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1. Introduction

In 2022, under the guidance of Dr. Radhika Puttagunta and Prof. Dr. med. Norbert Weidner, I
wrote and published a review article titled “The Impact of Activity-Based Interventions on
Neuropathic Pain in Experimental Spinal Cord Injury” (Chen et al. 2022). This review focused
on the cellular and molecular mechanisms underlying neuropathic pain (NP)-associated
behaviors in rodent models of spinal cord injury (SCI) and explored how activity-based
interventions (ABIs) can mitigate NP following SCI. The objectives and experimental designs
of the current study draw heavily from the insights offered in this review. Consequently, the
introduction section of my doctoral dissertation, which synthesizes the topics of my work
throughout my doctoral studies, may exhibit similarities to the review, reflecting continuity in

research focus and an extension of the scholarly discourse initiated therein.

1.1. Spinal Cord Injury-Induced Neuropathic Pain

A lesion or damage to the spinal cord can lead to a partial or complete disconnection of the
neural communication pathways from the brain to body regions below the level of injury. This
disruption significantly affects the descending modulatory pathways, resulting in pronounced
symptoms of motor dysfunction (Franz et al. 2023). Furthermore, neuropathic pain (NP),
arising from a complex cascade of pathological processes within the somatosensory nervous
system following spinal cord injury (SCI), is recognized as a highly debilitating and refractory
sensory impairment in patients (Burke et al. 2017; Finnerup et al. 2014). NP affects more than
50% of individuals with SCI (Burke et al. 2017; Cragg et al. 2015; Finnerup et al. 2014), and
its prevalence notably increases beyond the six-month mark following SCI (Burke et al. 2017).
The International Association for the Study of Pain (IASP) has developed a classification for
SCI pain, wherein SCI-induced NP (SCI-NP) is categorized based on its occurrence at or below
the neurological level of injury (NLI) (Bryce et al. 2012; Widerstrom-Noga 2017). At-level
SCI-NP is attributed to damage to the spinal cord or nerve roots at the neurological level of
injury and/or within three dermatomes below it, without affecting lower dermatomes; below-

level SCI-NP is characterized by pain perceived more than three dermatomes below the



neurological level of injury, considered to be closely linked to SCI-induced maladaptive

changes across the somatosensory pathways affecting regions distant from the lesion.

Upon examination, patients often exhibit a combination of positive (increased sensitivity and
abnormal unpleasant sensations) and negative (sensory deficits) symptoms of SCI-NP (Table
1) (Bryce et al. 2012; Vranken 2013; Widerstrom-Noga 2023). Individuals with SCI-NP
frequently report pain hypersensitivity in response to stimuli, manifesting as allodynia and
hyperalgesia (Vranken 2013). Allodynia, defined as pain sensation in response to a stimulus
that does not usually provoke pain (non-noxious), indicating altered sensory processing.
Hyperalgesia, characterized by an intensified response to noxious stimuli, reflects an amplified
sensory pathway response to pain (Cavalli et al. 2019; Widerstrom-Noga 2017). SCI-NP
frequently co-occurs with motor dysfunctions, such as muscle weakness or spasticity, which
can exacerbate the conscious perception of pain (Widerstrom-Noga 2017). Consequently, SCI-
NP poses a significant challenge to patients, markedly impacting their quality of life and

impeding the rehabilitation process (Bokel et al. 2020; Burke et al. 2018).

Table 1: Positive and negative symptoms of SCI-NP

Positive symptoms

(painful and/or abnormal sensations)

Negative symptoms

(sensory deficits and/or weakness)

Spontaneous ongoing pain

Allodynia: pain sensation to a non-noxious stimulus

Hyperalgesia: increased response to a noxious

stimulus

Hyperesthesia: heightened sensitivity to sensory

stimuli, encompassing both allodynia and
hyperalgesia

Abnormal sensations (spontaneous or evoked):
include paresthesia and dysesthesia, such as

tingling, pins and needles, or numbness

Hypoalgesia: reduced response to a noxious
stimulus
Hypoesthesia: decreased sensitivity to sensory

stimuli




1.2. Maladaptive Alterations Within the Somatosensory Processing

Pathways Related to SCI-NP Development

Under normal circumstances, both noxious and non-noxious stimuli are transduced and
conducted from peripheral receptors to the central somatosensory nervous system for further
processing. This process involves organized transmission and modulation within the spinal and
supraspinal neural circuitry. The ascending spinothalamic tract (STT), which plays a critical
role in somatosensory processing, is primarily responsible for the transmission of pain, crude
touch, and temperature sensations from peripheral receptors to the brain (Figure 1). Under
physiological conditions, this complex neural pathway begins with the activation of primary
afferent neurons (first-order neurons such as nociceptors, mechanoreceptors for crude touch,
and thermoreceptors) located in the dorsal root ganglia (DRG), which detect noxious stimuli,
non-discriminative touch, and temperature changes through their peripheral terminals. These
first-order neurons convey sensory information via their central terminals to the dorsal horn of
the spinal cord, where they synapse with second-order neurons (sensory-processing neurons)
(Todd 2010). In the dorsal horn, two main types of second-order neurons are involved in
processing sensory information: nociceptive-specific neurons and wide dynamic range (WDR)
neurons. These neurons comprise the STT as spinothalamic projection neurons, which cross to
the contralateral side of the spinal cord and ascend signals to the thalamus, and subsequently

to various cortical areas for conscious perception (Basbaum 2000; Sandkuhler 2009).

Following SCI, this finely tuned system can become significantly disrupted, resulting in
maladaptive structural and functional alternations within the somatosensory processing
pathways, leading to the development of NP. Structurally, SCI can result in axonal damage and
demyelination of the STT, impairing sensory transmission through ascending pathways, further
leading to altered connectivity and plasticity at various supraspinal sites (Wrigley et al. 2009).
Functionally, this disruption can lead to aberrant signal processing, including increased

excitability of neurons in the dorsal horn and altered synaptic plasticity, which may manifest
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Figure 1: Spinal and supraspinal processing of noxious stimuli and crude touch perception within the

spinothalamic tract under physiological conditions.

This schematic illustrates the sensory pathways from peripheral detection to central processing. Noxious
stimuli are detected by nociceptors and relayed through C- and Ad-afferent fibers, while non-noxious crude
touch is sensed by mechanoreceptors and conveyed through AB-fibers. These signals travel from the dorsal
root ganglion to the spinal cord. In the dorsal horn, noxious and crude touch signals are transmitted to
spinothalamic projection neurons, which cross the spinal cord midline and ascend to the brain. Upon reaching
the thalamus, the signals are distributed to various cortical areas for advanced processing and conscious
perception. The illustration also shows the descending modulatory pathway, demonstrating top-down control

of sensory signaling. This figure was adapted from (Crucianelli and Morrison 2023).

as hyperalgesia or allodynia (Finnerup et al. 2016; Finnerup et al. 2014; Gwak et al. 2017;
Hains et al. 2003; Kuner and Flor 2016; Siddall and Loeser 2001; Siddall et al. 2003). At the
cellular and molecular levels, SCI triggers an inflammatory response characterized by the
activation of microglia and astrocytes, leading to the release of pro-inflammatory cytokines

and chemokines. This neuroinflammatory milieu can exacerbate neuronal excitability within



STT associated with SCI-NP (Gwak et al. 2017; Knerlich-Lukoschus and Held-Feindt 2015).
Moreover, SCI induces changes in the expression and function of ion channels and
neurotransmitter receptors on neurons interacting with or making up the STT pathway, further
distorting sensory signal processing and enhancing pain transmission (Crown et al. 2008;
Hulsebosch et al. 2009). However, due to our limited understanding of the intricate mechanisms

involved in SCI-NP pathogenesis, complications in treatment arise.

1.2.1. Aberrant Changes in the Spinal Cord and Connected Peripheral Nervous

System

1.2.1.1. Neuroimmune processes: reactive gliosis and neuroinflammation

Immediately following SCI, the physical trauma causes neuronal and axonal damage,
triggering the release of neurotransmitters, ions, and damage-associated molecular patterns.
These molecules and signals activate local neuroglial cells (reactive gliosis), including
microglia and astrocytes. Simultaneously, peripheral immune cells (e.g., macrophages)
infiltrate the spinal cord lesion through the compromised blood-spinal cord barrier, intensifying
the local immune response (Chhaya et al. 2019; Grace et al. 2014). Microglia, the resident
immune cells of the central nervous system (CNS), undergo activation and proliferation in
response to SCI, exhibiting morphological changes and the upregulation of surface markers
such as ionized calcium-binding adaptor molecule 1 (Ibal) and integrin a-M (CD11b). Upon
activation, microglia release a variety of pro-inflammatory mediators, including cytokines
(tumor necrosis factor-a, interleukin-1p, interleukin-6) and chemokines (C-C motif chemokine
ligand 2, C-X-C motif chemokine ligand 8). These substances increase neuronal sensitivity in
the spinal cord and DRG, driving maladaptive changes in the peripheral and central
somatosensory nervous systems, contributing to SCI-NP (Chen et al. 2022; Fleming et al. 2006;
Gwak et al. 2012; Hulsebosch 2008; Sun et al. 2023). Elevated expression of pro-inflammatory
cytokines has been detected at the injury site and beyond. Cytokine levels increase within four
months post-SCI in below-lesion spinal cord segments and remain elevated for up to 24 months,

correlating with below-level SCI-NP (Detloff et al. 2008; Dugan et al. 2020; Dugan et al. 2021).



Research has also shown that remote microglial activation in the lumbar spinal cord dorsal horn
is strongly associated with below-level NP following SCI (Carlton et al. 2009; Chhaya et al.
2019; Detloff et al. 2008; Gwak and Hulsebosch 2009; Gwak et al. 2012; Hains and Waxman
2006; Kim et al. 2013). Pro-inflammatory mediators from microglia can exacerbate the
activation of astrocytes (Gwak et al. 2017; Liddelow et al. 2020). Astrocytes, which undergo
hypertrophy and increase the expression of glial fibrillary acidic protein (GFAP), amplify
inflammation by releasing cytokines, chemokines, and other substances such as nitric oxide
and prostaglandins, thereby facilitating crosstalk between immune cells and neurons at the
spinal and supraspinal levels. They influence synaptic transmission and neuronal excitability
by modulating neurotransmitter uptake/release and altering extracellular ion concentrations,
enhancing nociceptive signaling beyond the injury site (Gwak et al. 2017; Ji et al. 2016;
Sofroniew 2015). SCI-induced activation of astrocytes occurs both acutely/subacutely (a few
days post-SCI) and persistently (beyond three months) in the spinal cord dorsal horn, including
at the lesion epicenter as well as in intact rostral and caudal areas (Gwak et al. 2012; Lepore et
al. 2011). Inhibiting astrocytic activation after SCI has been shown to mitigate the abnormal

hyperexcitability of dorsal horn neurons in response to both non-noxious and noxious stimuli

(Gwak and Hulsebosch 2009; Gwak et al. 2009).

1.2.1.2. Neuronal hyperexcitability: central and peripheral sensitization

Precise neuronal response properties in the spinal cord gray matter are critical for the central
somatosensory transmission of sensory signals, enabling accurate identification of external
stimuli from peripheral initiation. Sensory-processing neurons can be divided into three types
based on their physiological response properties to stimuli of varying intensities: low-threshold
neurons (non-nociceptive) exhibit the strongest activity in response to non-noxious stimuli;
high-threshold neurons (also known as nociceptive-specific neurons) display the strongest
activity in response to moderate and noxious stimuli, with few or no responses to non-noxious
stimuli; and WDR neurons exhibit graded activity patterns in response to increasing stimulation

intensity (greater stimulation intensity yields greater response activity) (Leem et al. 2010). In



terms of spinal cord neuroanatomical architecture, low-threshold/non-nociceptive neurons are
predominantly located in the dorsal horn laminae III, IV, and deeper laminae V, VI. These
neurons primarily receive non-nociceptive, mechanoreceptive information via myelinated Ap-
primary afferent fibers, processing sensations like touch and pressure, and projecting through
the dorsal column-medial lemniscal pathway (fine touch) and the spinothalamic tract (crude
touch). High-threshold/nociceptive-specific neurons are mainly found in the superficial dorsal
horn (laminae I and II), receiving nociceptive information from C- and Ad-fibers. WDR
neurons are distributed across both the superficial and deep laminae, predominantly in lamina
V, but also extending to laminae I, II, and VI. (Eisenach 2001; Netter 2023). Following SCI,
spinal cord neuronal hyperexcitability below the level of injury has been identified through
electrophysiological studies in rodent SCI models. This hyperexcitability is characterized by
the enhanced responsiveness of sensory-processing neurons to both non-noxious and noxious
peripheral stimuli, evidenced by increased spontaneous activity and post-discharge activity,
indicative of central sensitization (Gwak et al. 2008; Gwak and Hulsebosch 2011b; Hao et al.
2004). This observed spinal hyperexcitability closely correlates with the behavioral

manifestations of below-level SCI-NP.

Neuronal hyperexcitability in the spinal cord gray matter is facilitated not only by spinal
mechanisms but may also be influenced by alterations in peripheral conduction. This includes
altered response properties of DRG sensory neurons and subsequent changes in peripheral
somatosensory transmission. The hyperexcitability of nociceptors can lead to an increase in the
release level of neurotransmitters such as glutamate, substance P, calcitonin gene-related
peptide (CGRP), and adenosine 5'-triphosphate (ATP), to second-order neurons in the spinal
cord (Boadas-Vaello et al. 2016). Research has demonstrated that peripheral nociceptors exhibit
spontaneous activity in the absence of stimuli and an enhanced response to evoked stimuli
following SCI (a phenomenon of peripheral sensitization). This is accompanied by
hyperexcitability of DRG sensory neurons and postsynaptic spinal sensory-processing neurons,

as well as SCI-NP-associated behaviors within the innervated body regions (Carlton et al.



2009). Studies have shown that post-SCI neuronal hyperexcitability in both the spinal cord and
DRG may be attributed to the increased activation of neuroglial cells. Specifically, upon the
activation of immune cells, the release of substances such as pro-inflammatory cytokines
induces alterations in membrane integrity. These alterations affect receptor and ion channel
function, altering signal transmission in sensory-processing neurons and initiating enhanced
calctum influx. This cascade increases activation of intracellular downstream pathway,
resulting in sustained neuronal hyperexcitability in the spinal cord (Crown et al. 2008; Detloff

et al. 2008; Gwak et al. 2008; Hains and Waxman 2006).

1.2.1.3. Loss of inhibitory control and aberrant neuronal reactivity

In the aftermath of SCI, there is a notable downregulation of neurotransmitters and their
receptors that are crucial for local endogenous inhibitory signaling within the spinal cord. This
involves key neurotransmitters such as gamma-aminobutyric acid (GABA) and glycine. The
downregulation of GABA and glycine receptors, including GABA A receptors and glycine
receptors, further compromises inhibitory neurotransmission, failing to adequately
counterbalance the increased synaptic transmission in the spinal cord due to glutamate-
mediated neuronal excitation following SCI (Drew et al. 2004; Gwak and Hulsebosch 2011a;
Lietal. 2020; Malcangio 2018). Central terminals from functionally distinct classes of primary
afferent fibers are segregated into different laminae within the dorsal horn of the spinal cord:
thinly unmyelinated C-fibers and myelinated Ad-fibers, which constitute most nociceptors,
terminate in the superficial laminae I and II (Lu and Perl 2005; Sugiura et al. 1986), while the
cutaneous-sensing, heavily myelinated AB-fibers of mechanoreceptors innervate the inner
segment of lamina II (I11) and the deeper dorsal horn, laminae III-IV (Hughes et al. 2003; Todd
2010). Furthermore, research has demonstrated that excitatory interneurons and sensory-
processing or projection neurons located in lamina I and the outer layer of lamina II (lamina
ITo) are primarily inhibited via GABAergic mechanisms, while those in lamina Ili and lamina

IIT are predominantly subjected to glycinergic inhibition (Cioffi 2021; Takazawa et al. 2017).



Under physiological conditions, it is proposed that the separation of nociceptive and non-
nociceptive pathways in the dorsal horn is maintained by the action of 'gate control' units,
consisting of glycinergic and GABAergic inhibitory interneurons located in lamina II (Kwon
et al. 2014; Takazawa and MacDermott 2010; Torsney and MacDermott 2006; Zeilhofer et al.
2012). This mechanism involves a local circuit including neurons in lamina Ili expressing the
gamma isoform of protein kinase C (PKCy) (Figure 2). The functional inhibition from
glycinergic interneurons onto PKCy-expressing (PKCy+) excitatory interneurons prevents
them being activated from AB-mediated inputs. Studies have demonstrated that peripheral
nerve injuries (PNI) lead to a reduction in glycinergic postsynaptic inhibition onto lamina Ili
PKCy+ excitatory interneurons. This is accompanied by an increase in intracellular chloride

concentration ([ C/™]7) in spinal cord neurons, resulting in decreased efficacy of both glycinergic
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Figure 2: Working hypothesis of the “gate control” circuit involving PKCy-expressing excitatory

interneurons in the spinal cord dorsal horn.



PKCy-expressing excitatory interneurons are typically inhibited by glycinergic interneurons, thus gating
non-nociceptive mechanical information under normal conditions. However, inflammation and neuropathic
conditions can impair this endogenous inhibition mechanism, leading to increased activation of PKCy+
interneurons. As a result, stimuli that are normally innocuous can activate nociceptive pathways, leading to

mechanical allodynia.

and GABAergic inhibition. Consequently, the disinhibition of PKCy+ neurons fails to prevent
their activation upon receiving AB-mediated inputs, further transmitting excitatory signals to
dorsally-located neurons, ultimately exposing nociceptive-specific projection neurons to
activation and generating pain sensations, leading to mechanical allodynia (Bardoni et al. 2013;
Braz et al. 2014; Lu et al. 2013; Zheng et al. 2010). This suggests that injury-induced
mechanical allodynia can be mediated through a circuit involving PKCy+ interneurons, as
increased spinal cord PKCy+ expression has been associated with the development of
mechanical allodynia in both inflammatory and neuropathic conditions (Brown et al. 2022; Lu

et al. 2013; Neumann et al. 2008; Zhao et al. 2018).

1.3. Sex May Serve as A Biological Variable in SCI-NP Development

Clinical evidence focusing on outcomes related to SCI-NP has revealed a slightly higher
prevalence of pain among females than males, with reported prevalence rates of 75% in females
compared to 67% in males (Kim et al. 2020), and 46% in females versus 38% in males
(Werhagen et al. 2004). However, it is inconclusive given the lower number of females than
males experiencing SCI, thus the numbers were not enough to make any statistical conclusions.
Clinical studies that employed the Mean Numeric Rating Scale (MNRS) to assess pain intensity
have shown that females report experiencing more severe symptoms of SCI-NP more
frequently than males (Kim et al. 2020). This highlights the imperative for targeted preclinical
studies that aim to comprehensively compare SCI-NP profiles, incorporating an examination
of sex differences in the underlying mechanisms. Previous research into the mechanisms

behind NP resulting from PNI suggests a hypothesis that sex differences may also exist in the
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mechanisms underlying SCI-NP. These differences could potentially influence behavioral
responses and treatment outcomes (Chen et al. 2018; Ghazisaeidi et al. 2023; Linher-Melville

et al. 2020; Mapplebeck et al. 2018; Rosen et al. 2017; Sorge et al. 2015).

A report on sex inclusion in preclinical SCI rodent studies reveals a substantial gap in research
diversity, revealing that only 9% of studies incorporating both female and male subjects
(Stewart et al. 2020). This highlights the insufficient consideration given to sex as a biological
variable in the investigation of NP development following SCI. Some studies have indicated
that female SCI mice and rats demonstrate increased hypersensitivity compared to their male
counterparts (Dominguez et al. 2012; Lee et al. 2023), whereas others have reported that males
are more susceptible to developing mechanical allodynia (Gaudet et al. 2017; Hubscher et al.
2010). Conversely, several reports have found no significant sex differences in SCI-NP-
associated behaviors (Gensel et al. 2019; McFarlane et al. 2020; Walker et al. 2019).
Consequently, there is a pressing need for future research to incorporate multi-dimensional
assessments of SCI-NP-associated behaviors to foster a more comprehensive understanding
not only of potential differences in the perception and interpretation of SCI-NP but also in the
response to therapeutic interventions between females and males, as well as the underlying

mechanisms.

1.4. Understanding the Mechanisms of SCI-NP and Its Alleviation

Through Activity-Based Interventions

In clinical settings, as first-line rehabilitative treatment for SCI patients, activity-based
interventions (ABIs) such as cycling, standing, walking, and treadmill-based stepping are
commonly utilized. These interventions are typically customized to each patient's specific
needs and progress in motor recovery, often incorporating strategies such as functional
electrical stimulation, tonic epidural spinal cord stimulation, or a weight support system. Such
tailored approaches aim to maximize physical functioning and prevent secondary

complications like joint contracture and muscle atrophy (Behrman and Harkema 2000; Field-

11



Fote and Roach 2011; Harkema et al. 2011; van Hedel et al. 2009). Extensive preclinical
research has demonstrated that ABIs significantly enhance motor recovery and facilitate
neuronal regeneration (Griesbach et al. 2004; Ichiyama et al. 2011; Sandrow-Feinberg and
Houle 2015). Further investigations conducted by our laboratory and others have shown that a
variety of ABIs, such as treadmill training and voluntary wheel running, effectively mitigate
NP-associated symptoms at both the early and chronic stages of SCI (Detloff et al. 2014; Dugan
et al. 2021; Jergova et al. 2023; Nees et al. 2016; Sliwinski et al. 2018). This effectiveness
prompts a deeper exploration into the specific mechanisms through which ABIs exert their

ameliorative effects on SCI-NP.

ABIs have been shown to modulate the persistent inflammatory responses triggered by SCI,
regulating levels of pro-inflammatory and anti-inflammatory mediators across multiple regions,
including the at-level lesion site, below-lesion spinal cords, and DRG, contributing to SCI-NP
alleviation (Dugan et al. 2020; Dugan et al. 2021). They also diminish the activation of immune
cells such as macrophages and neuroglial cells like microglia at and below the injury level
(Cheng et al. 2022; Chhaya et al. 2019). These interventions also promote the restoration of
physiological endogenous GABAergic inhibition within the spinal cord dorsal horn.
Specifically, ABIs influence the levels of the potassium-chloride cotransporter 2 (KCC2)
(Dugan et al. 2020; Dugan et al. 2021) and normalize the synthesis of glutamic acid
decarboxylase (GAD-65/67) (Tashiro et al. 2018) towards sham levels in distal spinal regions
through BDNF/tropomyosin receptor kinase B (TrkB) signaling. Suppression of this pathway
has been shown to decrease the expression of KCC2, GAD-65, and GAD-67, correlating with
the emergence of below-level SCI-NP symptoms (Li et al. 2020). Moreover, ABIs have been
shown to reduce excitatory mechanisms below the injury site by enhancing the function of the
perineuronal net, which, when its expression is diminished following SCI, indicates a
hyperexcitatory state of the neural circuitry (Sanchez-Ventura et al. 2021). Furthermore, ABIs
modulate maladaptive plasticity of peptidergic C-/Ad- nociceptive fibers in the spinal cord gray

matter neural circuitry. This modulation leads to a reduction in SCI-induced increases in
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CGRP-expressing nociceptor labeling density in laminae ITII-IV (Nees et al. 2016; Sliwinski et
al. 2018; Tashiro et al. 2018; Tashiro et al. 2015), and decreases CGRP expression in laminae

I-IT of the L4-L6 lumbar spinal cord segments (Cheng et al. 2022).

In examining the behavioral outcomes and underlying mechanisms of SCI-NP after ABIs, it is
observed that ABIs incorporating weight-bearing and rhythmic limb movements—such as free
walking, treadmill training, and voluntary wheel running—demonstrate greater efficacy in
alleviating SCI-NP. Conversely, interventions that rely on weight support systems (treadmill
training with body weight support system, swimming) and/or do not involve alternating limb
movements (supported standing) are less effective. Based on these observations, I hypothesize
that 'full weight-bearing rhythmic' ABIs may more effectively activate proprioceptive and
mechanoreceptive afferents, leading to a reduction in SCI-NP. However, direct evidence
supporting this hypothesis is still lacking. As part of this pre-clinical study, I aim to refine and
optimize the ABI paradigm to enhance its effectiveness. Therefore, I have modified the
treadmill-based activity regimen in the current study by employing two distinct types of
treadmill running belts, each with unique textures and patterns. This modification is designed

to vary the intensity of sensory stimulation as the animals engage in stepping or running.

Given the evidence from Section 1.3 of the potential sex-dependent differences in the signaling
pathways involved in SCI-NP, it becomes crucial to include sex as a biological variable. This
inclusion is especially pertinent considering that females and males may respond differently to
therapeutic interventions aimed at pain alleviation, due to varying neurobiological mechanisms.
Therefore, to address specific gaps in the research field, the present study is structured around

the following aims:

Aim 1: To investigate whether there are differences between females and males in the
development of NP and its alleviation through a weight-bearing ABI following SCI. This aim

is explored through Study 1.
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Aim 2: To examine whether incorporating increased sensory input during ABI can enhance its

efficiency in ameliorating SCI-NP. This aim is addressed in Study 2.

Aim 3: To explore the SCI-induced mechanisms that correlate with pain and are altered by ABI.

This aim is investigated concurrently with the first two studies.
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2. Materials and Methods

2.1. Animal Subjects and Experimental Groups

Animals were maintained in accordance with the protocols approved by the local governing
body (Regierungspriasidium Karlsruhe, Germany, Ref. G-100/21), adhering to institutional
guidelines and German law on animal welfare and the protection of animals used for scientific
purposes (TierSchG, TierSchVersV). Eight-week-old C57BL/6J mice from Janvier Labs (strain:
C57BL/6JRj) of both sexes, with females weighing 18-23 grams and males weighing 20-25
grams, were acclimatized to the animal facility for 12 days. After this period, they underwent
baseline behavioral testing at 10 weeks of age, followed by spinal cord injury (SCI) surgery
and subsequent weekly behavioral assessments as outlined in Figures 3 and 14. Mice were
housed in small groups (3-4 per cage), segregated by sex, with food and water available ad
libitum, under a natural 12-hour light/12-hour dark cycle. As per ARRIVE guidelines,
experimenters were blinded to the identities of the mice in behavioral and
immunohistochemical analyses. Initially, the studies included 36 female and 26 male mice;
however, three male mice succumbed to bladder infections, and consequently, data from only

23 males were included in the analysis.

In Study 1, which focused on investigating sex differences in the development of SCI-induced
neuropathic pain (SCI-NP) and its alleviation through a treadmill activity-based intervention
(ABI), mice of both sexes were included and randomly allocated into sham, SCI, and SCI+ABI
groups prior to SCI modeling. The sex-specific sham group for each sex comprised 7 animals,
while the SCI and SCI+ABI groups each comprised 8 animals. A treadmill equipped with an
unpatterned running belt was utilized for both sexes (refer to Figure 3, Sections 3.1 and 3.2).
Study 2 was designed to examine the effects of additional sensory stimulation during ABI,
focusing exclusively on female mice. The study included four experimental groups: sham, SCI,
SCI+ABI-UPB (using an unpatterned belt), and SCI+ABI-PB (using a patterned belt). The

sham group comprised 7 female mice, and each of the other three groups included 8 mice.
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Notably, a new cohort of 8 female mice was added to the SCI+ABI-PB group for this study

(see Figure 14, Section 3.3), while the remaining groups were carried over from Study 1.

2.2. Experimental Model of SCI

2.2.1. SCI modeling

In my studies, all contusion surgeries were performed using the Infinite Horizon Impact Device
(IH-0400 Impactor; Precision Systems & Instrumentation, Lexington, KY, USA), equipped
with a 1.3 mm diameter steel-tipped impactor specifically designed for mice (Nees et al. 2016;

Sliwinski et al. 2024; Sliwinski et al. 2018).

Before the surgical procedures, mice were deeply anesthetized via intraperitoneal (i.p.)
injection with a combination of Fentanyl (0.01 mg/kg), Medetomidine (0.3 mg/kg), and
Midazolam (4 mg/kg). To ensure anonymity and unbiased handling during surgery, the ear
markings of all mice were concealed by covering them with cotton tape by the surgical assistant,
Yifeng Zheng, before they were handed to me, the surgeon. Under a surgical microscope (SZ51
zoom stereo microscope, Olympus), I performed a laminectomy at the T9 vertebral level to
expose the spinal cord at the T11 level. I used extra fine forceps to stabilize the spinal column
by gripping the spinal processes of the adjacent T8 and T10 vertebrae. The impactor tip was
positioned 4.4 mm above the exposed spinal cord. For SCI modeling, including both untreated
and ABI-treated groups, a moderate contusion at the T11 level was induced using the impactor
set to deliver a force of 50 kdyn without dwell time. During the surgery, dehydration was
prevented by administering 100 pl of lactated Ringer's solution subcutaneously (s.c.) mid-
procedure. The physiological state of the mice was closely monitored by observing the
respiratory movements of the thoracic cavity, measuring body temperature, and assessing reflex
responses. After administering the contusion, the muscle layers were sutured using 6/0 terylene,
and the skin incision was closed with suture clips designed for mouse use. Anesthesia was

reversed through i.p. injections of a wake-up mixture, which included Buprenorphine (0.04
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mg/kg), Flumazenil (0.5 mg/kg s.c.), and Atipamezole (2.5 mg/kg s.c.), with no additional

analgesic treatment administered.

Post-surgery, the mice were closely monitored, and their bladders were manually expressed at
least twice daily to prevent complications. To mitigate the risk of bladder infections, antibiotic
treatment with ampicillin (33 mg/kg, 100 pl s.c., twice per day) was administered for 10-14
days post-operation, continuing until reflexive bladder function was restored. Additionally,
analgesics consisting of Buprenorphine (0.04 mg/kg, 100 pl s.c.) were administered twice daily
to both SCI modeling and sham-operated mice for the first two days post-surgery to manage
pain associated with the surgical wound. Approximately one week after the injury, the surgical

clips were carefully removed from the conscious mice.

2.2.2. Animal-care medications

Table 2: Animal medications

Medication Product Company/Manufacturer
Acepromazine Tranquinervin® Dechra Veterinary Products
Ampicillin Ampicillin-ratiopharm® 5,0 g Ratiopharm GmbH
Atipamezole ATIPAZOLE 5 mg/ml Prodivet pharmaceuticals
Buprenorphine Buprenovet® Multidose 0,3 mg/ml VetViva Richter GmbH
Fentanyl Fentadon® 50 pg/ml Dechra Veterinary Products
Flumazenil Flumazenil Kabi 0,1 mg/ml Fresenius Kabi Deutschland GmbH
Ketamine Ketamin 10%, 100 mg/ml Bremer Pharma GmbH
Medetomidine Dormilan® 1 mg/ml Alfavet Tierarzneimittel GmbH
Midazolam Midazolam-hameln 1 mg/ml Hameln Pharma GmbH
Ringer's solution Ringer-Infusionslésung Ecoflac plus B.Braun

Xylazine XYLARIEM® 20 mg Xylazin Ecuphar
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2.3. Activity-Based Intervention Paradigms

2.3.1. Early increasing-velocity ABI

The ABI paradigm utilized in my studies employs a well-established treadmill training regime
developed in our laboratory (Nees et al. 2016; Sliwinski et al. 2018). Mice in the ABI groups
underwent moderate training on a custom-built motorized treadmill. This treadmill is equipped
with three individual lanes (700 x 100 mm each) and separated by walls made of red acrylic
glass to facilitate parallel training for up to three animals. The treadmill belts are driven by a
RollerDrive EC310 motor (Interroll Automation GmbH, Sinsheim, Germany) and controlled
by proprietary software developed using LabVIEW 2012 (version 12.0; National Instruments
Corporation, Austin, TX). This setup ensures a load-independent constant velocity, managed

by a proportional-integral-derivative (PID) controller, allowing for adjustable speeds.

Animals assigned to the ABI groups underwent training twice daily for 15 minutes per session,
once in the morning and once in the afternoon, with at least a 3-hour break between sessions.
For high-frequency ABI, training was conducted 5 days per week, totaling 15 ABI days across
a duration of 3 weeks; lower-frequency ABI involved training 3 days per week, totaling 9 ABI

days.

Training commenced 8 days post-injury (dpi), determined by the recovery of weight support in
the injured mice. The treadmill speed was initially set lower (approximately 0.09 m/s) and
gradually increased based on the animals’ daily ABI performance. The running velocity was
carefully adjusted so that the animals could maintain a position in the middle of the belt,
ensuring "moderate ABI intensity" without exhibiting signs of stress, such as falling behind to
the end of the belt, increased defecation, or elevated respiration rates. On each day of ABI,
control mice (both SCI and sham groups) were placed in the same environment for two 15-
minute sessions without treadmill movement, based on findings from previous studies that

showed no significant behavioral differences between trained and untrained sham mice.
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2.3.2. ABI modification via treadmill belt replacement: unpatterned vs. patterned

belt

In Study 2, I incorporated two distinct types of treadmill running belts, each featuring different
textures to explore the effects of sensory stimulation. The unpatterned belt was constructed
from a foam rubber fabric (3305 Black EVA Foam Rubber Material 2 mm, sourced from
Fabrics-City, Germany), providing a smooth and uniform surface. Conversely, the patterned
belt was made of Polyvinyl Chloride, specifically the SHEJIO Treadmill Walking Belt
(available on Amazon), which included a textured surface designed to enhance sensory

stimulation/input during treadmill training.

2.4. Behavioral Testing

Mice aged 10 weeks from both sexes were acclimated to the von Frey and Hargreaves testing
apparatus over three consecutive days (-5, -4, and -3 dpi) for a minimum of one hour each day
before the baseline testing days (-2 and -1 dpi) and for 30—45 minutes before each testing
session on all subsequent testing days. The baseline mechanical and thermal sensitivity was
determined by calculating the average value across two consecutive days from -2 and -1 dpi.
The animals were not habituated to the open field arena used for the Basso Mouse Scale (BMS)
or the Place Escape/Avoidance Paradigm (PEAP) testing arenas. Weekly behavioral tests,
including BMS, von Frey, and Hargreaves tests, were conducted every Monday from 7 dpi to

28 dpi, with PEAP administered at 29 dpi (refer to Figures 3 and 14).

All behavioral assessments were performed during the same part of the circadian cycle on
awake, unrestrained animals. Gross motor function tests were scheduled early in the morning,
followed by sensory testing. The thermal sensitivity test was started at least 30 minutes after
finishing the mechanical sensitivity test. To ensure the objectivity of the results, the

experimenter was blinded to the group identities of the animals.
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2.4.1. Mechanical sensitivity test: von Frey monofilaments

Animals were placed in a plexiglass box (10 cm length x 10 cm width x 14 cm height) on an
elevated wire grid (Ugo Basile Inc., Italy) for mechanical sensitivity testing. Calibrated von
Frey monofilaments with increasing diameters and target forces (0.16, 0.4, 0.6, and 1.6 g) were
applied. Filaments were selected based on results from previous studies conducted by our
laboratory using an identical SCI model in mice (Nees et al. 2016; Sliwinski et al. 2024;
Sliwinski et al. 2018). The 0.16 and 0.4 g filaments were used to elicit non-noxious mechanical
stimuli, while the 0.6 and 1.4 g filaments were deployed for noxious mechanical stimuli. Von
Frey hair filaments were applied to the plantar surface of the hindpaw using a brief vertical
upward motion for 2-3 seconds. Testing was performed in parallel on up to 12 animals. Each
hindpaw was tested with a single stimulus before proceeding to the other hindpaw for all
animals; the initial hindpaw was re-tested with the same filament after a minimum interval of
5 minutes between applications on the same animal. Before proceeding to the next filament, an
interval of 5-10 minutes was maintained to mitigate the risk of stimulus-induced sensitization
in the paw. The withdrawal frequency, which is the proportion of withdrawals to total attempts,
was calculated by aggregating the outcomes of 10 applications for each filament, distributed
evenly with 5 applications per hindpaw. This methodological approach facilitates a

comprehensive quantification of the mechanical sensitivity elicited by each filament.

2.4.2. Operant testing of cognitive perception of mechanical hypersensitivity:

Place Escape/Avoidance Paradigm (PEAP)

The assessment of affective-cognitive perception of mechanical allodynia, induced by non-
noxious mechanical stimulation, was conducted on all subjects using the Place
Escape/Avoidance Paradigm (PEAP) as delineated in prior studies (Nees et al. 2016; Prabhala
et al. 2018; Sliwinski et al. 2018). Each animal was placed in a box (22 c¢cm length x 22 cm
width x 14 cm height) situated atop an elevated wire grid. This apparatus was segregated into
two chambers: a closed (dark) chamber, with the roof and walls enveloped in black foil, and an

open (light) chamber, where the walls were lined with white foil. These chambers were
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interconnected via a 3.5 cm passageway in the partitioning wall, allowing free movement
between them. The initial 10 minutes of a 25-minute session were designated as an
unstimulated reference period for each subject, during which, across two 5-minute exploration
phases, the subjects could navigate freely between the dark and light compartments without
exposure to stimuli. The duration spent in the dark compartment during each phase was
documented and averaged to establish a baseline for each subject. Following this, throughout
a 15-minute testing phase, divided into three 5-minute intervals, non-noxious mechanical
stimuli were administered to the plantar surface of the hindpaws using a 0.16 g von Frey hair
filament, with applications alternating between the left and right paws every 15 seconds
whenever subjects ceased movement or remained in the dark chamber. The duration spent in
the dark chamber during each interval was again recorded and subsequently compared against
the pre-established baseline for each subject to ascertain the proportional change in time spent
in the dark. This comparison aimed to elucidate the subjects' aversive responses to the evoked

non-noxious mechanical stimuli.

2.4.3. Thermal sensitivity test: Hargreaves method

To evaluate thermal sensitivity, animals were confined within a plexiglass chamber (10 cm
length x 10 cm width x 14 cm height) positioned atop a glass floor (Ugo Basile Inc., Italy).
Thermal stimuli were administered to the plantar surfaces of the animals' hindpaws using the
Hargreaves method (Hargreaves Apparatus, Ugo Basile Inc., Italy), which involved positioning
a movable infrared laser beam beneath the glass floor to precisely target the plantar surface of
the hindpaws. To minimize the risk of skin damage, the application was limited to a maximum
duration of 15 seconds. The protocol allowed for simultaneous testing of up to 12 animals. For
each animal, a single stimulus was applied to one hindpaw before testing the opposite hindpaw,
ensuring a minimum interval of 5 minutes between successive applications to the same paw.
The automatic deactivation of both the laser and the timing mechanism occurred immediately
upon the animal's withdrawal of its hindpaw, thereby recording the withdrawal latency as the

elapsed time from the onset of stimulation to the withdrawal of the paw. The thermal sensitivity
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was quantified based on the average withdrawal latency, derived from eight stimuli per animal

(four per hindpaw).

2.4.4. Gross motor function test: Basso Mouse Scale

The Basso Mouse Scale (Basso et al. 2006) was utilized to evaluate the hindlimb gross motor
functions of all subjects, providing a measure of their hindlimb motor recovery over time. Mice
were individually placed at the center of a circular arena surrounded by white walls (40 cm in
height) and allowed to explore the area for 5-10 minutes. Their movements were observed by
two experimenters who were unaware of the group identities. The performance of each
hindpaw was scored independently by each observer and the average of these assessments was
calculated to derive a composite score (left and right) for each subject. Right before the initial
hindlimb sensory function testing post-SCI at 7 dpi, the BMS was used to verify sufficient
recovery of the animals' plantar placement and weight-bearing capabilities (BMS > 3). This
preliminary assessment was crucial for the subsequent application of the von Frey and
Hargreaves tests on their plantar surfaces, which depend on the elicitation of withdrawal

reflexes in the hindpaws.

2.5. c-Fos Induction

The expression of the Fos protein, which is the product of the induction of the immediate early
gene c-Fos in response to synaptic activity and neuronal activation, was assessed as a
neurochemical marker of neuronal activation within a 45-minute to 1-hour window following
stimulation. This was done to understand how neural circuits respond to specific
neurobiological stimuli (Gan et al. 2021a; Gan et al. 2021b; Renier et al. 2016; Stegemann et
al. 2023). To investigate c-Fos activation in the dorsal horn of the spinal cord induced by non-
noxious mechanical stimuli, mice underwent a controlled experimental procedure on the day
of perfusion (31 dpi). Specifically, mice were confined in a plexiglass chamber (10 cm length
x 10 cm width x 14 cm height) placed on an elevated wire grid. The plantar surfaces of the

hindpaws were alternately stimulated with a 0.16 g von Frey hair filament at 30-second
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intervals for 20 minutes across all experimental groups. Sixty minutes after stimulation
cessation, mice were transcardially perfused with a fixative solution of cold 4%
paraformaldehyde in phosphate buffer, following a flush with 0.1 M phosphate-buffered saline.
Tissues from the L4-L6 lumbar spinal cord segments were then harvested for Fos
immunofluorescence analysis. This methodology facilitated the observation of neuronal

activation patterns induced by non-noxious stimuli in sham, SCI, and SCI with ABI animals.

2.6. Tissue Processing

All animals in this study were euthanized with i.p. injection using a lethal dose of a mixture
containing ketamine (62.5 mg/kg), xylazine (3.175 mg/kg), and acepromazine (0.625 mg/kg),
diluted in sterile 0.9% saline. Following euthanasia, the animals underwent transcardial
perfusion with 0.9% saline, succeeded by 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB). The spinal cords were then meticulously dissected and post-fixed in 4% PFA/0.1
M PB for three hours at room temperature. Subsequently, the tissues were briefly rinsed with
ddH20, followed by a 5-minute wash in 0.1 M PB and then cryoprotected in 30% sucrose/0.1
M PB at 4°C until they sank. The spinal cords from T11 thoracic (the lesion site) and L4-L6
lumbar segments, along with dorsal root ganglia (DRG) from L4-L6 levels, were located using
anatomical landmarks and embedded in Tissue-Tek O.C.T compound (Sakura Finetek, Staufen,
Germany) for serial sectioning. The spinal lesion site was sectioned coronally at 25 pm
thickness using a Cryostat (Leica Biosystems), and sections were mounted in series of seven
cross-sections per slide on Menzel GmbH glass slides. The lumbar segments (L4-L6)
underwent a similar sectioning process but were stored in cryopreservation medium within 96-
well plates. The DRGs were sectioned sagittally at 30 pm and similarly mounted on glass slides.

All tissue sections were then stored at -20°C until further use.

2.7. Immunohistochemistry

Immunohistochemistry labeling was conducted on serial sections of the lumbar spinal cord

(L4-L6). Initially, free-floating sections were transferred to phosphate-buffered saline (PBS)
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and rinsed at room temperature with gentle shaking for 20 minutes. To facilitate antigen
retrieval, sections were incubated in citrate buffer (pH 6.0) in an 85°C-water bath for 25
minutes, followed by three washes in PBS, each lasting 5 minutes. Sections were then blocked
to prevent non-specific antibody binding by incubating in 10% donkey serum mixed with 0.2%
Triton X-100 in PBS, allowing tissue permeabilization for 2.5 hours at room temperature.
Primary antibodies were diluted in a solution of 5% donkey serum with 0.2% Triton X-100 in
PBS and applied to the sections, which were then incubated for overnight (c-Fos antibody was
incubated over two nights for 48 hours) at 4°C with gentle shaking. After allowing the sections
to equilibrate to room temperature for one hour, they were washed three times with 5% donkey
serum and 0.2% Triton X-100 in PBS. Secondary antibodies were then applied, diluted in 5%
donkey serum in PBS, and the sections were incubated for 2.5 hours while shaking in the dark.
Finally, sections were rinsed, dried, and cover-slipped using Fluoromount G (Southern

Biotechnology Associates, Birmingham, AL) to prepare for microscopic examination.

2.8. Antibodies

Table 3: Antibody list

Antibody Host Isotype Dilution Catalog No. Company/Manufacturer

CGRP Rabbit IgG 1:1000 24112 ImmunoStar
polyclonal

c-Fos Rat IgG 1:500 226017 Synaptic Systems
monoclonal

PKCy Guinea pig  IgG 1:400 PKCg-GP- Frontier Institute
polyclonal AF350

NeuN Mouse IgG 1:1000  MAB377 Sigma-Aldrich
monoclonal

GFAP Guinea pig  IgG 1:1500  GP52 Progen
polyclonal

Ibal Goat IgG 1:400 011-27991 WAKO
polyclonal
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Alexa Fluor™  Donkey IeG 1:800 A48258 Invitrogen
405 (anti-rabbit)  polyclonal
(H+L)
Alexa Fluor™  Donkey IgG 1:1500  A-21209 Invitrogen
594 (anti-rat) polyclonal
(H+L)
Alexa Fluor™  Donkey IgG 1:1200  A-11058 Invitrogen
594 (anti-goat) polyclonal
(H+L)
Alexa Fluor™  Donkey IgG 1:800 706-545-148 Jackson ImmunoResearch
488 (anti-guinea  polyclonal
pig) (H+L)
Cy5™ Donkey IgG 1:800 715175151 Jackson ImmunoResearch
(anti-mouse) polyclonal
(H+L)
2.9. Buffer and Solutions
Table 4: List of buffer and solutions
Buffer/Solutions Reagent Amount
Perfusion of Mouse:
0.2 M Solution phosphate (PO4) buffer (1 L) Part A: sodium phosphate 230 ml Part A
monobasic solution
Part B: sodium phosphate 770 ml Part B
dibasic solution
Sodium phosphate monobasic solution (230 ml) NaH,PO4 6.348 g
ddH-O Make up to 230 ml
Sodium phosphate dibasic solution (770 ml) NaHPO4 22.022 g
ddH,O Make up to 770 ml
0.1 M Phosphate buffer (1 L) 0.2 M Phosphate buffer 500 ml
ddH>0 500 ml
4% Paraformaldehyde (1 L) Paraformaldehyde 40 ¢g
ddH>O 500 ml
NaOH (10 N) 4 drops
0.2 M Phosphate buffer Makeupto 1 L
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Phosphate(PO4) buffer saline (PBS) (1 L)

30% sucrose solution (1 L)

Tissue cryopreservation fluid:

Sodium chloride (NaCl)
0.1 M Phosphate buffer

Sucrose

0.1 M Phosphate buffer

9g

Makeupto 1 L
300 g
Makeupto 1 L

For free-floating staining sections (1 L) NaH,PO4:2H,0 24¢g

Na;HPO4 9.06 g

Sucrose 300 g

Ethylene glycol (EG) 300 ml

ddH.O Makeupto 1 L
Antigen Retrieval:
Citrate buffer (1 L) Citric acid 1.92 ¢

ddH>O 800 ml

NaOH (10 N) Adjust pH to 6.0

ddH.O Makeupto 1 L

Tween 20 500 pl
Free-floating staining:
Blocking solution (10 ml) Donkey serum 1 ml

Triton X-100 20 ul

PBS 8.98 ml
Primary antibody solution (10 ml) Donkey serum 500 pl

Triton X-100 20 ul

PBS 9.48 ml
Primary antibody wash-out solution (10 ml) Donkey serum 500 pl

Triton X-100 20 ul

PBS 9.48 ml
Secondary antibody solution (10 ml) Donkey serum 500 pl

PBS 9.5 ml
Secondary antibody wash-out solution (10 ml) Donkey serum 500

PBS 9.5 ml

2.10. Confocal Microscopy Image Segmentation and Measurement

Confocal images were acquired using an Olympus FluoView FV1000 confocal laser scanning

microscope (CLSM). Labelled sections underwent imaging via sequential line scans at a
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resolution of 1024 x 1024 pixels, with a pixel dwell time of 8-12.5 pus. To ensure consistency,
all acquisitions were performed with identical laser settings (including laser intensity, power,
photomultiplier tube (PMT) settings, image size, pixel size, and scanning duration) across an
image series for each specific labeling, encompassing all animals studied. A montage of
confocal image stacks was generated across a depth of 25 um, centered on the region of interest
at the mid-level of each section. A 20x oil objective was utilized for low-magnification imaging,
while oil-immersion 40x and 60x plan-apochromatic objectives facilitated high-magnification
image capture. Image acquisition and subsequent processing for quantification were tailored to
various desired parameters. Typically, the maximum z-projection of an image stack was
employed for cell counting and analysis in ImageJ software (version 1.54f, National Institutes

of Health, USA) using 8-bit images.

2.10.1. CGRP-labeling density profile

The analysis of CGRP-expressing fiber labeling density was performed using methodologies
previously established by our laboratory (Nees et al. 2016; Sliwinski et al. 2024; Sliwinski et
al. 2018). The region of interest was pinpointed utilizing the mouse spinal cord atlas, with
specific reference to PKCy-labeling within lamina Ili. The dorsoventral boundary of lamina IIi,
as delineated by PKCy-labeling, was measured and designated as "x." For analysis, a box was
positioned at the center of the dorsal horn just below lamina Ili, with dimensions set to 2x in
the dorsoventral direction and 4x in the mediolateral direction. The quantification of labeling
density was carried out blindly using ImageJ software. The labeling threshold was carefully
adjusted to minimize background noise while ensuring accurate capture of CGRP+ fiber
labeling. The labeling density, representing the percentage of positive labeling within the
specified analysis box, was calculated for both dorsal horns of each mouse. Values were

averaged from at least three sections per mouse, spanning the L4-L6 lumbar spinal cord.

2.10.2. PKCy immunodensity, number of PKCy-positive cells

The immunodensity of PKCy was quantified by measuring the mean gray value of the staining

and subtracting the mean value of the background to account for non-specific staining. To
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determine the number of PKCy-positive cells below lamina Ili, a threshold was manually set
to encompass all regions displaying PKCy signals. The number of PKCy-positive cells below
lamina IIi was then calculated for each image, providing a precise measure of PKCy expression
within the sampled tissues. The mean gray value was averaged from at least three sections per
mouse, considering the average value of the left and right dorsal horns. The mean number of
PKCy-positive cells was calculated from three sections per animal, encompassing both the left
and right sides of the dorsal horn, to ensure a comprehensive assessment. The sections chosen

for analysis spanned the L4-L6 lumbar spinal cord.

2.10.3. Laminar distribution analysis of c-Fos-expressing cells

The analysis of the laminar distribution of c-Fos-expressing/activated (c-Fos+) cells within the
dorsal horn of lumbar spinal cord sections (L4-L6 segments) was conducted using a maximum
z-projection technique on image stacks captured at 20x magnification with a 2.5 um step size
over 8 slices. This approach ensured comprehensive coverage of all slices exhibiting c-Fos+
signals. Following established protocols (Liu et al. 2022) , the distribution of c-Fos+ cells was
quantified for each analyzed section. Identification and quantification of c-Fos+ cells were
performed using the "analyze particles" function in Imagel, with a size filter set to 10 to 400
um? and circularity parameters ranging from 0.23 to 1.00. These settings, along with threshold
adjustments, were employed to accurately enumerate activated cells. Manual verification was
conducted on all automated counts to exclude false positives, such as autofluorescent artifacts,
ensuring the reliability of the quantification process. For anatomical reference, the dorsal horn
laminae (I-V) were delineated on each image based on the mouse spinal cord atlas (Liu et al.
2022) and confirmed through the visualization of CGRP within lamina I and PKCy within
lamina IIi. The mean number of activated c-Fos cells, either overall or within each delineated
lamina, was calculated from three sections per animal, spanning the L4-L6 lumbar spinal cord
and encompassing both the left and right sides of the dorsal horn, to ensure a comprehensive

assessment.
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2.10.4. Analysis of inflammation in the lumbar spinal cord

To assess the inflammatory response of reactive neuroglial cells in the lumbar spinal cord, I
quantified the immunolabeling density of astrocyte-specific marker GFAP and
microglia/macrophage-specific marker Ibal. Immunolabeling for GFAP and Ibal was
conducted using fluorescent illumination with an Olympus FluoView FV1000 confocal laser
scanning microscope (CLSM). Each animal contributed one set of serial tissue sections, with
at least three sections spanning the L4-L6 spinal cord segments. Images of the dorsal horns of
the spinal cord from each animal were captured at 20x magnification using consistent laser
settings. Regions of interest (ROIs) corresponding to the spinal cord laminae I-V were
delineated based on the mouse spinal cord atlas as demonstrated in the Allen Spinal Cord Atlas
(Allen Institute for Brain Science). Using Image] software, the mean gray value of each ROI
image was measured following auto-thresholding to quantify the intensity of the labeling. The
data, expressed as the intensity of immunolabeling, was averaged from the left and right dorsal

horns.

2.11. Statistical Analysis

All data in this study are presented as mean + standard deviation (SD). Statistical analyses were
conducted using GraphPad Prism version 9 (GraphPad Software, San Diego, CA, USA). For
comparisons between two groups, either an unpaired Student's t-test or a Mann-Whitney test
was used, depending on whether the data were normally distributed. For analyzing differences
among multiple groups with one factor, I employed an ordinary one-way ANOVA with Tukey’s
post hoc analysis for normally distributed data, and a Kruskal-Wallis test followed by a Dunn’s
test for non-normally distributed data. In cases involving comparisons of two variables across
multiple groups, a two-way repeated measures ANOVA was utilized, followed by either a
Tukey’s post hoc test or a Bonferroni test based on the data setting to control for multiple

comparisons. The threshold for statistical significance was set at p < 0.05.
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To investigate the relationship between [Independent Variable, e.g., CGRP labeling density in
laminae II1-I'V, PKCy immunodensity in the dorsal horn (DH)] and [Dependent Variable, e.g.,
withdrawal frequency to a 0.16 g von Frey hair filament (to represent mechanical
sensitivity/hypersensitivity)], I performed both correlation and linear regression analyses.
Pearson correlation coefficients were calculated to assess the strength and direction of the linear
relationship between the [Independent Variable] and the [Dependent Variable]. Statistical
significance was determined with a significance level set at p < 0.05. A simple linear regression
was conducted with the [Dependent Variable] as the outcome and the [Independent Variable]
as the predictor. The regression model provided the equation Y=a+bX, where Y is the
[Dependent Variable], and X is the [Independent Variable]. The coefficient of determination »
or R? and p-values were reported to evaluate the model's explanatory power and statistical

significance.

2.12. Schematic Illustrations

Schematic illustrations for my doctoral dissertation were created using a combination of
BioRender (BioRender Inc., Toronto, Canada), and Adobe Illustrator 2020 (Adobe Inc., San
Jose, CA, USA). Each platform was utilized to leverage its specific capabilities for generating
clear and informative graphical representations of the research concepts. The final figures were
exported from these applications as high-resolution images and integrated into the dissertation
document, ensuring that each schematic was clearly rendered and effectively communicated

the intended scientific information.
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3. Results

3.1. Female and Male Mice Exhibit Analogous Sensorimotor Deficits

and Progression of NP Following SCI

To investigate whether sex serves as a biological variable in the development of neuropathic
pain (NP) following spinal cord injury (SCI), I included both female and male C57BL/6J mice
in this experiment (refer to Study 1, Figure 3). The study commenced by utilizing a moderate
thoracic contusion SCI model to induce persistent and robust hindlimb sensorimotor deficits,
particularly symptoms associated with NP. Behavioral alterations in response to SCI were
assessed longitudinally and compared with those observed in sham-operated subjects to
confirm the successful induction of the injury. Accordingly, to assess potential sex differences
in the progression of SCI-NP over time, NP-associated behaviors were evaluated at various

observational time points to enable cross-sex comparisons.

3.1.1. Moderate contusion SCI elicits sustained hindlimb sensorimotor deficits in

mice of both sexes

To establish a robust model for studying SCI-NP, I considered using the low thoracic contusion
model (vertebral level T7-T10). This model mimics a clinically relevant, anatomically
incomplete lesion and is widely recognized and utilized for this specific emphasis (Chen et al.
2022; Kramer et al. 2017). Therefore, in SCI mice, I induced a moderate contusion (50 kdyn)
at the T11 thoracic level of the spinal cord, while sham mice underwent a laminectomy at the
T9 vertebra. The actual values of impact force and tissue displacement during contusion
modeling were recorded to ensure that the parameters fell within the range necessary for
creating consistent injuries and for excluding subjects beyond this range (Figure 4, A and B).
The previous study suggested that implementing stringent limits for force (£5 kdyn) and
displacement (within a 200 pum range) could mitigate variability in behavioral and histological
outcomes, thereby facilitating the enhanced detection of nuanced alterations (Ghasemlou et al.

2005). The recorded impact force delivered exhibited very little variation from the intended
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alleviation through ABI

32



force in females (53.0 = 1.85 kdyn) and males (53.0 £+ 1.51 kdyn), demonstrating consistency
between the sexes (Figure 4A). Tissue displacement ranged from 498.0 to 532.7 um in females
and from 495.8 to 574.7 um in males, indicating stable and consistent contusion modeling

outcomes between the sexes (Figure 4B).
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Figure 4: Moderate contusion SCI leads to evident hindlimb gross motor deficits in both sexes of mice.

Recorded values of impact force (A) and tissue displacement (B) during spinal cord T11 moderate contusion
modeling (female/male-SCI: n = 8). Weekly hindlimb gross motor function BMS (C) and its subscores (D)
reveal considerable motor deficits induced by SCI. Overall, except for the time point of 21 dpi when
conducting BMS (C), no other statistical differences are observed between the sexes of SCI mice
(female/male-sham: n = 7; female/male-SCI: n = 8). Mean £ SD. A and B: unpaired t-test, ns: not significant.
C and D: Two-way repeated measures ANOVA, group differences, ****p < 0.0001; post hoc Tukey test, #p
<0.05. * stands for comparisons between sham and SCI groups, and # stands for comparisons between sexes

within the sham or SCI group.
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The hindlimb motor function was monitored as early as 1 dpi to confirm the successful
induction of experimental paralysis immediately following SCI, followed by a series of weekly
behavioral tests starting at 7 dpi. SCI resulted in significant impairments in hindlimb gross
motor function throughout the study duration in both female and male mice, compared to their
respective sham counterparts, as evidenced by the Basso Mouse Scale (BMS) and its subscores
(Figure 4, C and D). At 7 dpi, both female and male SCI mice demonstrated a gradual
restoration of plantar weight support function (BMS > 3), enabling the use of the von Frey and
Hargreaves tests on the plantar surface to examine below-level sensory functions. By 28 dpi,
the average BMS ranged from 4 to 5, indicating recovery of plantar stepping frequencies and
hindlimb coordination. At 21 dpi, male SCI mice exhibited a transient higher BMS than their
female counterparts (Figure 4C). Except for this, throughout the 3-week post-SCI observational
period, there were no other statistically significant differences in the BMS or its subscores

between females and males within both the sham and SCI groups.

Next, SCl-induced alternations in the mechanical sensitivity of hindpaws were assessed using
the von Frey hair monofilament test. At 7 dpi, both female and male mice with SCI exhibited
significantly increased withdrawal responses to non-noxious stimuli delivered by light von
Frey hair filaments (0.16 and 0.4 g) compared to their sham counterparts, indicating the onset
of below-level mechanical allodynia (Figure 5, A and B). This sensory impairment persisted in
SCI mice until the end of the study. Notably, prior to the SCI procedure, male mice allocated
to the SCI group exhibited a slightly higher baseline sensitivity to both light filaments
compared to their SCI female counterparts (i.e., Pre-OP; Figure 5, A and B). However,
following injury, this sex-related sensitivity did not bear significance. To more
comprehensively assess the cognitive perception of mechanical allodynia, taking into account
the supraspinal processing of NP in both female and male SCI mice, I utilized the Place
Escape/Avoidance Paradigm (PEAP, Figure 5, C and D) at 29 dpi . During the initial 2 x 5-
minute free exploration phase, devoid of any stimuli, the time each mouse spent on the dark

side (preferred side) was recorded to establish each individual’s baseline. Subsequently, in the

34



following 3 x 5-minute testing phase, when the mice remained on the dark side, a non-noxious
mechanical stimulus was administered by applying a 0.16 g von Frey hair filament to the
plantar surface of the hindpaws, alternating between the left and right paws every 15 seconds
(Figure 5C). Comparative analysis with sham animals revealed that SCI mice showed a
significant, graded reduction in the time spent in the preferred dark compartment, relative to
their respective baselines for each interval (Figure 5D). Consequently, SCI mice exhibited
proactive tendencies to escape and/or avoid the dark environment, where they experienced
mechanical allodynia in response to normal, non-noxious mechanical stimuli. Additionally,
these mice demonstrated a preference for the light side (aversive side), indicative of seeking
pain relief. These findings are in alignment with the results obtained from von Frey hair testing

alone, highlighting conscious SCI-induced mechanical allodynia presentation.
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Figure 5: Persistent SCI-induced below-level mechanical allodynia in female and male mice.

35



SCI mice of both sexes show a significant increase in hindpaw withdrawal responses to non-noxious
mechanical stimuli, 0.16 (A) and 0.4 g (B) von Frey hair filaments (female/male-sham: n = 7; female/male-
SCI: n = 8). The graphic illustrates the Place Escape/Avoidance Paradigm (PEAP, C), where mice in a
preferred dark compartment receive non-noxious stimuli from a 0.16 g von Frey hair filament during the
testing phase. Female and male SCI mice demonstrate escape and/or avoidance behaviors to non-noxious
stimuli in a dark compartment compared to their baseline behaviors in the absence of stimuli (during the free
exploration period), unlike the sham groups, which do not exhibit a change in preference upon stimulation
(D). Mean + SD. A and B: Two-way repeated measures ANOVA, group differences, ****p < 0.0001; post
hoc Tukey test, #p < 0.05. * stands for comparisons between sham and SCI groups, and # stands for
comparisons between sexes within the sham or SCI group. D: Two-way repeated measures ANOVA, group
differences, p < 0.0001; post hoc Tukey test, *p < 0.05, ***p < 0.001, ****p < 0.0001, * stands for

comparisons between sham and SCI groups of each sex.

In contrast to the observations with non-noxious filaments, both sexes of SCI mice exhibited a
significant reduction in withdrawal responses to noxious mechanical stimuli (0.6 and 1.4 g von
Frey hair filaments) (Figure 6, A and B) compared to their sham counterparts. This sensory
deficit was evident as early as 7 dpi and persisted for the duration of the study. These results

suggest that SCI led to the initiation and maintenance of below-level mechanical hypoalgesia.
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Figure 6: SCI-induced below-level mechanical hypoalgesia in female and male mice.
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SCI mice of both sexes exhibit a significant reduction in hindpaw withdrawal responses to noxious
mechanical stimuli, 0.6 (A) and 1.4 g (B) von Frey hair filaments (female/male-sham: n = 7; female/male-

SCI: n = 8). Mean £ SD. Two-way repeated measures ANOVA, group differences, ****p < 0.0001.

Moderate contusion SCI resulted in a notable increase in heat sensitivity, as measured by the
Hargreaves test, in both sexes of mice throughout the post-operative period (Figure 7). This
was indicated by a considerable reduction in withdrawal latency to heat stimuli compared to
sham mice. These observations collectively suggest that moderate thoracic SCI induces

significant and sustained below-level thermal hyperalgesia in mice of both sexes.
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Figure 7: Sustained and robust SCI-induced below-level thermal hyperalgesia in female and male mice.

Both female and male SCI mice demonstrate notably heightened thermal sensitivity to heat stimuli,
Hargreaves method (female/male-sham: n = 7; female/male-SCI: n = 8). Mean + SD. Two-way repeated

measures ANOVA, group differences, ****p < 0.0001.
3.1.2. Female and male mice demonstrate similar progression patterns of NP-
associated behaviors following SCI

Female and male mice were specifically investigated for differences in the progression of NP-
associated behaviors, including mechanical allodynia and thermal hyperalgesia, over time

following SCI. Alterations from each SCI mouse's pre-operative baseline were analyzed and
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displayed as proportional changes. Accordingly, SCI-induced mechanical hypersensitivity was
represented as a positive change on the graph, reflecting significantly increased withdrawal
responses to non-noxious stimuli (Figure 8, A and B). Conversely, thermal hypersensitivity was
shown as a negative change, correlating with substantial decreases in withdrawal latency to

heat stimuli (Figure 8C).

From 7 to 28 dpi, female SCI mice appeared to exhibit a slightly greater increase in withdrawal
responses compared to males, with a significant difference at 14 dpi using a 0.4 g von Frey hair
filament (Figure 8B). However, no significant sex differences were noted at other observational
time points. Once established at 7 dpi, mechanical hypersensitivity/allodynia remained

consistent throughout the study period for both sexes (Figure 8, A and B). Thermal hyperalgesia
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Figure 8: The progression of mechanical and thermal hypersensitivity in female and male mice

following the induction of SCI.
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Female and male SCI mice exhibit comparable increases in withdrawal rates to non-noxious mechanical
stimuli, 0.16 (A) and 0.4 g (B) von Frey hair filaments, as well as similar changes in withdrawal latency to
heat stimuli (Hargreaves method, C), from their respective pre-operative level, assessed weekly
(female/male-sham: n = 7; female/male-SCI: n = 8). Mean £+ SD. Two-way repeated measures ANOVA:
0.16 g: not significant, 0.4 g: p sex factor = 0.0128, P time factor = 0.9054, Hargreaves: p sex factor = 0.8826, p time
factor = 0.0031; post hoc Bonferroni test (B (0.4 g), sex as variable at each time point), *p < 0.05; post hoc

Tukey test (C (Hargreaves), time point as variable within each sex), *p < 0.05, **p < 0.01.

persisted in both sexes post-SCI (Figure 8C). Male SCI mice showed a mild, limited reduction
in thermal hyperalgesia from 7 to 21 dpi; however, the thermal sensitivity persisted, as at 28
dpi it remained the same as at 21 dpi and did not return to pre-operative levels (x = 0).
Collectively, these findings confirm no significant sex differences in the behavioral

manifestations of SCI-NP.

Taken together, the findings from Section 3.1 highlight that moderate contusion SCI induced
comparable hindlimb sensorimotor deficits in both female and male mice. These impairments,
including early and persistent gross motor dysfunction, as well as mechanical

allodynia/hypoalgesia, and thermal hyperalgesia did not exhibit sex differences over time.

3.2. ABI Mitigates SCI-NP-Associated Symptoms in Both Sexes of Mice

Given the potential sex differences in the neurobiological mechanisms underlying NP
(Ghazisaeidi et al. 2023), it is plausible that females and males may exhibit differential
responses to various therapeutic interventions. This variance in response could be attributed to
differences in the targeted components and mechanisms of these interventions. Therefore,
integrating sex as a biological variable in the treatment of activity-based interventions (ABIs)
for SCI-NP is essential. In the present study, I consistently utilized the treadmill-based ABI
paradigms, which require animals to support their full body weight and alternate their limbs in

a rhythmic pattern while running on the belt. Initially, a high-frequency ABI regimen (5
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days/week) was employed, followed by a comparison of behavioral outcomes with a lower-
frequency regimen (3 days/week). This adjustment in weekly ABI frequency was motivated by
observed low compliance among the female animals during the high-frequency regimen in the
first experimental cohort, aiming to improve adherence and minimize potential stress-related
effects. Both paradigms were initiated from 8 dpi and continued until 28 dpi. Notably, an
unpatterned belt made of EVA foam rubber material was used in this experiment (refer to Study
1, Figure 3). Accordingly, the study was extended to include both female and male C57BL/6J
mice. The modified protocol was then used to assess the respective responses of female and
male mice to ABI. Furthermore, the experiment aimed to evaluate the efficacy of ABI in

mitigating SCI-NP-associated symptoms across both sexes.

3.2.1. High-frequency ABI manifests instability in efficacy for alleviating SCI-NP:

readout from comparative analysis with lower-frequency ABI

In the experimental design, I initially adopted a high-frequency ABI protocol (5 days/week, 2
x 15 mins/day) due to its proven effectiveness in reducing SCI-NP and its common use in our
research setting (Nees et al. 2016; Sliwinski et al. 2018). However, challenges arose with
animal compliance, marked by abrupt stops during running that led to entrapment on the
treadmill belt. To resolve this, I switched to a less intensive regimen (lower-frequency ABI, 3
days/week, 2 x 15 mins/day), which significantly improved mouse compliance. To further
optimize the ABI paradigm, comparative analyses of weekly behavioral tests were conducted
to evaluate the efficacy of the protocols in alleviating SCI-NP symptoms. To clarify, the
behavioral readouts reported here are exclusively from female mice in the sham, SCI, and both
high- and lower-frequency ABI groups utilizing an unpatterned treadmill belt (Study 1, Figure

3), as the high-frequency ABI was initially applied to a cohort of female mice.

Both high- and lower-frequency ABI paradigms were initiated at 8 dpi as an early intervention

for SCI-NP. By 14 dpi, mice in the high-frequency ABI group showed a significant reduction

in withdrawal responses to non-noxious mechanical stimuli (0.16 and 0.4 g von Frey hair

40



filaments), whereas the lower-frequency ABI did not exhibit analgesic effects at this time, with
withdrawal rates similar to those of the SCI group (Figure 9, A and B). By 21 dpi, however,
mice in the high-frequency group exhibited notably increased withdrawal responses to the 0.16
g filament, along with a tendency to increase responses to the 0.4 g filament, suggesting a
reversal in the alleviation of mechanical hypersensitivity, even though the response rates were
still lower than in untreated SCI mice. By 28 dpi, the high-frequency ABI group showed
significantly increased responses to both filaments compared to earlier time points (14 and 21
dpi) and were higher than those in the lower-frequency and sham groups. Nevertheless, they
still demonstrated an overall reduction compared to untreated SCI mice when exposed to the

0.16 g filament. Lower-frequency ABI, while not showing the early alleviation of mechanical
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Figure 9: High-frequency ABI exhibits instability in alleviating below-level mechanical

hypersensitivity compared to lower-frequency ABI.
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Hindpaw withdrawal responses in mice to non-noxious mechanical stimuli, 0.16 (A) and 0.4 g (B) von Frey
hair filaments. The high-frequency ABI group exhibits fluctuating and limited mitigation of mechanical
allodynia. In contrast, the lower-frequency ABI consistently alleviates this condition (female, sham: n = 7;
SCI: n = 8; SCI+ABI (lower-frequency 3 days/week): n = 8; SCI+ABI (high-frequency 5 days/week): n =
5). Graphic illustration of the Place Escape/Avoidance Paradigm (PEAP, C). Mice subjected to high-
frequency ABI actively escape and/or avoid painful sensations upon receiving non-noxious mechanical
stimuli in the preferred dark environment (D). In comparison, mice receiving lower-frequency ABI do not
demonstrate a place preference for the light environment after receiving the stimuli, similar to sham animals.
Mean + SD. Two-way repeated measures ANOVA, group differences, p < 0.0001; post hoc Tukey test.
Symbols in A and B indicate group comparisons: * (black) shows differences from the sham group, # (red)
from the SCI group, and marks differences between high-frequency and lower-frequency ABI
groups. In D, * (black) denotes statistical differences between the specified groups. *p < 0.05, **p < 0.01,

sy < 0.001, ***%p < 0.0001; #p < 0.05, ##p < 0.001, #Hip < 0.0001; $p < 0.05, $88$p < 0.0001.

allodynia as observed with high-frequency ABI at 14 dpi, led to a gradual decrease in
withdrawal responses over time, aligning with the sham group by the end of the study (i.e., 28
dpi; Figure 9, A and B). The PEAP results (Figure 9D) indicated that mice in the high-frequency
ABI group displayed behaviors suggesting active escape and/or avoidance of pain, preferring
light environments indicative of seeking pain relief similar to SCI animals. In contrast, low-
frequency ABI mice did not develop a place preference for the light side, behaving similarly to
sham animals. These findings suggest that while high-frequency ABI initially reduced
symptoms, its effects were less stable over time compared to the consistent improvements seen

with lower-frequency ABI.

Comparative analyses of other behavioral responses revealed no significant differences

between the mice subjected to high-frequency ABI and those treated with lower-frequency ABI

(Supplementary Figure 1/Figure S1).
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Considering both the well-being of the animals and the consistent efficacy of ABI in mitigating
SCI-NP, the lower-frequency ABI paradigm emerged as a more optimal treatment compared to
the high-frequency paradigm. Therefore, subsequent experiments continued to apply the

modified protocol to SCI+ABI mice.

3.2.2. Female and male SCI mice demonstrate comparable responses to ABI and

present amelioration of mechanical allodynia

To investigate potential differences in the response to ABI between female and male SCI mice,
I conducted multiple sensorimotor behavioral tests at multiple post-operative timepoints
immediately following SCI. Specifically, a treadmill-based ABI paradigm was administered on
an unpatterned running belt (3 days/week, 2 x 15 mins/day) to both sexes of SCI mice, starting
in the subacute phase (8 dpi) and continuing until 28 dpi, the intermediate phase of SCI (refer
to Study 1, Figure 3). As SCI mice gradually recover partial hindlimb motor function, I
increased the daily ABI velocity based on their daily performance to ensure the animals ran in
the middle area of the running belt, indicative of "moderate intensity". Both female and male

mice were trained at consistent velocities each day the ABI was applied (Figure 10).
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Figure 10: Daily ABI velocity recordings for female and male mice.

The dotted line indicates the maximum velocity setting for the ABI.
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From 14 to 28 dpi, SCI+ABI mice of both sexes showed a gradual decrease in withdrawal
responses to non-noxious mechanical stimuli, as tested with 0.16 and 0.4 g von Frey hair
filaments (Figure 11, A-D). At 21 dpi, a significant alleviation of mechanical allodynia was
observed in both female and male SCI mice with ABI. By the end of the study, the withdrawal
rates of SCI+ABI mice, across both sexes, were comparable to those of the sham group,

suggesting that ABI successfully reversed SCI-induced below-level mechanical allodynia.
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Figure 11: ABI mitigates SCI-induced below-level mechanical allodynia in both female and male mice.
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A gradual and significant reduction in hindpaw withdrawal responses to non-noxious mechanical stimuli,
applied with 0.16 and 0.4 g von Frey hair filaments, is observed in both female (A and C) and male (B and
D) SCI+ABI mice (female/male-sham: n = 7; female/male-SCI: n = 8; female/male-SCI+ABI: n = 8). The
Place Escape/Avoidance Paradigm (PEAP, E and F) confirms that SCI+ABI mice of both sexes do not
escape and/or avoid sensations upon receiving non-noxious mechanical stimuli (0.16 g filament) in the dark
environment. Mean + SD. Two-way repeated measures ANOVA, group differences, p < 0.0001; post hoc
Tukey test. Symbols in A-D indicate group comparisons: * (black) denotes differences from the sham group,
# (red) from the SCI group. In E and F, * (black) signifies statistical differences between specified groups.

%p < 0.05, **p < 0.01, ¥*%p < 0.001, ***%p < 0.0001; ##p < 0.01, ###p < 0.001, #Hp < 0.0001.

The Place Escape/Avoidance Paradigm (PEAP) conducted on both female and male SCI+ABI
mice revealed that they did not escape and/or avoid when exposed to a 0.16 g mechanical
stimulus in a dark compartment (Figure 11, E and F). This response was consistent with that
observed in their sex-matched, sham counterparts. In contrast, mice with SCI alone, regardless
of sex, exhibited a significant decrease in time spent on the dark side during the testing period
(when exposed to a non-noxious mechanical stimulus) compared to the free exploration period
(when no stimulus was present). Taken together, these results indicate that ABI mitigates SCI-

induced below-level mechanical allodynia, with this effectiveness being independent of sex.

However, neither female nor male mice exhibited any improvement in response to noxious
mechanical stimuli with ABI (Figures 12A-D). This observation is consistent with previous
findings from our laboratory (Nees et al. 2016; Sliwinski et al. 2018), collectively indicating
that ABI has no beneficial effect on SCI-induced mechanical hypoalgesia in either sex. In
addition, throughout the short-term study period, ABI did not effectively alleviate below-level
thermal hyperalgesia in SCI mice of both sexes (Figure 12, E and F). This observation is similar
to findings previously reported by our laboratory, where an early short-term ABI (5 weeks),
initiated at 7 dpi, did not effectively alleviate thermal hyperalgesia in SCI mice (Nees et al.

2016). However, my colleague found that a 4-week continuous ABI, initiated at 42 dpi,
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effectively mitigated thermal hypersensitivity (Sliwinski et al. 2018). This discrepancy

highlights the critical importance of the timing and duration of ABI for its efficacy in alleviating

SCI-NP.
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Figure 12: Lack of improvement in SCI-induced mechanical hypoalgesia and thermal hyperalgesia in

mice of both sexes following ABI.
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ABI does not reverse the SCI-induced reduction in hindpaw withdrawal responses to noxious mechanical
stimuli applied with 0.6 and 1.4 g von Frey hair filaments in both female (A and C) and male (B and D)
mice. SCI mice of both sexes subjected to ABI show no improvement in SCI-induced thermal hyperalgesia
as tested by the Hargreaves method (E and F) (female/male-sham: n = 7; female/male-SCI: n = §;
female/male-SCI+ABI: n = 8). Mean = SD. Two-way repeated measures ANOVA, group differences, ***p

<0.001, ****p <0.0001.

All SCI groups showed slight recovery in hindlimb gross motor function, as evaluated by BMS
and its subscores (Figure 13, A-D). However, the ABI paradigm did not lead to any

enhancement of gross motor recovery in the hindlimbs among mice of either sex.
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Figure 13: No promotion of hindlimb gross motor recovery induced by ABI observed in mice of both

sexes.

Hindlimb gross motor function, assessed weekly using BMS and subscores reveals no enhanced recovery by

ABI in both female (A and C) and male (B and D) SCI mice, respectively (female/male-sham: n = 7;
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female/male-SCI: n = 8; female/male-SCI+ABI: n = 8). Mean £SD. Two-way repeated measures ANOVA,

group differences, ****p < 0.0001.

Overall, female and male SCI mice exhibited parallel behavioral responses to ABI,

demonstrating a significant amelioration of below-level mechanical allodynia.

3.3. ABI on a Patterned Treadmill Belt Promotes Faster SCI-NP

Reduction Compared to an Unpatterned Treadmill Belt

To assess whether varying intensities of mechanoreceptive and proprioceptive inputs during
ABI differentially affect the efficacy in alleviating symptoms associated with SCI-NP, a study
was proposed. I anticipate this investigation to provide foundational insights for tailoring ABI
modifications to meet clinical needs. In this experiment, ABI paradigms administered on either
an unpatterned or patterned treadmill belt were applied to female mice starting from the
subacute phase of SCI (8 dpi). Notably, since female ABI mice trained on an unpatterned belt,
the sham control group, and the SCI untreated group were already included in my study settings
in the previous sections, I only added a new cohort of 8 female SCI mice trained on the

patterned belt to minimize the use of experimental animals (refer to Study 2, Figure 14).

An unpatterned belt (UPB) offers a smooth, consistent surface for mice, presenting minimal
mechanoreceptive/proprioceptive challenges. In contrast, a patterned belt (PB), equipped with

"

"acupressure points ", is designed to deliver increased mechanoreceptive stimuli as mice
navigate its surface. Moreover, the irregular patterns are expected to demand greater effort to
maintain balance, potentially enhancing proprioceptive input from the joint capsules and

muscle spindles in the hindlimbs (Figure 15).

To ensure control of variables, the daily ABI velocity was standardized for mice trained on both

unpatterned and patterned belts (Figure 16).
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Figure 14, Study 2: Examining the role of increased sensory input during ABI in improving its efficacy

in mitigating SCI-NP.

49



Figure 15: Representative images of an unpatterned belt and a patterned belt.

Daily ABI Velocity

0.30

SCI+ABI-UPB
Oy R S e SCI+ABI-PB
@ 0.20
E
2 0.15- -
Q .
kel o
2 o104 _*

@@"‘ @@" Q\Q;" Q\?f" &?f’ $e" @?f’ @@" {Qz"

ABI Weekday

Figure 16: Daily ABI velocity recordings for female mice trained on an unpatterned belt or a patterned

belt.

The dotted line indicates the maximum velocity setting for the ABI.

From 14 to 28 dpi, ABI paradigms using both unpatterned (ABI+UPB) and patterned belts
(ABI+PB) gradually alleviate SCI-induced mechanical allodynia in mice. This observation was

evidenced by the progressive decrease in withdrawal responses to 0.16 and 0.4 g non-noxious
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von Frey hair filaments (Figure 17, A and B). Interestingly, at 14 dpi, SCI mice trained on a

patterned belt exhibited significantly reduced withdrawal responses compared to those without

ABI, while those on an unpatterned belt did not show improvements. By 21 dpi, the ABI

paradigm with a patterned belt significantly reduced withdrawal responses, closely matching

those of sham animals, unlike the paradigm using an unpatterned belt, which showed less

improvement. By the end of the study, between ABI-treated groups (both UPB and PB) and the

sham group, no statistical differences were found in the withdrawal responses to both non-

noxious filaments (i.e., 28 dpi; Figure 17, A and B). This result highlights the efficacy of the

ABI approach in alleviating SCI-induced mechanical allodynia, independent of the belt pattern

utilized. The absence of mechanical allodynia in animals undergoing ABI was confirmed via
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Figure 17: Patterned ABI exhibits higher efficiency in mitigating SCI-induced mechanical allodynia

compared to unpatterned ABI.
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Hindpaw withdrawal responses in mice to non-noxious mechanical stimuli applied with 0.16 (A) and 0.4 g
(B) von Frey hair filaments show that ABI+PB (patterned belt) exhibits higher speed of efficiency in
alleviating SCI-induced mechanical allodynia than ABI+UPB (unpatterned belt) (female, sham: n = 7; SCI:
n = 8; SCI+ABI-UPB: n = 8; SCI+ABI-PB: n = 8). The Place Escape/Avoidance Paradigm Graphic (C)
demonstrates that SCI mice subjected to either ABI paradigm do not develop a place preference for the light
environment after receiving non-noxious stimuli, similar to sham animals at the end of the study (D). Mean
+ SD. Two-way repeated measures ANOVA, group differences, p < 0.0001; post hoc Tukey test. Symbols
in A and B indicate group comparisons: * (black) indicates differences from the sham group, # (red) from
the SCI group, and marks differences between unpatterned and patterned ABI groups. In D,
* (black) denotes statistical differences between specified groups. *p <0.05, ***p <0.001, ****p <0.0001;

#itp < 0.001, #HH#p < 0.0001; $p < 0.05, $$p < 0.01.

their performance during PEAP testing, where ABI-treated mice behaved similarly to sham
animals, not avoiding the dark environment when exposed to a 0.16 g filament (Figure 17, C

and D).

The use of a patterned belt did not alter outcomes in ABI-related treatments for other SCI-
induced sensorimotor deficits such as mechanical hypoalgesia, thermal hyperalgesia, and
hindlimb gross motor dysfunction. This aligns with observations detailed in Section 3.2. The
evidence comes from weekly behavioral tests assessing mechanical sensitivity with 0.6 and 1.4
g von Frey hair filaments (Figure S2, A and B), thermal sensitivity via the Hargreaves test

(Figure S2C), and gross motor function using the BMS and its subscores (Figure S2, D and E).

Taken together, these findings suggest that patterned ABI, which provides increased
mechanoreceptive and proprioceptive input compared to ABI with an unpatterned belt,
enhances the speed of efficiency in the amelioration of below-level SCI-NP-associated

symptoms.
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3.4. ABI Inhibits Maladaptive Plasticity of CGRP-Expressing

Nociceptors into the Deeper Dorsal Horn

The dorsal horn of the spinal cord, containing a complex array of functionally distinct laminae,
serves as the primary locus for sensory processing within the central somatosensory nervous
system before sensory information is relayed to the brain. Superficial laminae I and II
specifically process nociceptive information; herein, local projection neurons become activated
by noxious stimuli, which are mediated by C- and Ad-fibers (Figure 18). Peptidergic
nociceptive fibers, characterized by calcitonin gene-related peptide-positive (CGRP+)
expression, predominantly terminate in lamina I and the outer portion of lamina II (Ilo), while
isolectin B4 (IB4)-expressing non-peptidergic projections primarily terminate in the inner
segment of lamina II (I11). Intermediate laminae III-IV, conversely, receive mainly non-noxious

sensory input, with synapses in this region being registered by AB-fibers.

éﬁ\v!?? [ Nociceptors

Mechanoreceptors
Primary afferents . _.____
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Figure 18: The projection patterns of nociceptors and mechanoreceptors into the dorsal horn of the

spinal cord.
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This diagram illustrates the distinct central termination zones of nociceptors and mechanoreceptors within
the dorsal horn of the spinal cord and highlights the layered structure of the dorsal horn and the precision
with which it processes different sensory modalities. Nociceptors, which are essential for the transmission
of pain and temperature sensations, send their axons to the outer layers of the dorsal horn (laminae I and II),
underscoring their crucial role in the perception of harmful stimuli. Meanwhile, mechanoreceptors,

responsible for detecting touch and pressure, project their axons to the deeper layers (laminae I11-V).

Subsequent to SCI, functional and structural changes within the dorsal horn have been observed
to correlate with the emergence of SCI-NP-associated behaviors in the current studies. For
example, alterations in the activity of nociceptive fibers can lead to maladaptive plasticity
beyond their original site of termination. As depicted in Figure 19, A-C, compared to the sham
groups, mice of both sexes subjected to SCI without ABI exhibited a marked increase in the
sprouting of CGRP-expressing nociceptors within laminae I1I-IV of the lumbar spinal segments
L4-L6. This increase is highly correlated with behavioral indicators of below-level mechanical
allodynia. Specifically, there is a strong positive correlation between CGRP-labeling density in
laminae III-IV and the withdrawal frequency to a non-noxious 0.16 g von Frey hair filament
(Figure 19, D and E). In contrast, in the ABI groups—where SCI mice of both sexes underwent
a lower-frequency ABI protocol (3 days/week on an unpatterned belt)—there was a
significantly reduced density of CGRP+ nociceptors in the deeper laminae III-IV compared to
those without ABI. Notably, both female and male SCI mice receiving ABI showed a CGRP
labeling density similar to that of the sham controls. These findings are consistent with results
from previous research by our laboratory, which indicated comparable outcomes whether ABI
(administered 5 days/week) was implemented early (7 dpi) or during the chronic phase (42 dpi)
of SCI in female mice (Nees et al. 2016; Sliwinski et al. 2018). Additionally, ABI on a patterned
belt exhibited an effect similar to that when trained on an unpatterned belt (Figure S3). These
results indicate that the maladaptive sprouting of CGRP+ nociceptors plays a pivotal role in
the initiation and perpetuation of SCI-NP and suggest that ABI treatment mitigates mechanical

allodynia by reducing the abnormal sprouting of CGRP+ nociceptors into laminae III-1V.
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Figure 19: ABI inhibits the aberrant sprouting of CGRP-expressing nociceptive fibers into laminae

HI-1V induced by SCI.

Immunofluorescence staining of lumbar spinal cord sections shows CGRP-positive expression (A, scale bars
in main images: 50 pm, in magnified images: 20 pm). Quantification of the percentage of CGRP-labeled
area in laminae III-IV of the spinal cord dorsal horn of female (B) and male (C) mice. SCI leads to a
significant increase in the sprouting of CGRP+ nociceptors within laminae I1I-1V, whereas ABI effectively
inhibits this aberrant sprouting in both sexes of SCI mice. (ABI is applied on an unpatterned belt as shown
in Study 1, Figure 3. For each sex: sham: n=7; SCI: n = 8; SCI+ABI: n = 8). Mean +SD. Ordinary one-way
ANOVA (p<0.0001), post hoc Tukey test: ****p <0.0001. Scatter plots in D and E showing the relationship
between CGRP labeling density in laminae III-IV and withdrawal frequency to a non-noxious 0.16 g von
Frey hair filament. Each point represents an individual observation. The regression lines are shown with the

equations Y=6.724X—46.37 for females and Y=7.149X—56.02 for males. The Pearson correlation
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coefficients are = 0.8793 for females and » = 0.9320 for males. The R-squared values are R’ = 0.7733 for
females and R’ = 0.8687 for males, indicating that a high proportion of the variance in withdrawal frequency
is explained by CGRP labeling density. The relationship is statistically significant (p < 0.0001). Higher
CGRP labeling density in laminae III-1V is associated with a higher withdrawal frequency to the non-noxious

0.16 g filament, which is linked with mechanical allodynia.

3.5. ABI Depresses Heightened Neuronal Activity in the Spinal Cord

Dorsal Horn after SCI

Considering the potential link between SCI-induced mechanical allodynia and the altered
pattern of neuronal activation in the spinal cord dorsal horn, I devised an experiment to examine
the activation of c-Fos neuronal cells (Figure S4A) triggered by a non-noxious mechanical
stimulus (0.16 g von Frey hair filament) applied to the plantar surface of the mouse’s hindpaws.
This investigation aimed to clarify the alternations in the patterns of neuronal activation
associated with SCI-NP, evaluate the impact of ABI, and delineate the laminar distribution of

activated c-Fos cells within the spinal cord dorsal horn in both sexes.

In both female and male sham mice, pronounced c-Fos activation was observed in the spinal
cord dorsal horn following exposure to a non-noxious mechanical stimulus. Notably, in sham
mice there was a higher prevalence of c-Fos-positive cells in the deeper laminae III-V
compared to the superficial laminae I and II (Figure 20, A, D, and F). This distribution reflects
the specialized activation pattern of dorsal horn neurons for processing innocuous stimuli,
highlighting their distinct functional roles within these laminae. SCI mice of both sexes
exhibited a significantly enhanced activation of dorsal horn neurons in response to the
innocuous stimuli, as evidenced by a marked increase in the total number of c-Fos+ cells
compared to sham animals (Figure 20, A-C). The increase in neuronal activation was observed
in both the superficial laminae I-II and the deeper layers of laminae I1I-V (Figure 20, D and F).
This pattern suggests that SCI enhances stimulus-induced neuronal activation not only in the

regions typically responsible for processing innocuous stimuli (laminae I1I-V) but also in areas
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Figure 20: ABI diminishes touch-evoked SCI c-Fos neuronal activation in the dorsal horn.

Immunofluorescence staining of lumbar spinal cord sections showing c-Fos expression (A, scale bars: 50
pm). Quantification of the number of c-Fos+ cells triggered by a non-noxious mechanical stimulus (0.16 g
von Frey hair filament) in the spinal cord dorsal horn of female (B, D, and E) and male (C, F, and G) mice.
SCI leads to a significant increase in touch-evoked neuronal activation in the spinal cord dorsal horn,

especially within laminae III-IV, whereas ABI effectively depresses this aberrant enhancement in both sexes
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of SCI mice (ABI is applied on an unpatterned belt as shown in Study 1, Figure 3. For each sex: sham: n =
7; SCI: n = 8; SCI+ABI: n = 8). Mean £ SD. Ordinary one-way ANOVA (p <0.0001), post hoc Tukey test:

£p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

primarily involved in transmitting nociceptive information (laminae I-II). This widespread
neuronal activation may then contribute to the maladaptive processing of non-noxious
mechanical stimuli, leading to mechanical allodynia. The ABI paradigm (utilizing an
unpatterned belt as shown in Figure 3) effectively reversed the heightened c-Fos activation in
SCI mice of both sexes to levels comparable to their sham controls (Figure 20, B and C). This
reduction in neuronal activation was consistent across all laminae, from I to V (Figure 20, E
and G). Similarly, when the ABI was implemented using a patterned treadmill belt, the same
modulatory effects were observed (Figure S4, B-D). Overall, these results demonstrate that SCI
induces significant increase in neuronal activation evoked by innocuous stimuli within the
spinal cord dorsal horn, which is closely linked to the development of mechanical allodynia in
both female and male mice (Figure 21, A-F). The ABI paradigms prove to be effective in
suppressing this enhanced neuronal activation and reversing mechanical hypersensitivity in

SCI mice of both sexes.

Interesting, the increased plasticity of CGRP+ nociceptors following SCI was notably observed
in the deeper layers of the dorsal horn, as detailed in Section 3.4. Through the implementation
of ABI paradigms, the sprouting of CGRP+ nociceptors was effectively inhibited, which
coincided with reduced neuronal activation as evidenced by c-Fos labeling. These findings
suggest potential interactions between the sprouted nociceptors and altered neuronal activity in

the deeper dorsal horn under conditions of SCI-NP.

58



A Female B Male
100— R?=0.8323,p < 0.0001 100— R?=0.6654, p < 0.0001
5 E : 5 E
€ 2 go S 2 g
5 & 5 8
[THES O >
3 o 60+ S o 60
g - g &
= C = s
= 5 = o
S S 40+ S S 40+
B2 E 2
T = o -
£ o 204 £ o 20+
2 9 4 2 2
0 . T T T 1 0 '|"L T T T 1
0 30 60 90 120 150 0 30 60 90 120 150
Total No. of c-Fos+ cells per section Total No. of c-Fos+ cells per section
C D
100 R2=0.3268,p=0.0044 100 R2=O.5045,p=0.0001
< £ i 2 E
E 2 80 s »7 4 T 2 804
X T
D > O >
3 © 604 3 @ 60
8 L g &
= c = Cc
= 0 = O
S S 40 T S 404
52 5 2
° D
£ 5 20 £ S 207
= s s B
0 T T T 1 0 . r“ T T 1
0 10 20 30 40 0 10 20 30 40
No. of c-Fos+ cells in laminae I-ll No. of c-Fos+ cells in laminae I-lI
E F
100 R?=0.7533, p < 0.0001 100 R?=0.6059, p < 0.0001
< B 5 €
S 2 g0 S 2 8o
g2 g s
(] > QO >
S © 60 S o 604
g C g fr
E < = <
zZ 5 = O
T > 404 S > 404
B2 2
= ©
£ o 20 £ S 20
e 2 |y
0 — T T T ] 0 5 T T T ]
0 20 40 60 80 100 0 20 40 60 80 100
No. of c-Fos+ cells in laminae IlI-V No. of c-Fos+ cells in laminae IlI-V

Figure 21: Touch-induced c-Fos neuronal activation in the dorsal horn exhibit a strong connection

with the development of below-level mechanical allodynia.

Scatter plots showing the relationship between the number of c-Fos+ cells in different regions of the spinal
cord dorsal horn and withdrawal frequency to a non-noxious 0.16 g von Frey hair filament in females (A, C,
and E) and males (B, D, and F). Each point represents an individual observation (for each sex: sham: n = 7,
SCI: n = 8; SCI+ABI: n = 8). The regression lines are shown with the equations for females and males: A:
Y =09723X—13.47, B: Y = 0.6612X-8.778; C: Y = 2.560X + 11.11, D: Y = 2.985X—1.831; E: Y =

1.299X-6.966, F: Y = 0.8794X—5.057. The Pearson correlation coefficients are » = 0.9123 in A, 0.8157 in
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B, 0.5717 in C, 0.7103 in D, 0.8679 in E, and 0.7784 in F. The R-squared values are R’ = 0.8323 in A,
0.6654 in B, 0.3268 in C, 0.5045 in D, 0.7533 in E, and 0.6059 in F, indicating that a generally high
proportion of the variance in withdrawal frequency is explained by the number of c-Fos+ cells. The
relationships are statistically significant (p < 0.0001). A higher number of c-Fos+ cells is associated with a

higher withdrawal frequency to the non-noxious 0.16 g filament, indicating increased mechanical sensitivity.

3.6. ABI Subsides SCI-Induced Enhancement of Activation in Dorsal

Horn PKCy-Expressing Interneurons

To investigate the role of PKCy-expressing excitatory interneurons in the development and
alleviation of SCI-NP-associated behaviors, I examined the reactivity of dorsal horn PKCy+
neurons (Figure S5A) below the level of injury (lumbar spinal cord segments L4-L6) in

response to SCI and subsequent ABI treatment in mice of both sexes.

Both female and male SCI mice demonstrated significantly increased dorsal horn PKCy
immunoreactivity, characterized by elevated PKCy immunodensity (Figure 22, A-C).
Additionally, these subjects exhibited an augmented number of visible PKCy+ interneurons
beneath lamina Ili (Figure 22, A, D and E), a region where these interneurons are
predominantly located (Miraucourt et al. 2011; Neumann et al. 2008). SCI+ABI animals of
both sexes, subjected to an unpatterned belt, showed significantly reduced PKCy
immunodensity and fewer visible PKCy+ cells below lamina IIi, with no significant differences
observed compared to the sham groups. Interestingly, ABI administered using a patterned belt
was also demonstrated to effectively reduce the SCI-induced increase in reactivity of dorsal
horn PKCy+ interneurons below the level of injury with a higher efficiency compared to ABI
on an unpatterned belt (Figure S5, B-D). Collectively, these findings suggest that the
development of below-level mechanical allodynia following SCI is closely linked to the
increased reactivity of PKCy+ interneurons in the spinal cord dorsal horn (Figure 22, F and G).
Furthermore, ABI appears effective in mitigating SCI-induced mechanical hypersensitivity by

reducing the heightened reactivity of PKCy+ neurons triggered by the injury.
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Figure 22: ABI reduces SCI-induced heightened reactivity of PKCy-expressing interneurons in the

below-lesion spinal cord dorsal horn.

Immunofluorescence staining of lumbar spinal cord sections showing PKCy expression (A, scale bar in main
image: 50 um, in magnified image: 20 um). Quantification of PKCy immunoreactivity in the spinal cord
dorsal horn reveals that SCI leads to significantly increased PKCy immunodensity (B and C), as well as a
greater number of PKCy+ cells below lamina I1i (D and E) in SCI mice of both sexes, which are then reversed
by ABI treatment (ABI is applied on an unpatterned belt as shown in Study 1, Figure 3. For each sex: sham:

n="7; SCL: n = §; SCI+ABI: n = 8). Mean £ SD. Ordinary one-way ANOVA (p < 0.0001), post hoc Tukey
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test: **p < 0.01, ***p < 0.001, ****p < 0.0001. Scatter plots showing the relationship between PKCy
immunoreactivity in the spinal cord dorsal horn and withdrawal frequency to a non-noxious 0.16 g von Frey
hair filament in females (F) and males (G). The regression equations are F: Y = 2.287X—-274.9 with r =
0.8532 and R’ = 0.7279; and G: Y = 3.686X—495.1 with r = 0.8311 and R’ = 0.6907. The relationships are
statistically significant (p < 0.0001). Higher PKCy immunoreactivity in the dorsal horn is highly correlated
with a higher withdrawal frequency to the non-noxious 0.16 g filament, indicating greater mechanical

sensitivity.

The enhanced reactivity of dorsal horn PKCy+ excitatory interneurons in SCI-NP mice may
suggest that theses neurons gain access to transmit excitation to dorsally-located nociceptive-
specific neurons in superficial laminae I and II. This hypothesis is supported by conducting c-
Fos induction detailed in Section 3.5, where SCI-NP mice demonstrated increased neuronal
activation in the superficial laminae I-II in response to innocuous stimuli, potentially due to
receiving excitation signals from PKCy+ excitatory interneurons. However, during the peak
period for detecting most c-Fos activation, which occurs 1 hour post-stimuli, I did not observe
c-Fos activation in PKCy+ neurons. This absence might be attributable to missing or not
reaching the optimal time window for detecting activation of PKCy interneurons in response

to non-noxious mechanical stimuli, as it may occur immediately after stimulation.

On the other hand, in these lumbar spinal cord sections, PKCy expression was also shown in
the region of dorsal corticospinal tract (CST), which originates from corticospinal neurons in
layer 5 of the motor and somatosensory cortices and innervates all segments of the spinal cord.
Disruption of CST axons leads to motor functional deficits following traumatic injuries such
as SCI (Chen and Zheng 2014; Liu et al. 2017). At the end of the study, the CST-related
anatomical alterations in mice following SCI and ABI were assessed by examining PKCy+
dorsal axons below the lesion level (Figure 23). As expected, mice subjected to SCI
demonstrated a considerable loss in dorsal CST innervation. ABI paradigms did not alter the

volume of PKCy+ axons within the dorsal CST following SCI. These observations are
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consistent with the substantial impairment of hindlimb gross motor functions due to SCI, which

was not improved by ABI paradigms.

Figure 23: ABI paradigms do not promote axonal regeneration of the dorsal corticospinal tract below

the level of injury.

Immunofluorescence staining of lumbar spinal cord sections showing PKCy+ expression of dorsal CST
(scale bar: 50 um). This part of the immunostaining work was only performed in female mice from all four
groups, including sham, SCI, ABI on an unpatterned belt, and ABI on a patterned belt (sham: n = 7; SCI: n

= 8; SCI+ABI-UPB: n = 8; SCI+ABI-PB: n = 8).

3.7. Neuroglial Reaction Does Not Differ in the Dorsal Horn of Below-

Lesion Spinal Cord

To determine whether SCI-induced below-level mechanical allodynia is associated with
inflammatory-related responses within the spinal cord dorsal horn, I conducted histological
analysis of neuroglia responses at the corresponding dermatome level of lumbar spinal
segments (L4-L6). I used the glial fibrillary acidic protein (GFAP) to label astrocytes, and the

ionized calcium-binding adapter molecule 1 (Ibal) for staining microglia to examine if they
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were reactivated in SCI-NP mice. It is worth noting that this part of the immunohistochemistry
work was only performed in female mice from all groups, including sham, SCI, ABI on an

unpatterned belt, and ABI on a patterned belt.

At the conclusion of the study (31 dpi), female mice from all four experimental groups
displayed similar levels of GFAP (Figure 24, A and B) and Ibal (Figure 25, A and B) intensity
within the dorsal horn of the spinal cord. This similarity in intensity levels suggests that during
the intermediate phase of the injury, SCI did not exhibit below-level inflammatory responses
from astrocytes and microglia. Furthermore, the administration of ABI paradigms appeared to

have no significant impact on the reactivity of either astrocytes or microglia.
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Figure 24: Astrocytes do not exhibit alterations in the dorsal horn of the below-level spinal cord in

response to SCI or ABI paradigms.

Immunofluorescence staining of lumbar spinal cord sections showing GFAP expression (A, scale bar: 50

um). Quantification of GFAP immunodensity in the spinal cord dorsal horn shows no statistical difference
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among the four groups (B) (female, sham: n = 7; SCI: n = 8; SCI+ABI-UPB: n = §; SCI+ABI-PB: n = 8).
Mean £ SD. Ordinary one-way ANOVA, p = 0.1265. Combined analysis of Pearson correlation and linear
regression indicates there is no statistically significant relationship between GFAP immunodensity in the
dorsal horn and mechanical sensitivity/hypersensitivity (p = 0.4486, r =-0.1412, R’ = 0.01994, as indicated

by withdrawal frequency to a 0.16 g von Frey hair filament.
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Figure 25: Microglia do not demonstrate changes in the dorsal horn of the spinal cord below the lesion

in response to SCI or ABI paradigms.

Immunofluorescence staining of lumbar spinal cord sections showing Ibal expression (A, scale bar: 50 um).
Quantification of Ibal immunodensity in the spinal cord dorsal horn shows no statistical difference among
the four groups (B) (female, sham: n = 7; SCI: n = 8; SCI+ABI-UPB: n = §; SCI+ABI-PB: n = 8). Mean +
SD. Ordinary one-way ANOVA, p =0.4827. Combined analysis of Pearson correlation and linear regression
indicates there is no statistically significant relationship between dorsal horn Ibal immunodensity and
below-level mechanical sensitivity/hypersensitivity (p = 0.9288, » = 0.01673, R’ = 0.0002798), as indicated

by withdrawal frequency to a 0.16 g von Frey hair filament.
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It is important to note that the staining work for male mice will be conducted in the near future
to examine if the male SCI and ABI mice present differently in the inflammatory-related
responses from my current observations in their female counterparts. Overall, alternations in
neuroglial responses below the level of injury were not observed in female mice during the
intermediate phase of SCI, suggesting that they do not serve as key factor in driving below-

level SCI-NP in this phase (Figure 24C and 25C).
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4. Discussion

4.1. Sex Does Not Act as a Significant Variable in the Development of

SCI-NP and Its Amelioration by ABI

The present work provides insights into how both sexes of mice develop NP-associated
behaviors below the level of injury early after a spinal cord T11 moderate contusion, and how
they respond to ABI treatment initiated subacutely after SCI. Both female and male mice
developed persistent mechanical allodynia and thermal hyperalgesia below the injury level in
a comparable manner following SCI. These findings align with previous observations in mice
using a thoracic contusion SCI model with an impact force of 75 kdyn (Gensel et al. 2019;
McFarlane et al. 2020) and in rats subjected to a moderate thoracic contusion using a weight
drop method (10 g weight, 12.5 mm height) (Walker et al. 2019). However, studies using a
severe thoracic contusion SCI model in rats have shown that males are more likely to develop
mechanical allodynia at (Hubscher et al. 2010) or below (Gaudet et al. 2017) the injury level.
Additionally, research employing a photochemical SCI model at the L.4/L5 spinal cord segment
found increased below-level mechanical hypersensitivity in females compared to males
(Dominguez et al. 2012). A recent study using a moderate thoracic contusion model (60 kdyn)
reported more pronounced mechanical and thermal hypersensitivity in female mice than in
males (Lee et al. 2023). These contrasting findings suggest that sex differences in SCI-NP-
associated behaviors may result from the variety of species, injury models, and severity levels
used in these experiments. Moreover, the exclusive reliance on reflex-based assays such as von
Frey and Hargreaves tests in previous studies indicates that the observed discrepancies might
also arise from variability in the reflex-based methodologies employed and the evaluators'

experience in assessing SCI-NP-associated behaviors across different laboratories.

In the current study, I expanded the evaluation beyond reflex-based assays to include the

supraspinal processing of nociception using the Place Escape/Avoidance Paradigm (PEAP). By
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the conclusion of the study, both female and male SCI mice demonstrated similar behaviors in
escaping and/or avoiding nociceptive stimuli, alongside exhibiting preferences for locations
offering pain relief. Incorporating this method provided more comprehensive insights into not
only how each sex interprets nociceptive stimuli but also their cognitive perceptions of pain.
Consequently, there is a need for subsequent research to incorporate multi-conceptual
evaluations of SCI-NP-associated behaviors, aiming to provide a more thorough understanding
of potential differences in the perception and interpretation of SCI-NP between females and
males. Additionally, the incorporation of sham controls throughout the study facilitated the
demonstration of comparable baselines in mechanical and thermal sensitivity across sexes. It
also enabled comparisons of changes in SCI-NP-associated behaviors with those observed in
sham animals, as well as with the pre-operative levels of SCI animals. This approach

significantly enhanced the reliability of the reported results.

Previously, these studies investigating sex differences in the behavioral manifestation of NP
following SCI have not further explored the potential differences in the mechanisms mediating
pain. Research focusing on NP mechanisms triggered by PNI has revealed sex differences in
pain signaling pathways. A recent review article highlighted the significant impact of sex
differences on the functions of microglia and T cells in exacerbating pain hypersensitivity. In
contrast, the roles of macrophages, primary sensory neurons, and spinal dorsal horn neurons
appear to be consistent across sexes (Ghazisaeidi et al. 2023). This suggests a complex
interaction of cellular mechanisms involved in pain signaling. While females and males exhibit
similar NP-associated behaviors and comparable mechanistic alterations following injury, their
responses to specific mechanism-targeted treatments have been shown to differ. For example,
research has demonstrated a male dominance in microglial signaling in NP, although both sexes
display identical NP-associated behaviors and morphological reactivity of microglia (i.e.,
microgliosis) after nerve injury (Chen et al. 2018; Mapplebeck et al. 2017; Mapplebeck et al.
2018; Sorge et al. 2011; Sorge et al. 2015). Specifically, chemogenetic activation of spinal

microglia leads to enhanced pain sensitivity in male mice only. Strategies aimed at inhibiting
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or eliminating microglia reverse mechanical hypersensitivity exclusively in males, not in
females, suggesting that the disparity may stem from inherent sex differences in the activation
of receptors within the neuroimmune system (Saika et al. 2021; Saika et al. 2020). Given the
potential sex differences in the neurobiological mechanisms underlying pain signaling
pathways in SCI-NP, it is crucial to investigate the potential disparities in treatment

effectiveness between sexes.

In this study, I show that the histological analysis of CGRP, c-Fos, and PKCy in the spinal cord
dorsal horn below the injury level in sham and SCI mice of both sexes confirms that the
presence of mechanical allodynia is associated with maladaptive structural and functional
changes mediated by CGRP-expressing nociceptors, patterns of neuronal activation, and
PKCy-positive excitatory interneurons. Following ABI treatment, both female and male SCI
mice exhibited a significant reduction in below-level mechanical allodynia, comparable to that
of sham controls. Moreover, the modulatory effect of ABI on these mechanistic components
appears to be sex-independent, suggesting that the mechanisms mediating NP following SCI
are analogous across the sexes. This work underscores the complexity of NP mechanisms post-
SCI and highlights the potential of ABI as a therapeutic strategy that is effective regardless of

sex differences.

4.2. Increasing Mechanoreceptive and Proprioceptive Input Enhances
ABI Efficiency in Mitigating SCI-NP

The implementation of ABI paradigms on the treadmill provides consistent and direct sensory
feedback through the neural structures associated with the limbs of mice. This intervention
specifically targets mechanoreceptors embedded in the skin, which are stimulated by tactile
contact, pressure, vibrational forces, and rotational movements linked to changes in position
and motion dynamics (Ergen and Ulkar 2007; French and Torkkeli 2009). Additionally,
proprioceptors are engaged by the stretching and kinetic activities of muscles and joints, which

exert tension and stress on the musculoskeletal system (Proske 2015). Studies have shown that
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treadmill-based ABI induces extensive neuronal activation in the most medial parts of laminae
IV, V, and VII within the spinal cord, aligning with the dermatomal mapping of both the
forelimbs and hindlimbs in the studied animals (Ahn et al. 2006). This implies that the neuronal
activation induced by ABI is effectively transmitted through the central somatosensory nervous
system, forming the basis for ABI’s effect on modulating SCI-NP by influencing

somatosensory processing within the spinal cord.

In the current study, I devised experimental designs that varied the degree of mechanoreceptive
and proprioceptive inputs delivered to the mouse hindlimbs during ABI by utilizing both
patterned and unpatterned treadmill running belts (Figure 15). The objective was to investigate
if variations in the treadmill surface could influence the therapeutic outcomes in the ABI
treatment of below-level SCI-NP. The patterned belt is relatively stiff and uneven, featuring
diamond patterns on its surface. Since the area of each pattern is smaller than the plantar surface
of the mouse hindpaw, the mice can run steadily on the belt while experiencing intensified
mechanical pressure or distortion on the hindpaw surface, necessitating augmented muscular
and joint efforts for balance maintenance. In contrast, the unpatterned belt was designed to
reduce sensory stimulation with its flat and regular surface. Interestingly, ABI on a patterned
belt demonstrated higher efficiency in mitigating SCI-NP, achieving significant pain relief
within 7 days post-ABI, whereas ABI on an unpatterned belt required 14 days to achieve similar
results (Figure 17, A-D). This finding highlights the crucial role of sensory input modulation
in enhancing the efficacy of ABI therapies. By adjusting the physical environment of the
treadmill, the increased sensory stimulation from the patterned belt appears to more effectively
activate neuroplastic mechanisms essential for pain modulation and recovery in SCI-NP
conditions. Additionally, it would be worthwhile to conduct a timed experiment ending at the
point where the two paradigms show significantly different effect on SCI-NP (e.g., 7 days post-
ABI based on current findings). This would allow for further investigation into the differences

in the effect of ABI using unpatterned and patterned belts.
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In the review article I published in 2022, the comparison of SCI-NP-associated behavioral
readouts from the included studies indicated that "full weight-bearing rhythmic ABI" (such as
treadmill training alone, wheel running, free walking) is more beneficial for alleviating SCI-
NP than "non-full weight-bearing rhythmic ABI" (e.g., treadmill training with a body weight
support system, swimming, standing with a support system) (Chen et al. 2022). The term "full
weight-bearing rhythmic ABI" refers to intervention methods that require animals to carry their
full body weight and alternate their limbs in a rhythmic pattern. I hypothesized that this type
of ABI would likely induce greater activation of proprioceptive and mechanoreceptive sensory
neurons due to its inherent properties. A study that included two different full weight-bearing
rhythmic ABI paradigms, treadmill training and free-access wheel running, reported that the
free-access wheel, which allowed unlimited running times during the day, was more effective
in mitigating below-level SCI-NP and showed stronger proprioceptive vesicular glutamate
transporter 1 (VGIuT1) immunoreactivity in the below-level spinal cord compared to treadmill
training, which provided limited running times. Additionally, the same study showed that a
locked wheel, designed to reduce movement, had no effect on SCI-NP amelioration (Sanchez-
Ventura et al. 2021). These findings provide indirect evidence that the intensity of sensory
stimulation during ABI influences its effectiveness in improving NP conditions following SCI.
Together with my findings, which directly compare the same ABI paradigms while varying the
intensity of sensory input, these results may help to modify clinical methods for improving NP
state in SCI patients by integrating methods that enhance sensory stimulation to the affected

extremity.

4.3. Reversing SCI-Increased Neuronal Activation in Spinal Cord

Dorsal Horn through the ABI Paradigm

In the present study, I used c-Fos expression as a biomarker to track neuronal activation within
the below-lesion spinal cords (lumbar spinal cord segments L4-L6) following the application
of non-noxious mechanical stimuli to the mouse hindpaws. This approach facilitated a detailed

examination of the specific neuronal activation patterns associated with sensory transmission
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and processing of innocuous stimuli under both physiological and SCI-NP conditions. Given
that the moderate thoracic contusion SCI model reliably produces significant and persistent
below-level mechanical allodynia, the observed changes in neuronal activation patterns
induced by innocuous stimuli in SCI mice, as compared to sham controls, are found to correlate
strongly with the behavioral manifestations of mechanical allodynia. Furthermore, comparative
analysis of neuronal activation patterns across sham, SCI, and SCI+ABI groups demonstrated

how ABI modulates and reverses SCI-induced alternations in neuronal activation.

Previous studies have demonstrated that, under physiological conditions, non-noxious
mechanical stimuli such as brushing or touching of the hindpaws predominantly activate
neurons within laminae III, IV, and V of the lumbar spinal cord in mice and rats. Notably, the
most significant neuronal activation is observed in lamina III (Berrocal et al. 2007; Bourane et
al. 2015; Gatto et al. 2021; Hunt et al. 1987). In the current study, sham animals exhibited
significantly higher counts of c-Fos+ cells in the deeper laminae III-V compared to the
superficial laminae I and II. This observation aligns with the well-established understanding
that the deeper laminae III-V receive innervation primarily from non-nociceptive, low-
threshold mechanoreceptors and are responsible for further processing of such non-noxious
stimuli. Conversely, in the superficial laminae I and II, which serve as the predominant
termination sites for C- and Ad-nociceptors, where nociceptive-specific neurons are primarily
located, there was no considerable neuronal activation observed in the sham mice, confirming

the stimulus used was indeed a non-noxious stimulus in physiological situations .

It has been reported that neuronal cells within laminae III-V of the spinal cord are crucial for
processing both pain-related and tactile sensory information. Specifically, lamina III is
composed of a mixture of excitatory and inhibitory interneurons that process mechanical
nociception and non-nociceptive, mechanoreceptive information (Todd 2010). Lamina IV
neurons are predominantly involved in processing non-nociceptive tactile and proprioceptive

information, with a significant presence of projection neurons that convey sensory information
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to higher supraspinal centers (Abraira and Ginty 2013). Lamina V contains wide dynamic range
(WDR) neurons that respond to both nociceptive and non-nociceptive stimuli. These WDR
neurons are pivotal in pain perception and are implicated in the integration of sensory
information from both local interneurons and descending fibers from the brain (Peirs and Seal
2016). Therefore, these deeper laminae, which consist of functionally distinct neurons for
processing a variety of sensory inputs, can be extensively activated in response to innocuous
stimuli, as I observed in sham mice. Moreover, part of the intense c-Fos cells in lamina III is
presumed to be from postsynaptic dorsal column (PSDC) cells. PSDC cells receive cutaneous
mechanical and/or noxious visceral information received from primary afferents (Westlund
2007). The information is relayed by PSDC axons ascending through the dorsal column to

mnnervate the dorsal column nuclei in the dorsal midline of the caudal medulla.

SCI led to increased neuronal activation (induced by innocuous stimuli) in the superficial
lamina I-II and the deeper laminae I1I-V in both female and male mice when compared to their
respective sham counterparts. The overall heightened neuronal activation signifies a disruption
in sensory processing resulting from altered patterns of neuronal activation, potentially leading
to anatomical reorganization of spinal cord circuitry associated with the presence of mechanical
allodynia post-SCI. This observation is corroborated by prior studies demonstrating elevated
c-Fos expression rostral to the SCI site, which correlates with the manifestation of mechanical

allodynia at and/or above the level of injury (Siddall et al. 1999).

In the deeper laminae III-V, the increase in neuronal activation suggest that neurons for
transmitting and processing nociceptive information were erroneously activated under SCI
conditions, resulting in the sensation of pain upon receiving non-noxious stimuli. Under SCI
conditions, the enhanced activity of DRG sensory neurons (peripheral sensitization) may lead
to the growth of their axons (Mesquida-Veny et al. 2022; Walters 2012; Wu et al. 2020), as
indicated by the findings from the present study that hyperactivated CGRP+ nociceptors

sprouted into deeper laminae I1I-IV of the dorsal horn in SCI-NP mice. This aberrant sprouting
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of nociceptive fibers is likely a result of STT damage, necessitating a rerouting of information
(Walters 2012), with growth down to the WDR neurons allowing for signal transmission of
pain to still occur. Specifically, the aberrant growth of nociceptors into the deeper dorsal horn
facilitates direct interactions with WDR neurons located in these layers. These interactions may
lead to the maladaptive activation of WDR neurons, causing them to transmit predominantly
nociceptive information to supraspinal centers, thus contributing to the development of NP
conditions (Gwak et al. 2007). This hypothesis is further supported by my findings indicating
that SCI enhances neuronal activation in the deeper laminae in response to non-noxious stimuli;
however, in ABI mice, the sprouting of CGRP+ nociceptive fibers into laminae III-IV was
inhibited. Consequently, these mice exhibited neuronal activation patterns similar to sham
controls in these deeper laminae. It is promising to further examine the activity of DRG
nociceptors in the ABI group compared to the SCI-only group in future experiments. This will
help determine if ABI modulates the hyperactivity state of these primary sensory neurons,

potentially leading to a reduction in the central sprouting of their fibers.

Furthermore, even though innocuous stimuli primarily activate the neurons in the deeper
laminae, a few c-Fos+ neurons were also observed in the superficial laminae in sham animals.
Moreover, SCI led to enhanced neuronal activation induced by innocuous stimuli in the
superficial laminae I and II of female and male mice. This suggests that nociceptive-specific
neurons, which are originally not responsible for non-nociceptive signaling, may undergo
maladaptive activation in response to non-noxious mechanical stimuli, thereby transmitting
pain information within the central somatosensory nervous system. This might be linked to the
enhanced reactivity of PKCy excitatory interneurons following SCI. As detailed in Section 3.6,
under SCI-NP conditions, the activated PKCy interneurons may acquire the ability to transmit

excitation to dorsally located nociceptive-specific neurons, leading to pain sensations.

On the other hand, considering the impairment of inhibitory functions following SCI,

excitatory interneurons involved in either nociceptive or non-nociceptive signaling might be
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globally activated as a result of disinhibition. It has been demonstrated that in a mouse model
of spared nerve injury-induced mechanical allodynia, mice exposed to innocuous mechanical
stimulation of the hindpaw skin by walking at a slow pace on a treadmill recruit extensively
increased c-Fos+ cells in the dorsal horn, extending from lamina I to VI. During the persistent
pain state, approximately 70% of these activated neuronal cells induced by non-noxious
mechanical stimuli are Pax2-negative, suggesting that about two-thirds of the neuronal cells
recruited in this spinal circuit are excitatory (Peirs et al. 2015). Co-labeling of c-Fos with
neuronal markers and anterograde tracing further reveals that these activated deep dorsal horn
neurons, mostly from lamina III, transiently express vesicular glutamate transporter 3
(VGLUT3). Neighboring cells in lamina III receive input from transient VGLUT3 neurons and
relay the signal to lamina II cells including PKCy+ excitatory interneurons, which act to refine

the excitability of the circuit, leading to pain states (Peirs et al. 2015).

ABI reversed SCI-induced increases in c-Fos+ cells across laminae I-V, indicating a significant
effect of ABI on modulating SCI-induced alterations in neuronal activation that contribute to
mechanical allodynia. Previous studies have shown that ABI paradigms exhibit anti-
inflammatory effects by attenuating immune cell activation and regulating pro-inflammatory
and neurotrophic factors in the spinal cord below the injury level (Cheng et al. 2022; Chhaya
et al. 2019; Dugan et al. 2020; Dugan et al. 2021). Such modulation of the neuroimmune
processes may reduce neuronal hyperexcitability along the peripheral and central
somatosensory pathways induced by SCI, thereby alleviating mechanical allodynia.
Furthermore, ABIs contribute to restoring the physiological balance of endogenous
GABAergic inhibition within the spinal cord dorsal horn pain pathway (Dugan et al. 2020;
Dugan et al. 2021; Li et al. 2020; Tashiro et al. 2018; Tashiro et al. 2015). This restoration of
inhibition consequently reduces aberrant neuronal activation within the dorsal horn, facilitating
the functional organization of sensory processing and ultimately alleviating mechanical

allodynia. These mechanisms will be further examined in future studies.
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4.4. Regulating Enhanced Activation of PKCy-Positive Neurons in

Spinal Cord Dorsal Horn Following SCI by ABI

The immunostaining of PKCy in the spinal cord dorsal horn specifically highlights populations
of excitatory interneurons that express the PKCy enzyme, which plays a crucial role in signal
transduction. These PKCy-immunoreactive interneurons primarily exhibit a fusiform
morphology and form a dense plexus in the inner part of superficial lamina I, demonstrating
strong immunoreactivity. In contrast, their distribution in lamina I, Ilo, and III features a
scattering of cells with weak to moderate immunoreactivity. Immunostaining also reveals the
cell bodies and dendritic trees of PKCy-positive neurons (Mermet-Joret et al. 2017; Peirs et al.
2014; Polgar et al. 1999). Polgar et al. noted that many PKCy+ neurons in lamina II possess
rostrocaudally-oriented dendrites and resemble small islet cells, whereas some in lamina IT and

many in lamina III exhibit dendrites oriented dorsally or ventrally (Polgar et al. 1999).

In the present work, the emergence of below-level mechanical allodynia following SCI is
associated with increased expression of PKCy in the dorsal horn neurons of the lumbar spinal
cord regions. This enhancement in PKCy+ neuron activation is primarily evidenced by elevated
PKCy immunoreactivity and an increase in the number of discernible PKCy-immunoreactive
cells in the deeper laminae (below lamina Ili). As previously mentioned, across different
laminae in the dorsal horn, PKCy+ neurons exhibit varying degrees of immunoreactivity.
Therefore, the observed increase in the number of PKCy+ cells might be attributable to these
cells exhibiting enhanced expression of PKCy in cells upon activation in response to SCI,
which then makes them more visible. A similar finding was reported in a mouse model of severe
thoracic contusion injury (with the presence of at-level tactile allodynia), where there was a
significant increase in the number of PKCy+ neurons outside of lamina IIi, appearing in the
deeper laminae I1I-V of the spinal cord caudal to the lesion (Kerr and David 2007). It has been
reported that PKC-mediated phosphorylation of glutamate receptors may facilitate long-term

changes in neuronal excitability and enhance NMDA-activated currents, thereby exacerbating
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neuronal excitability (Chen and Huang 1992; Raymond et al. 1993). This hypothesis is further
supported by studies demonstrating that selective inhibition of PKCy and selective blockade of
glutamate NMDA receptors in the superficial dorsal horn prevent both the activation of the
nociceptive circuit and the development of mechanical allodynia (Martin et al. 2001;

Miraucourt et al. 2007).

Moreover, research using a rat model of peripheral inflammatory injury has demonstrated a
significant increase in dorsal horn PKCy expression, accompanied by a significant
translocation of PKCy from the nucleus and cytosol to the plasma membrane. This translocation
regulates both the input to and output from the nociceptive-specific neurons of the superficial
dorsal horn, particularly through actions on their dorsally projecting dendritic arbors (Martin
et al. 1999). These findings, along with my observations, suggest that the observed increase in
the number of PKCy+ cells below lamina Ili is likely due to enhanced PKCy expression within
these cells. Coupled with increased PKCy expression in lamina IIi, this leads to heightened
overall dorsal horn PKCy immunoreactivity. Furthermore, in a mouse model of moderate
contusion of the cervical spinal cord (C5/6), SCI was shown to significantly increase the
activation of PKCy+ interneurons in the spinal cord dorsal horn caudal to the injury level,
together with signs of below-level SCI-NP (Brown et al. 2022). Taken together, these findings
suggest that below the injury level, the enhanced expression of PKCy in dorsal horn excitatory
interneurons serves as an important driver for the induction and maintenance of central

sensitization, contributing to mechanical allodynia following SCI.

Although the function of dorsal horn PKCy has not been extensively examined in SCI
conditions, the maladaptive activation and the selective inhibition or deletion of PKCy+
neurons have been reported in various neuropathic conditions following PNI, to explore their
role in nociceptive transmission. Research has demonstrated that mice with a deletion of the
gene encoding PKCy, resulting in the absence of the PKCy isoenzyme, exhibit reduced signs

of NP following sciatic nerve ligation (Malmberg et al. 1997). Furthermore, pharmacological
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inhibition of PKCy kinase has been shown to significantly alleviate mechanical allodynia in
mice after sciatic nerve injury (Petitjean et al. 2015). The findings from the current study,
together with these observations from previous research, suggest that PKCy plays a critical role
in the development of NP and that its inhibition may represent a promising therapeutic strategy

for managing this condition following SCI.

On the other hand, spinal cord glycinergic inhibitory interneurons directly synapse with PKCy+
excitatory interneurons. Their disinhibition, induced by both SCI and PNI, has been shown to
significantly increase the activation of PKCy+ neurons and contribute to below-level
mechanical allodynia (Brown et al. 2022; Lu et al. 2013). The suppressed postsynaptic
glycinergic inhibition of PKCy+ neurons is accompanied by increased levels of intracellular
CI” concentration, which impairs the function of inhibitory receptors such as the GABA A
receptor, allowing Cl~ to enter the cells. This disrupts the generation of functional
hyperpolarization that normally inhibits neuronal activity (Bardoni et al. 2013; Braz et al. 2014;
Fiumelli and Woodin 2007; Kaila et al. 2014; Lu et al. 2013; Zheng et al. 2010). The
intracellular chloride concentration is largely determined by the expression and function of
chloride co-transporters, such as the K+- CI~ cotransporter (KCC2) (Fiumelli and Woodin
2007), it has been shown that functional GABA and glycine inhibition in the spinal cord
crucially depends on the expression of KCC2 (Blaesse and Schmidt 2015; Hubner et al. 2001).
In SCI and PNI models, the overall loss of dorsal horn inhibitory signaling, as measured by
decreased GABA, GAD, and KCC2 expression, leads to NP-associated behaviors (Drew et al.
2004; Dugan et al. 2020; Dugan et al. 2021; Ibuki et al. 1997; Kami et al. 2016; Tashiro et al.
2018; Tashiro et al. 2015). The ABI paradigms in my current study are demonstrated to reduce
the SCI-induced increase in dorsal horn PKCy expression and contribute to the relief of below-
level mechanical allodynia. Earlier studies have shown that ABIs help to re-establish spinal
cord inhibitory function by upregulating SCI-induced impairments in GABAergic inhibition,
restoring dorsal horn GABA expression, GAD-65/67, and KCC2 levels (Dugan et al. 2020;

Dugan et al. 2021; Li et al. 2020; Tashiro et al. 2018; Tashiro et al. 2015). Therefore, the present
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ABI paradigms may exert their effects by restoring SCI-impaired spinal cord inhibition,
thereby suppressing maladaptive neuronal activation, including PKCy. This reduction in PKCy
immunoreactivity in the spinal cord below the injury level contributes to the relief of below-

level SCI-NP.

The current study did not investigate these spinal cord inhibition mechanisms. This is an avenue
that needs to be further explored in future research, including the exploration of spinal cord

inhibitory interneurons and their functional changes in response to SCI and ABI.

4.5. Conclusion and Future Perspectives

In conclusion, with the present study, I was able to show that early ABI treatment effectively
reduces SCI-induced below-level mechanical allodynia by modulating nociceptive fiber
structural changes, decreasing aberrant neuronal activation patterns, and reducing PKCy+
neuron hyperactivity within the dorsal horn of the below-lesion spinal cord. The study also
underscores that sex does not significantly influence the development of SCI-NP or the efficacy
of ABI in modulating underlying mechanisms, suggesting that ABI is a broadly applicable
therapeutic strategy for managing SCI-NP. Future research should focus on further elucidating
the specific cellular and molecular mechanisms through which ABI exerts its effects. My study
showed increased central sprouting of CGRP+ nociceptive fibers under a hyperactive state of
SCI-NP. Therefore, it would be worthwhile to examine the activity of these primary afferent
neurons in response to treatment, particularly in the context of reduced sprouted fibers
following ABI. Investigating the roles of spinal cord inhibitory interneurons and their
functional changes in response to SCI and ABI will be crucial to more comprehensively
understand their influence and connection with PKCy+ excitatory interneurons in gating
mechanical allodynia. Additionally, given the promising results of this study showing that
increased sensory stimulation during ABI enhances its efficiency in alleviating SCI-NP,
conducting timed experiments with a focus on how different sensory input modulate SCI-NP-

associated mechanistic alterations would be valuable in future studies.
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5. Summary

Neuropathic pain (NP) following spinal cord injury (SCI) is a significant clinical challenge that
severely impacts patients' quality of life. My doctoral dissertation investigates the mechanisms
underlying NP using an experimental SCI model and evaluates the therapeutic potential of
treadmill activity-based intervention (ABI) paradigms in alleviating this condition.
Considering that sex may serve as a biological variable in the development of SCI-induced NP
(SCI-NP) and its mitigation through ABI treatment, both adult female and male C57BL/6J mice
were included to compare their NP-associated behavioral manifestations, the dynamic
progression of NP, and response to ABI. Additionally, using a cohort of female mice, I
conducted an experiment on ABI modification (treadmill belt replacement) to explore the role
of sensory input during ABI and its influence on treatment outcomes for SCI-NP. The
comparison of ABI paradigms using unpatterned and patterned belts underscores the
importance of sensory input modulation and provides a foundation for future research aimed
at optimizing therapeutic interventions for SCI-NP. Utilizing a combination of pain-associated
behavioral assays (including both reflex-based and affective-cognitive concepts) and
immunohistological analyses, my work examines changes in calcitonin gene-related peptide
(CGRP)-expressing nociceptive fiber structural changes, spinal cord neuronal activation
patterns (revealed by c-Fos expression), the activity of the gamma isoform of protein kinase C
(PKCy)-positive excitatory interneurons, and neuroglial-related inflammatory responses within
the dorsal horn of the lumbar spinal cord (below the injury level). The results indicate that
moderate thoracic contusion of the T11 spinal cord leads to robust and persistent below-level
SCI-NP in mice of both sexes. Below the injury level, CGRP+ nociceptors sprout into the
deeper dorsal horn of laminae III-IV, neuronal activation induced by innocuous stimuli
increases across laminae I-V (mostly in III-V), and PKCy expression in dorsal horn excitatory
neurons is enhanced following SCI. Reactivated GFAP+ astrocytes and Ibal+ microglia were
not detected under SCI-NP conditions. ABI treatment significantly modulates these
maladaptive changes and alleviates pain by inhibiting CGRP+ nociceptor aberrant sprouting,

reducing enhanced neuronal activation patterns, and depressing PKCy+ neuron hyperactivity
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to levels comparable with sham animals. These findings suggest that targeting these associated
mechanisms is a promising therapeutic strategy for managing SCI-NP. Furthermore, the results
suggest that sex does not act as a significant variable in SCI-NP development, nor does it

influence these mechanisms or their modulation by ABI.
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6. Zusammenfassung

Neuropathischer Schmerz (NP) nach einer Riickenmarksverletzung (SCI) ist eine bedeutende
klinische Herausforderung, die die Lebensqualitit der Patienten erheblich beeintrachtigt.
Meine Doktorarbeit untersucht die Mechanismen, die NP zugrunde liegen, anhand eines
experimentellen SCI-Modells und bewertet das therapeutische Potenzial von
aktivititsbasierten Interventionen (ABI) auf dem Laufband zur Schmerzreduktion. In
Anbetracht dessen, dass das Geschlecht als biologische Variable bei der Entwicklung von SCI-
induziertem NP (SCI-NP) und dessen Milderung durch ABI-Behandlung eine Rolle spielen
konnte, wurden sowohl adulte weibliche als auch méannliche C57BL/6J-Méuse einbezogen, um
ihre NP-assoziierten Verhaltensmanifestationen, die dynamische Entwicklung von NP und die
Reaktion auf ABI zu vergleichen. Zusétzlich fiihrte ich mit einer Kohorte weiblicher Méuse
ein Experiment zur Modifikation von ABI (Laufbandmodifikation) durch, um die Rolle der
sensorischen Eingabe wihrend ABI und deren Einfluss auf die Behandlungsergebnisse bei SCI-
NP zu untersuchen. Der Vergleich von ABI auf einem ungemusterten Laufband mit ABI auf
einem gemusterten Laufband unterstreicht die Bedeutung der Modulation sensorischer
Eingaben und bietet eine Grundlage fiir zukiinftige Forschungen zur Optimierung
therapeutischer Interventionen bei SCI-NP. Unter Verwendung einer Kombination von
schmerzassoziierten Verhaltensuntersuchungen (einschlieBlich reflexbasierter und affektiv-
kognitiver Konzepte) und immunohistologischen Analysen untersucht meine Arbeit
Veranderungen in den strukturellen Verdnderungen der Calcitonin Gene-Related Peptide
(CGRP)-exprimierenden nozizeptiven Fasern, den neuronalen Aktivierungsmustern des
Riickenmarks (aufgezeigt durch c-Fos-Expression), der Aktivitit von PKCy-positiven
exzitatorischen Interneuronen und den neuroglialen Entziindungsreaktionen im Hinterhorn des
lumbalen Riickenmarks (kaudal der Verletzungsebene). Die Ergebnisse zeigen, dass eine
moderate thorakale Kontusion des Riickenmarks auf Hohe Thll zu ausgeprigtem und
anhaltendem NP unterhalb der Lasion bei Mausen beider Geschlechter fiihrt. Unterhalb der
Verletzungsstelle sprossen CGRP+ Nozizeptoren in die tiefer liegenden Laminae III-IV des

Hinterhorns, die neuronale Aktivierung durch harmlose Reize nimmt in den Laminae I-V
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(meist in III-V) zu, und die PKCy-Expression in exzitatorischen Neuronen des Hinterhorns
wird nach SCI verstirkt. Reaktivierte GFAP+ Astrozyten und Ibal+ Mikroglia konnten in
Verbindung mit NP nicht nachgewiesen werden. ABI moduliert diese maladaptiven
Verianderungen signifikant und reduziert NP, indem sie das aberrante Sprossen von CGRP+
Nozizeptoren hemmt, verstirkte neuronale Aktivierungsmuster reduziert und die
Hyperaktivitdt von PKCy+ Neuronen auf ein mit Kontrolltieren vergleichbares Niveau senkt.
Diese Ergebnisse deuten darauf hin, dass das Aufgreifen assoziierter Mechanismen eine
vielversprechende therapeutische Strategie zur Behandlung von SCI-NP darstellt. Dariiber
hinaus legen die Ergebnisse nahe, dass das Geschlecht keine signifikante Variable bei der
Entwicklung von SCI-NP darstellt und auch diese Mechanismen oder deren Modulation durch

ABI nicht beeinflusst.
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(Supplementary Figures)
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Figure S1: Both high-frequency and lower-frequency ABI paradigms fail to improve partial hindlimb

sensorimotor deficits in SCI mice.

Both high- and lower-frequency ABI paradigms show no beneficial effects on improving SCI-induced
mechanical hypoalgesia (tested by 0.6 (A) and 1.4 g (B) von Frey hair filaments), thermal hyperalgesia
(assessed with the Hargreaves method, C), or hindlimb gross motor deficits (evaluated using BMS (D) and
subscores (E)) (female, sham: n =7; SCI: n = 8; SCI+ABI (3 days/week): n = 8; SCI+ABI (5 days/week): n
=5). Mean = SD. Two-way repeated measures ANOVA, group differences, *p < 0.05, **p < 0.01, ****p <

0.0001.
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Figure S2: Both unpatterned and patterned ABI paradigms fail to improve partial hindlimb

sensorimotor deficits in SCI mice.

Both patterned and unpatterned ABI paradigms show no beneficial effects on improving SCI-induced
mechanical hypoalgesia (tested by 0.6 (A) and 1.4 g (B) von Frey hair filaments), thermal hyperalgesia
(assessed with the Hargreaves method, C), or hindlimb gross motor deficits (evaluated using BMS (D) and
subscores (E)) (female, sham: n = 7; SCI: n = 8; SCI+ABI-UPB: n = 8; SCI+ABI-PB: n = 8). Mean = SD.

Two-way repeated measures ANOVA group differences, ***p < 0.001, ****p < 0.0001.
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Figure S3: Both unpatterned and patterned ABI paradigms successfully inhibit SCI-induced
sprouting of CGRP-expressing nociceptors into the deeper dorsal horn within the below-level spinal

cord.

Immunofluorescence staining of lumbar spinal cord sections shows CGRP-positive expression (A, scale bars
in main images: 50 pm, in magnified images: 20 pm). Quantification of the percentage of CGRP-labeled
area in laminae III-IV of the spinal cord dorsal horn (B). SCI mice exhibit significant increase in sprouting
of CGRP+ nociceptors within laminae III-IV compared to sham controls. Both ABI paradigms effectively
reduce this aberrant sprouting to levels comparable to those of sham mice (female, sham: n =7; SCI: n = §;
SCI+ABI-UPB: n = §; SCI+ABI-PB: n = 8). Mean = SD. Ordinary one-way ANOVA (p <0.0001), post hoc

Tukey test: ****p < 0.0001.
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enhancement in touch-evoked c-Fos activation within the below-level spinal cord.

Immunofluorescence staining of lumbar spinal cord sections shows overlap between c-Fos+ and NeuN+
cells (A, scale bar in main image: 50 pm, in magnified image (a): 10 um) and c-Fos expression based on
laminar distribution (B, scale bars: 50 pum). SCI mice show more c-Fos+ cells in the spinal cord dorsal horn
after a non-noxious mechanical stimulus (B and C), mainly in deeper laminae II1I-V (D and E). Both ABI

paradigms significantly reduce c-Fos+ cells across laminae I-V to sham levels (female, sham: n =7; SCI: n

= 8; SCI+ABI-UPB: n = 8; SCI+ABI-PB: n = 8). Mean

hoc Tukey test: *p< 0.05, **p < 0.01, ***p < 0.001, **
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Figure S5: Both unpatterned and patterned ABI paradigms effectively reduce SCI-induced heightened

reactivity of PKCy-positive interneurons in the below-lesion spinal cord dorsal horn.

Immunofluorescence staining of lumbar spinal cord sections shows overlap between PKCy+ and NeuN+
cells (A, scale bar in main image: 50 pm, in magnified image (a): 10 um) and PKCy expression (B, scale bar
in main image: 50 pm, in magnified image: 20 pum). SCI mice demonstrate enhanced PKCy
immunoreactivity in the spinal cord dorsal horn by exhibiting significantly higher immunodensity of PKCy
(B) and a greater number of PKCy+ cells below lamina IIi (C). Both ABI paradigms effectively depress the
SCI-induced increase in PKCy expression to the level of sham controls. Interestingly, the ABI paradigm on
the patterned belt showed slightly higher efficiency in reducing PKCy immunodensity in SCI mice when
compared to ABI on an unpatterned belt (female, sham: n =7; SCI: n = 8; SCI+ABI-UPB: n = 8; SCI+ABI-
PB: n = 8). Mean £ SD. Ordinary one-way ANOVA (p < 0.0001), post hoc Tukey test: *p < 0.05, **p <

0.01, ****p < 0.0001.
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