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Abstract

Multiple sclerosis (MS) is an autoimmune disease characterized by chronic inflammation,
degeneration and demyelinating lesions within the central nervous system. Chronic pain is a
highly prevalent symptom associated with MS, affecting 50-80% of patients over the course of
their disease. Unfortunately, MS-related pain responds poorly to classical analgesics,
contributing to overall disease burden and reduced quality of life. Despite the high incidence of
chronic pain in MS, the underlying mechanisms remain poorly understood.

The amygdala is a small nucleus within the limbic brain that is well-known for its role in
integrating emotional and sensory information. The central nucleus of the amygdala, in
particular, has recently emerged as an important brain center for pain modulation. Several
chronic pain conditions are associated with alterations in amygdala neurocircuitry and anatomy,
suggesting that these maladaptive changes contribute to pathological pain. This thesis focuses on
elucidating the role of the central amygdala in the pathophysiology of pain in MS.

I employed the myelin oligodendrocyte glycoprotein (MOG)3s.ss-induced experimental
autoimmune encephalomyelitis (EAE) model of MS in male and female C57BL/6 mice. Prior to
the onset of clinical symptoms (pre-symptomatic phase), I assessed thermal pain hypersensitivity
and opioid-induced analgesia with the tail withdrawal assay, and morphine reward with the
conditioned place preference paradigm. Brain and spinal cord tissue were extracted on day of
disease onset and prepared for immunohistochemical staining or fluorescent in situ hybridization.

In the early stages of disease, male and female EAE mice exhibited robust microglial
activation in the central amygdala, which was associated with heat hyperalgesia, impaired
morphine reward and loss of morphine antinociception in females. EAE animals also displayed a

lack of responsivity within the antinociceptive somatostatin-expressing neurons in the central



il

amygdala. Induction of focal microglial activation in naive mice via bilateral stereotactic
microinjection of lipopolysaccharide into the central amygdala attenuated morphine analgesia in
females, similar to that observed in EAE animals.

Collectively, my data indicate that activated microglia within the central nucleus of the
amygdala contribute to the sexually dimorphic effects of morphine and drive neuronal
adaptations that lead to pain hypersensitivity in EAE. Therefore, novel approaches to treating
pain in MS must take the effects of sex on pain regulation and treatment outcomes into
consideration. My work further suggests that inhibiting microglial activation and restoring
nociceptive signaling are potential strategies for improving pain management and analgesic

efficacy in this patient population.
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CHAPTER 1: Introduction



1.1 Whatis pain?

Pain is an unpleasant sensory and emotional experience that is associated with actual or
potential tissue damage. Although unpleasant, the sensation of pain is an imperative component
of the body’s defense system and facilitates survival (Grichnik and Ferrante, 1991). Pain alerts
an individual to withdraw from immediate tissue damaging stimuli and prevents further damage
to the injury site during the healing process. The critical role of pain is most evident in
individuals who have congenital insensitivity to pain, a rare genetic condition that causes an
inability to sense noxious or damaging stimuli (Cox et al., 2006). The absence of this normally
protective response results in frequent injuries and higher mortality rates early in life (Bennett
and Woods, 2014).

When pain persists beyond tissue damage and normal healing time, it is termed chronic
pain. Chronic pain is a disease state that is mechanistically distinct from physiological acute
pain, encompassing adaptations along the entire neural axis (Tracey and Bushnell, 2009). It can
be defined as any pain that lasts or recurs for more than three to six months, and thus lacks the
acute warning function of physiological pain (Treede et al., 2015). Chronic pain can arise as a
consequence of injuries to the peripheral or central nervous system, or may be caused by a
variety of conditions, such as autoimmune disorders, cancer, metabolic diseases, and
neurodegenerative diseases (Finnerup et al., 2015). Globally, it is estimated that 20% of the
general population suffers from chronic pain, with prevalence increasing with age (Goldberg and
McGee, 2011). The experience of chronic pain interferes with all aspects of patients’ lives,
negatively impacting physical and mental health, social relationships, and daily activities
(Duetias et al., 2016). In addition to the severe clinical burden placed on an individual, the direct

and indirect costs associated with chronic pain to the Canadian economy are approximately $7.2



billion per year (Hogan et al., 2016). Given the chronic, non-fatal nature of this condition,
chronic pain represents a burgeoning clinical, economic, and sociological burden in the health
care setting. Unfortunately, classical analgesics, such as nonsteroidal anti-inflammatory drugs
(NSAIDs) and opioids, often provide inadequate relief for chronic pain and are generally coupled
with adverse side effects (Yekkirala et al., 2017). Moreover, currently available first-line
pharmacotherapies for the treatment of chronic pain, including tricyclic antidepressants (TCAs),
serotonin-norepinephrine reuptake inhibitors (SNRIs), and gabapentinoids, are only modestly
efficacious (Finnerup et al., 2015). As such, there is an unmet clinical need to develop novel
classes of analgesics with improved efficacy and diminished side effects than those currently
available. A greater understanding of the fundamental mechanisms that underlie chronic pain

pathophysiology and etiology may reveal novel targets for the management of this condition.

1.1-1 Basic neurobiological mechanisms of pain

Pain transduction and perception are complex, involving fundamental biological events
along the neural axis. The sensation of pain is initiated with the activation of nociceptors, a
diverse subpopulation of specialized peripheral sensory neurons that respond to damaging or
potentially damaging stimuli, such as thermal, mechanical or chemical insults (Dubin and
Patapoutian, 2010). Nociceptors can be generally classified as unmyelinated, small-diameter C-
fibers or thinly myelinated, medium-diameter Ad fibers that respond to multiple sensory
modalities to convey poorly localized slow pain (C-fibers) and well-localized fast pain (Ad
fibers) (Ringkamp and Meyer, 2008). Primary afferent nociceptors are pseudounipolar neurons
with cell bodies located in the dorsal root ganglion (DRG) and peripheral and central branches

that project to the periphery and spinal cord, respectively (Basbaum et al., 2009). The axon of the



primary afferent nociceptor transmits the nociceptive message from the periphery to projection
neurons within the Rexed laminae of the spinal cord. The spinal cord dorsal horn receives the
majority of the primary afferent input (Moehring et al., 2018). Complex spinal cord circuitry
allows for the integration and modulation of peripheral sensory information across modalities,
such as temperature, touch, and pain (Sandkiihler, 2009). Nociceptive information is transmitted
to higher brain centers via the ascending spinal tracts, which terminate within the periaqueductal
gray (PAG), parabrachial nucleus, and thalamus (Basbaum et al., 2009). Third-order neurons
carry information from the thalamus to the somatosensory cortex, allowing for the localization of
pain and the discrimination of pain intensity (Basbaum et al., 2009). Other projection neurons
engage the limbic system via connections in the brainstem and amygdala, contributing to the
affective component of the pain experience, such as the aversive and unpleasant nature of a

noxious stimulus (Stucky et al., 2001; Price et al., 2006; Basbaum et al., 2009).

1.1-2 The transition from acute to chronic pain

We now appreciate that the sensation of pain is a multidimensional experience that
encompasses sensory, affective, and cognitive elements; the interplay between these factors can
amplify or diminish the perception and experience of pain. Both functional and structural
alterations within pain pathways can lead to the maladaptive transition from acute to chronic
pain, resulting in the development of a chronic clinical condition. A growing body of evidence
demonstrates that the anatomy and physiology of the brain in chronic pain is distinct from that of
individuals experiencing acute pain (Apkarian et al., 2011). Although not yet fully understood,
considerable progress has been made in understanding the basic cellular and molecular

mechanisms that contribute to the chronicity and intractability of pain.



1.1-2.1 Corticolimbic circuitry

Traditionally focused on the sensory system, peripheral sensitization in primary sensory
neurons of DRG and trigeminal ganglia, as well as central sensitization of pain-processing
neurons in the spinal cord and brain, were believed to be driving the chronic pain condition
(Basbaum et al., 2009; Gold and Gebhart, 2010; Woolf, 2011). Recent evidence, however,
indicate that adaptions in brain regions involved in emotional and motivated behaviour
(corticolimbic circuitry) are particularly important in the transition from acute to chronic pain.
Corticolimbic circuitry is primarily composed of the medial prefrontal cortex, nucleus
accumbens (NAc), amygdala, hippocampus, and ventral tegmental area. Neuroimaging studies
conducted in humans and animal models of chronic pain demonstrate that structural and
functional plasticity within these circuits accompanies the transition from acute to chronic pain
(Baliki et al., 2008, 2012; Hashmi et al., 2013; Vachon-Presseau et al., 2016; Chang et al., 2017).
In patients with persistent subacute back pain, spontaneous episodes of pain are initially
processed in traditional nociceptive brain regions, such as the thalamus and anterior cingulate
cortex, and progressively shift toward limbic circuitry once patients transition to chronic pain
states (Hashmi et al., 2013). These patients also display a reduction in gray matter density in the
insular cortex, primary somatosensory cortex, and NAc (Baliki et al., 2012). Moreover, chronic
pain patients show altered functional connectivity and reductions in gray matter volume in the
amygdala and hippocampus (Baliki et al., 2006; Mutso et al., 2012; Hashmi et al., 2013).
Consistent morphological and functional abnormalities in corticolimbic regions are also observed
in rodent models of chronic pain (Metz et al., 2009; Ji and Neugebauer, 2011; Mutso et al., 2012;

Chang et al., 2017).



Given the extensive evidence, it is clear that chronic pain is associated with significant
functional and morphological adaptations within corticolimbic circuitry that drive the transition
from acute to chronic pain. In addition, deficits in corticolimbic function are associated with
negative hedonic states and may contribute to the comorbid mood disorders that are highly
prevalent within the chronic pain population (Elman et al., 2013). Interventions aimed at
restoring function within this system may therefore be effective in improving chronic pain, as

well as alleviate negative affective symptoms.

1.1-2.2 Neuroinflammation

Pain is classically viewed as being mediated solely by neuronal mechanisms. In recent
years, the significant contribution of glial cells and neuron-glial interactions in the peripheral and
central nervous systems to the initiation and maintenance of chronic pain has become
increasingly evident. Microglia are the resident macrophage cells of the CNS that originate from
bone marrow-derived monocytes and migrate during perinatal development. Microglia make up
approximately 5-15% of total cells in the human brain and play a critical role in CNS maturation,
neuronal homeostasis, and host defense (Pelvig et al., 2008). Under normal, physiological
conditions, microglia actively sense the neural parenchyma through extension and retraction of
their motile processes to modulate development and brain homeostasis (Nimmerjahn et al.,
2005). In response to pathological stimuli, such as infection, trauma, altered neuronal function,
or disease, microglia become activated and undergo a series of morphological and functional
changes. Activated microglial cells initiate a variety of innate defense mechanisms, including
phagocytosis of toxic debris, antigen processing and presentation, and release of a myriad of

cytokines, chemokines and neurotrophic factors (Hanisch, 2002; Walter and Neumann, 2009).



Aberrant activation of microglia has been reported to produce detrimental effects on the CNS,
through releasing reactive nitrogen and oxygen species that can damage brain epithelial cells and
compromise the blood-brain barrier (BBB), thereby contributing to disease pathogenesis (Kacimi
et al., 2011; Bachiller et al., 2018).

There is mounting evidence that spinal cord microglia are critically involved in the
development of exaggerated pain states of diverse etiologies (Svensson et al., 2003; Coull et al.,
2005; Tozaki-Saitoh et al., 2008; Inoue and Tsuda, 2009; Beggs et al., 2012; Sorge et al., 2015).
Elevated microglial reactivity and proliferation are consistently observed in animal models of
acute, inflammatory, neuropathic, and MS-related pain (Coyle, 1998; Sweitzer et al., 1999;
Tanga et al., 2004; Zhang et al., 2005; Zhang and Koninck, 2006; Beggs and Salter, 2007;
Olechowski et al., 2009; Zhong et al., 2010). In brief, injured nerve-derived signals induce
activation of spinal cord microglia and subsequent production of several pro-inflammatory
mediators, such as tumor necrosis factor (TNF)-a and interleukin (IL)-1p. This in turn activates
and sensitizes pain-transmitting neurons in the dorsal horn of the spinal cord, resulting in central
sensitization and enhanced pain transmission (McMahon et al., 2005; Zhang and Koninck, 2006;
Beggs et al., 2012; Ferrini and De Koninck, 2013). Intrathecal injection of activated microglia
produces tactile allodynia in naive rats, suggesting that microglial activation is sufficient to
induce pain hypersensitivity (Tsuda et al., 2003). Conversely, targeted pharmacological
interventions that inhibit the activation (Raghavendra et al., 2003b; Hua et al., 2005; Hains and
Waxman, 2006; Taylor et al., 2015) or proliferation (Gu et al., 2016) of microglia attenuate a
wide array of pathological pain states, including neuropathic, inflammatory, and postoperative

pain. Notably, disruption of microglial activation has no effect on normal responses to acute pain



stimuli, supporting the notion that glia are specifically involved in pathological pain processes
(Meller et al., 1994; Watkins et al., 1997; Milligan et al., 2000).

While much of the evidence about the glial contribution to chronic pain emanates from
studies in the spinal cord, more recent reports have found widespread pain-induced microglial
activation throughout the neural axis (Sawada et al., 2014; Taylor et al., 2015, 2017; Barcelon et
al., 2019). Chronic neuropathic pain in rodent models is accompanied by microglial activation in
diverse brain regions associated with pain and affect, including the thalamus, medial prefrontal
cortex, amygdala, hippocampus, and NAc (Gui et al., 2016; Potter et al., 2016; Taylor et al.,
2017; Barcelon et al., 2019). In humans, patients with chronic back pain show microglial
activation in several of the same brain regions (Loggia et al., 2015). Collectively, these findings
implicate neuroinflammation along the neuroaxis as a key mechanism in the progression of

chronic pain phenotypes.

1.1-3 Endogenous and exogenous opioids in pain

Opioids have been used medicinally for the relief of pain and sedation for thousands of
years. In the 1970s and 1980s, advancements in neuroscience and medicinal chemistry allowed
for the discovery of endogenous opioid peptides and receptors (Corbett et al., 2006). Today,
opioid therapy is the mainstay approach for severe acute, perioperative, and chronic pain. As the
use of opioids for pain management has increased dramatically in the past twenty years,
understanding the neural mechanisms that underlie the effects of opioids in health and disease is
necessary to develop novel therapies that dissociate opioid analgesia from deleterious side

effects, such as dependence and respiratory depression (Benyamin et al., 2008).



The endogenous opioid system plays a vital role in modulating the experience and
management of pain. Three genetically distinct families of opioid peptides are considered
classical members of the endogenous opioid system: B-endorphin (derived from the precursor
pro-opiomelanocortin), methionine (Met)- and leucine (Leu)-enkephalins (derived from pre-
proenkephalin), and dynorphins (derived from pre-prodynorphin). There are three major families
of opioid receptors: p- (MOR), k- (KOR), and $-opioid receptors (DOR), which are all seven-
transmembrane spanning proteins that couple to inhibitory G proteins (Simon, 1991; Al-Hasani
and Bruchas, 2011; Benarroch, 2012). Each receptor is encoded by a unique gene (OPRM 1,
OPRK1, OPRDI, respectively). Activation of opioid receptors by endogenously produced opioid
peptides or by exogenously administered opiates, such as morphine or fentanyl, promotes
dissociation of inhibitory G, and Ggy protein subunits. The G, and Gg, subunits subsequently act
on various intracellular effector pathways, resulting in presynaptic inhibition of neurotransmitter
release and postsynaptic hyperpolarization (Al-Hasani and Bruchas, 2011; Benarroch, 2012).

Opioid peptides and their receptors have a widespread but distinct expression throughout
the nervous system, particularly in circuits involved in nociceptive modulation, reward, stress
response, and autonomic control (Mansour et al., 1994). MORs, in particular, are highly
expressed at all levels of the central pain control network and mediate the canonical effects of
clinically used opioids, namely pain relief (analgesia), euphoria, respiratory depression, and
constipation. The most commonly prescribed opioid analgesics, including morphine, codeine,
and hydrocodone, target the MOR. MOR stimulation within the descending pain modulatory
system, which includes the PAG, rostral ventromedial medulla (RVM) and dorsal horn of the
spinal cord (Basbaum and Fields, 1984), suppresses spinal cord nociceptive transmission and

contributes to opioid-induced antinociception (Tortorici et al., 2001; Morgan et al., 2006;
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Lueptow et al., 2018). Furthermore, dysregulation of p-opioid signaling is strongly implicated in
the transition to chronicity and the maintenance of chronic pain states (Schrepf et al., 2016;

Thompson et al., 2018). As such, this thesis will largely focus on the p-opioid system.

1.2 Mechanisms of pain and analgesia: A focus on the amygdala

The amygdala is a small nucleus within the medial temporal lobe that integrates sensory
stimuli with affective valence. As part of the limbic system, the amygdala is involved in
modulating emotional responses, memory, stress, and anxiety. Emerging evidence points to the
amygdala as a key component of the pain matrix, responsible for mediating the emotional-
affective elements of pain (Neugebauer et al., 2004; Bushnell et al., 2013; Jiang et al., 2014;
Corder et al., 2019). The central nucleus of the amygdala (CeA) receives highly processed
polymodal information from the thalamus and cortex, as well as nociceptive-specific inputs from
the parabrachial nucleus (Gauriau and Bernard, 2002; Sah et al., 2003). The CeA has recently
emerged as an important neural substrate for the bidirectional modulation of pain. In the
following section, I will review the evidence describing: 1) how the CeA drives both pain
amplification and suppression, and 2) how pain-related plasticity in this brain region promotes

hypersensitivity in pathological states.

1.2-1 Cellular and circuit organization of the amygdala
The amygdala has been divided into several subregions based on genetic and circuit
distinctions. It is comprised of two primary nuclei, the basolateral amygdala (BLA) and CeA,

that are thought to signal in a serial fashion (Wassum and Izquierdo, 2015). Inputs to the BLA
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Figure 1-1. Anatomical organization  are largely from
of the amygdala. A) Representative
image of the rodent brain at the level of sensory, thalamic, and
the amygdala  processed  for
acetylcholinesterase staining. The four
main nuclei are outlined: central (blue),
basolateral (red), medial (green),
superficial (purple). B) Schematic  as the insula, anterior
representation of the amygdala nuclei.
The central nucleus is represented with
its capsular (CeLC), lateral (CeL) and
medial (CeM) subdivisions. The .
basolateral group includes the lateral ~ medial prefrontal
(L), basolateral (BL), basolateral
ventral (BLV) and basomedial (BM)  cortex. Highly
nuclei. CPu: caudate putamen; GP:
globus pallidus; ITC, intercalated cell
masses; MeA, medial nucleus; Aco;
anterior cortical nucleus. Reprinted
R o \| from Veinante P, Yalcin I, & Barrot M generated in the BLA
{ B i BM 3 1| (2013). The amygdala between
R sensation gnd affect: a role in pain.J ;¢ relayed to the CeA,
~e- Mol Psychiatr, 1, 9.

cortical regions, such

cingulate cortex, and
.. Chu

processed information

"?\Co

which serves as the
major output nucleus for the amygdala and forms widespread connections with pain modulatory
systems (Davis, 1998; LeDoux, 2000; Price, 2003; Veinante et al., 2013; Neugebauer, 2015).
Within the CeA, the laterocapsular region (CeLC) is defined as the “nociceptive amygdala”
because of its high content of neurons that process purely nociceptive information and respond
preferentially to noxious stimuli (Bourgeais et al., 2001; Gauriau and Bernard, 2002; Neugebauer
and Li, 2003). The CeLC receives direct nociceptive inputs from the spinal cord dorsal horn and
parabrachial nucleus via the spino-parabrachio-amygdaloid tract, as well as affective and
cognitive information from the BLA (Bernard and Besson, 1990; Burstein and Potrebic, 1993;
Jasmin et al., 1997; Gauriau and Bernard, 2002; Veinante et al., 2013). The CeLC is therefore

well-positioned to integrate nociceptive information with affective content, contributing to the
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Polymodal

emotional-affective response to pain
(Braz et al., 2005). Interposed

Emotional-
between the BLA and CeA is an

Descending pain
modulation

interconnected cluster of

/BLA

and BLA, and gate amygdala output Figure 1-2. Amygdala pain-related neurocircuitry. Input regions
(lateral and basolateral amygdala, LA, BLA) receive and transmit

polymodal sensory information from thalamocortical regions to the
laterocapsular region of the central nucleus (CeLC) through direct
excitatory projections or indirect feedforward inhibition involving

GABAergic neurons, termed the

Nociceptive

intercalated (ITC) cell mass. The

<@=mm Excitatory pathway
=== |nhibitory pathway

ITC cells receive excitatory inputs

from the medial prefrontal cortex S CeAoutput

from the CeA through feedforward

inhibition (Jlingling et al., 2008; interneurons in the intercalated (ITC) cell mass. The CeLC integrates
nociceptive information received from the parabrachial nucleus via
Likhtik et al.. 2008 Ren et al the spino-parabrachio-amygdaloid pathway with highly processed

information from the LA-BLA network to produce emotional-

o affective responses and contribute to descending pain modulation via

2013). Activation of ITC cells projections to the brainstem. CeM, medial subdivision of the central
amygdala. Figure modeled after Thompson JM & Neugebauer V

inhibits synaptic activation of CeLC ~ (2017). Amygdala plasticity and pain. Pain research & management.
neurons and attenuates pain-related behaviours (Ren et al., 2013). A general overview of pain-
related amygdala neurocircuitry is illustrated in FIG. 1-2.

The CeA contains functionally and neurochemically distinct populations of GABAergic
neurons that primarily express either protein kinase C-6 (PKC9) or somatostatin (SOM) (Li et
al., 2013; Kim et al., 2017; Wilson et al., 2019). These two subpopulations of neurons receive
excitatory nociceptive inputs from the parabrachial nucleus and modulate pain in an opposing
manner via changes in excitability. In the context of nerve injury, cells expressing PKCo are
sensitized by nerve injury and amplify pain-related responses, whereas cells expressing SOM are

inhibited by nerve injury and attenuate pain behaviours (Wilson et al., 2019).
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1.2-2  The amygdala as a modulator of pain

Henry Molaison, known in the medical literature as Patient H.M., is one of the world’s
most famous amnesic patients. Patient H.M. underwent experimental neurosurgery in 1953, in
which portions of the medial temporal lobe, including the amygdala, the uncus, and the
hippocampus, were resected bilaterally to relieve medically intractable epilepsy. Following
surgery, he developed profound anterograde amnesia (Scoville and Milner, 1957; Dossani et al.,
2015). While modern scientific knowledge of how memory functions can be largely attributed to
his case, re-evaluation of clinical reports in conjunction with post-mortem examination of his
brain also suggest amygdala involvement in pain processing (Annese et al., 2014). Patient H.M.
exhibited severe deficits in pain perception after the surgery, such that he did not perceive
intense thermal noxious stimuli as painful when healthy controls did. His abnormal tolerance to
pain is believed to be due to amygdala resection, highlighting the important role of the amygdala
in pain modulation (Hebben et al., 1985; Dossani et al., 2015).

Numerous anatomical, behavioural, and physiological studies provide strong support for
amygdala involvement in pain processes (Kulkarni et al., 2007; Neugebauer et al., 2009; Tillisch
etal., 2011; Simons et al., 2014; Vachon-Presseau et al., 2016). Evidence from human
neuroimaging studies indicate enhanced amygdala activation in healthy subjects in response to
experimental noxious stimulation, including capsaicin application, mechanical compression,
thermal stimulation, and a painful laser stimulus (Liu et al., 2010; Simons et al., 2014). Early
electrophysiological in vitro and in vivo studies mapped amygdala neurons, located primarily in
the CeLC, that respond preferentially to acute peripheral noxious stimuli (Bernard et al., 1992;
Neugebauer and Li, 2002). Immunohistochemical markers of neuronal activity in the CeA are

elevated in models of chronic neuropathic pain (Gongalves and Dickenson, 2012), formalin-
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induced inflammatory pain (Carrasquillo and Gereau IV, 2007, 2008), visceral pain (Traub et al.,
1996; Crock et al., 2012), and acid-induced muscle pain (Cheng et al., 2011). Moreover,
increasing CeA activity can generate or enhance pain responses even in the absence of tissue
pathology (Carrasquillo and Gereau IV, 2007; Han et al., 2010; Kolber et al., 2010), whereas
decreasing amygdala activity with lesions or pharmacological interventions reduces pain-related
responses, such as vocalizations, shock-induced and thermal hyperalgesia, and post-stress
analgesia in rodents (Werka and Marek, 1990; Crown et al., 2000; Han and Neugebauer, 2005;
Ren et al., 2013). These data reinforce the pronociceptive role of the amygdala and suggest that
changes in the activity and neurochemistry of the CeA in particular, contribute to the

exacerbation of nociceptive responses.

1.2-3 The amygdala in descending modulation

In addition to its involvement in regulating pain perception, the amygdala has been
established as an important neural substrate for opioid-dependent pain modulation, promoting
pain reduction secondary to pharmacological interventions or stress. The amygdala regulates
descending endogenous pain control through projections from the CeA to pain modulatory
systems within diverse brain regions, including the PAG and RVM (Rizvi et al., 1991; Sun and
Cassell, 1993; Pavlovic and Bodnar, 1998). MORs are highly expressed in the amygdala,
particularly in GABAergic neurons of the CeA and the ITC masses, with fewer present in the
BLA (Likhtik et al., 2008; Blaesse et al., 2015; Winters et al., 2017; Wang et al., 2018). The ITC
cells are an interconnected cluster of GABAergic neurons found interposed between the BLA
and CeA. MOR stimulation produces a net activation of the CeA through disinhibition of

inhibitory projections from the ITC region, which in turn activates the descending pain
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modulatory pathway (Da Costa Gomez and Behbehani, 1995; McGaraughty and Heinricher,
2002; Finnegan et al., 2005; Blaesse et al., 2015; Winters et al., 2017; Gregoriou et al., 2019).
Early preclinical studies with rodent models highlight the pivotal contribution of MOR-mediated
neurotransmission within the amygdala to endogenous and exogenous antinociception. For
instance, lesion or inactivation of the CeA largely abolishes certain forms of morphine analgesia
(Manning and Mayer, 1995; Manning, 1998) and stress-induced analgesia (Werka and Marek,
1990; Helmstetter, 1992; Helmstetter and Bellgowan, 1993; Fox and Sorenson, 1994). Direct
microinjection of f-endorphin or morphine into the CeA attenuates nociceptive responses in the
tail withdrawal test (Rodgers, 1978; Pavlovic et al., 1996). Additional evidence comes from in
vivo electrophysiological recordings targeting nociceptive-specific neurons in the CeLC.
Responses of CeLC neurons to noxious thermal and mechanical stimulation are suppressed by
systemic morphine administration, providing further support for their role in antinociception
(Huang et al., 1993). Finally, neuroimaging studies in healthy human subjects have shown that
release of endogenous p-opioid peptides in the amygdala during sustained pain largely correlates
with reductions in pain intensity ratings (Zubieta et al., 2001, 2005; Bencherif et al., 2002).
These results provide strong evidence that activation of the p-opioid system in the amygdala is
associated with an ongoing pain experience.

Importantly, a variety of chronic pain conditions have been linked with dysregulation of
endogenous p-opioid signaling within the amygdala. Human positron emission tomography
(PET) studies show that compared with controls, patients with fibromyalgia, chronic back pain,
rheumatoid arthritis, complex regional pain syndrome, and central neuropathic pain following
stroke display reduced MOR availability at several loci along the neural axis, including the

amygdala (Jones et al., 1994, 2004; Willoch et al., 2004; Harris et al., 2007; Klega et al., 2010;
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Martikainen et al., 2013; Schrepf et al., 2016). Likewise, a recent study that employed PET and
immunohistochemical techniques reported reduced MOR availability in the amygdala following
nerve injury in rats (Thompson et al., 2018). Diminished opioid receptor availability may
indicate increased occupancy by endogenous ligands or a reduction in the concentration or
function of these receptors, thereby reflecting a fundamental remodeling in the brain that alters
the capacity of those regions to respond to endogenous or exogenous opioids. In addition,
chronic neuropathic pain induced by sciatic nerve ligation suppresses the ability of p-opioid
agonists to bind and activate MORs in membranes of the amygdala (Narita et al., 2006).
Dysregulation of opioidergic signaling within the amygdala likely translates to inadequate
descending antinociceptive activity and contributes to enhanced pain hypersensitivity in a wide

range of chronic pain conditions.

1.2-4 Pain-related changes in amygdala neurocircuitry

Pain-related neuroplasticity in amygdala circuitry has been reported in a variety of rodent
models of pain and linked with pain behaviours, suggesting that amygdala neuroplasticity is an
important contributor to pathological pain states (Han and Neugebauer, 2004; Ikeda et al., 2007).
Brain slice physiology studies have consistently shown enhanced synaptic transmission of
excitatory nociceptive inputs from the parabrachial nucleus to the CeA, increased CeLC neuronal
excitability, and irregular firing patterns in the CeLC in models of visceral pain (Han and
Neugebauer, 2004), arthritis (Neugebauer et al., 2003; Bird et al., 2005; Fu and Neugebauer,
2008; Ren and Neugebauer, 2010), and neuropathic pain (Ikeda et al., 2007). CeLC neurons also
display increased excitability and irregular firing patterns in models of formalin-induced

inflammatory pain (Adedoyin et al., 2010). Rodents with spared nerve injury (SNI)-induced
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chronic pain exhibit gross structural changes to the amygdala, including increased volumes of the
BLA and CeA. This enlarged amygdala volume is associated with cell proliferation, perhaps as a
result of the continuous input of nociceptive information into this region and the consequent
prolonged and excessive stimulation (Gongalves et al., 2008). The clinical relevance of
alterations in amygdala neuroplasticity reported in preclinical animal pain models is corroborated
by neuroimaging studies in humans. Converging PET and functional magnetic resonance
imaging (fMRI) evidence indicate that amygdala activity is increased in humans with previously
diagnosed pain conditions, including fibromyalgia, osteoarthritis, and irritable bowel syndrome
compared to healthy controls (Kulkarni et al., 2007; Baliki et al., 2008; Tillisch et al., 2011;
Simons et al., 2014). These findings support the notion that maladaptive neuroplastic changes in

amygdala circuitry drive pain-related behaviours and dysregulated pain control.

1.3 Multiple sclerosis-related pain

Multiple sclerosis (MS) is a neuroinflammatory disease, characterized by chronic
inflammation, demyelinated lesions, and neurodegenerative pathological processes within the
CNS (Compston and Coles, 2008; Polman et al., 2011). MS is a highly prevalent chronic
condition and a leading cause of disability in North America. Canada has one of the highest rates
of MS in the world and an estimated 93,500 Canadians are currently living with the disease
(Gilmour et al., 2018). While its etiology remains unknown, symptoms of MS result from
damage to the myelin sheath and interruption of myelinated tracts in the CNS. In most patients,
clinical manifestations of the disease include motor, cognitive, sensory, and autonomic
disturbances, such as spasticity, loss of coordination and balance, deficits in executive

functioning, vision impairment, and chronic pain (Compston and Coles, 2008). The clinical
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course of MS may follow a variable pattern over time but can be classified into one of four
categories: relapsing-remitting, secondary progressive, primary progressive, and progressive-
relapsing (Lublin and Reingold, 1996). There is currently no cure for MS, although various
forms of pharmaceutical and rehabilitation therapies are available to reduce MS attacks, slow
disease progression, and manage symptoms (Gilmour et al., 2018).

Chronic pain is one of the most frequent and debilitating symptoms of MS, afflicting 50-
80% of patients over the course of their disease (Osterberg et al., 2005). MS-related pain is
characterized by hyperalgesia (enhanced pain responses to noxious input) and allodynia
(perception of innocuous/nonpainful stimuli as painful). In particular, MS patients most
commonly describe the pain as constant, bilateral aching, burning, and pricking sensations in
both the lower and upper extremities (Osterberg et al., 2005). Classical pain treatments, such as
opioid therapy, are typically ineffective in treating MS-related pain, with only a minority of
patients receiving significant relief (Kalman et al., 2002). Despite the high prevalence and
significant negative impact on quality of life, the underlying mechanisms of MS-related pain

remain poorly understood.

1.3-1 Sex differences in pain and MS

For years, researchers and clinicians have noted that sexual disparities exist in a variety of
chronic pain conditions (Berkley, 1997; Mogil and Bailey, 2010). However, the study of sex
differences in pain in basic research settings has only recently become a topic of increased
interest. The expansive body of literature in this field suggests that within patient populations,
women are more likely to report the presence of pain, greater severity of pain, and longer

duration of pain than men (Fillingim et al., 2009; Mogil, 2012). Differences in responsivity to
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pharmacological and non-pharmacological pain interventions have also been noted (Keogh and
Herdenfeldt, 2002; Keogh et al., 2005; Niesters et al., 2010). Further, highly prevalent chronic
pain syndromes, including headache, neck pain, and osteoarthritis, have a marked female
preponderance. This distinct female predominance extends to a variety of autoimmune diseases,
including MS (Whitacre et al., 1999). The prevalence and incidence of MS in Canada is
substantially higher in females compared to males, with ratios ranging from 2:1 to 3:1 (Osterberg
et al., 2005; Orton et al., 2006; Compston and Coles, 2008). Females with MS display greater
levels of neuropathic pain than male patients (Moulin et al., 1988; Kalia and O’Connor, 2005).
Epidemiologic and animal studies report that females have greater susceptibility to developing
MS, while males often have worse disease progression (Golden and Voskuhl, 2017). Although
the reasons for the increased incidence of pain and MS in females remain speculative, it has been
proposed that a complex interaction between hormonal modulation, environment and epigenetic
risk factors likely contribute to these differences (Voskuhl and Gold, 2012).

Recent advances in research using animal models have uncovered important biological
differences in mediation of pain by the immune system (Totsch and Sorge, 2017). Our lab has
previously demonstrated differences in spinal cord inflammation and plasticity between the sexes
in the experimental autoimmune encephalomyelitis (EAE) model of MS, where EAE males with
pain show greater neuronal plasticity and astrogliosis than females (Catuneanu et al., 2019). An
increasing body of literature suggests that the influence of spinal microglia in pain initiation and
maintenance is sex-specific (Sorge et al., 2015; Taves et al., 2015; Chen et al., 2018). SNI-
induced chronic pain behaviour is proposed to be mediated by microglial-dependent pathways in
males, whereas females preferentially use adaptive T-lymphocytes (Sorge et al., 2015; Taves et

al., 2015). Intrathecal administration of microglial inhibitor, minocycline, suppresses SNI-,
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formalin- and chronic constriction injury-induced pain behaviour exclusively in male mice, yet is
effective in females with spinal cord injury and bone cancer pain (Chen et al., 2012; Yang et al.,
2015). Although microglial signaling presents a clear sex dichotomy in pain, these results
suggest that sex-dependent microglial signaling may not occur in all pain conditions or in all
stages of pain development. It is evident that the biological processes underlying chronic pain are
sexually distinct and may have significant impacts on disease prognosis and treatment outcomes.
The consideration of sex in the study of MS-related pain pathophysiology is necessary to inform

future efforts to develop sex-specific treatments.

1.3-2 Painin EAE

EAE is an animal model most commonly used to study the pathophysiology of MS (Khan
and Smith, 2014). EAE is a CD4+ T-lymphocyte-mediated demyelinating autoimmune disease
of the CNS, characterized by widespread central inflammation and infiltration of T-cells and
monocytes into the CNS (Robinson et al., 2014). Animals with EAE present many
neuropathological features observed in MS patients, including neuroinflammation,
demyelination, neurodegeneration, and axonopathy (Olechowski et al., 2009; Kipp et al., 2012;
Potter et al., 2016; Catuneanu et al., 2019). In addition, affective disturbances (i.e. depression
and anxiety-like behaviours) and cognitive and memory dysfunction have been noted early in the
EAE disease course, similar to the clinical population (Pollak et al., 2002; Peruga et al., 2011;
Acharjee et al., 2013; Olechowski et al., 2013).

Disease induction involves the active immunization of the animal, most commonly mice,
with encephalitogenic antigens derived from CNS proteins, such as proteolipid protein peptide

(PLP), myelin basic protein, and myelin oligodendrocyte glycoprotein (MOG), often emulsified
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in an adjuvant such as Complete Freund’s Adjuvant (CFA) (Kipp et al., 2012; Robinson et al.,
2014). Peripheral immunization of susceptible mouse strains with these antigens results in the
development of activated myelin-specific T-cells, immune cell trafficking into the CNS, and
direct damage and inflammation in the CNS. Concomitant administration of pertussis toxin is
commonly used to facilitate immune cell entry into the CNS through breakdown of the BBB.
Notably, the combination of different rodent species and strain, immunization methods used and
EAE inocula can generate different pain phenotypes. In the present study, mice were immunized
with MOGss_ss peptide, as this peptide is well-established to induce a chronic and progressive
disease course in C57BL/6 mice (Rangachari and Kuchroo, 2013; Robinson et al., 2014).
Animals induced with MOGs3s-s5s EAE mirror many of the pronociceptive behaviours that
are seen clinically in MS patients, such as mechanical allodynia, cold allodynia, and thermal
hyperalgesia. The EAE model is therefore well-poised to study underlying pathophysiological
mechanisms of pain in MS (Aicher et al., 2004; Olechowski et al., 2009; Rodrigues et al., 2009;
Khan and Smith, 2014). As in MS, pain behaviours in EAE typically precede motor deficits
(Osterberg et al., 2005; Iannitti et al., 2014). Pain behaviour is often accompanied by robust CNS
gliosis, glial activation, and inflammation throughout the course of disease (Olechowski et al.,
2009; Rodrigues et al., 2009; Lu et al., 2012; Catuneanu et al., 2019). Pain-like behaviours in
mice with EAE can be evaluated using a variety of standardized assays that assess sensory
modalities, such as thermal and tactile sensitivity. Mice induced with MOGs3s.ss EAE develop
significant mechanical hyperalgesia, as well as temperature and mechanical allodynia
(Olechowski et al., 2009, 2013; Rodrigues et al., 2009; Yuan et al., 2012; Yousuf et al., 2017;
Catuneanu et al., 2019). Although EAE is not an exact recapitulation of MS, it offers researchers

a model to better understand the pathophysiological mechanisms involved in the MS clinical
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disease course and the biological processes that drive MS-related pain. Use of the EAE model in
rodents has been pivotal for the development of treatments to attenuate disability in MS and its
continued application will provide important insight into the pathogenesis and management of

chronic pain in MS.

1.3-3 MS and the amygdala

Adaptations within affective and motivational brain regions influence the experience of
pain and analgesia, and disruptions to this circuitry contribute to pain chronicity (Elman et al.,
2013; Taylor et al., 2015). MS is highly co-morbid with affective and mood disorders, suggesting
that disturbances in affective circuitry are indeed prevalent within this patient population (Diaz-
Olavarrieta et al., 1999; Korostil and Feinstein, 2007). Several studies have reported depression
and anxiety-like symptoms in the EAE model (Pollak et al., 2002; Acharjee et al., 2018) and
there is evidence indicating that amygdala function is affected early on in the MS disease course.
Patients with MS display reduced amygdala volume and integrity, structural disorganization of
the amygdala, and loss of functional connectivity with other cortical regions (Passamonti et al.,
2009; Zhou et al., 2015; Wen et al., 2017; Hanken et al., 2018). These changes have been
correlated with cognitive deficits and mood disorders associated with the disease (Pitteri et al.,
2019). Despite the wealth of data implicating the amygdala as a critical node for pain modulation
and analgesia (Simons et al., 2014; Thompson and Neugebauer, 2017), how alterations in
amygdala function contribute to pain pathophysiology in MS and EAE remains unexplored. This
knowledge is important to our mechanistic understanding of pain hypersensitivity and clinical

pain reports in MS.
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1.4 Aims and hypothesis

As outlined by the evidence provided above, chronic pain associated with MS represents a
significant clinical and societal burden. As the general population ages, it can be expected that
the rates of MS will only increase, and it is becoming increasingly imperative that adequate
treatments for pain in this disease are developed. A more thorough understanding of the basic
mechanisms driving this condition is necessary for the development of novel therapies to
improve pain management for this patient population.

Therefore, the overall objective of this thesis was to investigate the relationship between
amygdala activity, neuroinflammation, and endogenous pain control in the experimental
autoimmune encephalomyelitis (EAE) mouse model of MS. I assessed nociceptive behaviour,
morphine antinociception and morphine reward in male and female mice with EAE. I employed
immunohistological methods to explore how inflammation within the central amygdala
contributes to nociceptive processing and pain behaviours. Specifically, the three goals and
hypothesis of the present study were as follows:

AIM 1: To evaluate the in vivo analgesic and reward function of MOR agonism in EAE.
AIM 2: To describe alterations in amygdala activity in response to pain and opioids in EAE.
AIM 3: To identify the mechanism of disrupted amygdala signaling in EAE.

I hypothesized that local inflammation within the central nucleus of the amygdala disrupts

the balance of inhibitory and excitatory pain pathways that gate nociceptive and affective

information in the EAE mouse model of MS.
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2.1 Animals and Ethics

All animal experiments and procedures were conducted in compliance with the Canadian
Council on Animal Care Guidelines and Policies with approval from the University of Alberta
Health Sciences Animal Care and Use Committee. In total, male (N=96) and female (N=104)
C57BL/6 mice aged 8-12 weeks-old were used in these experiments. Mice were housed in
standard wire-top cages (4-5 per cage) in a temperature- and humidity-controlled environment
with food and water available ad libitum. Mice were kept on a 12 h light/dark cycle and all
experimental procedures were performed during light cycles only (9:00-17:00 hours). Prior to
handling or behavioural testing, mice were allowed an acclimation period of 1 week upon arrival
to the animal housing facility. A subsequent 3-4 days was spent handling the animals in the
testing room to ensure familiarity of the experimenter and environment. Mice were distinguished

from their cage mates with tail markings using non-toxic permanent markers.

2.2 EAE Induction

Male (N=49) and female (N=49) C57BL/6 mice (Charles River-Saint Constant Laboratory,
QC, Canada) were used for the behavioural experiments. Following baseline testing periods,
cages were randomly assigned to control (CFA) or experimental (EAE) groups. EAE was
generated with MOGs3s_ss peptide obtained from the Stanford University Peptide Synthesis
Facility. To induce EAE, animals were immunized by subcutaneous injection of 50 ng/100 puL
of MOGs3s-s5 emulsified in CFA (1.5 mg/mL; Sigma-Aldrich, Oakville, ON, Canada) in the hind
flank. All animals received an intraperitoneal (i.p.) injection of pertussis toxin (300 ng, List
Biological Laboratories, Cedarlane, Canada), administered at the time of induction and 48

hours later in order to facilitate an immune response. The remaining mice received a
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subcutaneous injection of CFA (1.5 mg/mL) and pertussis toxin only, without MOGss_ss peptide,

and were used as vehicle control for EAE induction.

2.3 Disease Scoring

EAE follows a predictable clinical course, characterized by a prodromal period of 10-18
days, followed by gradual ascending paralysis beginning in the tail and hind limbs and
progressing to the forelimbs. Throughout all experiments, mice were monitored daily and the
clinical signs of EAE were graded on the following scale: Grade 0, normal mouse; Grade 1,
flaccid or paralyzed tail (disease onset); Grade 2, mild hindlimb weakness with quick righting
reflex; Grade 3, severe hindlimb weakness with slow righting reflex; Grade 4, hindlimb paralysis
in one or both hindlimbs. No animals progressed past clinical Grade 1 and therefore did not

exhibit any hindlimb weakness, paralysis, or righting reflex impairment.

2.4 Behavioural Testing
2.4.1 Thermal Tail Withdrawal Assay

The thermal tail withdrawal assay was used to measure baseline heat hypersensitivity and
opioid-induced analgesia. Mice were gently restrained and approximately 2.5 cm of the tail was
immersed in water warmed to 49°C. The latency to withdrawal (rapid flick of the tail) was
measured until a maximum of 15 seconds to avoid tissue damage. A reduction in tail withdrawal
latency (TWL) indicates hypersensitivity, whereas an increase suggests analgesia. Three baseline
TWLs per animal were recorded and averaged. Data are expressed as either raw TWL or percent
maximum possible effect (Y%oMPE), defined as: [(test latency — baseline latency)/(cutoff latency —

baseline latency)]*100.
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A preliminary experiment was conducted to establish appropriate drug dosages. Naive
mice (N=16 males, N=16 females) received an injection of morphine (1 mg/kg or 10 mg/kg body
weight, i.p., Western Drug Distribution Centre, Canada) dissolved in saline (0.9% NaCl)
immediately following baseline measurements and underwent testing 30 minutes post-injection.
A second cohort of male (N=20, which includes 10 CFA and 10 EAE) and female (N=20, which
includes 10 CFA and 10 EAE) mice was used to test for thermal hyperalgesia during the pre-
symptomatic stage of EAE. Baseline testing sessions were performed before EAE induction and
experimental testing was performed prior to the onset of clinical motor symptoms (days 11-18
post-induction). A third cohort of animals (N=10 males, which includes 5 CFA and 5 EAE;
N=10 females, which includes 5 CFA and 5 EAE) was used to assess morphine antinociception
in the pre-symptomatic stage of EAE. Animals were injected with escalating doses of morphine
sulfate (0.1-30 mg/kg, i.p.) and TWLs were measured every 20 minutes. Mice were returned to

their home cages between testing.

2.4.2 Formalin Assay

The formalin assay was used to measure nociceptive behaviours and determine the effects
of acute morphine administration in a model of subacute inflammatory/persistent pain. Prior to
the start of the assay, each animal was placed into the testing apparatus for 10 minutes to
habituate to the surroundings. The apparatus was a clear-walled plexiglass observation box (25
cmx23 cm*15 cm) with a raised platform to allow for an unobstructed view of the hind paw. A
solution of 1% formalin was made by diluting 37% formaldehyde into 0.9% NaCl. Mice were
lightly restrained and 30 pl of this solution was injected subcutaneously into the plantar surface

of the left hindpaw. Each mouse was then placed back into the observation box and nociceptive
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behaviours were monitored and timed for the first phase of the formalin response (0-10 min).
The total time (in seconds) that mice spent licking/lifting/shaking was added together and
reported as ‘nociceptive response time’. Nociceptive behaviours were defined as licking or
lifting of the injected paw, flinching, and vigorous shaking. Data are expressed as either raw
nociceptive response time or percent analgesia (% analgesia), defined as: [mean nociceptive
response time (control) — mean nociceptive response time (test)/mean nociceptive response time
(control)]*100.

The analgesic effects of morphine on formalin-induced nociception in mice were first
assessed in a cohort of naive male mice (N=10). Mice received an intraperitoneal injection of
saline vehicle (0.9% NaCl) or morphine sulfate (5 mg/kg) 20 minutes before testing. The mean
nociceptive response time per animal was recorded. To assess morphine antinociception on
formalin-evoked pain in EAE, male (N=19, which includes 9 CFA and 10 EAE) and female mice
(N=19, which includes 10 CFA and 9 EAE) underwent testing as described above. Mice were
tested on day of disease onset and did not exhibit any hindlimb weakness, paralysis, or righting
reflex impairment. Animals that showed any signs of impairment that would interfere with the

ability to exhibit nociceptive behaviours were excluded from analysis (N=2).

2.4.3 Conditioned Place Preference

Conditioned place preference (CPP) is a widely used model for studying the rewarding and
aversive effects of drugs, such as morphine (Prus et al., 2009). The basic characteristics of this
assay involve the association of a particular environment with drug treatment and the association

of a different environment with the other drug (i.e. vehicle). An increase in the duration of time



29

spent in the drug-paired chamber versus the vehicle-paired chamber is associated with the
rewarding properties of the drug and indicates a conditioned place preference.

This assay was conducted using a two-chamber, counter balanced and unbiased apparatus.
Each chamber displayed distinct contextual characteristics. The CPP paradigm consists of three
phases: habituation, conditioning, and testing. During habituation, the animals were allowed free
access to both chambers for 30 minutes one day prior to conditioning. Baseline preference to the
two chambers was assessed during the habituation session. After assessment of baseline
preferences, half of the animals were assigned to receive 0.5 mg/kg morphine and the remaining
half were assigned 10 mg/kg. Conditioning sessions consisted of mice receiving two trials of
morphine sulfate (0.5 mg/kg or 10 mg/kg, i.p.) and two trials of saline (0.9% NacCl, i.p.) on
alternating days over two days. Animals were confined to the chambers for 30 minutes following
injection and immediately returned to their home cages. On the final testing day, mice were
allowed free access to both chambers in a drug-free state and the time spent in the drug- and
vehicle-paired chambers was assessed over 30 minutes.

To establish morphine dosages that reliably produce a place preference, we first conducted
CPP testing with naive male mice (N=16) using the protocol as described above. A second
cohort of animals was used to assess morphine reward in EAE. Male (N=19, which includes 9
CFA and 10 EAE) and female mice (N=19, which includes 10 CFA and 9 EAE) were tested on
days 5-8 post-disease induction. The distance travelled (cm) by each animal was acquired during
testing and was used to ensure that locomotor function was retained for the duration of the
experiment. Animals that showed signs of locomotor impairment or reached clinical Grade 1

during the testing period were excluded from analyses (N=1).
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2.5 Stereotactic Lipopolysaccharide Injections

Male (N=15, which includes 7 VEH and 8 LPS) and female (N=39, which includes 19
VEH and 20 LPS) C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME, USA) were
anesthetized with isoflurane and mounted on a stereotaxic frame. Saline vehicle (0.9% NaCl, 100
nL per side) or lipopolysaccharide (LPS; 1 pg dissolved in 100 nL 0.9% NaCl per side; Sigma)
was injected bilaterally into the CeA (coordinates from bregma: AP -1.06, ML + 2.25, DV -4.50)
using a sterile glass micropipette over a period of 1 minute per injection. Animals were allowed
to recover for 72 hours following surgery, at which point thermal hypersensitivity (N=15 males;
N=39 females) and morphine antinociception (N=15 males; N=15 females) were assessed in the
tail withdrawal assay as previously described in 2.4.1 Thermal Tail Withdrawal Assay. Data are

expressed as either raw TWL or %MPE.

2.6 Tissue Collection and Preparation

On the day of disease onset (Grade 1), mice were euthanized using an intraperitoneal
injection of Euthasol (sodium pentobarbital, 0.1 mL of 340 mg/mL). Animals that underwent
testing in the formalin assay were euthanized 1-hour post-formalin treatment to allow for full
expression of the cFOS protein. Animals were transcardially perfused with 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer. The brain and lumbar spinal cords were
dissected, post-fixed for 48 hours in 4% PFA at 4°C, and then transferred to 30% sucrose
solution for 72 hours. Brains and spinal cords were embedded in Tissue Tek® O.C.T.™
(Optimal Cutting Temperature) compound (Fisher Scientific, Edmonton, AB, Canada), frozen on

dry ice and stored at -80°C.
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2.7 Immunohistochemical Analysis

Frozen brain and spinal cord tissue were cryosectioned (25 um) and mounted onto glass
slides. Tissue sections were washed 3 times for 10 minutes each in 1X phosphate-buffered saline
(PBS) and blocked for 1 hour in PBS with 0.2% triton and 10% goat or donkey serum. Slides
were then incubated at room temperature overnight in primary antibody solutions containing 1X
PBS, 2% bovine serum albumin, 2% goat or donkey serum and appropriate antibody
concentrations. The following primary antibodies and concentrations were used: rat anti-CD4
(1:200, Bio-Rad, USA), rabbit anti-Ibal (1:500, Wako, USA), rabbit anti-cFOS (1:3000, Cell
Signaling, USA), mouse anti-PKCd (1:500, BD Biosciences, USA) and rat anti-somatostatin
(1:250, Millipore, Canada). Following the incubation period, slides were washed as previously
described before appropriate secondary antibodies were applied for 45 minutes in the dark at
room temperature. Secondary immunolabeling was performed with the following antibodies and
concentrations: donkey anti-rabbit Alexa Fluor 488 (1:200, Invitrogen-Life Technologies,
Burlington ON, Canada), donkey anti-rat Alexa Fluor 594 (1:200), and donkey anti-mouse Alexa
Fluor 647 (1:250). Tissue sections were counter stained and coverslipped using ProLong Gold
mounting media containing fluorescent 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen) to

visualize cellular nuclei.

2.8 Fluorescent in situ Hybridization

Animals were euthanized either at disease onset or during the chronic stage of disease (day
8 post-onset) and the brain was promptly extracted and frozen on dry ice. Brain sections (12um-
thick) containing the amygdala were labelled with fluorescent in situ hybridization using

RNAscope (Advanced Cell Diagnostics, Hayward, CA, USA) following the manufacturer’s
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protocol. A probe against OPRM was used to label MOR mRNA in the CeA and ITC cell mass.
To visualize cellular nuclei, tissue sections were counter stained with ProLong Gold mounting

media containing DAPI (Invitrogen).

2.9 Image Acquisition and Analysis

All image acquisition and analyses were performed blind to experimental condition and
sex. All measurements are the average of at least 3-5 images of both hemispheres of the brain or
spinal cord per animal and numeric data was averaged within each animal during analysis. For
each given immunohistochemical stain, only sections with identifiable nuclei were analyzed.
Images for analysis were captured using a Zeiss Axiolmager with either 10X, 20X or 63X
objective lenses (Carl Zeiss, Germany). Representative images were acquired using a Zeiss
AxioObserver inverted confocal microscope with 40X or 63X objective lenses (Carl Zeiss,
Germany).

Iba-1, CD4, cFOS, SOM, and PKC5 stains were analyzed from 10X (Iba-1, CD4) or 20X
(cFOS, SOM, PKCo) magnification images using NIH ImagelJ/FIJI software (a distribution of
Imagel). Iba-1 staining intensity (optical density) was assessed by measuring the area fraction of
stain occupied within the region of interest. In order to objectively differentiate Iba-1-positive
cells from diffuse staining, a staining intensity threshold that selectively identified concentrated
staining surrounding the cell was applied to the images. The same threshold was applied to all
images. Iba-1-positive microglial morphology (cell body size, process length, and branching) in
the amygdala, NAc, and S1 was analyzed using MetaXpress® High Content Image Acquisition
and Analysis Software from 63X magnification Z-stack confocal images. The morphology of

microglial cells reflects their functional activation state (Zanier et al., 2015). Under normal,
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physiological conditions, microglia present a ramified morphology. In response to pathological
stimuli, microglia are readily activated and undergo a transformation to hypertrophied, ameboid
morphology with retracted processes (Nimmerjahn et al., 2005).

The total number of CD4-, cFOS-, SOM-, and PKCd-positive cells with DAPI-labeled
nuclei were counted using the ImageJ Software Analyze Particles function with constant cell
identification parameters across all images. Only clearly labeled and in-focus cells were counted
in the entire optical region. For analysis of cFOS co-labelling with SOM- and PKCd-positive
cells, co-labelled cells were identified using ZenPro Image Processing (Zen Image Analysis) and
manually counted. The number of OPRM I-positive cells in the CeA and ITC regions were
quantified using ZenPro Image Processing (Zen Image Analysis) from 63X magnification

images and calculated as a percentage of total cells within the region of interest.

2.10 Statistical Analysis

Statistical analyses were performed using GraphPad Prism software version 9.0.0. In all
experiments, data were tested for normality and parametric or non-parametric statistics were
used accordingly. For comparison of two groups, unpaired two-tailed Student’s t-test or Mann-
Whitney test was performed. Two-way analysis of variance (ANOVA) or three-way ANOV As
with an appropriate post hoc analysis was used for comparisons of data sets with more than two
groups or conditions. Significance threshold was set at P < 0.05 in all experiments. All data were

expressed as mean + standard error of the mean (SEM).
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3.1 Establishing behavioural assays and experimental drug doses
3.1.1 Systemic morphine reduces thermal nociceptive hypersensitivity in naive mice.

The thermal tail withdrawal assay, first described in 1941, is a commonly used test of
thermal nociceptive thresholds (D’amour and Smith, 1941). We first sought to characterize the
effects of acute morphine administration on nociceptive responses in naive animals. To this end,
we measured the thermal tail withdrawal thresholds of male and female animals at baseline and
following morphine treatment. No significant difference in baseline TWL was noted between
males and females (t-test, t=0.4374, p=0.6650; FIG. 3-1A). Consistent with previous work (Lee
et al., 2018), a single intraperitoneal dose of morphine (10 mg/kg) produced a significant effect
on mean TWL in both sexes (two-way ANOVA, Faose(2,57=61.87, p<0.0001, Fyex1,57=1.412,

p=0.2397, Finteraction(2,57)=4.699, p=0. 0129, FIG. 3'1B)

3.1.2 Systemic morphine reduces formalin-induced nociceptive behaviours in naive mice.
The formalin test is a widely accepted behavioural model of subacute chemogenic pain,
which reliably induces pain behaviours such as licking and shaking of the injected paw (Coderre
et al., 1993). Treatment with morphine has been shown to reduce formalin-induced nociceptive
behaviours and produce analgesic effects in male and female rodents (Sevostianova et al., 2005;
Gioiosa et al., 2008). To establish drug dosages for use in future experiments, we examined pain
responses to intraplantar formalin in male mice pretreated with saline or morphine (5 mg/kg,
i.p.). Animals treated with morphine displayed a significant reduction in the duration of
nociceptive behaviours compared to saline-treated controls (t-test, t=4.381, p=0.0023; FIG. 3-

10).



36

3.1.3 Systemic morphine induces a conditioned place preference in naive mice.

We conducted CPP with naive male mice to establish morphine dosages for use in future
experiments. Previous work indicates that administration of 10 mg/kg morphine (i.p.) reliably
induces a place preference in naive animals, whereas doses of morphine below 1 mg/kg do not
(Taylor et al., 2015). As expected, conditioning with 10 mg/kg morphine produced a significant
place preference (t-test, t=3.830, p=0.0018; FIG. 3-1D). No conditioned place preference was
found when animals were administered 0.5 mg/kg morphine (t-test, t=1.087, p=0.2954; FIG. 3-

1E).

3.2 EAE as a model of MS-related pain
3.2.1 Pre-symptomatic EAE is associated with thermal hypersensitivity.

In humans, patients often present with pain as an initial sign of MS or as their only
symptom prior to the development of other symptoms (Marchettini et al., 2006). Robust tactile
and cold allodynia have been well-documented in the pre-symptomatic stages of EAE
(Olechowski et al., 2009). To determine whether the early stages of disease are also associated
with heat hyperalgesia, we employed the thermal tail withdrawal assay prior to the onset of
clinical motor symptoms (FIG. 3-2A). We found that in the pre-symptomatic stage of disease
(days 11-18), male and female mice with EAE displayed significantly lower thermal TWLs than
CFA-treated controls (two-way ANOVA, Fisease(1,56=10.35, p=0.0022, Fime(1,56=8.826,
P=0.0044, Finicraction(1,56=5.558, p=0.0219; FIG. 3-2B), suggesting that these animals were
experiencing heat hyperalgesia (enhanced sensitivity to noxious heat). No significant sex
differences were detected; therefore, males and females were pooled for these analyses (three-

way ANOVA, Fex(1,52=1.636, p=0.2066; Supplementary FIG. 3-1).
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3.2.2 Pre-symptomatic EAE is associated with microgliosis and T-cell infiltration in the
spinal cord.

Markers of inflammation and microgliosis were used to assess whether animals with EAE
display disease pathologies prior to the onset of clinical motor symptoms. This pre-symptomatic
timepoint was associated with cellular signs of disease, including microgliosis and T-cell
infiltration in the lumbar spinal cord (FIG. 3-2C-F). The number of Iba-1+ microglial cells (t-
test, t=2.277, p=0.0488; FIG. 3-2E) and CD4+ T-cells (t-test, t=2.650, p=0.0243; FIG. 3-2F) in
the lumbar spinal cord were significantly increased in EAE mice compared to CFA-treated
controls. These results indicate that EAE is associated with changes in pain sensitivity, as well as
microglial and immune cell reactivity within the spinal cord that precede deficits in locomotor

function.

3.3 MOR-mediated behavioural responses in EAE
3.3.1 Antinociceptive effects of morphine on thermal pain sensitivity in EAE are sex-
dependent.

Morphine-induced analgesia in EAE was measured with the tail withdrawal assay.
Escalating doses of systemic morphine (0.1-30 mg/kg, i.p) produced dose-related elevations in
withdrawal thresholds (analgesia) that were not significantly different between male EAE and
CFA animals (two-way ANOVA, Fuiscase(4,40=3.333, p=0.0754, Faose(4.40=155.1, p<0.0001,
Finteraction(4,40=0.7390, p=0.5719; FIG. 3-3A). Systemic morphine produced a large dose-
dependent antinociceptive response on TWL in female CFA controls; however, this analgesic
effect was significantly reduced in female mice with EAE (two-way ANOVA, Fuiscase(1,40=29.29,

p<0. 0001, Fdose(4,40)= 1 77.5, p<0. 0001, Finteraction(4,40)=9.26 1 N p<0. 0001, FIG. 3'3A). Slgnlﬁcant
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sex differences in morphine antinociception were noted, such that EAE males displayed
significantly greater TWLs than females (three-way ANOV A, Fiex(1,80=66.0, p<0.0001). This
sexually dimorphic effect was most evident at higher doses of morphine (Sidak’s post-hoc
comparison, 10 mg/kg, p=0.0048; 30 mg/kg, p<0.0001). These comparisons remained when data
were expressed as %MPE induced by 30 mg/kg morphine (two-way ANOVA, Fisease(1,16=13.21,
Pp=0.0022, Fex1,16=31.63, p<0.0001, Finteraction(1,16=11.48, p=0.0037; FIG. 3-3B). These data

suggest that MOR-mediated antinociception is sexually dimorphic in EAE.

3.3.2  Antinociceptive effects of morphine on formalin-induced pain behaviour in EAE are
sex-dependent.

We next sought to examine the antinociceptive effects of systemic morphine on pain
behaviours elicited by persistent noxious stimulation in EAE. We therefore assessed nociceptive
behaviour in response to intraplanar formalin in male and female EAE mice pretreated with
either saline vehicle or morphine (5 mg/kg, i.p.). As previously reported by Olechowski et al.
(2010), pain behaviours in the formalin assay were dramatically reduced in mice with EAE
compared to CFA-treated controls (FIG. 3-3C). Morphine pretreatment induced significant
analgesia and attenuated the duration of nociceptive behaviours in CFA controls. In contrast,
morphine had no significant antinociceptive effect on formalin-evoked pain behaviours in male
(two-way ANOVA, Fuiscase(1,15=7.232, p=0.0168, Farug1,15=10.35, p=0.0058,
Finteraction(1,15=7.119, p=0.0175; FIG. 3-3C) or female mice with EAE (two-way ANOVA,
Fisease(1,13=35.75, p<0.0001, F grug(1,13=42.10, p<0.0001, Finieraction(1,13=89.77, p<0.0001; FIG. 3-
3C). Notably, this loss of morphine antinociception was significantly more pronounced in EAE

females than males (three-way ANOVA, Fiex(1,28=6.647, p=0.0155). These comparisons



remained when data were expressed as % analgesia (two-way ANOVA, Fisease(1,14=117.9,

p<0. 0001, Fsex(l,l4)=10.98, p=0. 0051, Finteraction(],]4)=8.871, p=0. 0100; FIG. 3'3D).

3.3.3 Morphine reward is impaired in EAE.

We have previously shown that chronic pain causes disruptions within affective and
reward circuitry, resulting in impaired reward behaviour (Taylor et al., 2015). To explore how
EAE influences the rewarding properties of morphine, we used the CPP paradigm to test for
preference to morphine in mice with or without EAE during the pre-symptomatic stage of
disease (days 5-8). As no significant sex differences were detected when animals received 10
mg/kg morphine (three-way ANOVA, Fex(1,28=0.01428, p=0.9057; Supplementary FIG. 3-
2A), or 0.5 mg/kg (three-way ANOVA, Fiex(1,30=0.08526, p=0.7723; Supplementary FIG. 3-
2B), males and females were pooled for these analyses. There was a significant effect of drug-
pairing when animals were administered 10 mg/kg morphine (two-way ANOVA, Farug-

pairing(1,32)=1 1.88, p=0.0016, F giscase(1,32=0.0.006437, p=0.9366; FIG. 3-4A). We noted a
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significant interaction between drug-pairing and disease (Finteraction(1,32)=5.132, p=0.0304), where

morphine induced a place preference in CFA-treated controls (Sidak’s post-hoc comparison,
p=0.0003), but not EAE animals (Sidak’s post-hoc comparison, p=0.6793). Conditioning with
0.5 mg/kg morphine produced a significant effect of drug-pairing (two-way ANOVA, Farug-

pairing(1,34=7.405, p=0.0102, F giscasc(1,34=0.009987, p=0.9210; FIG. 3-4B) and an interaction

between drug-pairing and disease (Finteraction(1,34=4.991, p=0.0322). In particular, this low dose of

morphine did not produce a place preference in CFA controls (Sidak’s post-hoc comparison,

Pp=0.9319), and intriguingly, elicited a place aversion in EAE animals (Sidak’s post-hoc
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comparison, p=0.0020). Collectively, these results indicate a loss of reward-like behaviour in
EAE.

To confirm that mice with EAE had no locomotor deficits that would interfere with the
ability to develop or exhibit a place preference, locomotor activity in the chamber was recorded
during conditioning sessions and on the final test day in a drug-free state (FIG. 3-4C). No
significant deficits in baseline locomotor function (t-test, t=1.075, p=0.2993) or in morphine-

induced hyperlocomotion (t-test, t=0.5431, p=0.5937) were observed at this stage of disease.

3.4 Microglial activation in sensory and affective brain regions in EAE
3.4.1 EAE is associated with microglial activation in the amygdala.

Mounting evidence suggests that inflammation and changes in microglial cell reactivity
can influence pain sensitivity in a variety of injury and pain models (Svensson et al., 2003; Coull
et al., 2005; Tsuda et al., 2009; Beggs et al., 2012; Sorge et al., 2015; Taylor et al., 2015;
Barcelon et al., 2019). While reactive gliosis and inflammation at the spinal level are established
characteristics of the EAE model, few studies have examined the contribution of microglia in the
brain to EAE-induced pain. Sensory deficits and mood disorders are highly prevalent among MS
patients (Schubert and Foliart, 1993; Diaz-Olavarrieta et al., 1999), thus we explored a possible
role for microglia in sensory and affective regions in EAE. On the basis of Iba-1
immunolabeling, EAE animals showed significant microglial activation in the amygdala, but not
in the primary somatosensory cortex or NAc, at the onset of disease (FIG. 3-5A). At this stage of
disease, Iba-1+ amygdala microglia exhibited a stereotypical activated phenotype, including
enlarged cell body size (t-test, t=3.221, p=0.0034; F1G. 3-5B), reduced cell branching (t-test,

t=3.353, p=0.0025; FIG. 3-5C), and shorter mean process length (t-test, t=5.715, p<0.0001,
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FIG. 3-5D). We have previously shown that these morphological changes correlate with the
activation state of microglia (Taylor et al., 2017). Moreover, we noted a significant increase in
Iba-1+ immunostaining specifically in the CeA of EAE animals compared to CFA controls (t-
test, t=2.168, p=0.0430; FIG. 3-5E). We did not detect any significant sex differences in
microglial cell body size in the amygdala (two-way ANOVA, Fsex(1,24=2.156, p=0.1550),
somatosensory corteX (Fsex1,27y=1.447, p=0.2395) or NAc (Fsex1,27=1.268, p=0.2701;
Supplementary FIG. 3-3A). Similarly, no sex differences in microglial cell branching
(Fsex(124=1.774, p=0.1954; Supplementary FIG. 3-3B), process length (Fsex(1,24=0.01068,
p=0.9185; Supplementary FIG. 3-3C) or staining density (Fsex1,17=0.07796, p=0.7835;
Supplementary FIG. 3-3D) were detected. As such, the sexes were pooled for these analyses. It
may be noted that Iba-1 stains both microglia and macrophages, so we must consider that some

labeled cells may be peripheral macrophages that have infiltrated the brain.

3.5 Nociceptive signaling in EAE
3.5.1 Nociceptive signaling within the CeA is altered in EAE.

The CeA receives direct nociceptive projections from the spinal cord and parabrachial
nucleus via the spino-parabrachio-amygdaloid pathway, playing a critical role in nociceptive
processing (Bernard and Besson, 1990; Burstein and Potrebic, 1993; Gauriau and Bernard,
2002). Recent work indicates that the CeA contains two populations of GABAergic neurons
(PKC6+ and SOM+) that regulate pain perception in an opposing manner (Wilson et al., 2019).
PKCd+ neurons are activated by nociceptive stimuli and increase pain behaviours, whereas
activation of SOM+ neurons drives antinociception. This work also found that nociceptive

activity within the CeA is altered in chronic neuropathic pain. Here, we investigated how CeA
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activity is altered in EAE using cFOS immunolabeling. cFOS is a nuclear transcription factor
that is commonly used as an immunohistochemical marker for neuronal activation (Gao and Ji,
2009). No significant sex differences were found in total cFOS+ cell counts (three-way ANOVA,
Fiex(1,40=0.07902, p=0.7801; Supplementary FIG. 3-4A), cFOS co-labelling with SOM+
(Fsex(1,36=0.6429, p=0.4279; Supplementary FIG. 3-4B) or PKCo+ cells (Fsex(1,38=1.560,
p=0.2192; Supplementary FIG. 3-4C) in either control or EAE animals; therefore, males and
females were pooled for these analyses.

On day of disease onset, EAE animals displayed significantly more CeA-cFOS+ cells
compared to CFA controls (t-test, t=2.255, p=0.0366; FIG. 3-6B). To determine the neuronal
identity of the cFOS+ cells in the EAE tissue, we co-labelled for cFOS alongside markers for
SOM (FIG. 3-6A) and PKC5 (FIG. 3-7A). We found no significant differences in the total
number of SOM+ (t-test, t=0.3505, p=0.7290; FIG. 3-6C) or PKCo+ neurons (t-test, t=0.1145,
p=0.9098; FIG. 3-7B) between CFA and EAE mice. Systemic morphine evoked a dramatic
increase in the activity of antinociceptive CeA-SOM+ cells in CFA mice, but failed to elicit this
response in EAE animals (two-way ANOVA, Farg1,41y=33.43, p<0.0001, F giscase(1,41y=7.632,
P=0.0085, Finteraction(1,41)=14.63, p=0.0004; F1G. 3-6D). We hypothesized that EAE would
promote activity in pronociceptive (PKCd+) neurons, thus contributing to pain hypersensitivity
in the disease. cFOS co-labelling with PKCS was not found to be significantly different between
CFA and EAE animals; however, the data indicates a trend towards increased PKC9 activity in
EAE (two-way ANOVA, Fuiscase(1,41y=3.622, p=0.0641; FIG. 3-7C). Morphine treatment had no
significant effect on cFOS/PKC$ colocalization in either controls or EAE mice (Farug(1,41)=2.177,

Pp=0.1478; Finteraction(1,41y=0.06284, p=0.8033). Taken together, these results indicate that a loss of
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responsivity within the antinociceptive neurons in the CeA might be driving impaired morphine

efficacy in EAE.

3.5.2 EAE has no significant effect on formalin-evoked cFOS immunoreactivity in the CeA.
Noxious stimulation of the hindpaw with intraplantar formalin increases the number of
cells expressing cFOS in the CeA (Lu et al., 2014; Miyazawa et al., 2018). In contrast, systemic
opioid administration reduces pain-evoked cFOS expression in the spinal cord and supraspinal
sites involved in pain modulation, such as the parabrachial nucleus (Jasmin et al., 1994;
Ebersberger et al., 1995; Sawamura et al., 1999; Nazarian et al., 2008). We observed that
morphine analgesia to intraplantar formalin injection was dramatically diminished in EAE mice
(FIG. 3-3). Therefore, we sought to investigate how these behavioural responses correlated with
changes in CeA neuronal activity. To examine formalin-evoked cellular activation within the
nociceptive circuitry of the CeA, we stained for cFOS 1-hour post-formalin exposure in CFA and
EAE mice pretreated with either saline or morphine (FIG. 3-8A). Overall, CeA-FOS expression
did not differ between the sexes (three-way ANOVA, Fex(1,27=0.04324, p=0.8368;
Supplementary FIG. 3-5). Morphine pretreatment led to a reduction in formalin-evoked cFOS
expression in the CeA, which was not significantly different between CFA and EAE animals
(two-way ANOVA, Farug1,31)=5.246, p=0.0290, F discase(1,31)=1.826, p=0.1864,
Finteraction(1,31y=5.815e-007, p=0.9994; FIG. 3-8B). These results indicate that the observed lack of
morphine antinociceptive potency on formalin-induced pain in EAE (FIG. 3-3) is not due to
alterations in signaling at the level of the CeA. Rather, these findings suggest inherent
mechanistic differences in morphine action in the absence versus the presence of persistent

inflammatory pain in EAE.
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3.5.3 EAE has no significant effect on OPRM1 expression in the CeA or ITC cell mass.

1 -opioid agonists, such as morphine, produce their analgesic effects through binding to the
MOR (encoded by OPRM1 gene). We hypothesized that alterations in OPRM 1 expression within
the CeA and surrounding regions might be associated with EAE-induced chronic pain, as well as
correlate with the loss of opioid-induced analgesia and impaired reward in EAE animals. Using
fluorescent in situ hybridization, we evaluated OPRM 1 expression in the CeA and ITC cell mass
at EAE onset and in the chronic phase of disease (FIG. 3-9). We found no significant differences
in the number of OPRM1+ cells in the CeA between CFA control and EAE animals at the onset
of disease (t-test, t=0.8018, p=0.4490; FIG. 3-9B) or during chronic EAE (t-test, t=2.003,
p=0.1015; FIG. 3-9B). Total CeA-OPRM1 expression was not significantly different between
CFA-treated controls and animals with chronic EAE (t-test, t=1.102, p=0.2989; FIG. 3-9B).
Similarly, we found no significant differences in the number of OPRM [+ cells in the ITC region
between CFA and EAE animals at disease onset (t-test, t=0.7206, p=0.4945; FIG. 3-9C) or in
the chronic phase (t-test, t=0.7987, p=0.4450; FIG. 3-9C). The sample size for this experiment

was not large enough to evaluate the effect of sex on OPRM1 expression.

3.6 Microglial activation in the central amygdala
3.6.1 Intra-CeA injection of LPS induces focal microglial activation.

Microglial activation throughout the neural axis plays a central role in the development and
maintenance of chronic pain (Beggs et al., 2012; Taylor et al., 2017). Given the robust microglial
activation observed specifically within the amygdala (FIG. 3-5), we next asked whether
activated microglia contribute to the altered central amygdala nociceptive processing in EAE.

Naive male and female mice received bilateral stereotaxic microinjections of saline vehicle or
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LPS into the CeA to focally activate microglia (FIG. 3-10A). The ability of LPS to activate
microglia in the murine brain after stereotaxic injection is well-established (Castafio et al., 1998;
Arai et al., 2004). We confirmed that intra-CeA LPS induced significant microglial activation in
both sexes, as evidenced by increased cell body size of Iba-1 immunopositive cells surrounding
the injection site (two-way ANOVA, Fieatment(1,27y=165.6, p<0.0001, Fyex(127)=2.775, p=0.1073,
Finteraction(1,27y=2.277, p=0.1430; F1G. 3-10D). Intra-CeA injection of LPS did not induce
microglial activation in surrounding areas such as the secondary sensory cortex, indicating that
LPS treatment did not lead to diffuse inflammation throughout the brain (Fircatment(1,26)=3.260,
P=0.0826, Fsex(126=0.4877, p=0.4912, Finteraction(1,26=0.1284, p=0.7229; FIG. 3-10C). Although
we confirmed that microglial activation was limited to the region surrounding the injection site,
we acknowledge that LPS-induced inflammation likely extended throughout the amygdala and

was not strictly limited to the CeA.

3.6.2 Activated microglia in the CeA attenuate MOR-mediated analgesia in female mice.
Seventy-two hours following intra-CeA injection of LPS, thermal pain hypersensitivity and
morphine analgesia were measured with the tail withdrawal assay. Baseline TWLs were not
significantly different between male and female mice treated with saline vehicle or LPS (two-
way ANOVA, Fueatment(1,50=2.878, p=0.0960, Fsex(1,50=1.792, p=0.1868,
Finteraction(1,50=0.0003599, p=0.9849; FIG. 3-11A). Morphine produced dose-dependent increases
in withdrawal thresholds that were not significantly different between saline- and LPS-treated
males (two-way ANOVA, Fueatment(4,65=1.179, p=0.2815, FMoR dose(4,65=143.0, p<0.0001,
Finteraction(4,65y=0.8252, p=0.5139; FIG. 3-11B). Strikingly, injection of LPS into the CeA

interfered with morphine antinociception in females, such that the degree of analgesia produced
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by morphine was significantly greater in females treated with saline than with LPS (two-way
ANOVA, Freatment(1,65=7.591, p=0.0076, FMOR dose(4.65=145.3, p<0.0001, Finteraction(4,655=3.003,
p=0.0245; FIG. 3-11B). As shown in Figure 3-11, significant sex differences in the
antinociceptive potency of morphine were detected. In comparison to males, morphine analgesia
was significantly attenuated in LPS-treated females (three-way ANOVA, Fyex(1,26=9.578,
Pp=0.0047). These trends remained when data were transformed to %MPE induced by 30 mg/kg
morphine (two-way ANOVA, Fsex(1,25=3.947, p=0.0580, Ficatment(1,25=3.017, p=0.0947,
Finteraction(1,25y=6.889, p=0.0146; FIG. 3-11C). These findings indicate that the contribution of

microglial activation in the CeA to MOR-mediated antinociception is sex-dependent.
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Figure 3-1. Systemic morphine produces antinociception and reward in naive mice. (A) Baseline
thermal tail withdrawal latencies did not differ between male and female mice. (B) Morphine dose-
response was measured using thermal tail withdrawal and compared between male and female
animals. (C) Acute morphine treatment (5 mg/kg) attenuated the mean duration of nociceptive
behaviour evoked by intraplantar formalin. (D, E) Conditioned place preference to morphine (10
mg/kg and 0.5 mg/kg) in naive male mice. All pairwise post-hoc analyses by Sidak’s multiple
comparisons test. Data presented as mean + SEM. VEH, Vehicle; MOR, morphine.
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Figure 3-2. EAE as a model of MS-related pain. (A) Schematic of typical EAE disease course
and progression. (B) Baseline thermal tail withdrawal thresholds compared between CFA controls
and EAE animals before and after disease induction. (C) Representative images of the lumbar
spinal cord stained with Iba-1 (microglia, green) and CD4 (CD4+ T cells, red). (D) Representative
20X photomicrographs of Iba-1 and CD4 immunostaining in the spinal cord of CFA control and
EAE animals. Scale bar = 100 um, applies to all images. The number of infiltrating (E) Iba+ and
(F) CDA4+ cells in the lumbar spinal cord were significantly increased in the pre-symptomatic stage
of EAE. All pairwise post-hoc analyses by Sidak’s multiple comparisons test. Data presented as
mean = SEM. AU, arbitrary units; CFA, Complete Freund’s Adjuvant; EAE, experimental
autoimmune encephalomyelitis.
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Figure 3-3. Morphine-induced analgesia is diminished in female mice with EAE. (A) Morphine
(0.1-30 mg/kg) dose-response curve was measured using thermal tail withdrawal and compared
between male and female CFA control and EAE animals. Morphine antinociception was
significantly reduced in female mice with EAE. Pairwise post-hoc analyses by Sidak’s multiple
comparisons test. (B) Transformed data (%MPE = percent maximum possible effect) of tail
withdrawal thresholds from animals treated with 30 mg/kg morphine. Pairwise post-hoc analyses
by Tukey’s multiple comparisons test. (C) Systemic morphine (5 mg/kg) attenuated formalin-
evoked nociceptive behaviour in male and female CFA controls and had no significant effect in
EAE animals. (D) Transformed data (% analgesia) of mean nociceptive response duration from
animals treated with morphine (5 mg/kg). Pairwise post-hoc analyses by Tukey’s multiple
comparisons test. Data presented as mean + SEM. CFA, Complete Freund’s Adjuvant; EAE,

experimental autoimmune encephalomyelitis.
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Figure 3-4. Morphine-induced conditioned place preference is impaired in EAE. Conditioned
place preference to systemic morphine compared between CFA-treated controls and EAE mice.
(A) Control animals spent significantly more time in the morphine (10 mg/kg)-paired chamber.
Morphine failed to elicit a conditioned place preference in mice with EAE. (B) Low-dose morphine
(0.5 mg/kg) did not induce a place preference in CFA-treated animals and produced a place
aversion in EAE animals. (C) Locomotor function was not affected in EAE mice at this stage of
disease. Mice with EAE showed no impairments in basal locomotor activity, nor in morphine-
induced hyperlocomotion when compared with controls. All pairwise post-hoc analyses by Sidak’s
multiple comparisons test. Data presented as mean + SEM. CFA, Complete Freund’s Adjuvant;
EAE, experimental autoimmune encephalomyelitis.
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Figure 3-5. EAE induces microglial activation in the amygdala, but not in the S1 or NAc.

(A) Representative photomicrographs of Iba-1 immunostaining in the amygdala, primary
somatosensory cortex (S1), and nucleus accumbens (NAc) of CFA control and EAE animals. Scale
bar in bottom left panel = 100 um, also applies to top left panel. Scale bar in bottom right panel =
20 um, applies to all other images. Quantification of (B) microglial cell body size, (C) number of
cell branches, and (D) mean process length in select brain regions of CFA and EAE mice.
Amygdala microglia displayed an activated phenotype at the onset of EAE. There was no
significant effect in the S1 or NAc. (E) Iba-1+ staining density was significantly increased in the

central amygdala of EAE mice compared to controls. Data presented as mean + SEM. AMYG,
amygdala; AU, arbitrary units; CeA, central nucleus of the amygdala; CFA, Complete Freund’s
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Adjuvant; EAE, experimental autoimmune encephalomyelitis; NAc, nucleus accumbens; S1,
primary somatosensory cortex.
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Figure 3-6. Antinociceptive signaling in the CeA is dysregulated in EAE. (A) Representative
40X photomicrographs of cFOS (green) and SOM (red) immunostaining in the central amygdala
of CFA and EAE animals with and without an acute morphine (5 mg/kg, i.p.) challenge. White
arrowheads indicate co-labelled cFOS+/SOM+ neurons. Scale bar = 20 um, applies to all images.
(B) The total number of CeA-cFOS+ cells was significantly increased in EAE animals compared
to CFA controls. (C) The total number of CeA-SOM+ cells was not significantly different between
CFA and EAE animals. (D) Systemic morphine induced a significant increase in cFOS co-labelling
with SOM+ cells in the central amygdala of CFA controls, but not EAE mice. All pairwise post-
hoc analyses by Sidak’s multiple comparisons test. Data presented as mean + SEM. BL, baseline;
CFA, Complete Freund’s Adjuvant; EAE, experimental autoimmune encephalomyelitis.



54

A cFOS PKCd Merge B

1000—

750—

CFA

500—

PKC3" cell count

250 ’

CFA  EAE

C
BL
80 AA BL + morphine
€
>
Q
:':J +8 AAA
w0
wi 13 A
4 A
& 10 °
% A
e} A
5 g
ot A : A
0

Figure 3-7. Pronociceptive signaling in the CeA is not significantly altered in EAE.

(A) Representative 40X photomicrographs of cFOS (greem) and PKCS (magenta)
immunostaining in the central amygdala of CFA and EAE animals at disease onset. White
arrowheads indicate co-labelled cFOS+/PKC4§+ neurons. Scale bar = 20 um, applies to all images.
(B) The total number of PKCd+ cells in the central amygdala was not significantly different
between CFA-treated control and EAE mice. (C) The number of co-labelled cFOS+/PKCé§+ cells
in the central amygdala was not significantly different between control and EAE animals at
baseline or with an acute morphine (5 mg/kg, i.p.) challenge. All pairwise post-hoc analyses by
Sidak’s multiple comparisons test. BL, baseline; CFA, Complete Freund’s Adjuvant; EAE,
experimental autoimmune encephalomyelitis. Data presented as mean + SEM.
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Figure 3-8. Formalin-evoked cFOS immunoreactivity in the CeA is not significantly altered in
EAE. (A) Representative 20X photomicrographs of cFOS immunostaining in the central amygdala
of EAE animals pretreated with saline vehicle or morphine (5 mg/kg, i.p.) on day of disease onset.
Scale bar = 100 um, applies to both images. (B) Formalin-evoked cFOS expression in the central
amygdala was significantly reduced by morphine pretreatment in CFA and EAE mice. All pairwise
post-hoc analyses by Sidak’s multiple comparisons test. Data presented as mean + SEM. CFA,
Complete Freund’s Adjuvant; EAE, experimental autoimmune encephalomyelitis.
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Figure 3-9. OPRM1 expression levels in the CeA and ITC cell mass are not significantly altered
in EAE. (A) Representative 63X photomicrographs of OPRMI mRNA in the central amygdala
detected with fluorescent in sifu hybridization. Scale bar = 20 um, applies to both images. (B) The
percentage of OPRM 1+ cells in the central amygdala was not significantly different between CFA
control and EAE mice at disease onset (left) or in the chronic stage of disease (middle). Total
central amygdala OPRM 1 expression did not differ between CFA and chronic EAE animals (right).
(C) No significant differences were found in the percentage of OPRM I+ cells in the intercalated
region between CFA controls and EAE animals at either stage of disease. Data presented as mean
+ SEM. AU, arbitrary units; CFA, Complete Freund’s Adjuvant; EAE, experimental autoimmune
encephalomyelitis.
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Figure 3-10. Intra-CeA injection of LPS induces focal microglial activation in males and
females. (A) Representative schematic depicts stereotactic injection sites that targeted the central
amygdala. (B) Representative immunomicrogaphs of Iba-1+ microglia in the central amygdala of
vehicle- and LPS-treated animals at 20X (top panels, scale bar = 100 um) and 63X magnification
(bottom panels, scale bar = 20 um). Quantification of Iba-1+ microglial cell body size in the (C)
secondary sensory cortex and (D) central amygdala of LPS-treated mice compared to saline-treated
controls. LPS-treated animals showed significant activation of microglia in the central amygdala.
All pairwise post-hoc analyses by Sidak’s multiple comparisons test. Data presented as mean +
SEM. AU, arbitrary units; CeA, central nucleus of the amygdala; LPS, lipopolysaccharide; S2,
secondary sensory cortex; VEH, vehicle.
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Figure 3-11. Microglial activation in the CeA attenuates morphine analgesia in females.

(A) Baseline thermal tail withdrawal latencies were not significantly different between saline
vehicle- and LPS-treated male and female mice. (B) Morphine (0.1-30 mg/kg) dose-response
assayed using thermal tail withdrawal compared between male and female saline- and LPS-treated
animals. Withdrawal latencies were not significantly different between saline- and LPS-treated
males. Morphine antinociception was significantly reduced in female mice treated with LPS. (C)
Transformed data (%MPE) of tail withdrawal thresholds from animals treated with morphine (30
mg/kg). All pairwise post-hoc analyses by Tukey’s multiple comparisons test. Data presented as
mean = SEM. LPS, lipopolysaccharide; VEH, vehicle.
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Supplementary Figure 3-1. No significant main effect of sex was found for baseline thermal
tail withdrawal thresholds. (A) Male and (B) female mice with EAE displayed lower baseline
thermal tail withdrawal thresholds than CFA-treated controls. Data presented as mean + SEM.
CFA, Complete Freund’s Adjuvant; EAE, experimental autoimmune encephalomyelitis.



60

A 10 mg/kg B 0.5 mg/kg
Male
1500 Male 1500 Female 1500 1500 Female
p=0.0003

O z @ o 0
8 1000 & 1000 E 1000 E 1000
£ £ S S
g g 5 5
o 3] ﬁ _F)
£ £ c c
© 500 © 500 ‘o 500 ‘& 500
£ 15 £ £
= = [= =

0 0 0—- 0

CFA EAE CFA EAE CFA EAE CFA EAE
0O vehicle-paired A A morphine-paired 0O vehicle-paired A A morphine-paired

Supplementary Figure 3-2. No significant main effect of sex was found for morphine-induced
conditioned place preference. (A) Systemic morphine (10 mg/kg) failed to produce a conditioned
place preference in male and female mice with EAE. (B) Low-dose morphine (0.5 mg/kg) did not
produce a place preference in CFA-treated controls and induced a place aversion in male and
female EAE mice. Data presented as mean = SEM. CFA, Complete Freund’s Adjuvant; EAE,
experimental autoimmune encephalomyelitis.
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Supplementary Figure 3-3. No significant main effect of sex was found for microglial
morphology in the amygdala, S1, or NAc. (A) Cell body size, (B) number of cell branches, (C)
mean process length, and (D) staining density of Iba-1+ microglia in the amygdala, primary
somatosensory cortex (S1), and nucleus accumbens (NAc) were not significantly different between
male and female CFA and EAE mice. Data presented as mean = SEM. AMYG, amygdala; AU,
arbitrary units; CeA, central amygdala; CFA, Complete Freund’s Adjuvant; EAE, experimental
autoimmune encephalomyelitis; NAc, nucleus accumbens; S1, primary somatosensory cortex.
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Supplementary Figure 3-4. No significant main effect of sex was found for cFOS expression
or colocalization in the CeA. (A) No significant differences were noted in cFOS+ cell counts in
the central amygdala between male and female CFA and EAE mice. cFOS colocalization with (B)
SOM+ and (C) PKCé+ neurons in the central amygdala was not significantly different between
male and female CFA and EAE mice. Data presented as mean + SEM. BL, baseline; CFA,
Complete Freund’s Adjuvant; EAE, experimental autoimmune encephalomyelitis.
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Supplementary Figure 3-5. No significant main effect of sex was found for formalin-evoked
cFOS immunoreactivity in the CeA. Formalin-evoked cFOS cell counts in the central amygdala
did not differ between (A) male and (B) female CFA control and EAE mice when treated with
saline vehicle or morphine (5 mg/kg, i.p.). Data presented as mean £ SEM. CFA, Complete
Freund’s Adjuvant; EAE, experimental autoimmune encephalomyelitis.
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4.1 Summary of Results

This study investigates pro- and anti-nociceptive signaling in male and female MOGgss.ss-
induced EAE mice. I assessed nociceptive behaviour and evaluated opioid-induced analgesia and
reward in the early stages of disease. I employed immunohistological methods to explore
alterations in central inflammation and neuronal activity within the central amygdala. Here, |
provide evidence that MOGss.ss EAE induces pathological changes to the central amygdala that
contribute to altered nociceptive signaling and pain hypersensitivity in a sexually dimorphic

manncr.

4.2 Using the EAE model to study MS-related pain

Inflammation is a canonical feature of MS and EAE pathology. We have previously shown
that inflammatory markers within the CNS are elevated early in the EAE disease course
(Olechowski et al., 2009; Potter et al., 2016). Indeed, we found that mice with EAE exhibit
robust microgliosis and infiltration of T-lymphocytes in the spinal cord prior to the onset of
paralytic symptoms. Mechanical and cold allodynia are well-established sensory disturbances in
the MOGas.ss EAE model that develop in early disease stages and persist throughout the course
of the disease (Olechowski et al., 2009; Rodrigues et al., 2009). Changes in heat sensitivity have
only been described during the chronic phase of MOGs3s.s55- (Lu et al., 2012) and PLP139-151-
induced EAE (Aicher et al., 2004; Sanna et al., 2017), as well as the Theiler’s murine
encephalomyelitis virus (TMEV) model of MS (Lynch et al., 2008). Contrary to previous work,
we demonstrate that EAE animals displayed heat hyperalgesia in the pre-symptomatic stage of
disease (FIG. 3-2). This is consistent with clinical reports that many MS patients display sensory

abnormalities such as temperature sensitivity, that often precede motor deficits (Kalia and
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O’Connor, 2005). The differences in thermal sensitivities between our study and previous work
may be attributed to the different assays used (tail withdrawal vs. Hargreaves plantar test) or may
reflect inherent discrepancies in pain sensitivity between the mouse strains and models (SJL/J vs.
C57BL/6). Together, the present findings suggest that pathophysiological events that precede
locomotor dysfunction, such as CNS inflammation, play an integral role in the abnormal pain
response in EAE. Our results are an important extension of the existing work that validates the

use of the EAE model to study MS-related pain.

4.3 Potential mechanisms of pain hypersensitivity and reduced opioid antinociception
4.3.1 Increased microglial reactivity and dysregulated descending pain modulation

Opioid analgesics often provide inadequate relief for MS and neuropathic pain patients,
except at high doses that might enhance the risk for adverse side effects. Animal models of
chronic pain show reduced opioid analgesia compared with controls (Arnér and Meyerson, 1988;
Zurek et al., 2001; Kalman et al., 2002; Luger et al., 2002; Lynch et al., 2008; Chen et al., 2013).
In line with previous work, we show that morphine-induced analgesia was significantly impaired
in EAE animals in a sex-dependent manner (FIG. 3-3). We found robust activation of microglial
cells in the amygdala that correlated with thermal hypersensitivity and loss of morphine efficacy
in females. Activation of microglia in the CeA by LPS resulted in a loss of opioid-mediated
analgesia in a similar manner to EAE animals. This effect was only found in females, again
reminiscent of the EAE condition (FIG. 3-11). Our results indicate that microglia play a critical
role in modulating nociceptive processing in the CeA. In particular, these findings suggest that

microglia specifically impair nociceptive signaling in females.
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We did not observe any significant changes in baseline thermal hypersensitivity in
response to intra-CeA LPS treatment (FIG. 3-11). It is important to note that pain
hypersensitivity was assessed exclusively at 72 hours post-LPS treatment and may not reflect
behaviour at earlier or later time points. It is also possible that animals developed mechanical
and/or cold hypersensitivity; however, only one sensory modality was included within the scope
of this study. Our data suggest that the observed loss of morphine antinociception in EAE may
not be due to the offsetting of analgesia by an increase in pain sensitivity, but instead reflects the
action of endogenous anti-analgesic mechanisms.

Neuroinflammation and reactive gliosis are known to be key mediators in the development
and maintenance of chronic pain. Activated microglia are particularly critical to pain
pathophysiology in EAE and MS (Jack et al., 2005; Olechowski et al., 2009). There is a marked
activation of microglial cells in both the spinal cord and brain over the course of the disease,
contributing to pain hypersensitivity across various modalities (Gehrmann et al., 1993; Gray et
al., 2008; Olechowski et al., 2009; Mifflin et al., 2017; Catuneanu et al., 2019). Our findings
within the CeA complement a vast literature indicating that microglia throughout the CNS
contribute to pain hypersensitivity and acute morphine anti-analgesia. Glial inhibitors can
improve pain symptoms in a variety of chronic pain conditions (Coull et al., 2005; Tozaki-Saitoh
et al., 2008; Taylor et al., 2015). Moreover, microglial activation induced by neuropathic pain,
persistent inflammatory pain, or intraperitoneally administered LPS attenuates the analgesic
efficacy of acute morphine (Raghavendra et al., 2002; Johnston and Westbrook, 2005; Doyle et
al., 2017). This effect is prevented by blocking microglial activation with systemic or intrathecal
glia inhibitors (Raghavendra et al., 2002, 2003a; Johnston and Westbrook, 2003, 2005; Eidson

and Murphy, 2013). It is clear that the physiological mechanisms that underlie pain and analgesia
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are inextricably linked. While much of this previous work has been limited to spinal loci, we
indicate a role for supraspinal microglial cell activity as well. The converging evidence of this
study and previous research supports the notion that modulation of microglial and neuroimmune
activation may be a therapeutic target for the enhancement of morphine analgesia and pain
reduction. However, the development of novel therapies to manage MS-related pain in humans is
unlikely to target specific brain regions and will likely involve systemic drug administration. The
ability of systemically administered microglia-specific inhibitors to restore nociceptive signaling
in the CeA and alleviate MS-related pain should be evaluated in future studies.

Recent research indicates that nerve-injury enhances excitability of PKC&+ neurons in the
CeA, contributing to pain-related behaviours (Wilson et al., 2019). Here, we found that CeA-
PKCd neurons displayed increased markers of cellular activation in EAE animals, though no
significance was detected (FIG. 3-7). Conversely, CeA neurons expressing SOM contribute to
an endogenous analgesic tone and display suppressed excitability during nerve injury-induced
chronic pain. Chemogenetic activation of CeA-SOM cells results in robust analgesia that
reverses this hypersensitivity (Wilson et al., 2019). The role of these neurons in modulating
exogenous opioid-induced analgesia had not yet been established. In the present work, systemic
morphine evoked a dramatic increase in the activity of CeA-SOM neurons and was associated
with analgesia in CFA-treated control animals (FIG. 3-6). Compared with controls, SOM+ cells
in EAE were less responsive to systemic morphine at disease onset, a time point which correlates
with peak pain hypersensitivity (Olechowski et al., 2009). The consistent inhibition of CeA-
SOM neurons in both central inflammatory (FIG. 3-6) and neuropathic (Wilson et al., 2019) pain

states strongly points to their physiological relevance in the modulation of analgesic signals
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emerging from the CeA. Our findings suggest that desensitization of SOM-expressing neurons in
the CeA contributes to pain hypersensitivity and deficits in opioid analgesia in EAE.

The source of inhibition of the CeA-SOM cells in the context of EAE is unknown. My
thesis work provides the first evidence that reactive gliosis contributes to this altered nociceptive
processing in the CeA. It is well-established that glial cells are involved in the regulation of
neuronal activity. In various brain pathologies and pain states, the pathological activation of
microglia and dysfunction of neuronal activity are strongly correlated (Watkins et al., 2007;
Béchade et al., 2013). For instance, activated microglia throughout the neural axis have been
shown to release brain-derived neurotrophic factor (BDNF) and disrupt chloride transport in
GABAergic interneurons, which are critical for maintaining normal nociceptive processing. This
disinhibition contributes to hyperexcitability of the pain pathway and impaired responsivity to
opioids (Coull et al., 2005; Trang et al., 2009; Gagnon et al., 2013; Taylor et al., 2015). Based on
our findings, we hypothesize that activated microglia within the amygdala alter
neurotransmission and reduce GABA-mediated inhibition of CeA-SOM cell projecting neurons,
resulting in loss of descending antinociceptive activity and enhanced pain hypersensitivity. The
results generated in this thesis can be used to guide future experiments targeting select cytokines
that may mediate the disrupted balance between pro- and antinociceptive signaling differentially

in males and females.

4.3.2 Dysfunction of the endogenous opioid system
A vast body of clinical evidence suggests that opioids lack potent analgesic efficacy in
chronic pain (Arnér and Meyerson, 1988; Kalman et al., 2002; Rowbotham et al., 2003). The

precise mechanisms for reduced sensitivity to systemic opioids in chronic pain are largely



70

unclear, though extensive evidence from human neuroimaging and preclinical animal studies
points to alterations in central opioid signaling (Jones et al., 1994; Willoch et al., 1999; Zubieta
et al., 2001; Harris et al., 2007; Maarrawi et al., 2007; Klega et al., 2010; DosSantos et al., 2012;
Thompson et al., 2018). Dysfunction of the endogenous opioid system is evidenced in a variety
of chronic pain conditions, including fibromyalgia, chronic back pain, and central neuropathic
pain (Jones et al., 1994; Willoch et al., 1999; Harris et al., 2007; Schrepf et al., 2016). Thus,
impairment of endogenous opioid signaling may be a mechanism that critically contributes to the
chronicity of pain in MS. From a clinical perspective, dysregulation of the opioid system might
also help to explain the poor patient response to this class of analgesics (Kalman et al., 2002).
Literature surrounding the contribution of the endogenous opioid system to pain hypersensitivity
in MS and EAE is limited. Spinal cord mRNA levels of all three opioid receptors (MOR, DOR,
and KOR) are significantly decreased in mice with MOGss_ss-induced EAE (Du et al., 2016).
Similarly, mice infected with TMEV show reductions in spinal cord MOR mRNA compared to
uninfected control mice, which correlates with development of thermal and mechanical
hyperalgesia (Lynch et al., 2008). We report no significant differences in OPRM expression in
the CeA or ITC cells between CFA control and EAE animals (FIG. 3-9). However, the approach
utilized suffers from the limitation that only mRNA expression was measured. Our results do not
preclude the possibilities of changes in MOR expression at the protein level, receptor
internalization or desensitization, nor altered expression in other brain regions that form
connections with the amygdala. Any of these maladaptive changes in MOR function could be
reflected in the clinical manifestation of a prolonged pain experience. Future studies targeting the
function and expression of MOR may uncover the role of p-opioid signaling in regulating pain

behaviours in MS.
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Human and animal studies provide converging lines of evidence implicating opioid
peptides in the pathogenesis of MS and EAE. MS patients and EAE animals show decreased
levels of endogenous opioid peptides, including B-endorphin and enkephalin in the cerebrospinal
fluid and peripheral blood mononuclear cell (PBMC) samples (Panerai et al., 1994; Gironi et al.,
2000; Ludwig et al., 2017). Injections of [Met’]-enkephalin (Jankovic and Maric, 1987) as well
as blockade of opioid receptors with low dose naltrexone increase production of endogenous
opioids and attenuate the onset and progression of disease (Zagon et al., 2009; Ludwig et al.,
2017). The role of circulating endogenous opioids in MS has primarily been evaluated in the
context of immunity and disease progression, and the contribution to pain development and
maintenance has yet to be elucidated. One preliminary study involving 40 MS patients found no
effect of treatment with low-dose naltrexone on pain measures, despite elevations in PBMC [3-
endorphin levels (Gironi et al., 2008). However, the interpretation of these results is limited by
the uncontrolled design of the study, as well as the small sample size. Changes in endogenous
opioidergic signaling are likely significant contributors to MS- and EAE-related pain. As such,
restoring opioid system function may be a viable target for novel analgesic drugs and
therapeutics to manage pain in this disease. Further studies should be performed to understand

the contribution of endogenous opioid ligands and receptors to pain in MS.

4.4 Impaired opioid reward in EAE

Adaptations within affective and motivational circuits contribute to the cellular and
behavioural maladaptations associated with chronic pain (Elman et al., 2013; Taylor et al., 2015).
Indeed, studies using fMRI reveal that MS patients with chronic pain show structural and

functional alterations in brain regions involved in reward processing, which are associated with
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impaired reward responsiveness and depression (Pardini et al., 2013; Seixas et al., 2016;
Heitmann et al., 2020). In the present study, we found that high-dose morphine (10 mg/kg)
reliably produced a place preference in CFA control animals but failed to elicit a CPP in mice
with EAE, indicating disrupted affective and reward processing in the EAE model (FIG. 3-4).
This finding is consistent with previous reports showing that opioids, including morphine, are
less rewarding in animals with chronic pain (Ozaki et al., 2002, 2003; Martin et al., 2007;
Petraschka et al., 2007; Niikura et al., 2008). In contrast, other studies have indicated that both
low and high doses of opioids remain reinforcing in peripheral nerve injury pain models, likely
through their analgesic effects (Cahill et al., 2013; Taylor et al., 2015). There are several
methodological differences that may account for the discrepant results between the current study
and previous literature. Primarily, EAE is a model of T-cell-mediated inflammation and is thus
inherently and phenotypically different from peripheral nerve injury models of neuropathic pain.
An alternative explanation may involve the protocols used for conditioning to morphine. We
exposed animals to opioids over two conditioning sessions, whereas other studies only reported a
significant place preference after eight morphine conditioning sessions (Cahill et al., 2013;
Taylor et al., 2015). Together, our results demonstrate that opioid-induced reward is disrupted in
male and female mice with EAE, warranting further investigation into how EAE-induced pain
alters motivation and reward circuitry.

There are complex interactions and extensive overlap between the neural circuitry of pain
and reward processing (Leknes and Tracey, 2008). The amygdala, for example, is particularly
well-situated to mediate interactions between pain and reward. We can therefore speculate that
dysfunction within the amygdala would contribute to impairments in both pain processing and

reward behaviour in EAE. Surprisingly, EAE animals exhibited a place aversion induced by low-
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dose morphine (0.5 mg/kg) (FIG. 3-4). This result indicates that EAE mice retained the capacity
for associative learning and suggests changes in dose-response sensitivity to morphine reward,
although the implications for this observation remain elusive. In addition to analgesic properties,
MOR agonists often lead to substantial dysphoric effects such as nausea, constipation, and
respiratory depression (Furlan et al., 2006; Benyamin et al., 2008). Healthy, pain-free individuals
treated with p-opioid agonists including morphine (Zacny and Lichtor, 2008), oxycodone
(Wardle et al., 2014) or remifentanil often report disliking the drug effects and dysphoria
(Crozier et al., 2004; Wagner et al., 2010). Considering the low dose of morphine administered
to EAE animals, the analgesic effects were likely minimal (if any) and lacked the analgesic
potency to offset ongoing pain and the adverse effects of morphine. Thus, the dysphoric effects

may have become more discernable, driving place aversion.

4.5 Potential mechanisms driving the sexually dimorphic effects of morphine

Here, we show that morphine-induced analgesia was significantly impaired in EAE
animals in a sex-dependent manner. In EAE female, but not male mice, morphine analgesia was
dramatically reduced compared to controls (FIG. 3-3). These results are in line with previous
reports indicating sex differences in opioid analgesia (Fillingim and Gear, 2004; Craft, 2008;
Bodnar and Kest, 2009; Bartley and Fillingim, 2013). Male rodents generally display
significantly greater analgesic responses to systemically administered p-opioid agonists than
females. Enhanced sensitivity to morphine analgesia exhibited by male animals has been
documented with several pain assays, including those assessing thermal (Candido et al., 1992;
Cicero et al., 1996), chemical (Cicero et al., 1996), and visceral (Baamonde et al., 1989)

nociception. In addition, female mice infected with TMEV display a significant decrease in
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morphine-induced antinociception at a much earlier time point than males, despite similar
reductions in spinal mRNA levels of opioid receptors (Lynch et al., 2008). Our results build on
this previous literature and demonstrate that females exhibit an even greater reduction in opioid
analgesic efficacy in chronic pain.

Human studies on the interaction of sex and opioid analgesia yield mixed research results.
In contrast to rodents, there is some evidence that women respond more efficaciously than men
to opioid analgesics (Sarton et al., 2000; Fillingim and Gear, 2004). The lack of consistent sex
differences in opioid analgesia may reflect differences in methodology (e.g. species, model,
quantification of analgesia). The presence or absence of sex differences in opioid antinociception
in humans likely depends on several interacting variables, including sex hormones, psychosocial

contexts, and the pharmacologic profile of the opioid used.

4.5.1 Dimorphisms in descending modulatory pathways

That we identified sex differences in morphine-induced analgesia, but not opioid reward,
suggests divergent neural pathways of antinociception and reward, or sex-specific disease
mechanisms. While both males and females demonstrated a similar impairment in opioid-
induced CeA-SOM activation, only females exhibited a reduction in morphine analgesia. It is
therefore likely that this sexual dimorphism in opioid analgesia reflects differences in signaling
pathways downstream to the amygdala. The amygdala is involved in mediating descending pain
modulation through projections to the PAG, which communicates with the RVM to project to the
spinal cord to inhibit pain signals (Rizvi et al., 1991; Sun and Cassell, 1993; Pavlovic and
Bodnar, 1998). The physiological organization and the functional activation of the CeA-PAG-

RVM pathway are sexually distinct (Loyd and Murphy, 2006; Loyd et al., 2008; Cantu et al.,
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2019). Female rats have significantly more PAG-RVM output neurons than males, whereas this
circuit is preferentially engaged in males during persistent inflammatory pain states (Loyd and
Murphy, 2006). Systemic morphine activates the descending modulatory pathway to a greater
degree in males than females (Loyd and Murphy, 2006; Loyd et al., 2008). Recent work further
indicates that activated microglia in the PAG contribute to sex differences in morphine
antinociception. Specifically, increased activation of PAG microglia in female rats was found to
contribute to an attenuated response to morphine (Doyle et al., 2017). Sex differences in the
functional organization of this circuit may provide an anatomical basis and central mechanism
for the sexually dimorphic effects of morphine in EAE.

Previous research has described differences in the microglial regulation of pain between
the sexes, such that spinal microglia contribute to pain hypersensitivity particularly in males
(Tomassini and Pozzilli, 2006; Sorge et al., 2011, 2015; Taves et al., 2015). However, this male-
dependent microglial effect on pain is confined to the spinal cord. Intrathecal LPS injection
elicits pain only in male mice, whereas administration to the brain and hindpaw produces
equivalent mechanical allodynia in males and females. Importantly, LPS induces a similar level
of spinal microgliosis in both sexes (Sorge et al., 2011). These findings indicate that sex
differences in spinal microglial function and signaling, not in the degree of activation or
proliferation, contribute to this sexually dimorphic role of microglia in pain. This aligns with our
current study which describes similar levels of microglial activation in the CeA between male
and female EAE mice (FIG. 3-5). A clear limitation of the present study is that only changes in
microglial morphology and density were assessed. Future studies that examine microglial cell
function and signaling are needed to dissect out the sexually distinct effects of microglial

activation in EAE and determine how this contributes to CeA activity and pain behavior.
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4.5.2 Sex hormones and chromosomes

The observed sex-dependent response to morphine in EAE may be attributed to the
influence of gonadal hormones and/or sex chromosomes during development or adulthood.
Studies involving the manipulation of gonadal hormones have provided strong evidence for the
contribution of hormonal modulation to sexual dimorphisms in opioid analgesia (Stoffel et al.,
2005; Bernal et al., 2007). Gonadal hormones are also implicated in differences in the
progression of MS and EAE between the sexes (Polanczyk et al., 2004; Hoffman et al., 2006;
Tomassini and Pozzilli, 2006). The complement of genes expressed on the X or Y chromosome
contributes to sexually dimorphic phenotypes (Arnold, 2017). Indeed, sex chromosome
complement is implicated in sex differences in nociception, as well as opioid analgesia in rodents
(Gioiosa et al., 2008; Taylor et al., 2020). Future investigations are required to elucidate the
influence of gonadal hormones and sex chromosomes on the sexually dimorphic analgesic

effects of opioids in EAE.

4.6 Conclusion

This study offers novel insight on the role of the CeA in pain modulation in the EAE
model. We show that CeA activity following nociceptive and analgesic stimuli is altered in mice
with EAE in a sex-dependent manner. Though the precise mechanism of how pain and analgesia
are differentially driven between the sexes remains to be determined, we identify microglial
activation within the CeA as a key mediator in this dysfunction. Conventional pain management
strategies provide inadequate relief for MS-related pain. Therefore, the development of novel
therapies is necessary to effectively manage pain in this disease. Results from this study provide

mechanistic insight into why opioids are ineffective at treating chronic pain in MS and suggest



that blocking microglial activation and restoring nociceptive signaling are viable targets for

improving pain management in this patient population.
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