activating nociceptors (primarily
producing a burning sensation) (Schmelz et al. 2000) and inducing both peripheral
(Baumann et al. 1991) and central sensitization (Gazerani, Andersen, and Arendt-Nielsen
2005; La et al. 2017). Prior to developing a nociplastic pain animal model using post-
injury thermal stimulation to increase post-injury pain, we first characterized capsaicin-
induced sensitization, focusing on sex differences in the magnitude of capsaicin-induced
thermal and mechanical hypersensitivity. In our radiant heat test condition, males showed
a longer latency to withdrawal at baseline and a steeper trajectory back to the baseline
level after capsaicin injection (Figure 2A). Curve fitting of the resolution time course of
capsaicin-induced thermal hypersensitivity (with the hypersensitivity at 2 hr post-
capsaicin being set as the 100% peak for each mouse) revealed slower resolution in

females than in males (Fig. 3: R?=0.73 for females, 0.84 for males; F(2,90)=24.8,
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p<0.001). A resolution time constant (tau) was 3.1 days for females (95% CI: 2.3-4.1
days) and 1.0 day for males (95% CI: 0.8-1.2 days), suggesting a slower subsidence of
capsaicin-induced thermal nociception in females.

We also noted differences in the resolution of capsaicin-induced mechanical
hypersensitivity. While both sexes showed a similar degree of mechanical
hypersensitivity at 1 hr post-capsaicin and a gradual decrease over the following 3 days,
females manifested significantly greater mechanical hypersensitivity than males at 1 day

post-capsaicin (Fig. 2B: t(105)=2.60 by sequential Sidak test, p=0.011).
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Figure 2:  Sex difference in capsaicin-induced thermal and mechanical
hypersensitivity.

(A) Mice developed thermal hypersensitivity after intraplantar capsaicin (Cap,
red arrow) injection, showing decreased latency to withdraw from radiant heat.
Females (n=6) showed a slower recovery to the baseline (BL) level than males
(n=8 until day 1, n=6 on day 2, n=4 in days 3-21). (B) Mice developed
mechanical hypersensitivity after intraplantar Cap injection, showing increased
hind paw withdrawals from von Frey filament (VFF, 0.98 mN) probing of an
area outside the Cap injection site, which gradually resolved in 7 days. Females
(n=9) showed greater mechanical hypersensitivity at 1 day post-capsaicin than
males (n=8). *p<0.05, **p<0.01 between males and females by the Sidak
multiple comparison test.
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We next determined
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Figure 3:  Curve fitting of capsaicin-
induced thermal hypersensitivity
revealed slower resolution of the
hypersensitivity in females than
in males.

outside the capsaicin injection
site. This “air immersion” was

done 2 hr after capsaicin
ALt, the difference between withdrawal

injection. As shown in Fig. 4A latencies at baseline and each time point;
AL2h, the peak difference (100%) at 2 hr post-

and B, the magnitude of Cap. The shaded area indicates 95%
confidence interval. Males: n=8 until day 1,

mechanical hypersensitivity n=6 on day 2, n=4 in days 3-21. Females: n=6
throughout.

was not significantly different

between the capsaicin alone and the “capsaicin plus air dip” groups in each sex (Cap vs.
Cap-air dip across the experimental time points: F(1,27)=0.33, p=0.57 in females;
F(1,13)=0.051, p=0.82 in males by GLMM analysis). As the results indicated that the
hind paw immersing movement itself does not change capsaicin-induced mechanical
hypersensitivity, we pooled the “capsaicin plus air immersion” group with the “capsaicin

alone” group and regarded them as “capsaicin controls” throughout this study.
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Figure 4:  Capsaicin-induced mechanical hypersensitivity is not affected by
hind paw immersing motion itself.

In both (A) males and (B) females, the dipping motion (white arrow) of the
capsaicin (Cap, red arrow)-injected hind paw into an empty water bath does not
affect the magnitude and time course of Cap-induced mechanical
hypersensitivity. Data are presented as mean+SEM. Males: n=8 in Cap and n=8
in Cap+air dip. Female: n=9 in Cap and n=10 in Cap+air dip. BL, baseline.

Post-injury stimulation prolonged injury-induced mechanical hypersensitivity

Having determined that the hind paw immersing movement itself does not affect
capsaicin-induced mechanical hypersensitivity, we next assessed whether the
hypersensitivity could be prolonged by stimulating the capsaicin-injected paw with 40°C
water immersion (30 sec per min for 10 min at 2 hr after capsaicin; the von Frey testing
site was not immersed). This temperature is normally innocuous but reported to cause
discomfort in humans after development of capsaicin-induced thermal hypersensitivity
(Moulton et al. 2007). While the 40°C stimulation of the vehicle-injected hind paw did
not induce mechanical hypersensitivity (data not shown), this thermal stimulation applied
to the capsaicin-injected hind paw significantly prolonged capsaicin-induced mechanical
hypersensitivity (Fig. 5); capsaicin plus 40°C group showed greater mechanical

hypersensitivity than capsaicin control in both sexes from day 1 (male) or day 3 (female)
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Figure 5:  Chronification of capsaicin-induced mechanical hypersensitivity by
postinjury thermal stimulation.

In both males (A) and females (B), stimulation of capsaicin (Cap, red arrow)-
injected area by 40°C water (yellow arrow) at 2 hours post-capsaicin
significantly prolonged capsaicin-induced mechanical hypersensitivity. However,
when 30°C water was used instead of 40°C water, only females showed a
significant chronification. Males: n=16 in Cap control, n=9 in Cap+30°C, and
n=11 in Cap+40°C. Females: n=19 in Cap control, n=9 in Cap+30°C, and n=8 in
Cap+40°C. *p<0.05, **p<0.01 vs Cap control by sequential Sidak multiple
comparison tests; as the same Cap control and Cap+40°C (at 2 hours) groups
were used for statistical comparisons in Fig. 7, differences between Cap control
and all the other groups in Figures 5 and 7 were analyzed in the same statistical
test. BL, baseline.

and on up to day 21 post-capsaicin. This prolonged mechanical hypersensitivity was no
longer present by day 28 in both sexes (males: median=10%, IQR=0-10%, n=9; females:
median=10%, IQR=0-17.5%, n=8). We next asked whether chronification of capsaicin-
induced mechanical hypersensitivity would depend on the intensity of post-injury thermal
stimulation. When the capsaicin-injected hind paw was stimulated with 30°C water at 2
hr post-capsaicin, capsaicin-induced mechanical hypersensitivity was still significantly
prolonged in females, but not in males. Based on the results that 40°C water immersion
reliably prolongs capsaicin-induced mechanical hypersensitivity in both sexes, we chose
this as the intensity of post-injury thermal stimulation for all future experiments. Of note,
capsaicin-induced thermal hypersensitivity was not prolonged by the 40°C post-injury

thermal stimulation; the latency to withdraw from radiant heat at 7-21 days post-capsaicin
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Figure 6:  Chronification of capsaicin-
induced thermal
hypersensitivity does not occur
by 40°C postinjury
stimulation.

In both sexes, the heat sensitivity, measured
as the latency to withdraw from radiant
heat, did not differ between baseline (BL)
and 7 to 21 days after the stimulation of
capsaicin (Cap)-injected area with 40°C
water at 2 hours post-capsaicin. Males: n=6
until day 14 and n= 4 at day 21. Females,
n=6 throughout. Thick lines with square
symbols indicate mean+SEM of each sex.
Thin lines indicate individual animals.

did not differ from the baseline
values in both sexes (Fig. 6).
Therefore, we focused our later
studies on chronification of
mechanical hypersensitivity.

In our modeling approach,
post-injury stimulation was used to
increase pain after injury, based on
clinical findings indicating that
greater pain after surgery (i.e.,
surgery being an injury) increases
the risk of chronification of post-
surgical (i.e., post-injury) pain.

Therefore, in our experimental

design using capsaicin as an experimental injury, we hypothesized that the effect of post-

injury 40°C stimulation, which serves to increase post-injury pain, will diminish as the

injury-induced thermal hypersensitivity abates, consequently reducing the likelihood of

mechanical hypersensitivity chronification. Thus, we next tested whether the 40°C post-

injury stimulation would still effectively induce the chronification of mechanical

hypersensitivity when the capsaicin-induced thermal hypersensitivity decreased to

approximately 70% or 35% of the peak thermal hypersensitivity (100% at 2 hr post-

capsaicin). Because the thermal hypersensitivity resolves differentially between sexes as

shown in Fig. 3, we chose sex-specific time points for the two abating phases: 6 hr vs. 1
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Figure 7:  Magnitude of capsaicin-induced thermal hypersensitivity at the time
of postinjury thermal stimulation is predictive of mechanical
hypersensitivity chronification.

In both males (A) and females (B), mechanical hypersensitivity was significantly
prolonged by the postinjury thermal stimulation (yellow arrow) when capsaicin
(Cap, red arrow)-induced thermal hypersensitivity has abated to ~70% of the
peak (6 hours in males and 1 day in females). However, when the thermal
hypersensitivity decreased to ~35% of the peak (1 day in males and 3 day in
females), the 40°C postinjury stimulation did not produce chronification of
capsaicin-induced mechanical hypersensitivity in males (C); females still showed
significantly greater mechanical hypersensitivity at time points > day 3 post-Cap
(D). Males: n=16 in Cap control, n=11 in Cap+40°C at 2 hours, n=8 in
Cap+40°C at 6 hours, and n=10 in Cap+40°C at 1d. Females: n=19 in Cap
control, n=8 in Cap+40°C at 2 hours, n=8 in Cap+40°C at 1d, and n=7 in
Cap+40°C at 3d. *p<0.05, **p<0.01 vs Cap control by sequential Sidak multiple
comparison tests; as the same Cap control and Cap+40°C at 2 hours groups were
used for statistical comparisons in Fig. 5, differences between Cap control and all
the other groups in Figures 5 and 7 were analyzed in the same statistical test. BL,
baseline.

day post-capsaicin for males and 1 day vs. 3 days post-capsaicin for females to represent
the 70% vs. 35%, respectively based on curve fitting results. In mice that receive this

“delayed” 40°C stimulation, no difference vs. capsaicin control would be expected prior
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to the post-injury stimulation. When capsaicin-induced thermal hypersensitivity abated to
approximately 70% (i.e., 6 hr in males and 1 day in females), the 40°C stimulation still
significantly increased mechanical hypersensitivity at time points later than the time point
of 40°C stimulation (Fig. 7A and B). When the thermal hypersensitivity subsided to
approximately 35% (i.e., 1 day in males and 3 days in females), mechanical
hypersensitivity was not prolonged in males (Fig. 7C); however, in females, the
hypersensitivity was still significantly increased at time points later than day 3 (Fig. 7D;
note that the post-injury stimulation was applied 30 min before the behavioral tests on
day 3). These data suggest that the magnitude of capsaicin-induced thermal
hypersensitivity at the time of post-injury thermal stimulation is predictive of mechanical
hypersensitivity chronification and females have a wider timeframe than males, in which
post-injury stimulation can trigger such chronification.

Next, we determined whether a different type of post-injury stimulation would
also be able to prolong mechanical hypersensitivity. When vibration (92 Hz, 10 sec at 30
sec intervals over 10 min) was used instead of thermal stimulation at 2 hr post-capsaicin,
mechanical hypersensitivity was effectively prolonged as shown in Fig. 8A and B. This
result suggested that chronification of mechanical hypersensitivity may be induced by
different modalities of post-injury stimulation.

We next investigated the potential limitation of the ability for post-injury thermal
stimulation to prolong mechanical hypersensitivity in other types of injuries. In this
experiment, we applied the 40°C thermal stimulation to an incision injury area at 23 hr
post-incision (i.e., 1 hr before behavioral tests on day 1). We found that the incision-

induced mechanical hypersensitivity was significantly prolonged as shown in Fig. 8C
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Figure 8:  Confirmation of mechanical hypersensitivity chronification using
different modeling paradigms.

(A and B) When the capsaicin (Cap)-injected hind paw was stimulated with
vibration (92 Hz, 10 seconds at 30-second intervals for 10 minutes, orange
arrow) at 2 hours post-capsaicin, Cap-induced mechanical hypersensitivity was
significantly prolonged in both sexes. The vibrator probe was placed on the paw
but not turned on in Cap+sham Vib group. In both males and females, n=5 in
each group. (C and D) When the hind paw was immersed in 40°C water (30
seconds/minute for 10 minutes, yellow arrow) 23 hours after plantar incision, the
incision-induced mechanical hypersensitivity was significantly prolonged in both
sexes. Males: n=4 in incision and n=7 in incision+40°C. Females: n=5 in each
group. **p<0.01 vs corresponding control. BL, baseline. Vib, vibration.

and D. This data indicated that mechanical hypersensitivity chronification by post-injury
thermal stimulation is not restricted to the capsaicin model. Observing that these different
modeling paradigms commonly demonstrate that post-injury stimulation prolongs post-
injury mechanical hypersensitivity beyond the normal resolution time, we chose to use
capsaicin injection followed by 40°C thermal post-injury stimulation at 2 hr (capsaicin

plus 40°C) throughout the rest of this study.
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No clear evidence of persistent inflammation at the previous injury area to account

for the persistent mechanical hypersensitivity

Having found that post-injury stimulation of the capsaicin-injected paw at 2 hr post-
capsaicin made the capsaicin-induced mechanical hypersensitivity persistent, we next
examined whether this persistent hypersensitivity could be accounted for by persistent
inflammation at the capsaicin-injected paw, as capsaicin produces neurogenic
inflammation (Jancsd, Jancs6-Gabor, and Szolcsanyi 1968; Q. Lin, Wu, and Willis 1999).
Visual examination of the footpad during our experiments did not reveal obvious tissue

damage such as skin discoloration or edema. As inflammation may be present without
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Figure 9:  No evidence of increased vascular leakage at the capsaicin-

injected area 7 days after capsaicin plus 40°C postinjury
stimulation.

In both males (A) and females (B), Evans Blue extravasation, an indicator of
vascular leakage associated with tissue inflammation, was significantly greater
in the capsaicin (Cap)-injected area than in the corresponding contralateral
area at 2 hours and 1 day post-capsaicin. However, such increased vascular
leakage was not detected 7 days after Cap or Cap plus 40°C postinjury
stimulation (Cap+40°C). **p<0.01 between paired paw sides by Bonferroni
tests for 9 pairwise comparisons. The bottom, middle line, and top of each bar
indicate the minimum, mean, and maximum values in each group,

respectively. Males: at 2 hours, n=7 in Cap and in Cap+40°C; at 24 hours, n=8
in Cap and n=7 in Cap+40°C; at day 7, n=7 in Cap and n= 8 in Cap+40°C.
Females: at 2 hours, n=7 in Cap and n=8 in Cap+40°C; at 24 hours, n=6 in Cap
and Cap +40°C; at day 7, n=8 in Cap and Cap+40°C.
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overt abnormalities, we next used an Evans Blue extravasation assay to assess whether
plasma extravasation, an indicator of inflammation, was augmented at the capsaicin
injection area (Martin et al. 2010). Two hours after capsaicin injection, plasma
extravasation was significantly increased at the injection area compared to the
corresponding contralateral area (Fig. 9: t(38)=6.66, p<0.001 in males; t(37)=8.43,
p<0.001 in females by Bonferroni test for 9 pairwise comparisons). A similar increase
was detected in the capsaicin plus 40°C group at 2 hr post-capsaicin (t(38)=6.73, p<0.001
in males; t(37)=7.52, p<0.001 in females). Plasma extravasation at the capsaicin injection
area was still increased in both sexes at day 1 in capsaicin control (t(38)=4.09, p<0.005 in
males; t(37)=6.45, p<0.001 in females ) and capsaicin plus 40°C groups (t(38)=3.82,
p=0.004 in males; t(37)=7.62, p<0.001 in females ). However, at day 7, plasma
extravasation was not significantly different from that of the corresponding contralateral
area in all groups. These data suggested that capsaicin-induced local inflammation has
resolved by day 7 in both capsaicin control and capsaicin plus 40°C group.

In addition, we quantified proinflammatory cytokine gene transcripts at the
capsaicin injection area. As shown in Fig. 10, tissue contents of IL-1 mRNA in the
capsaicin injection area were greater in the capsaicin control (t(18.5)=4.20, p=0.003 in
males; t(16.7)=2.84, p=0.07 in females by Bonferroni test for 6 pairwise comparisons)
and capsaicin plus 40°C group (t(7.8)=4.48, p=0.017 in males; t(6.43)=5.0, p=0.015 in
females) than in corresponding contralateral areas at 1 day post-capsaicin. At this time
point, gene expression of other proinflammatory cytokines were also elevated in the
capsaicin injected area. TNF-o mRNA level was high in male capsaicin control

(t(26)=2.77, p=0.06) and female capsaicin plus 40°C groups (t(10.3)=5.15, p=0.003). Of
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Figure 10: No evidence of increased gene expression of proinflammatory
cytokines at the capsaicin-injected area 7 days after capsaicin plus
40°C postinjury stimulation.

In both males (A) and females (D), the quantity of interleukin (IL)-1p gene
transcript was greater in capsaicin (Cap)-injected area (Ipsi) than in the
contralateral counterparts (Contra) at 24 hours post-capsaicin. However, such
upregulation was not detected 7 days after Cap or Cap plus 40°C postinjury
stimulation (Cap+40°C). On day 7, the gene expression of IL-6 (B and E) and
tumor necrosis factor (TNF)-a (C and F) also did not differ between contralateral
and ipsilateral sides. Of note, the TNF-a gene expression in the ipsilateral side
(C) was significantly lower at 24 hours post-capsaicin in the male Cap+40°C
group, compared with that in Cap control. In female Cap+40°C group, IL-6 (E)
and TNF-a (F) mRNAs were significantly increased in the ipsilateral side at 24
hours post-capsaicin, compared with those in female Cap control. *p<0.05 and
**p<0.01 between paw sides; #p<0.05 and ##p< 0.01 between Cap and
Cap+40°C groups in the ipsilateral side by Bonferroni tests for 6 pairwise
comparisons. The bottom, middle line, and top of each bar indicate the minimum,
mean, and maximum values in each group, respectively. Males: in IL-1B, n=4 in
contra and n=5 in ipsi for Cap; n=6 in contra and n=4 in ipsi for Cap+40°C; in
IL-6, n=4 in contra and n=5 in ipsi for Cap; n=5 in contra and n=4 in ipsi for
Cap+40°C; for TNF-a, n=4 in contra and n=5 in ipsi for Cap; n=5 in contra and
n=4 in ipsi for Cap+40°C. Females: in IL-1B, n=4 in both sides for Cap; n=5 in
contra and n=4 in ipsi for Cap +40°C; in IL-6, n=4 in both sides for Cap; n=5 in
contra and n=4 in ipsi for Cap+40°C; for TNF-a, n=4 in both sides for Cap; n=5
in contra and n=4 in ipsi for Cap+40°C.

note, statistically significant increases in the quantities of IL-6 (t(23.9)=4.44, p=0.001)

and TNF-a mRNAs (t(23.7)=3.82, p=0.005) were detected only in female capsaicin plus
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40°C group, compared with their capsaicin control counterparts.

In line with the above plasma extravasation results, the quantities of these
MRNAS in the previously capsaicin-injected area 7 days post-capsaicin did not differ
either between the ipsilateral and contralateral sides or between the capsaicin control and
capsaicin plus 40°C group. Taken together, these data show that persistent mechanical
hypersensitivity in the capsaicin plus 40°C group arises despite no clear evidence of
ongoing inflammation at the previous injury site, suggesting that this animal model is in
the nociplastic pain state. Therefore, henceforth, we called this model a “nociplastic pain”

model.

Persistent mechanical hypersensitivity in our nociplastic pain model was alleviated

by pain medications

Human subjects who receive intradermal capsaicin injection report increased pain to
mechanical stimulation of areas around the injection site (LaMotte, Lundberg, and
Torebjork 1992; LaMotte et al. 1991; Magerl et al. 2001). Capsaicin-induced mechanical
hypersensitivity in animals is also regarded as increased mechanical nociception. In fact,
this hypersensitivity in animals is effectively alleviated by known pain medications such
as morphine and gabapentin (Joshi et al. 2006). Thus, we determined whether the same
pain medications would inhibit the prolonged capsaicin-induced mechanical
hypersensitivity in our model. As shown in Fig. 11, both morphine and gabapentin
immediately and robustly inhibited the persistent mechanical hypersensitivity present at

days 7-10 post-capsaicin in both males and females. These results also indicated the
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Alleviation of persistent mechanical hypersensitivity by pain
medications.

In both males and females, morphine (5 mg/kg, black arrow, A and B) and
gabapentin (100 mg/kg, black arrow, C and D) significantly alleviated the
persistent mechanical hypersensitivity at 7 to 10 days after stimulating the
capsaicin-injected area with 40°C water. Males: n=6 in vehicle (Veh), n=7 in
morphine, and n=7 in gabapentin. Females: n=6 in VVeh, n=5 in morphine, and
n=8 in gabapentin. *p<0.05, **p<0.01 vs pre-drug level in each group by
sequential Sidak multiple comparison tests.

nociceptive quality of the observed persistent mechanical hypersensitivity in our

nociplastic pain model.

Persistent mechanical hypersensitivity in females was maintained by ongoing

afferent activity at the previous injury site

Having determined that our nociplastic pain model manifests persistent mechanical

hypersensitivity in the absence of ongoing inflammation in both males and females, we

further tested whether this hypersensitivity outside the capsaicin injection area was

maintained by ongoing afferent activity at the capsaicin injection (i.e., previous injury)
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Figure 12: Female-specific alleviation of persistent mechanical
hypersensitivity by local anesthesia of previously capsaicin-injected
area.

Although a local injection of bupivacaine (Bup, 0.75%, black arrow) at the
previous injury (i.e., capsaicin injection) area had no effect on persistent
mechanical hypersensitivity outside the previous injury area in males (A), it
significantly alleviated the hypersensitivity in females (B) at 7 to 10 days after
stimulating the capsaicin-injected area with 40°C water. Males: n=7 in vehicle
(Veh) and n=8 in Bup. Females: n=8 in Veh and n=7 in Bup. **p<0.01 vs pre-
drug level in each group by sequential Sidak multiple comparison tests. VFF, von
Frey filament.

area. It was reported that activity of peripheral afferents at the previously injured area in
CRPS patients was critical for maintaining chronic mechanical allodynia remote from the
injured area (Gracely, Lynch, and Bennett 1992). To determine whether persistent
mechanical hypersensitivity was similarly maintained by such afferent activity in our
model, we locally injected bupivacaine at the previously capsaicin-injected area 7-10
days post-capsaicin to silence afferents innervating the area. As shown in Fig. 12,
bupivacaine treatment significantly attenuated persistent mechanical hypersensitivity
outside of the treatment area in females but not in males. These data indicate the
involvement of sexually dimorphic mechanisms in our nociplastic pain model;

specifically, that ongoing activity of afferents innervating the previous injury site plays a
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critical role in maintaining the nociceptive system sensitization underlying persistent

mechanical hypersensitivity outside the injury area in females but not in males.

Persistent mechanical hypersensitivity in males is maintained by activated microglia

in the spinal cord

Recent studies revealed that activated microglia play a male-specific role in other chronic
pain models (Mapplebeck et al. 2018; Sorge et al. 2015; Taves et al. 2016). To obtain
insights into the maintenance mechanism of the persistent mechanical hypersensitivity in
the male nociplastic pain model, we next investigated the role of microglia in the spinal
cord. To this end, we determined the effect of Mac-1-saporin, a microglia targeting toxin,
on the persistent mechanical hypersensitivity 7-10 days post-capsaicin. We observed that
Mac-1-saporin treatment significantly attenuated persistent mechanical hypersensitivity
in males, but not in females (Fig. 13A and B). We immunostained spinal cord samples
from these mice and quantified the immunoreactivity of Ibal, a protein upregulated in
activated microglia (Daisuke Ito et al. 1998). As shown in Fig. 13C and D, in the male
nociplastic pain model treated with control saporin, Ibal-immunoreactivity in the
ipsilateral dorsal horn was greater than in the paired contralateral side (t(10)=6.45,
p<0.001 by Bonferroni test for 4 pairwise comparisons), but not in the female model. We
were additionally able to replicate this experiment in our male capsaicin plus vibration
model (Fig. 14). Such a difference in Ibal-immunoreactivity between ipsi- and contra-
lateral dorsal horns were not detected in the nociplastic pain models treated with Mac-1-

saporin, suggesting the effectiveness of Mac-1-saporin treatment on microglial inhibition
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Figure 13: Male-specific alleviation of persistent mechanical hypersensitivity
by inhibition of spinal microglia.

An intrathecal injection of the microglia-targeting toxin Mac-1-saporin (Mac-1-
sap, 8.85 mM, black arrow) significantly alleviated persistent mechanical
hypersensitivity in males (A) but not in females (B) at 7-10 days after stimulating
the capsaicin-injected area with 40°C water. **p<0.01 vs pre-drug level in each
group by sequential Sidak multiple comparison tests. (C and D) The
immunoreactivity of Ibal, a marker of activated microglia, was significantly
higher in the ipsilateral side in the male nociplastic pain model treated with
unconjugated saporin (control sap); this increase in Ibal immunoreactivity (Ibal-
ir) in the male nociplastic pain model was not observed after intrathecal Mac-1-
sap treatment. No difference was detected between either dorsal horn sides or
treatment groups in the female nociplastic pain model. Males: n=7 in each group.
Females: n=8 in control sap and n=9 in Mac-1-sap. **p<0.01 by Bonferroni tests
for 4 pairwise comparisons in each sex. In D, thick lines with circle symbols
indicate the mean Ibal-ir of multiple sections from each mouse. Thin gray lines
indicate Ibal-ir in each section.

in our experiments. Of note, the dose of Mac-1-saporin used in this experiment appeared
to “normalize” the upregulated Ibal expression rather than to inhibit the expression
below the control level. Together, these data indicate that in males, but not in females,
our nociplastic pain model leads to activation of spinal microglia, which maintain the

persistent mechanical hypersensitivity.
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Figure 14: Activated spinal microglia maintain persistent mechanical
hypersensitivity in the capsaicin plus vibration model of nociplastic
pain.

(A) Intrathecal injection of Mac-1-saporin 7-10 days post capsaicin plus vibration
attenuates persistent mechanical hypersensitivity. N=5 in each group. **p<0.01
vs. pre-drug level in each group by sequential Sidak multiple comparison tests.
(B and C) Compared to that in the contralateral side of the spinal cord dorsal
horn, immunoreactivity of Ibal, a marker of activated microglia, was
significantly increased in the ipsilateral side (to the capsaicin injected/vibrated
hind paw) in the male capsaicin plus vibration nociplastic pain model. This
increase was not detected in mice treated with intrathecal Mac-1-saporin. N=3 in
each group; **p<0.01. In C, thick lines with circle symbols indicate the mean
Ibal-ir of multiple sections from each mouse. Thin gray lines indicate Ibal-ir in
each section.

DISCUSSION

In the present study, we introduce a novel mouse model to facilitate elucidation of

mechanisms for the transition to and maintenance of a nociplastic pain state. In this

model, post-injury stimulation (40°C water or vibration) was applied to the injured area

created by either intraplantar capsaicin injection or plantar incision to trigger the

transition from normally resolving pain to persistent nociplastic pain. Using these

experimental paradigms, we significantly prolonged the injury-induced mechanical

hypersensitivity, modeling pain chronification and thus providing a platform for

understanding its mechanisms. Importantly, we did not detect clear evidence of ongoing

tissue damage (inflammation) accounting for this persistent mechanical hypersensitivity.
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Hence, the phenotypes of our model reflect the transition to a nociplastic pain state as
opposed to a persistent nociceptive pain state due to chronic inflammation.

Similar to the hyperalgesic priming (type 1) model that has been used for studying
mechanisms of pain chronification (C. A. Parada, Reichling, and Levine 2005), we also
used a paradigm of an initial injury (to “prime/sensitize” the nociceptive system)
followed by a post-injury stimulus to establish pain chronification. However, our model
differs from the hyperalgesic priming model in multiple aspects. First, in our nociplastic
pain model, sensitization of the nociceptive system by an acute injury transitions to a
persistent state (as a continuum) by post-injury stimulation, as the post-injury stimulation
must be given before the initial injury-induced hypersensitivity substantially abates to
ensure the transition to the nociplastic pain state. By contrast, in the hyperalgesic priming
model, chronification is precipitated by the post-injury stimulation (most commonly an
injection of inflammatory mediators) given after the initial injury-induced
hypersensitivity completely resolves. Additionally, while the injury area is probed for
detecting mechanical hypersensitivity in the hyperalgesic priming model (i.e., mainly
focusing on peripheral nociceptor sensitization), areas outside the initial injury are probed
in our nociplastic pain model. This approach makes it possible to infer the involvement of
central sensitization in nociplastic pain as central sensitization mediates such “secondary
mechanical hypersensitivity”. We acknowledge, however, that definitive evidence of a
lack of peripheral sensitization in the probed area is necessary to attribute the persistent
mechanical hypersensitivity in our model solely to central sensitization. With these

similar and dissimilar features to hyperalgesic priming models, our nociplastic pain
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model provides novel and complementary systems to investigate the mechanisms of pain
chronification.

One of the interesting behavioral phenotypes of this nociplastic pain model
(capsaicin plus 40°C group) is that only mechanical, not thermal, hypersensitivity can be
made persistent by the post-injury stimulation. This finding suggests that pain
hypersensitivity in the nociplastic pain state may not be due to a generalized sensitization
of the nociceptive system. Although an original injury can cause such generalized
sensitization, as indicated by the observation that capsaicin induces both mechanical and
thermal hypersensitivity, chronification of pain hypersensitivity seems to occur rather
specifically at nociceptive circuits of a given sensory modality. This notion is consistent
with the fact that chronic pain patients can be stratified by their sensory profiles (e.qg.,
mechanical hyperalgesia- vs. thermal hyperalgesia-predominant patient groups) (Baron et
al. 2017; Vollert et al. 2017). In this regard, it would be an interesting question whether
the nature of post-injury stimulation would be a factor for such a “circuit-specific”
chronification of nociceptive system sensitization. In this study, we found both warmth
and vibration similarly yielded chronification of capsaicin-induced mechanical
hypersensitivity. Therefore, at least in the capsaicin model, it could be that the two
different stimulation modalities commonly activate polymodal afferents (sensitized by
the initial injury) to persistently sensitize central circuits for mechanical nociception.
Alternatively, two different (modality-wise) peripheral afferent pathways may converge
on the same central targets (sensitized by the initial injury) that drive persistent
sensitization of mechanical nociceptive circuits. Interestingly, the absence of persistent

thermal hypersensitivity in our nociplastic pain model corresponds to the absence of local
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inflammation in the affected hind paw. If there were persistent inflammation, this model
would likely show persistent thermal hypersensitivity as do other inflammatory pain
models (Ren and Dubner 1999). It should be noted that in this study we did not measure
thermal hypersensitivity in mice treated with a different type of initial injury (i.e., plantar
incision) or post-injury stimulation (i.e., vibration). Thus, it remains to be investigated
whether these two additional models would also manifest a circuit-specific chronification
of nociceptive system sensitization.

Clinically, women are disproportionately affected by nociplastic pain (Melchior et
al. 2016). We found that females are more susceptible than males to pain chronification
in at least two ways. First, pain chronification can be triggered by relatively lower
intensity of post-injury stimulation in females than in males, as 30°C thermal stimulation
post-capsaicin prolonged the capsaicin-induced mechanical hypersensitivity only in
female mice. Second, compared with males, females have a wider timeframe in which
post-injury stimulation can trigger pain chronification. Therefore, if any post-injury
events stimulating an injured area occur after a while at low intensity, more females than
males are likely to develop a nociplastic pain condition. Our nociplastic pain model is
expected to be a valuable tool to further understand the mechanisms underlying these sex
differences in the stimulus responsiveness and resolution of sensitized nociceptive
system.

In addition to the abovementioned sex differences, we have identified sexually
dimorphic mechanisms maintaining the nociplastic pain state. We found that silencing
afferents innervating the previous capsaicin injection area significantly attenuated

persistent mechanical hypersensitivity outside the injection site only in females. This
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“peripherally-maintained” mechanical hypersensitivity observed in our model is
reminiscent of the clinical report on 4 CRPS cases (3 women and 1 man) whereby local
anesthesia of previous injury sites abolished chronic mechanical allodynia in areas
remote from the injury sites (Gracely, Lynch, and Bennett 1992). It remains to be
identified how and what afferents are persistently active at the previous injury site to
mediate the maintenance of the nociplastic pain state in females. With respect to this, it is
noteworthy that 1 day after capsaicin injection, the amounts of IL-6 and TNF-a mRNAs
in the injection area were significantly greater in female capsaicin plus post-injury
thermal stimulation group than in capsaicin controls. Considering that peripheral
injection of IL-6 or TNF-a induces hyperalgesic priming in nociceptors (Dina, Green,
and Levine 2008; Hendrich et al. 2013; Carlos A. Parada et al. 2003), it could be that
these cytokines (elevated by post-injury thermal stimulation only in females) prime or
sensitize nociceptors innervating the capsaicin injection site by mechanisms similar to
hyperalgesic priming. As to the identity of such sensitized nociceptors maintaining the
nociplastic pain state in female mice, they likely belong to afferent populations not
critical for cutaneous heat nociception in the mouse because thermal sensitivity was
normal in this nociplastic pain model. Additionally, as female sex hormones, notably
estrogen, are implicated as mechanistically important in hyperalgesic priming (Khomula
et al. 2017), future studies are warranted to investigate the hormone’s potential role in the
“peripherally maintained” nociplastic pain state.

Unlike in females, persistent mechanical hypersensitivity in males is “centrally
maintained” by activated spinal microglia. This finding corroborates previous studies

using chronic neuropathic pain models, in which microglia mediates pain in males
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(Echeverry et al. 2017; Kohno et al. 2018), but not in females (Mapplebeck et al. 2018;
Sorge et al. 2015). However, those neuropathic pain models and our nociplastic pain
model differ in the upregulation of microglial activation markers in females. In chronic
neuropathic pain models, microglia in the spinal dorsal horn of female mice are also
activated as determined by the upregulation of microglial markers such as Ibal (Sorge et
al. 2015). However, in females, activated microglia appear not to contribute functionally
to neuropathic pain per se. In our female nociplastic pain model, by contrast, microglial
activation was not detected, suggesting that spinal microglia in female mice may respond
differently in neuropathic and nociplastic pain conditions. Conversely, it will be
interesting to determine whether detailed cellular properties of spinal microglia in male
animals are similar in these two different persistent pain conditions.

Spinal microglia can be activated by factors released by afferent activity (Calvo et
al. 2011; Clark and Malcangio 2014; Inoue, Tsuda, and Koizumi 2005; Sawada et al.
1990). For example, a brief intense electrical stimulation of C-fibers, but not Ap/5-fibers,
led to the activation of microglia in the spinal dorsal horn of male rats, inducing
mechanical hypersensitivity which lasted longer than that produced by intraplantar
capsaicin injection (Hathway et al. 2009). These observations indicate the possibility that,
in our male nociplastic pain model, peripheral sensitization by capsaicin injection allows
the sensitized C-fibers to directly activate spinal microglia in response to post-injury
stimulation at “normally innocuous” intensity. Alternatively, central sensitization induced
by the capsaicin injection may prime male spinal microglia to be readily activated by

AP/d-fiber inputs generated by post-injury stimulation.
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In conclusion, we have developed a novel mouse model that meets the criteria of
IASP’s nociplastic pain definition: persistent pain arising from altered nociception
despite no clear evidence of actual or threatened tissue damage. This model recapitulates
that severe pain after injury and female sex are risk factors for pain chronification,
suggesting the significance of intensive pain management after an injury for the
prevention of chronic nociplastic pain development. We expect that this model will be a
useful tool for providing mechanistic insight to the transition to and maintenance of the
nociplastic pain state and will assist in the development of therapeutic interventions for

both male and female nociplastic pain syndromes.
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Chapter 4: Microglia mediate the transition to and maintenance of

nociplastic pain in males

INTRODUCTION
Nociplastic pain encompasses a multitude of chronic pain conditions including complex
regional pain syndrome (CRPS) type I, non-neuropathic chronic post-surgical pain, and
fibromyalgia (Kosek et al. 2016). These conditions are often incited by an injury which
subsequently heals (McCabe and Blake 2008; Steegers et al. 2008), but pain persists
despite no detectable tissue or nerve damage, distinguishing this type of pain (i.e.,
nociplastic pain) from chronic inflammatory and neuropathic pain. It is possible that the
transition to nociplastic pain may be triggered during the inciting injury-induced pain
hypersensitivity that normally resolves as the injury heals. This notion is supported by the
murine model developed in the previous chapter, in which application of normally
innocuous stimuli to an injured area triggers a transition to a nociplastic pain state only
during the timeframe of substantial pain hypersensitivity after the acute injury (K.
Hankerd et al. 2021). When considering that nociceptor inputs from the acute injury (e.g.,
capsaicin injection) inhibit spinal inhibitory neurons to allow innocuous stimuli to
activate nociceptive circuits (Pernia-Andrade et al. 2009), as envisaged in the Gate
Control Theory of Pain (Melzack and Wall 1965), it asks the question of whether this
spinal disinhibition is a pivotal factor for the transition to a nociplastic pain state.

In the previous chapter, we reported that a nociplastic pain state in our model
is maintained by sexually dimorphic mechanisms. Specifically, spinal microglia maintain
a nociplastic pain state only in males, as in chronic inflammatory and neuropathic pain

models (Mapplebeck et al. 2018; Sorge et al. 2015; Taves et al. 2016). While this
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suggests that reactive spinal microglia are a common culprit for chronic pain in males, it
raises a question of whether spinal microglia activation “drives” the transition to the
nociplastic pain state, and if so, whether this activation also utilizes a critical molecular
pathway identified in other chronic pain conditions. In addition, considering that
nociplastic pain differs from chronic inflammatory or neuropathic pain, it is important to
understand how spinal microglia can be activated without chronic tissue injury or direct
nerve damage. Therefore, in this study, we investigated whether spinal microglia
activation drives the transition to the nociplastic pain state, and if so, how they are
activated by normally innocuous stimuli in the context of spinal disinhibition. Portions of
these studies have been reported in abstract form (K. McDonough, La, and Chung 2021;

K. E. McDonough et al. 2019).

RESULTS

Microglial inhibition prevents the transition to a nociplastic pain state in males

We have previously shown that intraplantar capsaicin injection followed by postinjury
stimulation (either warm water immersion or vibration of the capsaicin-injected area)
produces mechanical hypersensitivity persisting beyond the normal resolution time in the
absence of ongoing peripheral injury (K. Hankerd et al. 2021). Notably, this nociplastic
mechanical hypersensitivity was found to be mediated by activated spinal microglia only
in males (K. Hankerd et al. 2021). While this result clearly indicates that activated spinal
microglia maintain the nociplastic pain state in male mice, it is unknown whether the
transition to the nociplastic pain state is driven by spinal microglia activation. To address

this question, we inhibited spinal microglia by intrathecally injecting Mac-1-saporin (Fig.
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Figure 15: Inhibiting spinal microglia prior to vibration stimulation prevents
the transition to a nociplastic pain state.

Intrathecal injection (black arrow) of (A) Mac-1-saporin or (B) minocycline after
capsaicin injection (red arrow) but prior to vibration (orange arrow) prevents the
transition to persistent mechanical hypersensitivity. N=6 in each group; *p<0.05,
**p<0.01 vs. pre-drug level in each group by sequential Sidak multiple
comparison tests. (C and D) Compared to the contralateral side of the spinal cord
dorsal horn, the ipsilateral (to the capsaicin injected/vibrated hind paw)
immunoreactivity of 1bal, a marker of activated microglia, was significantly
increased in the male capsaicin plus vibration nociplastic pain model. This
increase was not detected in mice treated with intrathecal Mac-1-saporin. N=5 in
saporin control group, n=6 in Mac-1-saporin group; **p<0.01. In D, thick lines
with circle symbols indicate the mean Ibal-ir of multiple sections from each
mouse. Thin gray lines indicate Ibal-ir in each section.

15A) or minocycline (Fig. 15B) following capsaicin injection, and then applied vibration

stimulation 2 hours after the capsaicin injection. When spinal microglia were inhibited at
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the time of vibration stimulation, male mice did not develop nociplastic mechanical
hypersensitivity (Fig. 15A and B: Mac-1-saporin: F(1,6)=10.29; p=0.02, Minocycline:
F(1,10)=5.423, p=0.04).

We previously found increased immunoreactivity of Ibal, a protein which is
upregulated in activated microglia (Daisuke Ito et al. 1998), in the ipsilateral (to the
capsaicin-injected hind paw) dorsal horn during the maintenance phase of nociplastic
pain state in males (K. Hankerd et al. 2021). In the present experiment, we likewise found
that control mice (no microglia inhibition before the postinjury stimulation) displayed the
expected increase in Ibal immunoreactivity in the dorsal horn ipsilateral to the initial
intraplantar capsaicin injection compared to the contralateral side. However, mice treated
with Mac-1-saporin before the postinjury vibration stimulation did not show a significant
difference in Ibal immunoreactivity between the ipsilateral and contralateral dorsal horns

(Fig. 15C,D: Saporin: F(1,62)=14.82 p<0.01 Mac-1-saporin: F(1,62)=1.81, p=0.18).

The BDNF-TrkB pathway does not mediate the transition to a nociplastic pain state

in males

Having found that spinal microglial activation is necessary for postinjury vibration
stimulation to produce a nociplastic pain state in males, we next sought to identify the
mechanism by which spinal microglia become activated upon the postinjury stimulation.
In animal models of neuropathic and inflammatory pain, microglial activation has been

shown to depend on the activation of the TrkB receptor by its ligand, Brain-derived
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Figure 16: BDNF-TrkB pathway is not responsible for the activation of
microglia and the transition to a nociplastic pain state in males.

(A) In order to confirm the effectiveness of our chosen dose and timing of TrkB
Fc chimera injection, we tested it in a BDNF pain model. When male mice were
pre-treated with intrathecal TrkB Fc chimera (blue arrow), there was a significant
attenuation in BDNF (black arrow) induced mechanical hypersensitivity. N=8 in
each group. **p<0.01 vs vehicle control by sequential Sidak multiple comparison
tests. (B) Intrathecal injection of TrkB Fc chimera (blue arrow), which sequesters
BDNF, following capsaicin injection (red arrow) but before vibration (orange
arrow) failed to prevent the transition to persistent mechanical hypersensitivity.
N=5 in each group.

neurotrophic factor (BDNF) (Coull et al. 2005; Ding et al. 2020; Obata and Noguchi
2006; Renn et al. 2011). Therefore, we examined if the activation of TrkB receptors by
BDNF would similarly mediate the spinal microglia-driven transition to a nociplastic
pain state. To this end, we first validated our experimental approach to inhibit TrkB
receptor activation by confirming the efficacy of intrathecal TrkB Fc chimera
pretreatment, which sequesters BDNF, against intrathecal BDNF-induced mechanical
hypersensitivity (Fig. 16A: F(1,22)=8.10; p<0.01). Having established that TrkB Fc
chimera was effective in preventing BDNF-induced mechanical hypersensitivity in our
hands, we intrathecally injected TrkB Fc chimera following capsaicin injection but prior

to vibration stimulation. This inhibition of the BDNF-TrkB pathway did not prevent the
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Figure 17: GABA agonist injection prior to vibration stimulation prevents the
transition to a nociplastic pain state.

(A) Intrathecal injection (black arrow) of the GABAA receptor agonist muscimol
or the GABAG& receptor agonist baclofen after capsaicin injection (red arrow) but
prior to vibration (orange arrow) prevent the transition to persistent mechanical
hypersensitivity in males. N=6 in vehicle group, n=>5 in muscimol group, and
n=5 in baclofen group; ++p<0.01 vs. pre-drug level in baclofen-treated group,
**p<0.01 vs. pre-drug level in muscimol-treated group by sequential Sidak
multiple comparisons test. (B and C) Compared to the contralateral side of the
spinal cord dorsal horn, the ipsilateral (to the capsaicin injected/vibrated hind
paw) immunoreactivity of Ibal, a marker of activated microglia, was
significantly increased in the male capsaicin plus vibration nociplastic pain
model. This increase was not detected in mice treated with intrathecal muscimol
or baclofen. N=5 in each group; **p<0.01. In C, thick lines with circle symbols
indicate the mean Ibal-ir of multiple sections from each mouse. Thin gray lines
indicate Ibal-ir in each section.

development of nociplastic mechanical hypersensitivity (Fig. 16B: F(1,8)=0.01, p=0.92),

indicating that the spinal microglia-driven transition to a nociplastic pain state in male

mice is not dependent on this neurotrophin signaling pathway.

GABAergic disinhibition underlies the transition a nociplastic pain state in males

The Gate Control Theory of Pain highlights how spinal disinhibition following injury-

produced activation of nociceptors allows low-threshold mechanoreceptors (LTMRS) to

activate transmission neurons leading to the perception of pain (Melzack 1996; Torsney
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and MacDermott 2006). As our vibration stimulation normally activates AB-LTMRS, we
hypothesized that injury-induced spinal GABAergic disinhibition is critical for postinjury
vibration stimulation to trigger the spinal microglia-driven transition to a nociplastic pain
state. To test this hypothesis, we increased spinal GABAergic inhibition following
capsaicin injection but prior to vibration stimulation by intrathecally injecting muscimol
(GABAA receptor agonist) or baclofen (GABAGg receptor agonist). The GABA agonists
prevented the development of nociplastic mechanical hypersensitivity (Fig. 17A:
Muscimol: F(4,44)=52.023, p<0.01 Baclofen: F(4,44)=34.79, p<0.01) and an increase in
Ibal immunoreactivity in the ipsilateral dorsal horn (Fig. 17B and C: Vehicle:

F(1,84)=57.31, p<0.01; Muscimol: F(1,84)=0.00, p=0.96, Baclofen: F(1,84)=0.01,
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Figure 18: Inhibiting GABAA receptor signaling prior to vibration stimulation
in the absence of an experimental injury can produce a transition to
chronic nociplastic pain in males, but not females.

(A) Chronification of bicuculline (black arrow) induced mechanical
hypersensitivity by vibration stimulation (orange arrow) occurs in males, lasting
at least 21 days, (B) but does not occur in females. Vibration was applied at the
time of peak mechanical hypersensitivity response to bicuculline injection: 1h
post injection in males, 1.5h post injection in females (Fig. 18). Males: n=5 in
each group, females: n=5 in each group. *p<0.05, **p<0.01 vs bicuculline
control by sequential Sidak multiple comparison tests.
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Figure 19:  Bicuculline plus vibration produces persistent mechanical

hypersensitivity only in the vibrated hind paw.

(A) Intrathecal bicuculline injection (black arrow) plus vibration (blue arrow)
produces persistent mechanical hypersensitivity in the vibrated hind paw
compared to controls, (B) but mechanical hypersensitivity does not persist in the
contralateral hind paw. N=4 per group; **p<0.01.

Conversely, in the next experiment, we investigated if spinal GABAergic

disinhibition alone (i.e., without peripheral injury such as intraplantar capsaicin injection)

would be sufficient for vibration stimulation to trigger a transition to a nociplastic pain

state. Similar to previous reports (I. Lee and Lim 2010; Malan, Mata, and Porreca 2002;

Minami et al. 1994), we found that a single intrathecal injection of bicuculline, a GABAA

receptor antagonist, produced transient mechanical hypersensitivity in both male and

female mice, which peaks at 1 hour post-injection in males, and 1.5 hours in females

(data not shown). Similar results were found for a single injection of the GABAGg receptor

antagonist CGP 52432 (data not shown). We applied vibration stimulation at these peak-

hypersensitivity timepoints following intrathecal bicuculline injection for each sex. This

procedure produced persistent mechanical hypersensitivity lasting at least 21 days in

males (Fig. 18A: F(1,12)=96.18, p<0.01) only in the hind paw ipsilateral to the vibration

stimulation (Fig. 19). In contrast, bicuculline-induced mechanical hypersensitivity was

not prolonged by the vibration stimulation in females (Fig. 18B: F(1,12)=0.00, p=0.98),
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Figure 20: Inhibiting GABAg receptor signaling prior to vibration stimulation
in the absence of an experimental injury can produce a transition to
chronic nociplastic pain in both sexes.

(A) Chronification of CGP 52432 (black arrow) induced mechanical
hypersensitivity by vibration stimulation (orange arrow) occurs in both males and
(B) females, lasting at least 21 days. Vibration was applied at 1h post injection in
males, 1.5h post injection in females. Males: n=5 in each group, females: n=5 in
each group. *p<0.05, **p<0.01 vs CGP 52432 control by sequential Sidak
multiple comparison tests.

indicating a dramatic sex-difference in the spinal GABAergic disinhibition-associated
mechanisms for producing the transition from acute pain to nociplastic pain.

Likewise, after an intrathecal injection of CGP 52432, unilateral hind paw
vibration produced persistent mechanical hypersensitivity in males, lasting at least 21
days (Fig. 20A: F(1,8)=84.39, p<0.01). Interestingly, unlike in female mice that received
intrathecal bicuculline, CGP 52432-treated females also developed prolonged mechanical
hypersensitivity after vibration stimulation (Fig. 20B: F(1,11)=15.14, p<0.01), indicating
that the sex-differences in the spinal disinhibition-associated mechanisms for the
transition to a nociplastic pain state are GABA receptor type-specific.

Having determined that a state of nociplastic mechanical hypersensitivity
could be produced by spinal disinhibition followed by normally innocuous peripheral
stimulation in the absence of an injury in the periphery, we further assessed whether the

nociplastic mechanical hypersensitivity produced by bicuculline plus vibration was also
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maintained by activated spinal microglia. Thus, 7 days after bicuculline plus vibration,
we intrathecally injected Mac-1-saporin. This inhibition of spinal microglia significantly
attenuated the persistent mechanical hypersensitivity in male mice (Fig. 21A:
F(1,8)=7.10; p=0.03), indicating that spinal microglia contribute to the maintenance of
the nociplastic pain state in this bicuculline plus vibration model similar to in the
capsaicin plus vibration model. In the spinal cord obtained 7-10 days after bicuculline
plus vibration, Ibal immunoreactivity was found to be increased in the ipsilateral (to the
vibrated hind paw) dorsal horn, which not seen following Mac-1-saporin treatment (Fig.
21B and C: Saporin ipsi vs. contra: F(1,58)=26.05, p<0.01; Mac-1-sap ipsi vs. contra:

F(1,58)=0.03, p=0.87).
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Figure 21: Bicuculline plus vibration model of nociplastic pain is maintained
by activated microglia in males.

(A) Intrathecal injection of Mac-1-saporin 7-10 days post bicuculline plus
vibration attenuates persistent mechanical hypersensitivity in males. N=7 in Mac-
1-saporin treated group, n=6 in saporin treated group. *p<0.05 vs. pre-drug level
in each group by sequential Sidak multiple comparison tests. (B and C)
Compared to the contralateral side of the spinal cord dorsal horn, ipsilateral (to
the vibrated hind paw) immunoreactivity of Ibal, a marker of activated
microglia, was significantly increased in the male bicuculline plus vibration
nociplastic pain model. This increase was not detected in mice treated with
intrathecal Mac-1-saporin. N=6 in Mac-1-saporin group, n=5 in saporin group;
**p<0.01. In C, thick lines with circle symbols indicate the mean Ibal-ir of
multiple sections from each mouse. Thin gray lines indicate Ibal-ir in each
section.
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In the CGP 53432 plus vibration model, the maintenance of the nociplastic
pain state was likewise mediated by activated spinal microglia in males (Fig. 22A:
F(1,8)=15.26, p<0.01), but not females (Fig. 22B: F(1,8)=0.59, p=0.47). In males treated
with CGP 52342 plus vibration, we found a corresponding increase in Ibal
immunoreactivity in the ipsilateral dorsal horn, which was not found in Mac-1-saporin-
treated mice (Fig. 22C and D: Saporin ipsi vs.contra: F(1,52)=54.44, p<0.01; Mac-1-sap

ipsi vs. contra: F(1,52)=0.10, p=0.76).

Proinflammatory cytokines, but not prostaglandins, maintain prolonged mechanical

hypersensitivity

Activated microglia are known to release a variety of proinflammatory factors which
contribute to pain hypersensitivity. Notably, these include proinflammatory cytokines
such as IL-6, IL-1B, and TNF-a, as well as prostaglandins generated from the COX
pathway, all of which have been implicated in neuropathic pain models (Echeverry et al.
2017; Ma, Du, and Eisenach 2002). Having identified microglia as a key mediator of
persistent mechanical hypersensitivity in our male nociplastic pain model, we
investigated whether these inflammatory factors played a role in the maintenance of male
nociplastic pain. Seven days after capsaicin plus vibration, we intrathecally injected
either a cocktail of neutralizing antibodies to inhibit IL-6, IL-1pB, and TNF-a, or the COX-
inhibitor indomethacin. We observed that mice which had been treated with the cocktail
of neutralizing antibodies showed significant attenuation of persistent mechanical
hypersensitivity (Fig. 23A: F(1,8)=6.68, p=0.03). However, mice treated with

indomethacin showed no change (Fig. 23B: F(1,9)=0.88; p=0.37). These data indicated
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that proinflammatory cytokines, but not prostaglandins, play a key role in maintaining

prolonged mechanical hypersensitivity in our male model of nociplastic pain.
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Figure 22: CGP 52432 plus vibration model of nociplastic pain is maintained
by activated microglia in males.

(A) Intrathecal injection of Mac-1-saporin 7-10 days post CGP 52432 plus
vibration attenuates persistent mechanical hypersensitivity in males, (B) but not
females. Males: n=5 in each group, females: n=5 in each group. *p<0.05,
**p<0.01 vs. pre-drug level in each group by sequential Sidak multiple
comparison tests. (C and D) Compared to the contralateral side of the spinal cord
dorsal horn, ipsilateral (to the vibrated hind paw) immunoreactivity of 1bal, a
marker of activated microglia, was significantly increased in the male CGP
52432 plus vibration nociplastic pain model. This increase was not detected in
mice treated with intrathecal Mac-1-saporin. N=5 in each group; **p<0.01. In D,
thick lines with circle symbols indicate the mean Ibal-ir of multiple sections
from each mouse. Thin gray lines indicate Ibal-ir in each section.
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Figure 23: Inhibiting inflammatory cytokines, but not the COX pathway,
attenuates the nociplastic pain state in males.

(A) Intrathecal injection of a cocktail of antibodies targeting TNF-a, IL-1p, and
IL-6 delivered 7-10 days post capsaicin plus vibration significantly attenuates
persistent mechanical hypersensitivity. N=5 in each group. (B) However,
intrathecal injection of indomethacin, targeting the COX pathway, does not alter
pain hypersensitivity. N=8 in vehicle group, n=7 in indomethacin group.
*p<0.05, **p<0.01 vs. pre-drug level in each group by sequential Sidak multiple
comparison tests.

DISCUSSION

In this study we demonstrated that activation of spinal microglia is necessary for the
transition from acute injury-induced pain to chronic nociplastic pain in males. However,
unlike other forms of chronic pain, the BDNF-TrkB pathway does not mediate this
microglial activation. It has been demonstrated that in both inflammatory and neuropathic
pain models, BDNF and TrkB receptors are upregulated in the dorsal root ganglion
leading to activation of microglia and alterations in pain sensitivity (Ding et al. 2020; Y .-
T. Lin et al. 2011; Obata and Noguchi 2006; Zhou et al. 2011). Additionally, endogenous
BDNF has been shown to play a key role in producing hyperalgesic priming in males
(Moy et al. 2018), and inhibition of BDNF-TrkB interaction has been shown to alleviate

hypersensitivity (Coull et al. 2005; Ding et al. 2020; Inoue 2017). In line with these
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findings, we showed that inhibiting BDNF-TrkB interactions attenuated hypersensitivity
in a purely spinal BDNF-induced pain model (Fig. 16A). However, inhibiting BDNF-
TrkB interactions could not prevent the transition to persistent mechanical
hypersensitivity in our male nociplastic pain model (Fig. 16B), highlighting that the
mechanisms triggering a transition to nociplastic pain are distinct from those underlying
the development of other forms of chronic pain in males despite reactive spinal microglia
being a common culprit. It further emphasizes the necessity of finding mechanism-
specific targets for the treatment of different types of chronic pain. In this regard, it
remains to be investigated what signaling pathways mediate microglia activation for the
transition to and maintenance of nociplastic pain in males.

The literature reports that suppression of spinal GABAergic inhibition (i.e.
disinhibition) allows AB-fibers to activate dorsal horn nociceptive circuitry, resulting in
AB-fiber-mediated mechanical allodynia (Duan et al. 2014; Melzack and Wall 1965;
Peirs et al. 2015). However, whether these AB-fibers are also capable of activating
microglia within the context of disinhibition remains unknown. Interestingly, it has been
shown that in male rats, a brief intense electrical stimulation of C-fibers, but not Ap- or
Ad-fibers, activates dorsal horn microglia, and induces long-lasting hypersensitivity
(Hathway et al. 2009). However, in our model, even vibration, which normally activates
APB-fibers, produces a transition to long-lasting hypersensitivity, with a key difference
being that the pain circuit is already in a sensitized state by C-fiber inputs due to the
inciting capsaicin injury (in the capsaicin plus vibration model). Considering that intense
nociceptor inputs cause disinhibition in the dorsal horn to result in the activation of

nociceptive circuitry by normally innocuous stimuli (Pernia-Andrade et al. 2009), it is
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possible that acute injury-induced disinhibition in the dorsal horn plays a key role in the
spinal microglial activation by low-threshold afferent inputs and consequently, in the
transition from an acute to a nociplastic pain state in males. Here, we provided support
for this hypothesis by showing that boosting spinal GABAergic inhibition at the time of
postinjury vibration stimulation prevented the prolongation of mechanical
hypersensitivity and the activation of spinal microglia (Fig. 17). We further demonstrated
that, even in the absence of an acute peripheral injury, inhibiting either GABAA or
GABAG receptors at the spinal level and applying vibration stimulation was sufficient for
producing a nociplastic pain state in males (Fig. 18A, 20A), which is similarly mediated
by activated microglia (Fig. 21, 22A, C and D). Collectively, these findings suggest that
spinal microglia can be activated even by low-threshold afferent inputs in males;
however, spinal GABAergic inhibition is keeping such microglia activation in check.
Interestingly, in females, we saw that inhibiting GABAGg receptors (with CGP
52342), but not GABAA receptors (with bicuculline), prior to vibration was sufficient to
produce a nociplastic pain state. While the cause of this receptor-specific sex-difference
requires further investigation, this study clearly demonstrates that in the female CGP
52432 plus vibration model, the nociplastic pain state is not mediated by spinal microglia
unlike in its male counterpart (Fig. 22). The male-specific spinal microglia activation by
LTMR inputs in the spinal GABAergic disinhibition state begs a question of whether
spinal microglia are under a different type of inhibitory control in females. It is our
immediate interest in future study to examine whether spinal glycinergic disinhibition is
different from the GABAergic one in terms of sex-dependent spinal microglia activation

by LTMR inputs.
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As mentioned above, it remains to be elucidated by what mechanisms the
nociplastic pain is induced and maintained in female CGP 52432 plus vibration model. In
our previous study, ongoing primary afferent activity at the previously capsaicin-injected
area was found to maintain the nociplastic pain state in the female capsaicin plus warmth
model (K. Hankerd et al. 2021). Considering that GABA&g receptor activity modulates the
release of glutamate from C-fiber central terminals (Ataka et al. 2000; Wang et al. 2007),
it could be that inhibition of GABAGg receptors potentially allow ongoing activity of
central terminals of primary afferents in females, driving the nociplastic pain state.

Activated microglia are known to cause neuroinflammation in the central
nervous system. In line with this, we found that the nociplastic pain state in males, shown
to be microglia-driven in both our present and previous studies, was maintained by
proinflammatory cytokines TNF-a. ,IL-1p, and IL-6 (Fig. 23A), all of which are known to
be released from microglia and have been shown to play a key role in nociception,
including chronic neuropathic pain (Echeverry et al. 2017; Ji, Xu, and Gao 2014).
Interestingly, prostaglandins also play a key role in other pain conditions and are also
released by microglia (Kanda et al. 2013; Ma, Du, and Eisenach 2002), but were not
found to play a significant role in our nociplastic pain model. This may be a result of
differences in how spinal microglia are initially activated in different pain models, and
further research is warranted.

In conclusion, we have shown that both the transition to and maintenance of male
nociplastic pain is mediated by the complex interplay between the spinal GABAergic
inhibitory system and spinal microglia (Fig. 24). In males, disinhibition at the level of the

spinal cord is both sufficient and necessary to produce a transition to a nociplastic pain
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state when followed by postinjury activation of low-threshold afferents (e.g., by vibration
stimulation). These findings indicate that preemptively inhibiting spinal microglia or
increasing spinal inhibitory tone during acute nociceptive pain may help prevent the

development of nociplastic pain in males.

Transition to
Nociplastic Pain

Normal State
\ Activated
Resting Injury-evoked microglia

microglia nociceptor inputs
© sGABAn 3
- " Pro inflammatory
Pan .’ ° * cytokines

Maintenance of
Y Nociplastic pain

Low-threshold afferent inputs Low-threshold afferent inputs

Figure 24: Proposed mechanism for the transition to and maintenance of a
nociplastic pain state in males.

Under normal conditions, microglia remain in a non-activated “resting” state and
SGABAnN prevent low-threshold afferent inputs from activating pain circuitry.
However, in males, when injury-evoked nociceptor inputs inhibit SGABAN, low-
threshold afferent inputs are not only able to activate pain circuitry (as proposed
by the Gate Control Theory of Pain), but also activate microglia, producing a
transition to a nociplastic pain state which is maintained by pro-inflammatory
cytokines.

Figure created by Kathleen McDonough and generated using Microsoft
PowerPoint.
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Chapter 5: Conclusions and Future Directions

Up until now, there have been no murine models for the specific study of the transition to
nociplastic pain. This has prevented in-depth studies of the mechanisms underlying
nociplastic pain which may facilitate the future development of effective therapeutics for
those who are at the greater risk of developing nociplastic pain conditions after an injury
and/or already suffering from these conditions. In this study we aimed to fill this gap by
developing a novel model of nociplastic pain (K. Hankerd et al. 2021), and then further
investigated the sex-specific mechanisms underlying the transition to and maintenance of
the nociplastic pain state.

Here we have shown that normally innocuous peripheral stimulation applied
during a period of pain hypersensitivity can produce a nociplastic pain state in both male
and female mice, which was maintained by peripheral afferent activity in females2, and
reactive microglia in males. The transition to a nociplastic pain state was not only limited
to experimental conditions in which peripheral stimulation was applied to a previously
injured hind paw (by either capsaicin injection or incision), but also in the case where
mechanical hypersensitivity was initially induced by inhibition of GABARg receptors in
the spinal cord. Furthermore, males, but not females, transitioned to a nociplastic pain
state when normally innocuous mechanical stimulation was applied to the periphery (hind
paw vibration) following inhibition of GABAA receptors in the spinal cord. This spinal
GABA receptor type-specific sex difference is of great interest to us for further study,

and is particularly interesting in light of sex differences related to GABAA receptor

2 For those interested in female-specific mechanisms, I recommend reading Dr. Kali Hankerd’s
dissertation, “Female-Specific Mechanisms of Nociplastic Pain in Murine Model” (K. Hankerd 2021).
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functioning in the periaqueductal gray, which have been identified in inflammatory pain
(Tonsfeldt et al. 2016). It is also interesting to note that the development of a nociplastic
pain state in females due to inhibition of GABAG& receptors followed by vibration points
toward an additional female mechanism differing from what we found in Chapter 3. As
previously mentioned, in our initial capsaicin plus postinjury stimulation model of
nociplastic pain, female nociplastic pain was dependent upon afferent activity at the
initial capsaicin injury site. However, there is no such inciting peripheral injury in our
CGP 52432 plus vibration model. Further research into female nociplastic pain in the
absence of ongoing peripheral afferent activity would be an interesting avenue of further
research. Furthermore, forming a greater understanding of how differences in
GABAergic functioning underlie the sex-specific central sensitization, as well as how this
is impacted by region and pain type may help us to better understand how male- or
female-specific mechanisms of pain are utilized and potentially reversed.

Having shown in the first half of this study that male and female nociplastic pain
was maintained by sex-specific mechanisms, we sought to further analyze the
mechanisms underlying the male nociplastic pain state in the second half. In brief, we
found that in males, not only are activated spinal microglia maintaining the nociplastic
pain state, but they are also required for the transition from acute pain to nociplastic pain.
However, if spinal GABAergic signaling is increased at the time of transition, microglia
do not become activated by postinjury stimulation, preventing the development of the
nociplastic pain state. Finally, during the maintenance phase of the nociplastic pain state,
proinflammatory cytokines known to be released from microglia mediate persistent

mechanical hypersensitivity.
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We additionally found that microglia activation occurs when peripheral
stimulation able to activate LTMR is applied while spinal GABAergic disinhibition,
producing acute mechanical hypersensitivity, is in place. This provides evidence for the
possibility that, in a state of spinal GABAergic disinhibition, spinal microglia may be
directly activated by LTMR activation, similar to evidence that spinal microglia can be
activated by high threshold afferent inputs (Hathway et al. 2009). In the future, we are
interested in further investigating the molecular mechanism by which microglia may be
activated by primary afferents to induce a transition to a nociplastic pain state. It is
noteworthy that activation of microglia in our nociplastic pain model was not dependent
on the BDNF-TrkB pathway, signifying a clear difference in spinal microglia-mediated
mechanisms between nociplastic pain and chronic inflammatory and neuropathic pain
(Ding et al. 2020; Y.-T. Lin et al. 2011; Obata and Noguchi 2006; Zhou et al. 2011).

Overall, we have shown that normally innocuous stimuli such as vibration or
warmth, when applied following a peripheral injury, produces a transition to a nociplastic
pain state in both males and females. The nociplastic pain state is maintained by sex-
specific mechanisms: reactive microglia in males, and persistent peripheral afferent
activity in females. Furthermore, peripheral vibration stimulation following GABAg
receptor inhibition also produces a transition to a nociplastic pain state in both males and
females. We further found that there is a complex interplay between GABAergic
signaling and microglia activation within the spinal cord in the male nociplastic pain
state. Specifically, spinal microglia become activated upon transition-inducing peripheral
stimulation during (acute injury-induced) spinal GABAergic disinhibition, and then

activated spinal microglia maintain the disinhibition state, to which proinflammatory
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cytokines released from microglia likely contribute. This information provides greater
insight into potential targets for sex-specific treatments of nociplastic pain, as well as

introducing a potential role for spinal microglia within the Gate Control Theory of Pain,

pending further research.

79



Bibliography

Ataka, Toyofumi, Eiichi Kumamoto, Koki Shimoji, and Megumu Yoshimura. 2000.
“Baclofen Inhibits More Effectively C-Afferent than Ad-Afferent Glutamatergic
Transmission in Substantia Gelatinosa Neurons of Adult Rat Spinal Cord Slices.”
Pain 86 (3): 273-82. https://doi.org/10.1016/S0304-3959(00)00255-4.

Baron, Ralf, Christoph Maier, Nadine Attal, Andreas Binder, Didier Bouhassira, Giorgio
Cruccu, Nanna B. Finnerup, et al. 2017. “Peripheral Neuropathic Pain: A
Mechanism-Related Organizing Principle Based on Sensory Profiles.” Pain 158
(2): 261-72. https://doi.org/10.1097/j.pain.0000000000000753.

Baumann, T. K., D. A. Simone, C. N. Shain, and R. H. LaMotte. 1991. “Neurogenic
Hyperalgesia: The Search for the Primary Cutaneous Afferent Fibers That
Contribute to Capsaicin-Induced Pain and Hyperalgesia.” Journal of
Neurophysiology 66 (1): 212—27. https://doi.org/10.1152/jn.1991.66.1.212.

Cain, D. M., S. G. Khasabov, and D. A. Simone. 2001. “Response Properties of
Mechanoreceptors and Nociceptors in Mouse Glabrous Skin: An in Vivo Study.”
Journal of Neurophysiology 85 (4): 1561-74.
https://doi.org/10.1152/jn.2001.85.4.1561.

Calvo, Margarita, Ning Zhu, John Grist, Zhenzhong Ma, Jeffrey A. Loeb, and David L.
H. Bennett. 2011. “Following Nerve Injury Neuregulin-1 Drives Microglial
Proliferation and Neuropathic Pain via the MEK/ERK Pathway.” Glia 59 (4):
554-68. https://doi.org/10.1002/glia.21124.

Chen, Jeremy Tsung-chieh, Da Guo, Dario Campanelli, Flavia Frattini, Florian Mayer,
Luming Zhou, Rohini Kuner, Paul A. Heppenstall, Marlies Knipper, and Jing Hu.
2014. “Presynaptic GABAergic Inhibition Regulated by BDNF Contributes to
Neuropathic Pain Induction.” Nature Communications 5 (1): 5331.
https://doi.org/10.1038/ncomms6331.

Clark, Anna K., and Marzia Malcangio. 2014. “Fractalkine/CX3CR1 Signaling during
Neuropathic Pain.” Frontiers in Cellular Neuroscience 8 (May).
https://doi.org/10.3389/fncel.2014.00121.

“Complex Regional Pain Syndrome Fact Sheet.” 2020. NINDS. NIH.
https://www.ninds.nih.gov/Disorders/Patient-Caregiver-Education/Fact-
Sheets/Complex-Regional-Pain-Syndrome-Fact-Sheet.

Coull, Jeffrey A. M., Simon Beggs, Dominic Boudreau, Dominick Boivin, Makoto
Tsuda, Kazuhide Inoue, Claude Gravel, Michael W. Salter, and Yves De
Koninck. 2005. “BDNF from Microglia Causes the Shift in Neuronal Anion
Gradient Underlying Neuropathic Pain.” Nature 438 (7070): 1017-21.
https://doi.org/10.1038/nature04223.

80



Dadabhoy, Dina, and Daniel J. Clauw. 2006. “Therapy Insight: Fibromyalgia--a Different
Type of Pain Needing a Different Type of Treatment.” Nature Clinical Practice.
Rheumatology 2 (7): 364—72. https://doi.org/10.1038/ncprheum0221.

Derry, Sheena, Philip J. Wiffen, Winfried Hauser, Martin Mucke, Thomas Rudolf T6lle,
Rae F. Bell, and R. Andrew Moore. 2017. “Oral Nonsteroidal Anti-Inflammatory
Drugs for Fibromyalgia in Adults.” The Cochrane Database of Systematic
Reviews 3 (March): CD012332.
https://doi.org/10.1002/14651858.CD012332.pub?2.

Dina, O. A., P. G. Green, and J. D. Levine. 2008. “Role of Interleukin-6 in Chronic
Muscle Hyperalgesic Priming.” Neuroscience 152 (2): 521-25.
https://doi.org/10.1016/j.neuroscience.2008.01.006.

Ding, Honglu, Jialiang Chen, Minzhi Su, Zhijun Lin, Hailun Zhan, Fei Yang, Wenbiao
Li, et al. 2020. “BDNF Promotes Activation of Astrocytes and Microglia
Contributing to Neuroinflammation and Mechanical Allodynia in
Cyclophosphamide-Induced Cystitis.” Journal of Neuroinflammation 17 (1): 19.
https://doi.org/10.1186/s12974-020-1704-0.

Duan, Bo, Longzhen Cheng, Steeve Bourane, Olivier Britz, Christopher Padilla, Lidia
Garcia-Campmany, Michael Krashes, et al. 2014. “Identification of Spinal
Circuits Transmitting and Gating Mechanical Pain.” Cell 159 (6): 1417-32.
https://doi.org/10.1016/j.cell.2014.11.003.

Echeverry, Stefania, Xiang Qun Shi, Mu Yang, Hao Huang, YiChen Wu, Louis-Etienne
Lorenzo, Jimena Perez-Sanchez, Robert P. Bonin, Yves De Koninck, and Ji
Zhang. 2017. “Spinal Microglia Are Required for Long-Term Maintenance of
Neuropathic Pain.” PAIN 158 (9): 1792.
https://doi.org/10.1097/j.pain.0000000000000982.

Edwards, Robert R., Michael T. Smith, lan Kudel, and Jennifer Haythornthwaite. 2006.
“Pain-Related Catastrophizing as a Risk Factor for Suicidal Ideation in Chronic
Pain.” Pain 126 (1): 272—79. https://doi.org/10.1016/j.pain.2006.07.004.

Favuzzi, Emilia, Shuhan Huang, Giuseppe A. Saldi, Loic Binan, Leena A. Ibrahim,
Marian Fernandez-Otero, Yugqing Cao, et al. 2021. “GABA-Receptive Microglia
Selectively Sculpt Developing Inhibitory Circuits.” Cell 184 (15): 4048-4063.e32.
https://doi.org/10.1016/j.cell.2021.06.018.

Fiore, Nathan T., Zhuoran Yin, Dilansu Guneykaya, Christian D. Gauthier, Jessica P.
Hayes, Aaron D’Hary, Oleg Butovsky, and Gila Moalem-Taylor. 2022. “Sex-
Specific Transcriptome of Spinal Microglia in Neuropathic Pain Due to Peripheral
Nerve Injury.” Glia n/a (n/a). https://doi.org/10.1002/glia.24133.

Fitzcharles, Mary-Ann, Steven P Cohen, Daniel J Clauw, Geoffrey Littlejohn, Chie Usui,
and Winfried Hauser. 2021. “Nociplastic Pain: Towards an Understanding of

81



Prevalent Pain Conditions.” The Lancet 397 (10289): 2098-2110.
https://doi.org/10.1016/S0140-6736(21)00392-5.

Gao, Yong-Jing, and Ru-Rong Ji. 2010. “Chemokines, Neuronal-Glial Interactions, and
Central Processing of Neuropathic Pain.” Pharmacology & Therapeutics 126 (1):
56-68. https://doi.org/10.1016/j.pharmthera.2010.01.002.

Gazerani, Parisa, Ole Kaeseler Andersen, and Lars Arendt-Nielsen. 2005. “A Human
Experimental Capsaicin Model for Trigeminal Sensitization. Gender-Specific
Differences.” Pain 118 (1-2): 155-63. https://doi.org/10.1016/j.pain.2005.08.009.

Gendelman, Omer, Howard Amital, Yael Bar-On, Dana Ben-Ami Shor, Daniela Amital,
Shmuel Tiosano, Varda Shalev, Gabriel Chodick, and Dahlia Weitzman. 2018.
“Time to Diagnosis of Fibromyalgia and Factors Associated with Delayed
Diagnosis in Primary Care.” Best Practice & Research Clinical Rheumatology,
The forefront of autoimmunity, 32 (4): 489-99.
https://doi.org/10.1016/j.berh.2019.01.019.

Gracely, Richard H., Sue A. Lynch, and Gary J. Bennett. 1992. “Painful Neuropathy:
Altered Central Processing Maintained Dynamically by Peripheral Input.” Pain
51 (2): 175-94. https://doi.org/10.1016/0304-3959(92)90259-E.

Gustafson-Vickers, Sabrina L, B Van Lu, Aaron Y Lai, Kathryn G Todd, Klaus Ballanyi,
and Peter A Smith. 2008. “Long-Term Actions of Interleukin-1p on Delay and
Tonic Firing Neurons in Rat Superficial Dorsal Horn and Their Relevance to
Central Sensitization.” Molecular Pain 4 (January): 1744-8069-4-63.
https://doi.org/10.1186/1744-8069-4-63.

Haight, Elena S., Emily M. Johnson, Ian R. Carroll, and Vivianne L. Tawfik. 2020. “Of
Mice, Microglia, and (Wo)Men: A Case Series and Mechanistic Investigation of

Hydroxychloroquine for Complex Regional Pain Syndrome.” Pain Reports 5 (5):
e841. https://doi.org/10.1097/PR9.0000000000000841.

Hankerd, Kali. 2021. “Female-Specific Mechanisms of Nociplastic Pain in Murine
Model.” Thesis. https://utmb-ir.tdl.org/handle/2152.3/11362.

Hankerd, Kali M, Jun-Ho La, and Jin Mo Chung. 2019. “Female-Specific Mechanisms of
Central Sensitization Underlying Chronic Pain.” In Program No. 218.23. 2019
Neuroscence Meeting Planner. Chicago, IL.

Hankerd, Kali, Kathleen E. McDonough, Jigong Wang, Shao-Jun Tang, Jin Mo Chung,

and Jun-Ho La. 2021. “Postinjury Stimulation Triggers a Transition to Nociplastic
Pain in Mice.” PAIN, August. https://doi.org/10.1097/j.pain.0000000000002366.

Hathway, Gareth J., David Vega-Avelaira, Andrew Moss, Rachel Ingram, and Maria
Fitzgerald. 2009. “Brief, Low Frequency Stimulation of Rat Peripheral C-Fibres
Evokes Prolonged Microglial-Induced Central Sensitization in Adults but Not in
Neonates.” PAIN® 144 (1): 110-18. https://doi.org/10.1016/j.pain.2009.03.022.

82



Hendrich, Jan, Pedro Alvarez, Elizabeth K. Joseph, Xiaojie Chen, Oliver Bogen, and Jon
D. Levine. 2013. “Electrophysiological Correlates of Hyperalgesic Priming in
Vitro and in Vivo.” Pain 154 (10): 2207-15.
https://doi.org/10.1016/j.pain.2013.07.004.

Higgins, C., B. H. Smith, and K. Matthews. 2019. “Evidence of Opioid-Induced
Hyperalgesia in Clinical Populations after Chronic Opioid Exposure: A
Systematic Review and Meta-Analysis.” British Journal of Anaesthesia 122 (6):
e114-26. https://doi.org/10.1016/j.bja.2018.09.019.

Inoue, Kazuhide. 2017. “Purinergic Signaling in Microglia in the Pathogenesis of
Neuropathic Pain.” Proceedings of the Japan Academy. Series B, Physical and
Biological Sciences 93 (4): 174-82. https://doi.org/10.2183/pjab.93.011.

Inoue, Kazuhide, Makoto Tsuda, and Schuichi Koizumi. 2005. “ATP Receptors in Pain
Sensation: Involvement of Spinal Microglia and P2X4 Receptors.” Purinergic
Signalling 1 (2): 95-100. https://doi.org/10.1007/s11302-005-6210-4.

Ito, D., Y. Imai, K. Ohsawa, K. Nakajima, Y. Fukuuchi, and S. Kohsaka. 1998.
“Microglia-Specific Localisation of a Novel Calcium Binding Protein, Ibal.”
Brain Research. Molecular Brain Research 57 (1): 1-9.
https://doi.org/10.1016/s0169-328x(98)00040-0.

Ito, Daisuke, Yoshinori Imai, Keiko Ohsawa, Kazuyuki Nakajima, Yasuo Fukuuchi, and
Shinichi Kohsaka. 1998. “Microglia-Specific Localisation of a Novel Calcium
Binding Protein, Ibal.” Molecular Brain Research 57 (1): 1-9.
https://doi.org/10.1016/S0169-328X(98)00040-0.

Jancso, N., A. JancsO-Gabor, and J. Szolcsanyi. 1968. “The Role of Sensory Nerve
Endings in Neurogenic Inflammation Induced in Human Skin and in the Eye and
Paw of the Rat.” British Journal of Pharmacology and Chemotherapy 33 (1): 32—
41. https://doi.org/10.1111/j.1476-5381.1968.th00471.x.

Ji, Ru-Rong, Zhen-Zhong Xu, and Yong-Jing Gao. 2014. “Emerging Targets in
Neuroinflammation-Driven Chronic Pain.” Nature Reviews Drug Discovery 13
(7): 533-48. https://doi.org/10.1038/nrd4334.

Joshi, S. K., G. Hernandez, J. P. Mikusa, C. Z. Zhu, C. Zhong, A. Salyers, C. T. Wismer,
P. Chandran, M. W. Decker, and P. Honore. 2006. “Comparison of
Antinociceptive Actions of Standard Analgesics in Attenuating Capsaicin and
Nerve-Injury-Induced Mechanical Hypersensitivity.” Neuroscience 143 (2): 587—
96. https://doi.org/10.1016/j.neuroscience.2006.08.005.

Kanda, Hirosato, Kimiko Kobayashi, Hiroki Yamanaka, and Koichi Noguchi. 2013.
“COX-1-Dependent Prostaglandin D2 in Microglia Contributes to Neuropathic
Pain via DP2 Receptor in Spinal Neurons.” Glia 61 (6): 943-56.
https://doi.org/10.1002/glia.22487.

83



Kawasaki, Yasuhiko, Ling Zhang, Jen-Kun Cheng, and Ru-Rong Ji. 2008. “Cytokine
Mechanisms of Central Sensitization: Distinct and Overlapping Role of
Interleukin-1p, Interleukin-6, and Tumor Necrosis Factor-a in Regulating
Synaptic and Neuronal Activity in the Superficial Spinal Cord.” Journal of
Neuroscience 28 (20): 5189-94. https://doi.org/10.1523/JNEUROSCI.3338-
07.2008.

Kehlet, Henrik, Troels S Jensen, and Clifford J] Woolf. 2006. “Persistent Postsurgical
Pain: Risk Factors and Prevention.” The Lancet 367 (9522): 1618-25.
https://doi.org/10.1016/S0140-6736(06)68700-X.

Kettenmann, Helmut, Uwe-Karsten Hanisch, Mami Noda, and Alexei Verkhratsky. 2011.
“Physiology of Microglia.” Physiological Reviews 91 (2): 461-553.
https://doi.org/10.1152/physrev.00011.2010.

Khomula, Eugen V., Luiz F. Ferrari, Dionéia Araldi, and Jon D. Levine. 2017. “Sexual
Dimorphism in a Reciprocal Interaction of Ryanodine and IP3 Receptors in the
Induction of Hyperalgesic Priming.” Journal of Neuroscience 37 (8): 2032—44.
https://doi.org/10.1523/JNEUROSCI.2911-16.2017.

Kim, Hee Kee, Jorn Schattschneider, Inhyung Lee, Kyungsoon Chung, Ralf Baron, and
Jin Mo Chung. 2007. “Prolonged Maintenance of Capsaicin-Induced
Hyperalgesia by Brief Daily Vibration Stimuli.” Pain 129 (1): 93-101.
https://doi.org/10.1016/j.pain.2006.09.036.

Kim, Hee Young, Jaebeom Jun, Jigong Wang, Alice Bittar, Kyungsoon Chung, and Jin
Mo Chung. 2015. “Induction of Long-Term Potentiation and Long-Term
Depression Is Cell-Type Specific in the Spinal Cord.” Pain 156 (4): 618-25.
https://doi.org/10.1097/01.j.pain.0000460354.09622.€c.

Kim, Hyun Taek, Soon Kwon Park, Seo Eun Lee, Jin Mo Chung, and Doo Hyun Lee.
2001. “Non-Noxious A Fiber Afferent Input Enhances Capsaicin-Induced
Mechanical Hyperalgesia in the Rat.” PAIN 94 (2): 169-75.
https://doi.org/10.1016/S0304-3959(01)00351-7.

Kohno, Keita, Junko Kitano, Yuta Kohro, Hidetoshi Tozaki-Saitoh, Kazuhide Inoue, and
Makoto Tsuda. 2018. “Temporal Kinetics of Microgliosis in the Spinal Dorsal
Horn after Peripheral Nerve Injury in Rodents.” Biological & Pharmaceutical
Bulletin 41 (7): 1096-1102. https://doi.org/10.1248/bpb.b18-00278.

Kosek, Eva, Milton Cohen, Ralf Baron, Gerald F. Gebhart, Juan-Antonio Mico, Andrew
S. C. Rice, Winfried Rief, and A. Kathleen Sluka. 2016. “Do We Need a Third
Mechanistic Descriptor for Chronic Pain States?” PAIN 157 (7): 1382.
https://doi.org/10.1097/j.pain.0000000000000507.

Koyanagi, Satoru, Naoki Kusunose, Marie Taniguchi, Takahiro Akamine, Yuki Kanado,

Yui Ozono, Takahiro Masuda, et al. 2016. “Glucocorticoid Regulation of ATP
Release from Spinal Astrocytes Underlies Diurnal Exacerbation of Neuropathic

84



Mechanical Allodynia.” Nature Communications 7 (October): 13102.
https://doi.org/10.1038/ncomms13102.

Kwok, Charlie H. T., Yuta Kohro, Michael Mousseau, Melissa S. O’Brien, John R.
Matyas, Jason J. McDougall, and Tuan Trang. 2021. “Role of Primary Afferents
in Arthritis Induced Spinal Microglial Reactivity.” Frontiers in Immunology 12:
626884. https://doi.org/10.3389/fimmu.2021.626884.

La, Jun-Ho, Bin Feng, Kaori Kaji, Erica S. Schwartz, and G. F. Gebhart. 2016. “Roles of
Isolectin B4-Binding Afferents in Colorectal Mechanical Nociception.” Pain 157
(2): 348-54. https://doi.org/10.1097/j.pain.0000000000000380.

La, Jun-Ho, Jigong Wang, Alice Bittar, Hyun Soo Shim, Chilman Bae, and Jin Mo
Chung. 2017. “Differential Involvement of Reactive Oxygen Species in a Mouse
Model of Capsaicin-Induced Secondary Mechanical Hyperalgesia and Allodynia.”
Molecular Pain 13 (January): 1744806917713907.
https://doi.org/10.1177/1744806917713907.

LaMotte, R. H., L. E. Lundberg, and H. E. Torebjork. 1992. “Pain, Hyperalgesia and
Activity in Nociceptive C Units in Humans after Intradermal Injection of
Capsaicin.” The Journal of Physiology 448 (1): 749-64.
https://doi.org/10.1113/jphysiol.1992.sp019068.

LaMotte, R. H., C. N. Shain, D. A. Simone, and E. F. Tsai. 1991. “Neurogenic
Hyperalgesia: Psychophysical Studies of Underlying Mechanisms.” Journal of
Neurophysiology 66 (1): 190-211. https://doi.org/10.1152/jn.1991.66.1.190.

Latremoliere, Alban, and Clifford J. Woolf. 2009. “Central Sensitization: A Generator of
Pain Hypersensitivity by Central Neural Plasticity.” The Journal of Pain 10 (9):
895-926. https://doi.org/10.1016/j.jpain.2009.06.012.

Lee, 1lI-0k, and Eui-sung Lim. 2010. “Intracisternal or Intrathecal Glycine, Taurine, or
Muscimol Inhibit Bicuculline-Induced Allodynia and Thermal Hyperalgesia in
Mice.” Acta Pharmacologica Sinica 31 (8): 907-14.
https://doi.org/10.1038/aps.2010.82.

Lee, Kwan Yeop, and Steven A. Prescott. 2015. “Chloride Dysregulation and Inhibitory
Receptor Blockade Yield Equivalent Disinhibition of Spinal Neurons yet Are
Differentially Reversed by Carbonic Anhydrase Blockade.” PAIN 156 (12):
2431-37. https://doi.org/10.1097/j.pain.0000000000000301.

Lee, Moonhee, Claudia Schwab, and Patrick L. McGeer. 2011. “Astrocytes Are
GABAergic Cells That Modulate Microglial Activity.” Glia 59 (1): 152—65.
https://doi.org/10.1002/glia.21087.

Lin, Q., J. Wu, and W. D. Willis. 1999. “Dorsal Root Reflexes and Cutaneous
Neurogenic Inflammation after Intradermal Injection of Capsaicin in Rats.”

85



Journal of Neurophysiology 82 (5): 2602-11.
https://doi.org/10.1152/jn.1999.82.5.2602.

Lin, Ya-Tin, Long-Sun Ro, Hung-Li Wang, and Jin-Chung Chen. 2011. “Up-Regulation
of Dorsal Root Ganglia BDNF and TrkB Receptor in Inflammatory Pain: An in
Vivo and in Vitrostudy.” Journal of Neuroinflammation 8 (1): 126.
https://doi.org/10.1186/1742-2094-8-126.

Lindia, Jill A., Erin McGowan, Nina Jochnowitz, and Catherine Abbadie. 2005.
“Induction of CX3CL1 Expression in Astrocytes and CX3CR1 in Microglia in the
Spinal Cord of a Rat Model of Neuropathic Pain.” The Journal of Pain 6 (7):
434-38. https://doi.org/10.1016/j.jpain.2005.02.001.

Lunden, Lars K., Inge P. Kleggetveit, and Ellen Jorum. 2016. “Delayed Diagnosis and
Worsening of Pain Following Orthopedic Surgery in Patients with Complex
Regional Pain Syndrome (CRPS).” Scandinavian Journal of Pain 11 (April): 27—
33. https://doi.org/10.1016/j.sjpain.2015.11.004.

Lynch, Marina A. 2009. “The Multifaceted Profile of Activated Microglia.” Molecular
Neurobiology 40 (2): 139-56. https://doi.org/10.1007/s12035-009-8077-9.

Ma, Weiya, Wei Du, and James C. Eisenach. 2002. “Role for Both Spinal Cord COX-1
and COX-2 in Maintenance of Mechanical Hypersensitivity Following Peripheral
Nerve Injury.” Brain Research 937 (1): 94-99. https://doi.org/10.1016/S0006-
8993(02)02593-3.

Magerl, Walter, Perry N. Fuchs, Richard A. Meyer, and Rolf-Detlef Treede. 2001. “Roles
of Capsaicin-Insensitive Nociceptors in Cutaneous Pain and Secondary
Hyperalgesia.” Brain 124 (9): 1754-64.

Malan, T. Philip, Heriberto P. Mata, and Frank Porreca. 2002. “Spinal GABAAand
GABABReceptor Pharmacology in a Rat Model of Neuropathic Pain.”
Anesthesiology 96 (5): 1161-67. https://doi.org/10.1097/00000542-200205000-
00020.

Mapplebeck, Josiane C. S., Rebecca Dalgarno, YuShan Tu, Orla Moriarty, Simon Beggs,
Charlie H. T. Kwok, Katherine Halievski, et al. 2018. “Microglial P2X4R-Evoked
Pain Hypersensitivity Is Sexually Dimorphic in Rats.” PAIN 159 (9): 1752-63.
https://doi.org/10.1097/j.pain.0000000000001265.

Marcos, J. L., D. Galleguillos, T. Pelissier, A. Hernandez, L. Velasquez, L. Villanueva,
and L. Constandil. 2017. “Role of the Spinal TrkB-NMDA Receptor Link in the
BDNF-Induced Long-Lasting Mechanical Hyperalgesia in the Rat: A Behavioural
Study.” European Journal of Pain (London, England) 21 (10): 1688-96.
https://doi.org/10.1002/ejp.1075.

Martin, Yasmina, Carlos Avendafio, Maria Jose Piedras, and Agnieszka Krzyzanowska.
2010. “Evaluation of Evans Blue Extravasation as a Measure of Peripheral

86



Inflammation.” Protocol Exchange, December.
https://doi.org/10.1038/protex.2010.209.

McCabe, C. S., and D. R. Blake. 2008. “An Embarrassment of Pain Perceptions?
Towards an Understanding of and Explanation for the Clinical Presentation of
CRPS Type 1.” Rheumatology 47 (11): 1612-16.
https://doi.org/10.1093/rheumatology/ken254.

McDonough, Kathleen E, Kali M Hankerd, Jun-Ho La, and Jin Mo Chung. 2019.
“Maintenance Mechanism of Central Sensitization in Male Nociplastic Pain
Model.” In Program No. 218.22. 2019 Neuroscience Meeting Planner. Chicago,
IL.

McDonough, Kathleen, Jun-Ho La, and Jin Mo Chung. 2021. “Transition Mechanism of
Nociplastic Pain in Males.” In . Virtual.

M’Dahoma, Said, Sandrine Barthélemy, Claire Tromilin, Tiffany Jeanson, Florent
Viguier, Benoit Michot, Sophie Pezet, Michel Hamon, and Sylvie Bourgoin.
2015. “Respective Pharmacological Features of Neuropathic-like Pain Evoked by
Intrathecal BDNF versus Sciatic Nerve Ligation in Rats.” European
Neuropsychopharmacology: The Journal of the European College of
Neuropsychopharmacology 25 (11): 2118-30.
https://doi.org/10.1016/j.euroneuro.2015.07.026.

Melchior, Meggane, Pierrick Poisbeau, Isabelle Gaumond, and Serge Marchand. 2016.
“Insights into the Mechanisms and the Emergence of Sex-Differences in Pain.”
Neuroscience, Nociception, Pain, and Analgesia, 338 (December): 63-80.
https://doi.org/10.1016/j.neuroscience.2016.05.007.

Melzack, Ronald. 1996. “Gate Control Theory: On the Evolution of Pain Concepts.” Pain
Forum 5 (2): 128-38. https://doi.org/10.1016/S1082-3174(96)80050-X.

Melzack, Ronald, and Patrick D. Wall. 1965. “Pain Mechanisms: A New Theory.”
Science 150 (3699): 971-79.

Milenkovic, Nevena, Christiane Wetzel, Rabih Moshourab, and Gary R. Lewin. 2008.
“Speed and Temperature Dependences of Mechanotransduction in Afferent Fibers
Recorded from the Mouse Saphenous Nerve.” Journal of Neurophysiology 100
(5): 2771-83. https://doi.org/10.1152/jn.90799.2008.

Minami, Toshiaki, Rumiko Uda, Shigeko Horiguchi, Sciji Ito, Masayoshi Hyodo, and
Osamu Hayaishi. 1994. “Allodynia Evoked by Intrathecal Administration of
Prostaglandin E2 to Conscious Mice.” Pain 57 (2): 217-23.
https://doi.org/10.1016/0304-3959(94)90226-7.

Moayedi, Massieh, and Karen D. Davis. 2012. “Theories of Pain: From Specificity to

Gate Control.” Journal of Neurophysiology 109 (1): 5-12.
https://doi.org/10.1152/jn.00457.2012.

87



Moulton, Eric A., Gautam Pendse, Susie Morris, Andrew Strassman, Matthew Aiello-
Lammens, Lino Becerra, and David Borsook. 2007. “Capsaicin-Induced Thermal
Hyperalgesia and Sensitization in the Human Trigeminal Nociceptive Pathway:
An FMRI Study.” Neurolmage 35 (4): 1586-1600.
https://doi.org/10.1016/j.neuroimage.2007.02.001.

Moy, Jamie K., Thomas Szabo-Pardi, Dipti V. Tillu, Salim Megat, Grishma Pradhan,
Moeno Kume, Marina N. Asiedu, Michael D. Burton, Gregory Dussor, and
Theodore J. Price. 2018. “Temporal and Sex Differences in the Role of
BDNF/TrkB Signaling in Hyperalgesic Priming in Mice and Rats.” Neurobiology
of Pain, October. https://doi.org/10.1016/j.ynpai.2018.10.001.

Obata, Koichi, and Koichi Noguchi. 2006. “BDNF in Sensory Neurons and Chronic
Pain.” Neuroscience Research 55 (1): 1-10.
https://doi.org/10.1016/j.neures.2006.01.005.

Parada, C. A., D. B. Reichling, and J. D. Levine. 2005. “Chronic Hyperalgesic Priming in
the Rat Involves a Novel Interaction between CAMP and PKCepsilon Second
Messenger Pathways.” Pain 113 (1-2): 185-90.
https://doi.org/10.1016/j.pain.2004.10.021.

Parada, Carlos A., Jenny J. Yeh, Elizabeth K. Joseph, and Jon D. Levine. 2003. “Tumor
Necrosis Factor Receptor Type-1 in Sensory Neurons Contributes to Induction of
Chronic Enhancement of Inflammatory Hyperalgesia in Rat.” The European
Journal of Neuroscience 17 (9): 1847-52. https://doi.org/10.1046/j.1460-
9568.2003.02626.X.

Peirs, Cedric, Sean-Paul G. Williams, Xinyi Zhao, Claire E. Walsh, Jeremy Y. Gedeon,
Natalie E. Cagle, Adam C. Goldring, et al. 2015. “Dorsal Horn Circuits for
Persistent Mechanical Pain.” Neuron 87 (4): 797-812.
https://doi.org/10.1016/j.neuron.2015.07.029.

Pernia-Andrade, Alejandro J., Ako Kato, Robert Witschi, Rita Nyilas, Istvan Katona,
Tamas F. Freund, Masahiko Watanabe, et al. 2009. “Spinal Endocannabinoids
and CB1 Receptors Mediate C-Fiber-Induced Heterosynaptic Pain Sensitization.”
Science (New York, N.Y.) 325 (5941): 760—64.
https://doi.org/10.1126/science.1171870.

Ramakers, Christian, Jan M Ruijter, Ronald H. Lekanne Deprez, and Antoon F. M
Moorman. 2003. “Assumption-Free Analysis of Quantitative Real-Time
Polymerase Chain Reaction (PCR) Data.” Neuroscience Letters 339 (1): 62—66.
https://doi.org/10.1016/S0304-3940(02)01423-4.

Ren, Ke, and Ronald Dubner. 1999. “Inflammatory Models of Pain and Hyperalgesia.”
ILAR Journal 40 (3): 111-18. https://doi.org/10.1093/ilar.40.3.111.

Renn, Cynthia L., Carmen C. Leitch, Sherrie Lessans, Peter Rhee, W. Cameron McGuire,
Barbara A. Smith, Richard J. Traub, and Susan G. Dorsey. 2011. “Brain-Derived

88



Neurotrophic Factor Modulates Antiretroviral-Induced Mechanical Allodynia in
the Mouse.” Journal of Neuroscience Research 89 (10): 1551-65.
https://doi.org/10.1002/jnr.22685.

Sandkiihler, Jirgen. 2009. “Models and Mechanisms of Hyperalgesia and Allodynia.”
Physiological Reviews 89 (2): 707-58.
https://doi.org/10.1152/physrev.00025.2008.

Sandroni, Paola, Lisa M Benrud-Larson, Robyn L McClelland, and Phillip A Low. 2003.
“Complex Regional Pain Syndrome Type I: Incidence and Prevalence in Olmsted
County, a Population-Based Study.” PAIN® 103 (1): 199-207.
https://doi.org/10.1016/S0304-3959(03)00065-4.

Sang, Christine N., Richard H. Gracely, Mitchell B. Max, and Gary J. Bennett. 1996.
“Capsaicin-Evoked Mechanical Allodynia and Hyperalgesia Cross Nerve
Territories Evidence for a Central Mechanism.” Anesthesiology: The Journal of
the American Society of Anesthesiologists 85 (3): 491-496.

Sawada, Makoto, Akio Suzumura, Hiroko Yamamoto, and Tohru Marunouchi. 1990.
“Activation and Proliferation of the Isolated Microglia by Colony Stimulating
Factor-1 and Possible Involvement of Protein Kinase C.” Brain Research 509 (1):
119-24. https://doi.org/10.1016/0006-8993(90)90317-5.

Schmelz, Martin, Roland Schmid, Hermann O. Handwerker, and H. Erik Torebjork.
2000. “Encoding of Burning Pain from Capsaicin-Treated Human Skin in Two
Categories of Unmyelinated Nerve Fibres.” Brain 123 (3): 560—71.
https://doi.org/10.1093/brain/123.3.560.

Sharma, Amit, Shefali Agarwal, James Broatch, and Srinivasa N. Raja. 2009. “A Web-
Based Cross-Sectional Epidemiological Survey of Complex Regional Pain
Syndrome.” Regional Anesthesia and Pain Medicine 34 (2): 110-15.
https://doi.org/10.1097/AAP.0b013e3181958f90.

Simone, D. A, L. S. Sorkin, U. Oh, J. M. Chung, C. Owens, R. H. LaMotte, and W. D.
Willis. 1991. “Neurogenic Hyperalgesia: Central Neural Correlates in Responses
of Spinothalamic Tract Neurons.” Journal of Neurophysiology 66 (1): 228-46.
https://doi.org/10.1152/jn.1991.66.1.228.

Sivilotti, L., and C. J. Woolf. 1994. “The Contribution of GABAA and Glycine Receptors
to Central Sensitization: Disinhibition and Touch-Evoked Allodynia in the Spinal
Cord.” Journal of Neurophysiology 72 (1): 169-79.
https://doi.org/10.1152/jn.1994.72.1.1609.

Smith, Amanda K., Crystal L. O’Hara, and Cheryl L. Stucky. 2013. “Mechanical
Sensitization of Cutaneous Sensory Fibers in the Spared Nerve Injury Mouse
Model.” Molecular Pain 9 (November): 61. https://doi.org/10.1186/1744-8069-9-
61.

89



Sorge, Robert E., Josiane C. S. Mapplebeck, Sarah Rosen, Simon Beggs, Sarah Taves,
Jessica K. Alexander, Loren J. Martin, et al. 2015. “Different Immune Cells
Mediate Mechanical Pain Hypersensitivity in Male and Female Mice.” Nature
Neuroscience 18 (8): 1081-83. https://doi.org/10.1038/nn.4053.

Steegers, Monique A. H., Daphne M. Snik, Ad F. Verhagen, Miep A. van der Drift, and
Oliver H. G. Wilder-Smith. 2008. “Only Half of the Chronic Pain After Thoracic
Surgery Shows a Neuropathic Component.” The Journal of Pain 9 (10): 955-61.
https://doi.org/10.1016/j.jpain.2008.05.0009.

Svensson, Camilla I., Martin Marsala, Anna Westerlund, Nigel A. Calcutt, Wendy M.
Campana, Jason D. Freshwater, Rosanne Catalano, et al. 2003. “Activation of P38
Mitogen-Activated Protein Kinase in Spinal Microglia Is a Critical Link in
Inflammation-Induced Spinal Pain Processing.” Journal of Neurochemistry 86
(6): 1534-44. https://doi.org/10.1046/].1471-4159.2003.01969.X.

Takeda, Mamoru, Takeshi Tanimoto, Jun Kadoi, Masanori Nasu, Masayuki Takahashi,
Junichi Kitagawa, and Shigeji Matsumoto. 2007. “Enhanced Excitability of
Nociceptive Trigeminal Ganglion Neurons by Satellite Glial Cytokine Following
Peripheral Inflammation.” Pain 129 (1): 155-66.
https://doi.org/10.1016/j.pain.2006.10.007.

Taves, Sarah, Temugin Berta, Da-Lu Liu, Sophie Gan, Gang Chen, Yong Ho Kim,
Thomas Van de Ven, Stefan Laufer, and Ru-Rong Ji. 2016. “Spinal Inhibition of
P38 MAP Kinase Reduces Inflammatory and Neuropathic Pain in Male but Not
Female Mice: Sex-Dependent Microglial Signaling in the Spinal Cord.” Brain,
Behavior, and Immunity, Microglia, Physiology and Behavior, 55 (July): 70-81.
https://doi.org/10.1016/j.bbi.2015.10.006.

Tonsfeldt, Karen J., Katherine L. Suchland, Kathleen A. Beeson, Janet D. Lowe, Ming-
hua Li, and Susan L. Ingram. 2016. “Sex Differences in GABAA Signaling in the
Periaqueductal Gray Induced by Persistent Inflammation.” Journal of
Neuroscience 36 (5): 1669-81. https://doi.org/10.1523/JNEUROSCI.1928-
15.2016.

Torebjork, H. E., L. E. Lundberg, and R. H. LaMotte. 1992. “Central Changes in
Processing of Mechanoreceptive Input in Capsaicin-Induced Secondary
Hyperalgesia in Humans.” The Journal of Physiology 448 (March): 765-80.
https://doi.org/10.1113/jphysiol.1992.sp0190609.

Torsney, Carole, and Amy B. MacDermott. 2006. “Disinhibition Opens the Gate to
Pathological Pain Signaling in Superficial Neurokinin 1 Receptor-Expressing
Neurons in Rat Spinal Cord.” Journal of Neuroscience 26 (6): 1833-43.
https://doi.org/10.1523/JNEUROSCI.4584-05.2006.

Villa, Alessandro, Paolo Gelosa, Laura Castiglioni, Mauro Cimino, Nicoletta Rizzi,
Giovanna Pepe, Federica Lolli, et al. 2018. “Sex-Specific Features of Microglia

90



from Adult Mice.” Cell Reports 23 (12): 3501-11.
https://doi.org/10.1016/j.celrep.2018.05.048.

Vollert, Jan, Christoph Maier, Nadine Attal, David L.H. Bennett, Didier Bouhassira,
Elena K. Enax-Krumova, Nanna B. Finnerup, et al. 2017. “Stratifying Patients
with Peripheral Neuropathic Pain Based on Sensory Profiles: Algorithm and
Sample Size Recommendations.” Pain 158 (8): 1446-55.
https://doi.org/10.1097/j.pain.0000000000000935.

Wang, Xiu-Li, Hong-Mei Zhang, Shao-Rui Chen, and Hui-Lin Pan. 2007. “Altered
Synaptic Input and GABAB Receptor Function in Spinal Superficial Dorsal Horn
Neurons in Rats with Diabetic Neuropathy.” The Journal of Physiology 579 (3):
849-61. https://doi.org/10.1113/jphysiol.2006.126102.

White, Fletcher A., and Natalie Wilson. 2008. “Chemokines as Pain Mediators and
Modulators.” Current Opinion in Anaesthesiology 21 (5): 580-85.
https://doi.org/10.1097/AC0O.0b013e32830eb69d.

Yarnitsky, David, Yonathan Crispel, Elon Eisenberg, Yelena Granovsky, Alon Ben-Nun,
Elliot Sprecher, Lael-Anson Best, and Michal Granot. 2008. “Prediction of
Chronic Post-Operative Pain: Pre-Operative DNIC Testing Identifies Patients at
Risk.” PAIN 138 (1): 22—28. https://doi.org/10.1016/j.pain.2007.10.033.

Zhang, Feng, Hui Zhou, Belinda C. Wilson, Jing-Shan Shi, Jau-Shyong Hong, and Hui-
Ming Gao. 2012. “Fluoxetine Protects Neurons against Microglial Activation-
Mediated Neurotoxicity.” Parkinsonism & Related Disorders, Proceedings of
WEN XIX World Congress on Parkinson’s Disease and Related Disorders, 18
(January): S213-17. https://doi.org/10.1016/S1353-8020(11)70066-9.

Zhang, Haijun, Hui Nei, and Patrick M. Dougherty. 2010. “A P38 Mitogen-Activated
Protein Kinase-Dependent Mechanism of Disinhibition in Spinal Synaptic
Transmission Induced by Tumor Necrosis Factor-a.” Journal of Neuroscience 30
(38): 12844-55. https://doi.org/10.1523/INEUROSCI.2437-10.2010.

Zhang, Xin, Lulu Zeng, Tingting Yu, Yongming Xu, Shaofeng Pu, Dongping Du, and
Wei Jiang. 2014. “Positive Feedback Loop of Autocrine BDNF from Microglia
Causes Prolonged Microglia Activation.” Cellular Physiology and Biochemistry
34 (3): 715-23. https://doi.org/10.1159/000363036.

Zhao, H., A. Alam, Q. Chen, M. A. Eusman, A. Pal, S. Eguchi, L. Wu, and D. Ma. 2017.
“The Role of Microglia in the Pathobiology of Neuropathic Pain Development:
What Do We Know?” BJA: British Journal of Anaesthesia 118 (4): 504-16.
https://doi.org/10.1093/bja/aex006.

Zhou, Li-Jun, Tao Yang, Xiao Wei, Yong Liu, Wen-Jun Xin, Yuan Chen, Rui-Ping Pang,
Ying Zang, Yong-Yong Li, and Xian-Guo Liu. 2011. “Brain-Derived
Neurotrophic Factor Contributes to Spinal Long-Term Potentiation and
Mechanical Hypersensitivity by Activation of Spinal Microglia in Rat.” Brain,

91



Behavior, and Immunity 25 (2): 322-34.
https://doi.org/10.1016/j.bbi.2010.09.025.

92



Vita

Kathleen Erin McDonough was born in San Antonio, Texas on December 19, 1993
to Lupita and William Winters. She received her Bachelor of Science from Baylor
University in May of 2016, where she also completed her Honors Thesis in the laboratory
of Dr. Bradley Keele. During the summers of 2014 and 2015, she was a Summer
Undergraduate Research Fellow in the laboratory of Dr. David Morilak at UT Health
Science Center at San Antonio. In 2016, Kathleen joined the Neuroscience Graduate
Program at the University of Texas Medical Branch (UTMB) as a Presidential Scholar to
pursue a Ph.D. under the mentorship of Dr. Jun-Ho La and Dr. Jin Mo Chung. During her
time at UTMB, Kathleen served as a teaching assistant for multiple classes within both the
graduate school and medical school. She has also received numerous awards, including the
Dr. and Mrs. Seymour Fisher Academic Excellence Award in Neuroscience, and received
funding through the NIH Blueprint Diversity Specialized Predoctoral to Postdoctoral
Advancement in Neuroscience Award. She and her husband, Dr. William McDonough,
reside in Spring, Texas.

Education

B.S., May 2016, Baylor University, Waco, Texas

Publications

1. Hankerd K.M.*, McDonough K.E.*, Wang J., Chung JM, La JH. “Post-injury
stimulation triggers a transition to nociplastic pain in mice.” Pain. 2021; PMID:
34285154 (*co-first authors)

2. Tapia, C.M., Folorunso, O., Singh, A.K., McDonough, K., Laezza, F. “Effects
of Deltamethrin Acute Exposure on Navl.6 channels and Medium Spiny
Neurons of the Nucleus Accumbens.” Toxicology. 2020; PMID: 32387285

Permanent address: 3619 Lake Ridge Bend, Spring, TX 77380

This dissertation was typed by Kathleen Erin McDonough.

93



