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INTRODUCTION

INTRODUCTION

The studies in this thesis work are based on the hypothesis that the sensitization of
dorsal horn neurons (DHN) plays a key role in the development of non-specific
chronic low back pain. Adverse childhood experiences (ACEs) are known predictors
for the chronicity of low back pain (Tesarz et al., 2016) and repeated restraint stress
or a single intramuscular nerve growth factor (NGF) injection in adulthood are known
to induce low back pain by priming the DHNs (Hoheisel et al., 2013; Hoheisel et al.,
2015). It is anticipated that the timing of the stressor and an additional nociceptive
input after stress play a key role in determining whether this sensitization process is
latent or manifest. This sensitization could be mediated by the activation of glial cells
(Zhang, 2016).

1.1 Adverse childhood experiences

Globally, more than 450 million people fulfil the criteria of a mental disorder,
accounting for 13% of the Disability Adjusted Life Years of all diseases (Vigo et al.,
2016). Adverse childhood experiences (ACES), such as abuse and neglect (Ganzel
et al., 2010; Herzog and Schmahl, 2018), are a major risk factors for the development
of both mental (Gilbert et al., 2009) and physical disorders such as low back pain
(LBP) (Tesarz et al., 2016) a major global health burden (Rice et al., 2016). ACEs
can have long-lasting adverse effects on the central nervous system (CNS) and other
somatic systems, specifically through epigenetic mechanisms and is shown to have
influences on brain development (Heim and Binder, 2012; Raabe and Spengler,
2013). A prior experience of an ACE can end in multifaceted clinical profiles with co-
occurring mental and somatic disorders in adulthood (Herzog and Schmahl, 2018;
Mielke et al., 2020). Somatic symptom disorder, including abnormal pain perception
with and without corresponding somatic pathology e.g., chronic pain vs. pain during
childbirth has shown to be enhanced after ACE (Cloitre et al., 2009; Leeners et al.,
2016; Tesarz et al., 2016).

Even though a wide-ranging stress effect in the development of the disorders is
known, the role of ACE type and ACE timing is not well understood. But this is of
particular interest in terms of prevention and treatment of ACE-related psychiatric and

somatic conditions (Herzog and Schmahl, 2018; Mielke et al., 2020). Both in humans
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INTRODUCTION

and animals, throughout development, there are critical windows of enhanced
neuroplasticity during which adverse events may have long-term effects on physical
and mental well-being (Rice and Barone, 2000), this is also expected to be the case
with ACE-related disorders (Baker et al., 2013; Heim and Binder, 2012; Herzog and
Schmabhl, 2018; Kaplow and Widom, 2007; Mielke et al., 2020; Teicher and Samson,
2013). Studies have also pointed out certain neurobiological alterations such as
volumetric changes in the amygdala and hippocampus and were associated with
sensitive periods during development (Andersen et al., 2008; Pechtel et al., 2014;
Riem et al., 2015). Furthermore, evidence suggests that depending on the types of
ACE, individuals are prone to different disorders, e.g., the experience of physical
violence may induce aggression-related conditions (Fanning et al., 2014), while the
experience of neglect may be related to the development of emotional difficulties or
metabolic syndromes (Colvert et al., 2008). Especially adversities in earlier life such
as emotional abuse are associated with enhanced temporal summation of pain, and
sexual abuse with enhanced touch sensitivity (Tesarz et al., 2016). Another influential
factor to be considered is the duration of ACE (i.e., if ACE took place over the course
of several developmental windows) on the severity of neurocognitive alterations
demonstrated (Cowell et al., 2015; Jaffee and Maikovich-Fong, 2011).

A broad-spectrum of studies on animals suggest that adversities across adolescence
inducing robust and long-lasting effects on pain summation (Burke et al., 2013; Deng
et al., 2017; Genty et al., 2018; Le Coz et al., 2017; Vilela et al., 2017). Throughout
this long developmental window (male rats: ~ PD 21 — ~ PD 80; female rats: ~ PD 15
- ~ PD 60) (Schneider, 2013), the type and timing of the stressor also have significant
effects on the chronic pain development. For instance, maternal separation stress is
one of the most common types of early life stressors (pre-weaning) and has shown to
have bidirectional effects on sensitivity to pain in adulthood (Burke et al., 2013; Genty
et al., 2018; Vilela et al., 2017). These observed effects might be led on by
differential microglia activation and are known to be a potential mechanism of action
for modulating sensitivity to pain and stress (Tsuda et al., 2004; Tynan et al., 2010)

which will be further introduced in section 1.4.
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1.1.1 Stress

The term stress in psychology is defined as a particular relationship between the
person and the environment that is appraised by the person as taxing or exceeding
his or her resources and endangering his or her well-being (Folkman, 2013). The
human body responds to stress in several ways and to study this, Hans Selye
developed a model known as general adaptation syndrome, which consists of three
states: the alarm reaction, the stage of resistance and the stage of exhaustion (Selye,
1946). The alarm stage occurs when a stressor is first presented and corresponds to
the well-known phrase ‘fight or flight’ response. At this stage, the autonomic nervous
system is known to be involved and changes in body functions occur (e.g. increased
energy-levels and muscle tension, reduced sensitivity to pain, increase in blood
pressure) (Gottlieb, B.H., 1997) (1997; Coon, 2013). In the second stage the body
builds up resistance trying to cope and overcome the stress or reacts improperly
leading to onset of psychosomatic disorders (Coon, 2013). The exhaustion is the final
stage when the body can no longer sustain and meet any energy demands leading to
anxiety and irritability, and continuing stress could be harmful and even fatal (Selye,
1946). Different animals tend to react differently even when a similar stress is applied
and the anticipation of stress itself could cause a physiological response (Mason,
1971). Stressors can be divided into different types which include either a physical
component like physiological stressors (heat and toxins), or a mental component
psychological stressors (e.g. exposure to a novel environment and fear), or both

physiological stressors with psychological component (e.g. immobilization).

Stress is not necessarily a bad thing. On the one hand, it could be beneficial
depending on the type and its duration during which the organism can adapt to a new
steady state and respond to an environmental challenge also called as eustress
(McEwen, 1998; Selye, 1975). However, increased frequency and intensity of
exposure to stressors could lead to mal-adaptation of the response system causing a
permanent damage, not only in peripheral tissues but also in the CNS (McEwen,
1999; Selye, 1975) and is called distress. When a challenging stimulus is presented
to the internal or external environment, a stress response is induced triggering

physiological and behavioral responses to ensure the organisms survival and
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disrupting the homeostasis. This abnormal response leads to an activation of two
major systems, the sympathetic nervous system (SNS) by releasing endorphins and
secreting adrenalin and noradrenalin; and the hypothalamic-pituitary-adrenal (HPA)
axis leading to secretion of glucocorticoids and activating the immunological
response (Herbert and Cohen, 1993). Thus, when a stressor is presented, the SNS
reacts within seconds by releasing catecholamines from the medulla of the adrenal
glands into the bloodstream followed by the activation of the HPA axis which in turn
release glucocorticoids from the adrenal cortex (1997; Coon, 2013). Therefore, in
humans, psychological or physical traumatic events in early life are risk factors for
several neuronal and physical disorders and may account for the differential
susceptibility to chronic pain in later life (Burke et al., 2016).

1.2 Relationship between pain and stress

According to the International Association for the Study of Pain (IASP), pain is
defined as ‘an unpleasant sensory and emotional experience associated with, or
resembling that associated with, actual or potential tissue damage’ (Raja et al.,
2020). Pain is a subjective experience and is characterized by a combination of
changes in sensory-motor information, central processing, pain-related behaviors,
emotions and beliefs (Gatchel et al., 2007). Pain is broadly classified into two types:
acute and chronic. Acute pain is usually short-lasting and the onset is immediately
after an injury or trauma, while chronic pain is long-lasting and persists beyond the
expected time for tissue healing (van der Windt et al., 2000). In the acute phase, pain
is usually transitory, acting as a physiological response lasting only until the noxious
stimuli are removed or the underlying pathology is healed. On the other hand, chronic
or persistent pain loses its transitory role and may continue in the absence of a
potential or actual tissue damage e.g. non-specific LBP. This state reflects the
complex interactions between the nervous and the immune system by releasing
inflammatory mediators and activation of glial cells that can result in peripheral and
central sensitization which are some of the essential components to the development
of chronic pain (Mifflin and Kerr, 2014).

Several studies have noted that people suffering from chronic pain disorders also
suffer from high psychological stress (Diepenmaat et al., 2006; Uveges et al., 1990;
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Van Uum et al., 2008). Both in humans and animals, studies have shown that early
life stressors (ELS) could have an impact on neuronal circuits and the immune
system development leading to an enhanced vulnerability to physio-and
pathophysiological states in adulthood (Heim et al.,, 2010; Schmidt, 2010). In
humans, ACEs and stress are risk factors for the chronicity of subacute LBP
(Mendelek et al., 2013) and the development of chronic widespread pain (Tesarz et
al., 2015). Nonetheless, the relationship between stress and pain acts bidirectional,

with interdependent mechanisms (Chapman et al., 2008).

As a fight or flight response to an acute stress, elevated cortisol levels lead to
releasing glucose into the blood stream and breaking down muscle proteins to
provide energy. In situations of persistent stress, this continuous and abnormal
secretion of cortisol leads to toxic effects on the nervous system and may form a
background for the development of chronic pain disorders (Hannibal and Bishop,
2014). Prolonged stress is linked with cortisol hypersecretion and might provoke
resistance of glucocorticoid receptors leading to increase in release of pro-
inflammatory neurotransmitters (e.g. norepinephrine). This release could evoke
peripheral muscle nociceptor-sensitization and local muscle tension reactions that
stabilize and do not return to a relaxed state (Wippert and Wiebking, 2018).
Alternatively, prolonged stress could induce hypo-functioning of the HPA axis leading
to low cortisol levels influencing the descending anti-nociceptive serotonergic and
noradrenergic pathways (Wippert and Wiebking, 2018). It has also been suggested
that during chronic stress, a previous muscle strain or injury may become a trigger
area and become vulnerable to subsequent minor injuries or pain flare-ups in cases

of musculoskeletal pain disorders (Hannibal and Bishop, 2014).

1.3 Chronic stress and low back pain

Chronic musculoskeletal pain disorder is defined as persistent or recurrent pain that
arises as a part of a disease process directly affecting muscles, bones, joints,
tendons, ligaments or related tissues (Nicholas et al., 2019; Perrot et al., 2019;
Treede et al., 2015), and is the leading cause of disability, affecting 1.3 billion people
worldwide (Disease et al., 2016). Amidst musculoskeletal pain disorders, low back
pain (LBP) is the leading cause of disability with a lifetime prevalence of 84% and has

7
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become a major public health problem affecting performance at work and general
well-being (Rice et al.,, 2016) with a chronic prevalence of approximately 23%
(Balague et al., 2012; Hoy et al., 2014). Due to its multifaceted nature, persistent LBP
has substantial negative influences on sufferers resulting in fear-avoidance
behaviors, kinesiophobia, pain catastrophizing thoughts and mood disorders, such as
depression and anxiety (Demyttenaere et al., 2007; Knezevic et al., 2021; Picavet et
al., 2002; Waddell et al., 1993).

In majority of the cases, acute LBP resolves in the first few weeks from onset (da et
al., 2012) and conventional medical treatments (e.g., using non-steroidal anti-
inflammatory drugs or physical therapy) are available (Bernstein et al., 2017).
However, when LBP pain persists and becomes chronic, the underlying mechanisms
are poorly understood and almost 90% of cases have no identifiable cause and are
identified as non-specific LBP (Hua and Van der Does, 1994; Maher et al., 2017).
According to the IASP classification of chronic pain for the international classification
of diseases (ICD-11), in conditions such as non-specific LBP, the persistent state
may be conceived as a disease on its own with no known cause (Treede et al.,
2019).

1.4 Non-specific low back pain

1.4.1 Overview of non-specific low back pain

Globally, low back pain (LBP), is the most common condition and is the leading
cause of years lived with disability and burden of all health conditions (Balague et al.,
2012; Hoy et al., 2014; Knezevic et al.,, 2021; Vos et al., 2012). According to the
course of pain, LBP can be divided into sub-classes such as: acute, sub-acute, and
chronic (Qaseem et al., 2017), becomes a continuous burden of relentless suffering
(Debono et al., 2013). Non-specific LBP is diagnosed when organic causes are ruled
out and the condition is rarely curable, thus a leading contributor to disability and
major burden to global health (Hoy et al., 2012). The onset is complicated and in
some cases the causes are known, such as the instability of vertebrae (Ferrari et al.,
2015), irritation of nerve roots by the herniated nucleus material from the

intervertebral disc (radiculopathy) (Indahl, 2004), mechanical damage to the lumbar
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intervertebral disc (pseudoradicular) (Park et al., 2020), facet joint or sacroiliac joint
(musculoskeletal) (Hancock et al., 2007). There are also several physical and
psychological risk factors including mechanical factors like sedentary lifestyle (Chen

et al., 2009), and psychological trauma (Tesarz et al., 2015) involved.

Non-specific LBP is defined as low back pain with no underlying pathology (Balague
et al.,, 2012; Mendelek et al., 2013) (i.e. infection, tumor, fracture, inflammatory
disorder etc.), and 80% - 90% of low back pain is classified as non-specific low back
pain (Bardin et al., 2017; Deyo and Phillips, 1996; Frank, 1993; Hua and Van der
Does, 1994; Maher et al., 2017). Patients suffering from non-specific LBP show signs
of both peripheral and central sensitization. While peripheral sensitization is
characterized by an increase in pain sensitivity of nociceptors located in deep tissues
(Graven-Nielsen and Arendt-Nielsen, 2010), central sensitization (including the brain
and the spinal cord) is indicate by an increased excitability and synaptic efficacy of
neurons in central nociceptive pathways which is initiated by intense peripheral
noxious stimuli, tissue injury or nerve damage (Ji et al., 2003; Woolf, 2011). In
general, the body adapts when a noxious stimulus is presented, but the duration,
frequency and type of the nociceptive stimuli presented play an important role in
inducing persistent central sensitization, which might trigger the mechanism of
chronic pain. This abnormal central sensitization plays a role in the transition from
acute to chronic state (Arendt-Nielsen and Graven-Nielsen, 2003) even in the
absence and/or with only very little peripheral nociceptive inputs (Staud, 2011). The
excitability of spinal neurons is modulated both by descending facilitatory and
inhibitory pain pathways. In particular, descending pain facilitatory pathways are
critical in initiating and maintaining this central hyper-excitability and any irregularity
in these pathways could lead to spinal neuron excitability contributing to persisting
pain (Staud, 2011; Suzuki and Dickenson, 2005; Suzuki et al., 2002).

1.4.2 Source of non-specific low back pain

As mentioned in the last section (1.2), chronic primary musculoskeletal pain may be
conceived as a disease on its own from an unknown cause (Treede et al., 2019).
Nevertheless, several factors have been postulated as the cause of LBP or related
with its development and progression (Balague et al., 2012). Conflicting findings from

9
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a human study reported that dysregulation of cortisol release plays a role in LBP
versus temporomandibular pain (Garofalo et al., 2007). The results indicate a positive
association between high cortisol levels at baseline and pain severity at follow-up in
individuals with temporomandibular disorders, whereas the later shows a negative
relationship between low cortisol levels and high pain severity in individuals with LBP
(Garofalo et al., 2007). According to another 6 months prospective case-control
study, there were significantly higher proportions of tumor necrosis factor-alpha
(TNF-a) positive participants in the LBP patients groups than in the control groups
(Wang et al., 2008). In addition to TNF-a, substances released from nucleus
pulposus tissue within the intervertebral discs might contribute to spinal nerve roots
sensitization and induce pain (Murata et al., 2005). NGF extracted from these
degenerated tissues might also play a role in this pain transmission, by promoting

axonal growth and substance P production (Balague et al., 2012).

Recently, both in human and animal experiments, studies have shown the
importance of fascia as an origin of non-specific LBP. In humans, experiments with
hypertonic saline injection into thoracolumbar fascia (TLF), and in animals, NGF
injections into the multifidus (MF) have shown the involvement of TLF as a potential
source of non-specific LBP muscle (Hoheisel et al., 2013; Hua and Van der Does,
1994; Malanga and Cruz Colon, 2010; Schilder et al., 2014; Stecco et al., 2011). In
another animal model of chronic mechanical LBP using intervertebral disc puncture,
increased expression of somatostatin (SRIF) was observed in the lumbar dorsal root
ganglia (DRGSs) suggesting a potential role of SRIF in modulating chronic LBP (Park
et al., 2020). Nevertheless, the neuronal mechanisms underlying the development of

non-specific LBP is still poorly understood.
1.5 Animal model with NGF-induced non-specific low back pain

Considering the low back muscle as a potential origin of non-specific LBP, an animal
model of myofascial LBP induced by NGF injections into the MF muscle has been
established to study the hyper-excitability of dorsal horn neurons (DHNSs) along with
the hyperalgesic behavior in a LBP state (Hoheisel et al., 2013; La Porta and Tappe-
Theodor, 2020; Reed et al., 2021; Reed et al., 2020; Zhang et al., 2017). Here, two
NGF injections were administered into the MF muscle at the vertebral level L5 with

an interval of five days. The resulting manifest sensitization was characterized by
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mechanical hyperalgesia. Spinal dorsal horn neurons show a significant increase in
resting activity, and the appearance of new receptive fields in the deep tissues of the
distal hind limb (Hoheisel et al., 2013; Zhang et al., 2017). In a similar study in
humans by (Deising et al., 2012), single NGF injection into the fascia of the erector
spinae muscle induced a long lasting hypersensitivity of the muscle fascia to both

mechanical and chemical stimulations but no ongoing pain was observed.

1.5.1 Role of NGF in muscle disorders

NGF is a neurotrophic factor regulating neuronal development, proliferation, growth
and maintenance of neurons, and is involved in the regulation of the immune system.
The association of NGF in many painful muscle disorders or non-painful but
functionally overloaded muscles has been observed in several studies (Hayashi et
al., 2011; Murase et al., 2010). Hayashi and colleagues (2011) found an increased
expression of NGF in regenerating muscle cells after eccentric contraction, mimicking
the condition of myofascial pain syndrome and exhibiting signs of long-term
mechanical hyperalgesia. This sensitizing effect of NGF expressed in regenerating
muscle cells might be critical in persistent mechanical muscle hyperalgesia. Another
study showed that NGF injection into the gastrocnemius muscle induced mechanical
hyperalgesia and upregulated NGF mRNA and protein over a comparable time
course after lengthening and contraction of muscles (Murase et al., 2010). In
humans, intramuscular administration of NGF evokes a long-lasting mechanical
hyperalgesia, in both shoulder muscle (lasting 1 day) (Nie et al., 2009) and masseter
muscle (lasting at 7 least days) (Svensson et al., 2003), and induces a long-lasting
mechanical and chemical hyperalgesia when injected in muscle fascia (Deising et al.,
2012). On the other hand, inhibiting NGF alleviated chronic LBP in patients
(Markman et al., 2020).

In animals, repeated NGF injections into the MF muscle induce sensitization and are
likely to play an important role in altering the pain threshold of the lower back and the
hyper-excitability of dorsal horn neurons (Hoheisel et al., 2013; Zhang et al., 2017).
Nerve growth factor plays a role in maintaining the sensitivity of the primary afferent
fibers in the peripheral tissues (Mann et al., 2006), resulting in an increased
sensitivity at the ending of those fibers. Murase and colleagues (2010) showed NGF-

11



INTRODUCTION

induced mechanical hypersensitivity in the periphery 2 h after the NGF injection,
when they recorded the activity of single muscle afferents (majority C-fibers) in vitro.
In humans, Mann and colleagues (2006) found that NGF decreased the mechanical
threshold of a small population of masseter muscle afferent fibers. In rats, Hoheisel
and colleagues (Hoheisel et al.,, 2005) found that NGF excited exclusively the
nociceptive muscle afferents which evoked mainly subthreshold potentials in the
DHNs (Hoheisel et al., 2007).

Since in DHNs the appearance of new receptive fields (RFs) was observed far from
the repeated NGF injection site in the LBP pain model, the sensitization of DHNs
could be associated with central sensitization (Hoheisel et al., 2013). The strength of
the synaptic contacts vary at the synaptic level. While some synapses are ineffective,
and cannot produce any postsynaptic response (silent or sleeping synapse), some
are highly effective and can evoke action potentials with lesser transmitter release
(potentiated state) (Kuner, 2010). Therefore, based on the findings from Hoheisel
and colleagues (2013), it is possible that the silent synapses were opened by
repeated NGF-induced afferent input and were mainly connected with deep tissues

both in and outside the low back.

Moreover, glial cells are known to be involved in the sensitization of dorsal horn
neurons induced by 2 NGF injections and there is increasing evidence that spinal
glial cells play an important role in the development of chronic pain states (Clark et
al., 2015; Clark and Malcangio, 2012; La Porta and Tappe-Theodor, 2020; Sessler et
al., 2021; Sideris-Lampretsas and Malcangio, 2021; Zhang et al., 2017).

1.5.2 NGF-induced sensitization

A single intramuscular NGF injection into the low back muscle resulted in a transient
mechanical hyperalgesia, for about 2 days, but hyperalgesia was absent at day 5
after the injection. The electrophysiological findings showed that the NGF injection
just before the recording period of 4 h or 5 days after the NGF injection, did not
induce an acute sensitization, while the proportion of neurons responding to the
mechanical stimulation of deep tissues or neurons with convergent input did not differ

compared to saline injections (Hoheisel et al., 2013). But when intramuscular NGF
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injections were repeated at an interval of 5 days, the mechanical hyperalgesia lasted
longer up to day 14 and the spinal neurons were now sensitized within the 4 h
recording period after the second NGF injection, exhibiting the increased proportions
of neurons with input from deep tissues of the low back, outside the low back, and
increased convergent input (Hoheisel et al., 2013). These findings tell us that after
the first NGF injection, there is a phase of ‘latent sensitization’ or priming, that
intensifies the sensitivity of the neurons to a following NGF injection (Hoheisel et al.,
2013). This demonstrates that two NGF injections, but not a single NGF injection
caused a significant hyper-excitability (hypersensitivity) of DHNSs, indicating stronger
and longer-lasting ‘manifest sensitization’ (Hoheisel et al., 2013). This central latent
sensitization or priming resembles the hyperalgesic priming of peripheral nociceptors
in muscle, mediating the transition from acute to chronic pain (Ferrari et al., 2010;
Reichling and Levine, 2009).

A recent publication by Zhang and colleagues (2017) showed that activation of glial
cells plays an important role in central sensitization. Especially, microglia are known
to be involved in this process of latent sensitization, while blocking the microglia
activation by minocycline prevented this sensitization. Sessler and colleagues (2021)
found that blocking fractalkine signaling in a dose-dependent manner also prevented
NGF-induced sensitization suggesting the critical role of neuron-to-microglia signaling
via the CX3CL1-CX3CR-1 pathway. Another possible explanation for this
sensitization might be associated with the increased release of excitatory amino
acids. Skyba and colleagues observed increased concentrations of glutamate and
aspartate after two injections of acidic saline into the gastrocnemius muscle and
induced secondary mechanical hyperalgesia that continued for up to 4 weeks.
Activation of the spinal N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) /kainite receptors were involved in this
hyperalgesia process (Skyba et al., 2005). Studies have also shown that activation of
protein kinase Ce in the peripheral terminals are involved in hyperalgesic priming
(Ferrari et al., 2010; Reichling and Levine, 2009) and could also be associated with

the latent sensitization observed after NGF injection.

In the NGF-induced myofascial LBP model, fifty microliters of 0.8 yM NGF solution
were injected into the multifidus muscle twice, with an interval of 5 days (Hoheisel et
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al., 2013). The NGF concentration used is known to be not painful but to induce
hyperalgesia when intramuscularly injected both in human and animal studies
(Deising et al., 2012; Hoheisel et al., 2013; Hoheisel et al., 2007; Svensson et al.,
2003). Apart from the non-specific LBP model, a single NGF injection into the
gastrocnemius-soleus (GS) muscle induced an excitatory action on subpopulations of
group IV muscle afferent units (Hoheisel et al., 2005). In another study by Hoheisel et
al (2007), repeated NGF injections into the GS muscle induced hyper-excitability of
dorsal horn neurons in the lumbar segment L4. Murase and colleagues (2010) found
NGF-induced mechanical hyperalgesia of muscle afferents 3 h after the NGF
injection into the gastrocnemius muscle and this sensitization lasted up to 48 hours
after the injection. All the above-mentioned studies show that a concentration of 0.8
MM NGF when injected into the muscle of animals was sufficient for increasing the
sensitivity of afferents or neurons. In humans, intradermal NGF injection was used for
the study of axonal sensitization (Obreja et al., 2011; Rukwied et al., 2014), and NGF
injection into the muscle fascia or muscle was applied to induce a long-lasting
sensitization of the muscle fascia or muscle to mechanical and/or chemical stimuli
(Deising et al., 2012; Nie et al., 2009; Svensson et al., 2003; Weinkauf et al., 2015).

In the non-specific LBP model, histological observations showed no visible sign of
muscle inflammation 5 or 12 days after the NGF injection (Hoheisel et al., 2013). No
signs of evoked pain-related behavior was observed after one NGF injection into the
GS muscle (Ulrich Hoheisel and Siegfried Mense, unpublished data). In humans,
intramuscular NGF injections did not induce acute or spontaneous pain (Svensson et

al., 2003), likewise when NGF was injected into the fascia (Deising et al., 2012).
1.6 The role of glial cells in pain processing

Glial cells or neuroglia, are non-neuronal cells in the CNS (brain and spinal cord) and
the peripheral nervous system that do not produce electrical impulses (Fields et al.,
2014). In the CNS, glial cells include microglia, astrocytes and oligodendrocytes, and
in the peripheral nervous system (PNS), there are mainly schwann cells, satellite
cells and macrophages. Glial cells perform a wide-range of functions such as
maintaining homeostasis, forming myelin to modulate the rate of nerve signal
propagation, providing nutrients and oxygen to neurons, regulating synapse

formation and controlling synaptic strength, and play a pivotal role in the recovery
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process or potentiating damage following neural injury. Upon tissue or neuronal
damage, glial cells modify the signaling between neurons and contribute to central
sensitization resulting in allodynia and/or hyperalgesia (Chacur et al., 2009; Fields
and Stevens-Graham, 2002; Gerhold et al., 2015; Tsuda et al., 2013). Studies have
shown that glial cells and neurons are closely associated (i.e. neuron-glia
communication) and perhaps neural activity can be measured by monitoring the

activity of glia (Fields and Stevens-Graham, 2002).

Increasing evidence suggest that glial cells in the spinal cord and in the brainstem
play a crucial role in pain sensitization, especially when pain becomes persistent.
Glial cells such as microglia and astrocytes are involved in nociceptive process, an
important step in generation of pain perception (Chacur et al., 2009; Ledeboer et al.,
2005; Raghavendra et al., 2004; Tsuda et al., 2013). In the non-specific LBP animal
model, involvement of activated spinal glial cells has been observed (La Porta and
Tappe-Theodor, 2020; Sessler et al., 2021; Zhang et al., 2017).

1.6.1 Role of microglia in pain

Function of microglia

Microglia are macrophage-like cells in the CNS. On the one hand, they act as the
main form of active immune cells and on the other hand, they regulate neuronal
functions and help in maintaining homeostasis (Cserep et al., 2020). Microglia
regulate and survey their surrounding tissues for pathogen apoptotic debris and
trigger neuroinflammation (Fields and Stevens-Graham, 2002; Tremblay et al., 2011,
Xanthos and Sandkuhler, 2014). They sense the cellular environment with their
ramified processes, and undergo rapid changes and are activated by various
environmental changes or diseases, such as brain local injury (Nimmerjahn et al.,
2005), Alzheimer’ disease (Baron et al., 2014; Puli et al., 2012), and chronic stress
(Hinwood et al.,, 2012). Several pre-clinical studies on chronic pain have shown
activation of microglia in the spinal cord, i.e. after spinal nerve injury (Sweitzer et al.,
2001), peripheral inflammation (Bao et al., 2001), peripheral nerve inflammation
(Milligan et al., 2003), chronic opioid treatment (Raghavendra et al., 2002), non-
specific LBP (Sessler et al., 2021; Zhang et al., 2017), and restraint stress (La Porta
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and Tappe-Theodor, 2020). Activation of microglia has been observed under various
pathophysiological situations, such as CNS injury, microbial invasion and other pain
states (Marchand et al., 2005; Raghavendra et al., 2003). Pre-clinical studies have
also shown that repeated NGF injections lead to microglia activation (Zhang et al.,
2017) and result in an increase in the production of various pro-inflammatory
cytokines such as interleukin (IL) -1B, IL-6, TNF-a, chemokines (i.e. fractalkine
(FKN), and other potentially pain-producing substances (i.e. prostaglandin E2
(PGE2), nitric oxide (NO)) (Durrenberger et al., 2004; Holguin et al., 2004; Kawasaki
et al., 2008; Marchand et al., 2005). This release facilitates the excitatory synaptic
transmission, leading to pain hypersensitivity (Clark et al., 2015; Kawasaki et al.,
2008; Raghavendra et al., 2003; Sessler et al., 2021; Sideris-Lampretsas and
Malcangio, 2021; Zhong et al., 2010).

Microglial activation

Gliosis is a nonspecific reactive change of glial cells in response to injuries and
insults and often involves the proliferation or hypertrophy of glial cells (Chen et al.,
2018). Activated microglial cells express ionized calcium — binding adapter molecule
1 (Iba-1), as the microglial specific marker increases and the morphology of
microglial cells alters from ramified to amoeboid shapes with enlarged cell bodies and
shortened processes (Chen et al., 2018; Hinwood et al., 2012; Romero-Sandoval et
al., 2008; Streit et al., 1999). A number of studies have focused on the morphological
changes of microglia in different circumstances, such as in the animal models of
Alzheimer’s disease, injured cerebral cortex and chronic stress (Baron et al., 2014;
Hinwood et al., 2012). Preclinical studies on chronic stress (i.e., restraint stress) in
pain have shown involvement of brain microglia and the changes to their morphology
with an arrested hyper-ramified state (Hinwood et al., 2012; Hinwood et al., 2013;
Kopp et al., 2013; Park et al.,, 2011; Tynan et al., 2010). In the mature CNS,
surveilling microglial cells provide neurotrophic support, maintain homeostasis,
modulate the release of neurotransmitters and hormones, regulate pain, respond to
psychological stress, prevent neurons from damage and respond to changes in the
microenvironment (Karperien et al., 2013). Activated microglial cells are unramified

and play a pivotal role in the immune-inflammatory process, in which they migrate to
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injury site to recruit or activate other cells, proliferate, clear debris by phagocytosis,

and result in recovery and cortical reorganization (Karperien et al., 2013).

Studies have shown that early life stress disrupts the normal development of the CNS
and this in turn primes microglia to a reactive state in later life leading to increased
pain (see Fig. 1) (Burke et al., 2016). Chronic lifestyle stress also sensitizes microglia
toward a primed phenotype and induces neuroinflammation in the adult brain
(Ramirez et al., 2016; Wohleb et al., 2014). Acute stress increases the number of
microglia (Lehmann et al., 2016), while chronic stress decreases it (Tong et al.,
2017). Studies were made on the morphological changes of microglial cells in animal
model of chronic stress (Hinwood et al., 2012). Several morphological parameters
including basic parameters (i.e., size, boundary of microglia) and advanced
parameters (the length of the processes, the number of the endpoints of processes of
microglia) were measured, reflecting the structure of microglial cells in details.
Eriksson and colleagues, showed microgliosis in the pain-modulating spinal cord and
brain stem regions after nerve injury using immunostaining of OX-42 (Eriksson et al.,
1993). In inflammatory or neuropathic pain models the activation of microglial cells
was only evaluated according to the immunostaining intensity of a molecular marker
(Iba-1 or OX-42) or basic morphological parameters (Chacur et al., 2009; Ledeboer
et al., 2005; Romero-Sandoval et al., 2008; Tsuda et al., 2004). Minocycline, a non-
specific microglial inhibitor, has shown to be effective in inhibiting mechanical
hyperalgesia and allodynia and prevented spinal neuron sensitization (Raghavendra
et al., 2003; Zhang et al., 2017).
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Figure 1: Early life stress and disruption of microglia.

Amoeboid microglia during postnatal development. (Upper part): microglia normally mature into
ramified (surveilling) state. A challenge in adulthood (later-life) leads to pain hypersensitivity and
microglia also responds to the challenge by taking a reactive amoeboid shape by thickening and
retracting branches. (Lower part): challenges during adolescent (postnatal) periods lead to increased
and long-lasting pain hypersensitivity and prime microglia. A challenge in adulthood (later-life) leads to
exacerbation of pain and microglia proliferates taking an amoeboid shape.

Image modified from (Burke et al., 2016).
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1.6.2 Role of astrocytes in pain

Function of astrocytes

Astrocytes are star-shaped most abundant glial cells in the CNS, constituting 40% to
50% of all glial cells forming networks with themselves and linked with neurons and
blood vessels. Astrocytes regulate the external chemical environment of neurons
during synaptic transmissions, by maintaining extracellular ion balance, removing
positively charged potassium ions from the extracellular space, metabolizing glucose
and neurotransmitters (Moraga-Amaro et al., 2014). Upon injury, they respond by
clearing cellular debris, releasing trophic factors and form scars (Fields and Stevens-
Graham, 2002; Gao and Ji, 2010). Astrocytes become activated to many CNS
pathologies, resulting in an inflammatory response, change of external chemical
environment of cells and the strength of synaptic transmission (Pekny and Nilsson,
2005). Zhang and colleagues (2017) showed that blocking the astrocyte activation
(Flurocitrate) significantly reduced the proportion of neurons responding to deep
tissue inputs. Unlike microglia, much less is known about the role and functional

plasticity of astrocytes in modulating pain. Therefore this thesis focuses on microglia.

1.7 Research focus of this thesis

A number of psychosocial stress models are available in pre-clinical research to
study the altered stress response which is implicated in various psychological
disorders (Hannibal and Bishop, 2014; Hinwood et al., 2012; Hinwood et al., 2013;
Kopp et al., 2013; Lehmann et al., 2016; Tynan et al., 2010) and here we focus on
the altered pain-related responses after stress. Amongst other stress models such as
social isolation etc., the repeated restraint stress also known as immobilization stress
is a robust model that includes both physical and psychological component to study
acute and chronic stress and its pathological changes (Hinwood et al., 2012,
Hinwood et al., 2013; Kopp et al., 2013; La Porta and Tappe-Theodor, 2020; Park et
al., 2011; Tynan et al., 2010). Only few animal studies are available that focused on
restraint stress as a risk factor to induce or enhance low back pain (Hoheisel and
Mense, 2015; La Porta and Tappe-Theodor, 2020). Hoheisel and colleagues (2015)
showed that repeated immobilization stress was sufficient to alter the responsiveness
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of spinal dorsal neurons processing input from the low back deep tissues. A humber
of studies based on nociceptive NGF injections have shown central sensitization to
inputs from low back muscles or the thoracolumbar fascia (Hoheisel et al., 2013;
Hoheisel et al., 2007; Reed et al., 2020; Sessler et al., 2021; Taguchi et al., 2008;
Zhang et al., 2017). Therefore, the present study mainly focused on the impact and
timing of repeated restraint stress in combination with NGF on the sensitization of

spinalcord to input from low back muscles.

1.7.1 Electrophysiological recordings of dorsal horn neurons

Pre-clinical studies have shown the involvement of altered neuronal reponses and
activation of glial cells in pain states including inflammatory, neuropathic, and non-
specific low back pain, but evidence of their contribution in non-specific LBP after
stress is understudied. A wide-range of studies use behavioral, immunohistochemical
staining, electrophysiological techniques to explore the involvement of glial cells in
pain, but studies on spinal neuronal activity and spinal sensitization after induction of
stress are few (Hoheisel and Mense, 2015; La Porta and Tappe-Theodor, 2020).
Since priming or latent sensitization is known to mediate the transition from an acute
to a chronic state of low back pain, neuronal mechanism in this process needs to be
studied. Electrophysiology can assess the neuronal responses to peripheral stimuli,

receptive field modulation and ongoing activity.

1.7.2 Immunohistochemical staining of glial cells in the dorsal horn

Spinal glial cells are known to be involved and activated in the animal model of non-
specific LBP. There is no morphological evidence on the functional plasticity of spinal
microglial cells in the NGF-induced spinal sensitization of dorsal horn neurons
preceded by restraint stress. As a response to an insult or injury, microglia are known
to proliferate and transform their shape from surveilling to phagocytic state (Streit et
al.,, 1999). Therefore, immunohistological staining was used to find out the
morphological changes of microglia in the dorsal horn on the lumbar segment L2.
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1.7.3 Hypothesis and aims
Hypothesis: A single injection of nerve growth factor (NGF) into a low back muscle of
animals that have experienced repeated restraint stress is sufficient for a manifest

sensitization of spinal dorsal horn neurons.

Aim of the project: The aim of this project was to investigate the differences in the

sensitization process of the dorsal horn neurons based on the timing of the stressor.

Study 1:

Specific aim: To investigate whether repeated restraint stress in adulthood followed

by NGF injection leads to manifest sensitization of the lumbar dorsal horn neurons.

In this study, animals in adulthood were subjected to restraint stress followed by
single NGF injection into the multifidus muscle. Behavioral test was performed to test
for mechanical hyperalgesia and the sensitivity of the DHNs were measured using in-
vivo electrophysiology technique.

Questions addressed in this study are:

(1) Whether animals that experience repeated restraint stress alone leads to drop in

low back pain threshold?

(2) Whether a subsequent NGF injection leads to manifest sensitization of the spinal

neurons?

This study got recently published (Singaravelu et al., 2021b).
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Study 2:

Specific aim: To investigate whether repeated restraint stress in early adolescence
primes for long-lasting hyperalgesia followed by NGF injection in adulthood leading to

enhanced sensitization.

In this study, animals in early adolescence were subjected to restraint stress followed
by single NGF injection into the multifidus muscle in adulthood. Behavioral
experiments were performed to assess mechanical hyperalgesia and the
morphological changes of glial cells of the lumbar section L2 were analyzed using

immunohistochemical staining technique.

Questions addressed in this study are:

(1) Whether animals that experience repeated restraint stress alone across
adolescence exhibit drop in low back pain threshold, and whether such
hypersensitivity spreads to remote region?

(2) Whether these animals experience long-lasting hyperalgesia in adulthood?

(3) Whether a subsequent NGF injection in adulthood leads to enhanced pain-like

behavior and show signs of activation of glial cells in the spinal lumbar segment L2.
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2 MATERIALS UND METHODS

2.1 Invivo electrophysiology (study 1)
2.1.1 Animals and treatment groups

Animals

The electrophysiological experiments were performed on Sprague-Dawley rats. 11
rats (body weight: 380 — 450 g) were used for data acquisition. Eight weeks old male
rats arrived from (Janvier labs) and were housed in groups of two in standard
macrolon cages (length, width, height: 55x35x20 cm) and habituated for a week in
the animal keeping room. The animals had free access to food and water ad libitum
and were kept in 12h light/dark cycle. All the experimental procedures were approved
by the committee on animal care and use (Regierungsprasidium Karlsruhe,
Germany) and were carried out in accordance with German law on the protection of
animals and ethical proposals of the International Association for the Study of Pain
(IASP).

Treatment groups with a single NGF injection

In the electrophysiological study two treatment groups were tested and all animals
received a single injection of nerve growth factor (NGF) into the left multifidus (MF)
muscle directly before the recordings of the dorsal horn neurons (DHNSs) started (see
section: 2.1.3; Fig. 2).

Group 1

Repeated restraint stress + NGF: Repeated restraint (stress) was induced in five

animals on 12 consecutive days for 1 hour every day in a narrow plastic restrainer

(see section 2.1.2).

Group 2

Control + NGF: Six animals served as a control. The animals were handled on 12

consecutive days (transported to the laboratory, picked up by hand) like the stress
animals but did not experience stress.

(This section in parts has been taken from Singaravelu et al., 2021b)
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Figure 2: Experimental procedure.

Animals of the stress group were repeatedly stressed in a narrow plastic restrainer on 12 consecutive days for 1 hour every day.
The pressure pain threshold (PPT) of the left multifidus muscle at vertebral level L5 was measured on day 14. On the same day,
recordings of single spinal dorsal horn neurons were made (black bar). All animals received a single injection of NGF into the
multifidus muscle directly before the electrophysiological recordings but after the PPT measurement.

Image modified from (Singaravelu et al., 2021b).

2.1.2 Repeated restraint stress

After one-week habituation to laboratory conditions, stress was induced in five
animals similar to previous studies (Grundt et al., 2009; Hoheisel et al., 2015). The
animals were placed for 1 hour every day on 12 consecutive days in a narrow plastic
restrainer (inner length 17.5; inner height 5.5 in cms, Fig. 3). During the stress
paradigm, signs of distress such as defecation, struggling during restraint (escape

movements), and vocalization were observed.

Figure 3: Repeated restraint stress.
Image of a rat placed inside the restrainer device used for the stress paradigm.

Image modified from (Singaravelu et al., 2021b).
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2.1.3 Intramuscular injection of nerve growth factor

All the animals used in this study received a single injection of NGF. Directly before
the recordings started intramuscular injections of 50 pl nerve growth factor (NGF,
human recombinant, Calbiochem®, Merck, Germany) at a concentration of 0.8 uM
(2.04 pg NGF in 50 pL PBS; pH of the solution: 7.2 — 7.3) was injected into the left
multifidus (MF) muscle at the vertebral level L5 (Hoheisel et al., 2013; Hoheisel et al.,
2007; Zhang et al., 2017). The NGF injections were made under final anesthesia (see
2.1.5) 3 mm lateral to the spinous process of L5 (Fig. 4) with a 27-gauge needle. The
final concentration of NGF in the muscles after the injection was not determined in
the experiments but the NGF concentration used is known to cause hyperalgesia
when injected into the fascia of human erector spinae muscle (Deising et al., 2012),
the GS muscle of rats (Hoheisel et al., 2007) and human masseter muscle (Svensson
et al., 2003). The NGF injection was made by fixing the animal with hand (see fig.
PPT) and pushing the needle (3 mm lateral) through the fascia and the MF muscle
until it contacted the transverse process of the vertebra. The needle was then
withdrawn 1 mm (see Fig. 4) and NGF was injected close to the transverse process
into the muscle.

(This section in parts has been taken from Singaravelu et al., 2021b)

Injection site

—__\

Figure 4: NGF injection site in low back multifidus muscle.
The site of NGF injection (grey dot) shown in the outline of rat body and the injection was made 3 mm lateral to the spinous
process L5.

Image modified from dissertation (Zhang, 2016).
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2.1.4 Pressure pain threshold of the low back

To test for mechanical hyper-or hypoalgesia caused by stress, we measured the
pressure pain threshold (PPT) of the low back MF muscle. Right before the animal
was anesthetized, the PPT was determined right before the animal was anesthetized
with an electronic Von Frey anaesthesiometer (Life Science Instruments, Woodland
Hills, CA, USA) on day 14 (see Fig. 2). Once the animal was fixed, a blunt tip with an
area of 3.46 mm? was pressed with an increasing intensity to the MF muscle through
intact skin at the vertebral level L5 (see Fig. 5). It is known that with the blunt tip,
mainly nociceptors in deep tissue are excited but not or marginally in the skin
(Takahashi et al., 2005). The PPT was defined as the minimum pressure intensity
that is required to elicit a pain-related reaction (withdrawal and escape movements,
vocalization).

(This section in parts has been taken from Singaravelu et al., 2021b)

Vertebral level L5

Tip: 3.5 mm

Figure 5: Pressure pain threshold of the low back multifidus muscle.
The PPT measurement at the vertebral level L5 with von Frey anaesthesiometer. The inset in the image shows the blunt tip
used.

Image modified from master thesis (Goitom, 2021).
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2.1.5 Electrophysiological recordings of the spinal dorsal horn neurons

Anesthesia

To induce deep anesthesia, the animals were intraperitoneally (i.p.) injected with
thiopental sodium (Trapanal ®, Inresa GmbH, Germany), with an initial dosage of
100 mg/kg followed by 10 — 20 mg/kg x h of the same anesthetic intravenously (i.v.)
with the help of an infusion pump (AL-1000, World Precision Instruments, Inc., USA)
in order to maintain deep and constant level of anesthesia. To judge the depth of
anesthesia before and during the surgery, the flexor-reflex was tested by pinching the
hind paws or tail. Absence of the flexor-reflex was defined as a sign of deep
anesthesia. In order to achieve muscle relaxation, an initial dosage of 0.5 ml i.v. of
pancuronium bromide (pancuronium®, Inresa GmbH, Germany) was injected
followed by 0.3 ml every hour. Pancuronium acts as a typical non-depolarizing
curare-mimetic muscle relaxant by blocking the neuromuscular endplates. Because
pancuronium relaxes the muscles and abolishes flexor-reflexes, during the
experiment, marked blood pressure (BP) reaction to noxious stimulation was used to
check the level of anesthesia. The anesthesia was considered deep when the
increase in BP did not exceed 10 mmHg while presenting noxious stimuli i.e., pinch.
When the BP reactions increased above 10 mmHg, the infusion of thiopental sodium

was increased to reach a deeper level of anesthesia.

Surgical preparation

- Catheter implantation
A medical incision was made from the chest to chin with the help of a surgical blade
(number 10, Swann-Morton, England). The salivary glands and muscles were
separated using blunt forceps to expose the trachea, the right common carotid artery,
and the right jugular vein. For catheterization purposes, polythene tube (Smiths
Medical International Ltd., Great Britain) was used with an inner diameter of 1 mm
and outer diameter 2 mm. The tubes were manually pulled out to the required
diameter for the insertion into the right carotid artery for online BP registration and the
right jugular vein for drug administration. The catheter of the right common carotid
artery and the attached syringe were filled with Liguemin (Liquemin 5000, active
ingredient: Heparin-Sodium, Ratiopharma GmbH, Germany) in tyrode to prevent

blood clotting (0.5 ml Liqguemin in 50 ml Tyrode). Tyrode was used as an artificial
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interstitial fluid, containing salts and glucose, whose osmotic pressure and ion
concentration are similar to interstitial fluids and which is often used in physiological
and tissue culture experiments. The artery catheter was connected to a digital BP
monitoring device (Blood Pressure display unit, Stoelting, USA) to measure the mean
arterial BP. The continuous administration of the anesthetic was infused into the vein
catheter with the help of an infusion pump. The mean arterial BP was always
maintained above the physiological level 80 mmHg and when the BP dropped below
this level for more than 10 min, the experiment was terminated for that particular

animal.

- Atrtificial ventilation

The animals were connected to a respiratory pump via a trachea canula for artificial
ventilation. The ventilation pump (Rodent Ventilator Model 683, Harvard Apparatus,
Inc., USA) was set to a breath frequency of 90 — 100 breaths per minute and the
breath volume to 2.0 ml/breath. It has been shown in literature that the breath volume
of a rat is around 1.3 - 2.0 ml/breath at 60 — 114 breaths per minute (Waynforth and
Flecknell, 1995). For ventilation, a gas mixture of 47.5% Oz, 2.5% CO2, and 50% N2
was used. This mixture causes a pO:2 of above 100 mmHg, pCO:2 between 30 and 40
mmHg and pH close to 7.4 in blood (Lambertz et al., 2008).

- Body temperature
The core body temperature of the animals was measured using a digital
thermometer. Under anesthesia, the animals cannot regulate their body temperature.
For this purpose, a thermometer was inserted 3 — 4 cm into the rectum and was
monitored continuously. To maintain an optimum body temperature (37 — 38 °C)
under anesthesia the animals were placed under warm lamps throughout the

experiment.

- Laminectomy
To expose the spinal cord the animals were mounted on a spinal frame (David Kopf
Instruments, USA) and an incision was made by cutting the skin parallel to the
vertebrae thoracal 9 to lumbar 6. The vertebrae were prepared and the spinal column
was supported both towards the cranial and caudal side using clamps. The spinal
segments Thll — L5 were exposed by removing the dorsal vertebrae extensions.
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The spinal cord segments L2 — L6 are located at the vertebrae Th12 — L1. The dorsal
roots of the spinal cord segments L4 — L6 appear in a V-shape. The dura mater was
incised longitudinally exposing the dorsal roots. The vertebral column was fixed using
metal clamps and the dorsal roots L3 — L5 were isolated using a parafilm and
exposed for applying the electrical search stimulus (see Fig. 6). A unilateral
pneumothorax was performed to avoid any breathing related movement of the spinal
cord by inserting a small tube (inner diameter 3 mm, outer diameter 4.5 mm) in the
8" intercostal space. A tyrode-moistened cotton ball was used to cover the exposed
spinal cord and corresponding dorsal roots and covered with skin warm agar solution
(0.5 g agar to 20 ml Tyrode) in order to stabilize the spinal cord. Once the agar-gel
hardened, the moistened cotton call was cut out and the exposed spinal cord was
covered with silicon oil (M100Roth, Carl Roth GmbH, Germany) for electrical
isolation. The caudal back muscles and the overlying fascia at the vertebral level L5
were not affected by the laminectomy because the spinal segments are located 3 — 5

cm cranially from these muscles (Taguchi et al., 2008).

Exposed spinal cord

Recording
electrode

Recording electrode

........... Spinous
process

Dorsal roots:
L3 - L5

Spinal cord

Stimulating electrodes Mechanical and chemical
(search stimulus) stimulation of low back

Figure 6: Setup and extracellular recording of dorsal horn neurons with input from low back.

Schematic picture of the setup. The animal was mounted on the spinal frame using clamps. As a search stimulus, the dorsal
roots L3 — L5 were electrically stimulated using a bipolar electrode. The recording electrode was made with glass/microelectrode
filled with 5% NaCl and the recording were made in the segment L2 where the inputs from low back muscles are mainly
processed. NGF was injected 3 mm lateral to the spinous process L5. Mechanical and chemical stimulation of the low back and
outside were presented close to the spinous process L5.

Image modified from (Taguchi et al., 2008).
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- In-vivo recording of single dorsal horn neurons
In-vivo extracellular recordings of the single DHNs were made in the spinal segment
L2 ipsilateral to the site of the NGF injection (Fig. 6). This segment is known to
receive strong afferent input from the deep tissues in the low back located at the
vertebral level L5 (Taguchi et al., 2008). For recording purpose, glass
microelectrodes were prepared from borosilicate glass capillaries (outer diameter 1.5
mm and inner diameter 0.86 mm, GB150F-10, Science Products, GmbH, Germany)
with the help of a horizontal pipette puller (Brown-Flaming Micropipette Puller, Model
P-80, Sutter Instrument Co., USA). The glass microelectrodes were filled with 5%
sodium chloride (NaCl) to record extracellular action potentials (APs) of single DHNs.
Penetrations were made up to a depth of 1000 um from the dorsal surface of the
spinal cord. The recorded APs were amplified 10 times with the help of a preamplifier
(EXT-10C, npi electronic GmbH, Germany) and again 10 times by an AC-DC
amplifier (neurology 106, DigimeterNeurolog System, Digitimer Ltd., Great Britain).
The APs were filtered (low frequency: 5-500 Hz, high frequency: 50 kHz; Neurolog
125, Digitimer Neurology System, Digitimer Ltd., Great Britain) and all the recordings
were monitored with the help of an oscilloscope (Classic 6000 DSO, Gould
Instrument Systems, USA). The analog signals were digitized using an analog to
digital convertor (CED-1410 interface; Cambridge Electronic Design Limited, Great
Britain) at a sampling rate of 20 kHz. The data were recorded and stored in a
computer using Spike 2 software (Cambridge Electronic Design Limited, Great

Britain) and the APs were counted using a template criterion.

- Electrical search stimulation
In order to have an unbiased sampling of the DHNs, an electrical search stimulus
was delivered with the help of a single bipolar, hooked ball platinum electrode to the
dorsal roots L3, L4 during the microelectrode tracking (intensity 5 V, width 0.3 ms,
and frequency 0.33 Hz, see Fig. 6). All the DHNs exhibiting a stable response to this
search stimulus were used for the study. The stimulus intensity and frequency used
is known to not induce long-term potentiation (Hoheisel et al., 2007). The DHNs were
differentiated from the primary afferent axons when the neuronal APs demonstrated a
clear jitter (the variability in latencies) and did not follow a high-frequency stimulation
at 333 Hz (Hoheisel and Mense, 2015; Taguchi et al., 2008). During recording, the
general parameters such as the threshold and latency of an AP and the depth of
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recording of the neuron were noted down. This was followed by measuring the
neuronal resting (ongoing) activity for one minute before further testing with
mechanical or chemical stimuli. The neurons that showed = 1 impulse/min were
considered to have resting activity (Hoheisel et al., 2013). Once a neuronal
connection was established, the electrical stimulus was turned off followed by a
mechanical or chemical stimulus presented on the low back and hind limb (see Fig.
7) and the also the neuron type was determined. The recordings of DHNs lasted for
maximum 4 hours after the NGF injection. The number of DHNs recorded within that
time is given in Table 1. At the end of the recordings the animals were euthanized

with an overdose of anesthetic under deep anesthesia.

- Mechanical and Chemical Stimulation
After the electrical search stimulus and recording of resting activity, mechanical and
chemical stimuli were applied to identify receptive fields (RFs) and the response of
that neuron. The types of mechanical stimulation that were used are: as an
innocuous stimulus, a touch with an artist's brush was used on the skin and
thoracolumbar fascia (TLF); a moderate pressure was applied using a blunt probe
(back side of the artist’s brush) on the skin, muscles and TLF, and for noxious stimuli,
pinching with a sharp watchmaker’s forceps (skin and TLF) or as a noxious pressure
with a blunt probe (muscles and TLF) was used. Five percent hypertonic saline (50
pl) was injected to a muscle as noxious chemical stimuli to identify RFs underlying

the skin or fascia.

- Receptive field identification and neuronal classification

A receptive field is defined as the region of the body in which presenting a stimulus
leads to firing of action potentials in a neuron. The search for RFs of each neuron
was performed using a standardized protocol (see Fig. 7) and were identified with
ranked mechanical stimuli (innocuous to noxious), applied to the low back structures,
left hind limb, hip, lateral abdominal wall, and the tail. The responsiveness to
mechanical stimulation was tested only to the ipsilateral side of the injection because
former studies did not show evidence for contralateral RF expansions (Hoheisel et
al., 2013; Hoheisel et al., 2015).

(This section in parts has been taken from Singaravelu et al.,, 2021b and the
dissertation of Zhang, 2016).
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Figure 7: Standardized protocol for receptive field search.
Schematic picture of the standard outline of the rat low back and hind limb used to searching for receptive fields: 1) toes, 2)
metatarsus, 3) heel, 4) lower leg, 5) knee, 6) thigh, 7) base of tail, 8) low back, and 9) lateral abdomen.

Image modified from (Hoheisel et al., 2015).

When a neuron responded to touching or pinching of the skin, it was consider as a
neuron with cutaneous input (see Fig. 8 A). Neurons were considered having a deep
input when they responded to pressure applied to a muscle or any other deep tissues
with a blunt probe but did not respond to the touching or pinching of the overlaying
skin (see Fig. 8 B). Neurons that received both cutaneous and deep input (i.e., skin
plus muscle or fascia) were considered as convergent input (see Fig. 8 C).
Intramuscular injections of 5% hypertonic saline was applied to check for RFs in a
muscle underneath a mechanosensitive RF in the TLF or skin. When a neuron
responded to the electrical search stimulus but could not be excited by the
mechanical stimuli then the neuron was considered without an RF. The location and
the size of the receptive fields (RFs) were also determined and marked on a standard
outline of the rat low back and the hind limb (see Fig. 8). The proportion of neurons
with skin input, deep input, convergent input and unknown inputs were calculated

and compared.
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Figure 8: Responses of a single dorsal horn neuron.

A) Example of a DHN having skin input from the knee and thigh
regions (stress + NGF group). The neuron responded to the
touching and pinching of skin. B) Example of a DHN having
deep input the TLF (stress + NGF group). The neuron
responded to noxious pressure applied to the muscle, and to
pinching of the overlying thoracolumbar fascia (TLF) but not to
the injection of isotonic saline. C) Example of a convergent
neuron having input from the lumbar MF muscle and input from
the skin close to the tail base (stress + NGF group). (TOP) the
neuron responded to noxious pressure applied to the muscle
but not to pinching of TLF, indicating a receptive field (RF) in
the muscle under the fascia. (Bottom) the same neuron
responsed to touching and pinching the skin. The schemes
show the location and size of the RFs from which the neuron
could be activated. Open outline: RF in the MF muscles; black
area: RF in the skin. Open bars indicate the time and duration
of stimulation. L5: spinous process L5. NGF: nerve growth

factor.
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2.1.6 Data analysis

The pressure pain threshold and resting activity data for study 1 are shown as
individual values with their respective median. For the latency, discharge frequency,
conduction velocity and recording depth (Table 1), data are shown as an interquartile
range: median (quartile 3 - quartile 1) showing a measure of statistical dispersion.
The proportion of neurons was compared using the Fisher exact probability test. The
values of the PPT and resting activity were compared using the Mann-Whitney U
(Wilcoxon) test. A probability level of less than 5% (p < 0.05, 2-tailed; statistical
software: GraphPad Prism 6) was regarded as significant. The effect sizes were
determined using Cohen’s d (difference in means divided by pooled SD) (Cohen,
1969). An effect size > 0.2 was considered as ‘small effect’, > 0.5 as ‘moderate’, and
> 0.8 as ‘large’.

The experimenters were not blinded for study 1. To minimize investigator bias, an
electrical search stimulus was used for unbiased sampling of DHNs and the search
for RFs strictly followed a standard protocol (refer section 2.1.5, receptive field
identification).

(This section in parts has been taken from Singaravelu et al., 2021b)
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2.2 Quantitative immunohistochemistry (study 2)

2.2.1 Animals and treatment groups
Animals

In this immunohistochemical study, the experiments were performed on Wistar rats.
Three weeks old (postnatal day (PD) 21) male rats arrived from (ENVIGO,
Netherlands) and were housed in groups of four in standard macrolon cages (length,
width, height: 55x35x20 cm). In contrast to SD rats, Wistar rats are known to be more
sensitive to stressors (Lopez-Rubalcava and Lucki, 2000) and are more suitable to
investigate long-term effects of adolescent stress on pain modulation. 23 rats were
used for data acquisition in immunohistochemistry. All the animals had free access to
food and water ad libitum and were kept in a normal 12h light/dark cycle. All the
experimental procedures were approved by the committee on animal care and use
(Regierungsprasidium Karlsruhe, Germany) and were carried out in accordance with
German law on the protection of animals and ethical proposals of the International
Association for the Study of Pain (IASP). One animal died and the results were

excluded from further analysis.

Treatment groups with injections of NGF or saline or both

On arrival, animals were briefly (2 hours) habituated to their new home cage in the
animal keeping room followed by 1 hour to the experimental procedure room. The
repeated restraint stress (R) paradigm (refer to section 2.2.2) was induced similar to
study 1 but in the early adolescence phase (PD 21). The aim of study 2 is the impact
of stress in adolescence (study 1: adulthood) and for this reason the animals were
habituated to the animal facility briefly on arrival and before stress was induced. The
injections of saline or NGF or both into the left multifidus (MF) muscle was injected in
adulthood (Schneider, 2013) and all the animals received two injections at an interval
of five days (see section 2.2.3). In this study, animals were randomly assigned to four
treatment groups. Two treatment groups refer to the ‘latent sensitization’, (i) handling
animals (control, C) in adolescence and injection of saline (S) followed by NGF (N)
(see Sec: Group 1), and (ii) where repeated restraint stress (R) in adolescence alone
followed by two saline (SS) injections in adulthood (see Group 2), and in adulthood
primes microglia in DHNs. The other two groups refer to ‘manifest sensitization’, (iii)

handling animals (control, C) in adolescence followed by two NGF injections (NN)
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(see Sec: Group 3), and (iv) where repeated restraint stress (R) in adolescence and
injection of saline (S) followed by NGF (N) in adulthood (see Group 4), and in
adulthood activates microglia in DHNs. The experiments were performed in the
inactive phase of the animals. The perfusion (refer to section 2.2.5) and tissue
collection (refer to section 2.2.5) were performed within 5 hours from the start of the
inactive cycle. All the animals were transcardially perfused one day after the second
injection of either saline or NGF and the spinal cord of lumbar segments L1 — L5

were harvested for immunohistological analyses (see Fig. 9).

Adolescent phase _, Adulthood phase
Repeated restraint stress Behavioral tests
(12 days, 1 h every day) (PPT / PWT)
r ¥ ¥ B N B
[ H | Perfusion and fixation
followed by spinal cord
[P e O O O B B B lﬁ extraction
21 22 23 32 33 34 35 36 37 85 86 87 90 91
Postnatal days T T

Saline/NGF Saline/NGF

Figure 9: Experimental design.

Animals of the stress group were repeatedly stressed (R) in a narrow plastic restrainer for 12 consecutive days for 1 h every day
on postnatal days (PD21 - 32; early adolescent phase). The pressure pain threshold (PPT) of the multifidus muscle at vertebral
level L5 and paw withdrawal threshold (PWT) of the hind paws were measured at different time points (grey line) (refer to
section 2.2.4). All animals received injections of saline/NGF on PD85 and PD90 (adulthood phase) respective to the group they
belonged to (refer to section 2.1.1). On PD91 (black bar) all animals were perfused and fixed. The spinal cord tissues were
extracted and stored at — 80 °C.

Image modified from (Singaravelu et al., 2021a).

Group 1

Control + Saline + NGF (CSN): The animals (n = 6) in this group were handled on 12

consecutive days (transported to the laboratory and manipulated by hand) similar to
the stress animals but without repeated restraint stress. These animals received
saline (vehicle) as their 1% injection followed by NGF at an interval of 5 days.

Group 2

Repeated restraint stress + Saline + Saline (RSS): In this group, R (n = 6) was

induced on 12 consecutive days for 1 hour every day in a narrow plastic restrainer

(refer section 2.2.2). These animals received 2 saline injections 5 days apart.
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Group 3

Control + NGF + NGF (CNN): The positive control animals (n=6) were handled

similarly to stress animals but without repeated restraint stress. These animals

received 2 NGF injections at a 5-day interval in adulthood.

Group 4

Repeated restraint stress + Saline + NGF (RSN): In this group, R (n = 5) was induced

on 12 consecutive days for 1 hour every day in a narrow plastic restrainer (refer

section 2.2.2). These animals received 2 saline injections 5 days apart.

(This section in parts has been taken from a preprint server Singaravelu et al., 2021a

and master thesis of Goitom, 2021)

2.2.2 Repeated restraint stress (R)

The R was induced as previously described in section 2.1.2., by placing the animals
in a narrow plastic restrainer (refer to Fig. 3). The size of the restrainer used in this
study was adapted according to the young age of the animals (inner length 15 cm;
inner height 4 cm). The body weight was measured on 12 consecutive days before
the start of the stress paradigm and on days before the behavioral experiments (see
section 2.2.4; Fig. 9). We also observed signs of distress such as vocalization,
struggling during restraint (escape movements), urination, and/or defecation during
the R paradigm.

(This section in parts has been taken from a preprint server Singaravelu et al.,
2021a)

2.2.3 Injection of nerve growth factor and saline

In this study, as a second intervention all the animals received injections of saline
and NGF or both at two different time points (PD 85 and PD 90) with an interval of
five days (see Fig. 9). Intramuscular injections of NGF and saline were performed as
described in section 2.1.3 and both the injections were administrated at the same site
(see Fig. 4). Injections of isotonic saline (50 pl, 0.9 %) served as control. In a former
study no visible signs of muscle inflammation were observed after the injections of
either saline or NGF (Hoheisel et al., 2013).

(This section has been taken from a preprint server Singaravelu et al., 2021a)
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2.2.4 Behavioral tests
- Pressure pain threshold

To assess for mechanical hyperalgesia both local and outside at the site of injection,
behavioral tests such as pressure pain threshold (PPT; local) and paw withdrawal
threshold (PWT; away) was tested. The PPT of the low back MF muscle was
performed as mentioned in the section 2.1.4. The PWT, by testing the plantar skin of
the paw was tested to evaluate spreading of hyperalgesia into other body regions
after stress and NGF/saline injections. The tests were performed before and after

stress and in conjunction with the intramuscular injections (see greyline in Fig. 9).
- Paw withdrawal threshold

To test the paw withdrawal sensitivity to noxious mechanical stimuli, an electronic
von Frey esthesiometer equipped with a rigid cylindrical tip of 0.8 sg.mm (Electronic
von Frey esthesiometer, IITC Inc. Life Science, USA) was used. Following the PPT
measurement of the low back, the animals were placed into a plexiglass box (length:
20 cms, width: 10 cms; height: 14 cms) with a metal grid as a base for a further 30
mins of acclimatization (see Fig. 10). Before the first measurement on PD 36, all the
animals were habituated to the metal grid table on two consecutive days (PD 34 and
PD 35) for 45 minutes. With the electronic esthesiometer, pressure was applied to
the plantar surface of both the hind paws (ipsilateral to the injection site followed by
the contralateral side) until the animal withdrew it. The PWT measures nociception by
provoking the nocifensive hind-paw flexion reflex with mechanical stimulation and
was calculated as the mean of five independent recordings (Caspani et al., 2014).
This reflex corresponds to the human lower limb flexor reflex but does not equal the
complexity of feeling pain. Nevertheless, the reflex intensity correlates well with pain
perception in humans (Sandrini et al., 2005) and is valuable to monitor the changes

at peripheral and spinal levels of the somatosensory system (Reitz et al., 2016).

(This section in parts has been taken from a preprint server Singaravelu et al., 2021a
and master thesis of Goitom, 2021)

38



MATERIALS AND METHODS
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Figure 10: Paw withdrawal threshold of the hind paws.
The images show rats placed in plexiglass box on a metal grid habituating for the PWT measurement and the test site was

plantar surface of the hind paws. The inset in the image shows the rigid cylindrical tip used to test PWT.

2.2.5 Perfusion and tissue processing
- Transcardial perfusion

On PD 91, one day after the second injection (see Fig. 9; black bar), the animals
were euthanized with an overdose of intraperitoneal injection of thiopental sodium
(Trapanal ®, Inresa GmbH, Germany) and transcardially perfused. With the help of
blunt scissors, a 5 — 6 cms horizontal incision was made through the skin and the
abdominal wall beneath the thoracic cavity, and the liver was separated from the
diaphragm. The thoracic cavity was opened by carefully making an incision in the
diaphragm. The ribs were cut bilaterally along the sternum exposing the thoracic
cavity. The mediastinum and other tissues connecting or surrounding the heart were
separated carefully to expose the whole heart. The apex (posterior end of the left
ventricle) was cut with scissors and a blunt perfusion needle was inserted through the
left ventricle into the ascending aorta. The needle tip was visible through the aorta
wall and it was made sure it did not reach the aortic arch where the brachial and
carotid arteries diverge. The needle was secured using a hemostat to prevent any
leakage during perfusion and a second incision was made to the right atrium with iris
scissors. The perfusion started with 0.1 M phosphate buffered saline (PBS) for 1 — 2
minutes followed by 4 % paraformaldehyde (PFA) in 0.1 M PBS. The clearing of the

liver blood was used as an indicator for good perfusion. Once the liver was clear
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(pale coloration after blood removed from the system), 4 % PFA was perfused for 20

— 30 minutes which was followed by 20 — 30 minutes of PBS perfusion.

- Tissue processing

Once the perfusion was complete, a laminectomy was performed and the spinal
segments L1 — L5 were removed. Individual segments L1 — L5 were separated and a
thin needle was carefully inserted on the ventral horn to the contralateral side of
saline/NGF injections to mark and differentiate the contralateral from ipsilateral side
for analysis (see red circle Fig. 11 A). The segments were then stored in a falcon
tube filled with 10% sucrose solution in 0.1 M PBS at 4 °C for 24 hours. Later, the
spinal segments were transferred to another falcon containing 30% sucrose solution
in 0.1 M PBS at 4 °C also for 24 hours. On the following day, tissues were rapidly
frozen on dry ice and the 30% sucrose solution served as a cryoprotectant,
dehydrated the tissue, and prevented formation of ice crystal artifacts. 20 pm thick
cross sections of the spinal L2 segments were made on a cryostat (Cryostat NX70,
Thermo Fisher Scientific Inc., USA) and mounted on glass slides. The segment L2
was chosen as it is known to receive strong input from deep tissues in the low back
located at the vertebral level L5 (site of NGF/saline injections) (Taguchi et al., 2008).
For immunofluorescence, staining five animals per group were chosen which were
controlled for good perfusion and tissue quality. Three cross-sections of the intact
spinal segment L2 were selected from each animal at random.

(This section in parts has been taken from a preprint server Singaravelu et al., 2021a
and dissertaion of Zhang, 2016)

2.2.6 Immunofluorescence labeling
- Double immunofluorescence labeling

A mixture of both the primary and both the secondary antibodies were used to

perform immunohistochemistry.

Iba-1 labeling for microglia

To visualize the structural changes of microglial cells, L2 spinal cord sections were
immunohistochemically stained for ionized calcium-binding adapter molecule 1 (Iba-
1), a protein explicitly expressed in microglia and is upregulated during microglia

activation (Hinwood et al., 2012; Hinwood et al., 2013; La Porta and Tappe-Theodor,
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2020; Romero-Sandoval et al., 2008). The spinal cord sections were first incubated in
10% Roti®-block (Carl Roth, Germany) at room temperature for 1 hour. The tissues
were then incubated in rabbit anti-lba-1 polyclonal antibody (1:1000; Abcam, United
Kingdom) also at room temperature for 16 hours. Followed by incubation in
secondary antibodies, Cy3™ — conjugated goat-anti-rabbit 1gG antibody (1:500;
Jackson Immunoresearch, USA) at room temperature in dark for 4 hours. The tissues
were washed three times in PBS for five minutes each and mounted with Roti®

mounting medium (Carl Roth, Germany).

GFAP labeling for astrocytes

To visualize the structural changes of astrocytes, L2 spinal cord sections were
stained for glial fibrillary acidic protein (GFAP), an intermediate filament protein
explicitly expressed astrocytes (Okada-Ogawa et al., 2009; Reeves et al., 2011). The
staining was carried out in the same sections along with Iba-1 staining. The tissues
were incubated in mouse anti-GFAP monoclonal antibody (1:500; Sigma-Aldrich,
USA) at room temperature for 16 hours. Followed by incubation in secondary
antibodies, DyLight TM488-conjugated donkey anti-mouse IgG antibody (1:250;
Jackson Immunoresearch, USA) at room temperature in dark for 4 hours. The tissues
were washed three times in PBS for five minutes each and mounted with Roti®
mounting medium (Carl Roth, Germany). Negative control experiments were
performed by omission of two primary antibodies to test for unspecific staining.

(This section in parts has been taken from a preprint server Singaravelu et al., 2021a
and master thesis of Goitom, 2021)

2.2.7 Image processing and quantification

We obtained digitized images of the immunolabelled spinal cord tissues with the help
of a confocal laser-scanning microscope (Leica TCS SP8 ABOS, Wetzler, Germany)
using 10x and 40x oil immersion objective lens with a computer-based imaging
software LAS-AF (Leica, Germany) (see Fig. 11 B). Immunofluorescence was
acquired using a scanning sequential mode to avoid crosstalk among simultaneously
scanned channels with two laser lines. The Cy3™-conjugated secondary antibody
was detected by a DPSS-laser at 561 nm and the DyLight TM488-conjugated

secondary antibody was detected using Argon-laser at 488 nm (Leica Microsystems,
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(A

Germany). Three-dimensional images were acquired at 40x magnification over 20
pm z-axis with a step size of 1 ym and all the images were prepared with a maximum

intensity in Z-stack projection.

Eight regions of interest (ROIs) at 40x magnification were selected from the dorsal
horn neuron of every section for quantitative analysis on the ipsilateral (Ip.) and
contralateral (Con.) side to the injection of saline/NGF. Four ROIs of 256 pum x 256
pm were defined both on the Ip. and Con. side, two of which were located in the
superficial DH (medial and lateral; laminae | — 1l), and two at various depths in the
deep DH (dorsally and ventrally deep; laminae IV — V; see Fig. 11 A). All the images
used in this study were made using identical parameters.

) Schematic picture (B) Iba-1 and GFAP staining L2 segment: Overview and ROI 1
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Figure 11: Spinal L2 segment with region of interests

A) A schematic illustration of the region of interests on a spinal lumbar 2 (L2) section (refer to section 2.2.7). The red circle on
the ventral horn of the contralateral side denotes the manually made pinhole to identify the contralateral side. B) An example
overview image (10x) of an Iba-1 (red) and GFAP (green) stained L2 section (scale bar: 300 um) and magnified image (40x) of
ROI 1 (scale bar: 100 um). The hole on the ventral horn of the contralateral side denotes the manually made hole with a pin for
the identification of contralateral side. Ip., ipsilateral; Con., contralateral; Iba-1, ionized calcium binding adapter molecule 1,
GFAP, glial fibrillary acidic protein; ROI, region of interest.

Image modified from (A) dissertation of (Zhang, 2016) and (B) (Singaravelu et al., 2021a).

In total 480 images with 40x magnification were captured and analyzed (8 ROIls per
section x 3 sections per animal x 5 animals per group x 4 groups). All the obtained
images were quantitaviley evaluated with an image analysis software (Fiji Image J;
NIH, USA). The immunostaining intensity for both Iba-1 and GFAP i.e. the threshold
level for immunostaining against background was defined with the default threshold
given by the software. This is calculated by the software using the formula: threshold

= (average background + average objects)/2.
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- Description of general parameters for single microglial cell evaluation

The below evaluations were performed based on the findings from the dissertation of
Zhang J.J., 2016 and can be chosen in the Fiji Image J software under the tab

analyze -> set measurements. The following measurements were made:

() Intensity of a given ROI: is the brightness of immunostaining represented in mean
grayscale value within the immunoreactive area. A grayscale value ‘O’ refers to black
and ‘255’ refers to white and a higher intensity of immunostaining refers to higher

gray value (Chacur et al., 2009).

(i) Immunoreactive area of a single cell: This selection was made to calculate the
Iba-1stained individual cell area in a given ROI and is the area of selection in square
pixels. Area is in calibrated units such as micrometers (um). The immunoreactive
area (see Fig. 12 A; yellow area) is expected to increase with the hypertrophism of
cells (Chacur et al., 2009).

(i) Perimeter of a single cell: is calculated based on the outline length (boundary
length) of the immunoreactive area and is expressed in um. Microglial cells that are
activated tend to show a lower boundary length because the cells are less ramified
(Zanier et al., 2015). In short, the length of the outside boundary of a selected cell

(see Fig. 12 B; length of the yellow border).

(iv) Feret’s diameter of a single cell: is the longest distance between two parallel lines
in perpendicular to that distance (the longest distance) and drawn at boundary of the
immunoreactive area. Microglial cells that are activated tend to have a smaller Feret’s
diameter because the cells are less ramified (Zanier et al., 2015). In short, the
longest distance between any two points along the cell boundary (see Fig. 12 C;

arrowed line measuring length between two longest points).
(v) Circularity of a single cell: is calculated using the formula 41 x (area/perimeter?)

and varies from ‘0’ (linear polygon) to 1 (perfect circular object). The cells become

more circular in activated and phagocytic state because of fewer or no ramification
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(Zanier et al., 2015). In short, a value of ‘1’ indicates a perfect circle and as the value
approaches ‘0’, it indicates an increasingly elongated shape (see Fig. 12 D).
(This section in parts has been taken from a preprint server Singaravelu et al., 2021a

and dissertaion of Zhang, 2016)

(A) Immunoreactive area (B) Perimeter

(C) Feret's diameter (D) Circularity

Figure 12: Parameters for single microglial cell evaluation

A) Immunoreactive area: area of selection (yellow area) in square pixels. Area is calibrated in units um2. B) Perimeter: the
length of the outside boundary (yellow line) of the selected cell expressed in um. C) Feret's diameter: the longest distance
between any two points (yellow line with arrow heads) along the cell boundary in um. D) Circularity: is calculated using the
formula 4m*area/perimeter"2. A value of 1.0 indicates a perfect circle and as the value approaches 0.0, it indicates an
increasingly elongated shape. (TOP) example of a phagocytic state microglia cell showing strong circularity. (Bottom) example

of a phagocytic state microglia cell showing weak circularity.
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- Pixel classification

The pixel classification is one of the most popular workflow in ilastik. This workflow
assigns labels to pixels based on pixel features and user annotations (Berg et al.,
2019). The technique was only applied for microglial cells to identify their soma and
its neighboring processes, which belonged to the cell but not connected to the soma,
and to remove the processes that did not show any neighboring soma (see Fig. 13).
Out of the 480 images, ten images were randomly selected and two semantic classes
were defined such as ‘microglia’ and ‘background’ (see Fig. 13 B). For each class,
examples were provided by painting brushstrokes of two different colors directly on
the input data. For each pixel of the image, ilastik then estimates the probability that
the pixel belongs to each of the above-mentioned semantic classes (see Fig. 13 C).
When the training was sufficient enough to distinguish microglia and background, all
the 480 images were loaded for pixel classification. The generated probability maps
(see Fig. 13 D), were stored and directly used for evaluating the quantitative changes
in the functional plasticity with Image J (NIH, USA). For each ROI, the intensity of
stained microglial cells was measured and the background was measured (Fig. 13 D;
red dashed lines) and subtracted. The number of Iba-1 stained microglial cells were
counted manually in each ROI and their states were classified as explained in the
following sub section and all the images were analyzed with identical parameters.

A) Raw image in Imagej B) Raw image in ilastik C) Image after training D) Final probability map

256x256 pm (256x256); 8-bit;

256x256 pixels; 8-bit; 64K

256x256 pixels; 16-bit; 128K 256x256 pixels; 8-bit; 64K
-

Figure 13: Pixel classification using ilastik.

A) Example ROI image opened with imageJ highlighting individual microglial cells. B) Example ROI image opened with ilastik
showing individual microglial cells. C) Example ROI image with ilastik showing individual microglial cells after pixel classification
training. D) Generated probability map as a final image used for microglial cell evaluation for parameters such as
immunoreactive area, perimeter, Feret's diameter and circularity. Red dashed lines was the unstained area for the

measurement of the background.
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2.2.8 Reactive microgliosis and classification of microglia states

The term gliosis means a nonspecific reactive change that occur in glial cells as a
response to injury or insult leading to proliferation or hypertrophy (Chen et al., 2018).
The functional plasticity and classification of different states of microglia (see Fig. 14)
were adapted from (Streit et al., 1999) and differentiated from resting to phagocytic
state. Resting microglia are also referred to surveilling microglia and are
characterized by small cell bodies, long, thin and highly motile processes
(Kettenmann et al., 2011; Stratoulias et al., 2019; Tay et al., 2019; Wolf et al., 2017).
Hyper-ramified (intermediate) state is characterized by long and thick process. The
reactive microglia (also referred to as activated state are) characterized by an
enlarged and darkened soma, with thick and less ramified processes (Ayoub and
Salm, 2003; Swanson et al., 2020). The activated microglia sometimes are also rod
shaped and are characterized by long and polarized processes, fewer branches and
quite long planar angles (Nissl, 1899). The phagocytic state microglia are
characterized by an amoeboid shape with enlarged and densely stained soma with
few (upto 4 processes in this study) or no processes (Davis et al., 1994) (e.g. see
Fig. 12 D). This state represents a maximally reactive microglial state in response to
an injury and contributes to neuropathological outcomes by removing cellular debris
and dead cells (Brockhaus et al.,, 1996; Petersen and Dailey, 2004) and or by
secreting inflammatory mediators such as TNF-a and IL-1B leading to neurotoxicity
(Deng et al., 2008).

o= -

Resting (ramified) Reactive (activated) Phagocytic microglia
microglia microglia (brain macrophages)

N

&

Hyper-ramified microglia
(intermediate stage)

Figure 14: Classification of microglial states.
A graphical illustration of different stages of microglia from resting to phagocytic state.
Image modified from (Streit et al., 1999).

(This section in parts has been taken from a preprint server Singaravelu et al.,
2021a)
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2.2.9 Data analysis

Before calculation, the data of pressure pain threshold (PPT) and paw withdrawal
threshold (PWT) were transformed into decadic logarithms in order to achieve a
secondary normal distribution (Bartlett, 1947), since previous data obtained in larger
cohorts provided solid evidence for the log-normal distribution of PPT and other
psychophysical data (Rolke et al., 2005). The log values were then normalized to the
control group (mean.R.stress/mean control)*100, for further analysis (equivalent to

calculating percentage changes in both PPT and PWT).

The statistics were performed with GraphPad (version 6) by using analysis of
variance (ANOVA) followed by Tukey post hoc analysis. Normal distribution of the
data was tested with Kolmogorov-Smirnov test and when data did not fit the rules of
parametric analysis, comparisons were made with the Mann-Whitney U test. A
probability level of less than 5% (p < 0.05, two tailed) was considered as significant.
The PPT data after saline/NGF injections are shown as individual paired values and
effect sizes were calculated using Cohen’s d (see Section: 2.1.6).

The experimenter doing the behavioral experiments and immunohistochemical

analysis was blinded to the treatments the animals received.

(This section in parts has been taken from a preprint server Singaravelu et al.,
2021a)
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2.3 Swimming training (study 3)

This study is outside my thesis work and was a part of my summer internship at the
University of Campinas, Brazil. The purpose of this internship was to learn
immunohistochemistry on lumbar sections and to perform swimming training on

rodents. A brief introduction and aim of this study is stated in appendix 20.

2.3.1 Animals and treatment groups

Animals: Swiss male mice from CEMIB/UNICAMP.

Drugs: Carrageenan (Cg, 100 ug; 20 pl) was injected into gastrocnemius (GS)
muscle to induce acute muscle hyperalgesia and, 10 days later, an injection of
Prostaglandin E2 (PGE2, 1ug; 20 pl) was used, in the same site, to reveal the
chronic state. Lambda Carrageenan and Prostaglandin E2 (PGE2, (52,11a,13E,15S)-11,15-

Dihydroxy-9-oxoprosta-5,13-dienoic acid, Dinoprostone) from Sigma Aldrich.

2.3.2 Behavioral test and exercise protocol

Test: Randall-Selitto test was used to quantify the muscle hyperalgesia in both
periods of acute (from day 9 to day 17) and chronic (from day 18 to day 25) muscle
hyperalgesia.

Protocols of short-term swimming training:

Starting 24h after Cg, 30 min/day for 9 consecutive days, without load or with loads of
1.5%, 3% and 4% of body weight (bw). For load of 1.5%, training was also performed

after PGE2for 7 consecutive days.

2.3.3 Experimental design

Cg/Sal
Adaptation g PGE,
l Swimming l
[
11T 1T 1T T T T T T T T T T
012 3 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
| j [ J
Hyperalgesia test Hyperalgesia test
Cg/Sal
Adaptation J PGE,
l Swimming l Swimming

[
11T 1T 1T T T T T T T T T T
012 3 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
| j [ J
Hyperalgesia test Hyperalgesia test
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2.3.4 Data analysis

Area Under the Curve was used to evaluate the chronic period of muscle
hyperalgesia and the statistical analysis was performed by One Way ANOVA with
Tukey post hoc test. P value set at 0.05.
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3 RESULTS

The data of the electrophysiological experiment (study 1) has been published
recently (Singaravelu et al., 2021b). The figures in study 1 were modified from the
publication but additional unpublished figures are also presented in the results
section. Preliminary findings of the study 2 (behavioral and immunohistochemistry
experiment) have been uploaded in a preprint server (Singaravelu et al., 2021a). The
behavioral findings of study 2 are also a part of master thesis by (Goitom, 2021) titled
‘Early life psychophysical stress primes rat dorsal horn neurons for long-term
sensitization by a short-lasting nociceptive low back input involving activation of
microglia’. Some figures in the results of study 2 were used in modified form for this
thesis and are marked. The data of study 2 are being prepared for submission
(Singaravelu SK., Goitom AD., Surakka AP., Moerz H., Schilder A., Hoheisel U.,
Spanagel R., Treede R-D; Microglia contributes to long-term sensitization of rat
spinal neurons induced by a mild-nociceptive lumbar input when preceded by
adolescent restraint stress).

The data of study 3 is not published.

3.1 Study 1: Electrophysiology
3.1.1 Body weight and pressure pain threshold of the low back

The body weight for all the animals was measured on day 14 before measuring the
PPT and anesthetizing the animal (see Fig. 2). We found a non-significant difference
lower body weight in stressed animals (control + NGF: 437 + 29 g, stress + NGF: 407
+ 21 g; p = 0.052; see Fig. 15). The result show that the well-being of the animals

was not impaired.
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Figure 15: Body weight.

Body weight shown in grams and the data is plotted with the (mean + SEM) values. P value: Mann-Whitney U test.

Two days after the stress paradigm (see Fig. 2), the PPT of the multifidus muscle
was determined before the intramuscular NGF injection. There was no significant
difference in PPT, suggesting that the stress paradigm induced a latent rather than
manifest sensitization. However, animals of the stress group showed a tendency to a
lowered PPT (p = 0.415; Cohen’s d = 0.83, large effect size; Fig. 16). This section in

parts has been taken from (Singaravelu et al., 2021b).

p=0.415
(Cohen’s d = 0.83)
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Figure 16: Pressure pain threshold of the low back before NGF injection.

The force (in ‘g’ on the left y-axis) required to elicit a pain-related reaction (withdrawal behavior, escape movements,
vocalization) using a blunt probe with an area of 3.46 sg.mm when applied to the multifidus muscle of the low back. For
comparison with human data, the right y-axis shows the pressure force in ‘kPa’. Note that thresholds were measured before the
NGF injection. P value: Mann-Whitney U test.

Image modified from (Singaravelu et al., 2021b).
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3.1.2 General features of recorded dorsal horn neurons

- Recording depth

In total, 60 neurons responding to the electrical search stimulus at A-fiber strength
were recorded. The recording depth in the dorsal horn ranged from 160 to 960 um.
Their interquartile range was 650 (745 — 460) pum in control + NGF and 510 (720 —
380) um in the stress + NGF groups (see Fig. 17). We observed no significant
differences between both groups. The majority of the neurons (47 of 60; 78%) were
recorded at depths between 400 and 800 um corresponding to deep dorsal horn
laminae 1V, V, and VI (refer Table 1, recording depth). The result indicates that all the
recorded neurons were equally distributed within the dorsal horn in both the groups.

1000-
7504
€ 5004

2504

Control + NGF (29) Stress + NGF (31)

Figure 17: Recording depth of dorsal horn neurons.
The numbers in brackets represent the number of neurons that were recorded in the respective group. The full black circle
shows the median recording depth for the control + NGF group and their interquartile range. The full black square shows the

median recording depth for the stress + NGF group and their interquartile range.

- Latency and conduction velocity

The latencies of the electrically evoked action potentials (APs) ranged from 0.8 to 3.4
ms. Their interquartile ranged from 1.8 (2.1 — 1.6) ms in control + NGF and 1.8 (2.1 —
1.8) ms in the stress + NGF group (see Fig. 18) (refer Table 1, latency). We did not
observe any significant differences between the treatment groups. The distance
between the recording and the stimulating electrodes (~35 mm) showed that all

neurons tested reacted to A-fiber stimulation.

All the neurons had myelinated afferent inputs, and the estimated conduction
velocities were consistent with ranges in both A-fiber nociceptors and non-

nociceptors (Djouhri and Lawson, 2004). The conduction velocity was calculated
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using the formula: conduction velocity = distance (um) =+ latency (ms). Their
interquartile range was 19 (22 — 17) um in control + NGF and 19 (19 — 17) m/s in the
stress + NGF groups (see Fig. 19) (refer to Table 1, conduction velocity). No
significant differences were observed between the groups. Additional C-fiber input
was likely activated by the mechanical stimuli that we used in this study (Hoheisel et
al., 2019), but this could not be verified by electrical search stimulus because such

stimuli may induce long-term potentiation (Zhang et al., 2016).

2.5
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Control + NGF (29) Stress + NGF (31)

Figure 18: Latency of the recorded dorsal horn neurons.
The numbers in brackets represent the number of neurons that were recorded in the respective group. The full black circle
shows the median latency for the control + NGF group and their interquartile range. The full black square shows the median

latency for the stress + NGF group and their interquartile range.
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m/s

10+

Control + NGF (29) Stress + NGF (31)

Figure 19: Conduction velocity of the recorded dorsal horn neurons.
The numbers in brackets represent the number of neurons that were recorded in the respective group. The full black circle
shows the median conduction velocity for the control + NGF group and their interquartile range. The full black square shows the

median conduction velocity for the stress + NGF group and their interquartile range.
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Additional information on the characteristics of the recorded neurons is presented as

a table in the Appendix 1 A: stress + NGF; Appendix 1 B: control + NGF.

Table 1: Input sources of dorsal horn neurons recorded in this study.

Groups Control + NGF Stress + NGF p Value

Total number of neurons 29 31
Recording depth 650 (745 — 460) 510 (720 -380)
Latency 1.8(2.1-1.6) 1.8(2.1-1.8)
Conduction velocity 19 (22-17) 19 (19-17)

Neurons with deep input 4/29 (14%) 12/31 (39%) p =0.041
Recording depth 750 (798 — 568) 620 (803 — 403)
low back 2/29 (7%) 4/31 (13%) p=0.671
outside low back 2/29 (7%) 8/31 (26%) p =0.081

Neurons with skin input 19/29 (65%) 19/31 (61%) p=0.793
Recording depth 660 (710 — 420) 590 (770 — 380)

Neurons with convergent input 2/29 (7%) 7/31 (23%) p=0.147
Recording depth 755 (800 — 710) 640 (830 —470)

Neurons without receptive fields (RFs) 8/29 (28%) 7/31 (23%) p=0.768
Recording depth 620 (850 — 453) 470 (510 - 305)

Neurons with resting activity 8/29 (28%) 17/31 (55%) p =0.039
Recording depth 685 (725 — 520) 510 (685 — 345)
resting activity, with deep input 0/29 (0%) 8/31 (26%) p =0.004
resting activity, with skin input 8/29 (28%) 12/31 (39%) p=0.419
resting activity, with convergent input 0/29 (0%) 5/31 (16%) p =0.052
resting activity, without receptive fields 0/29 (0%) 2/31 (6%) p=0.492

The table gives the number of neurons recorded for each group studied. Control+NGF: animals that were handled but not
stressed and received single NGF-injections into the multifidus muscle. Stress+NGF: animals that were stressed by repeated
restraint and subsequently received single NGF-injections. Recording depth, latency and conduction velocity are shown for total
neurons recorded and recording depth for each input type. Deep tissues: neurons with input from deep tissues (e.g. muscle,
fascia); skin: neurons with input from the skin; Convergent: neurons with input from deep tissues and skin. Without receptive
fields: neurons that responded to the electrical search stimulus but could not be excited with the mechanical stimuli used.
Resting activity: neurons that show spontaneous activity without presenting any mechanical or chemical stimuli.

Recording depth, latency and conduction velocity are expressed as the interquartile range: median (quartile 3 — quatrtile 1).

The proportion of neurons are expressed as the number of neurons recorded to a specific input type / total number of neurons
recorded for a group (percentage of the response). P values are calculated using Fisher’s exact probability test and a p-value of
< 0.05 was considered significant.

Table modified from (Singaravelu et al., 2021b).
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3.1.3 Responsiveness of dorsal horn neurons to mechanical stimulation

Of all the 60 neurons recorded in this study, 45 (75%) responded to at least one of
the mechanical test stimuli used (control + NGF: n = 21, stress + NGF: n = 24); 15
neurons (25%) responded to the electrical search stimulus but could not be activated
by the test stimuli applied to the low back and the hind limb (see Fig. 7; see Table 1,
without receptive fields). Out of the 45 responding neurons, 36% (16 of 45) received
input from deep tissues, 84% (38 of 45) input from the skin, and 20% (9 of 45) had
convergent input. Most of the neurons having input from deep somatic tissues (13 of
16; 81%) were located in deep laminae. An example of a neuron having convergent
input from the multifidus muscle and the skin is shown in the Fig. 8. C.

Animals of the NGF group and preceded by stress showed a significant increase in
the proportion of neurons having input from deep tissues including fascia compared
to the NGF alone group (control + NGF: 4 of 29, 14%; stress + NGF: 12 of 31, 39%; p
= 0.041; Fig. 20 A). The proportion of neurons having skin input did not differ
between both the groups (control + NGF: 19 of 29, 65%; stress + NGF: 19 of 31,
61%; p = 0.793; Fig. 20 B). The proportion of neurons having convergent input also
increased but the difference was not significant (control + NGF: 2 of 29, 7%; stress +
NGF: 7 of 31, 23%; p = 0.147; Fig. 20 C). A table with the summary of p values

calculated using Fisher’s exact test could be found in Appendix 2.

A) Neurons with deep tissues input including fascia B) Neurons with skin input C) Neurons with convergent input
50- 100 50+
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Figure 20: Proportion of neurons having deep, skin, or convergent input.

A) Neurons with input from deep tissues (including fascia) inside and outside the low back (see also Fig. 21). B) Neurons having
input only from the skin. C) Neurons having convergent input from deep tissues and the skin. Data from the present study
(Stress+NGF: restraint stress followed by a single NGF injection; control+NGF: handled but not stressed followed by NGF
injection). p-values: Fisher's exact test.

Image modified from (Singaravelu et al., 2021b).
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The most important difference between the stressed and the control animals was the
appearance of new receptive fields (RFs) in deep tissues outside the low back.
These receptive fields appeared mainly in the hip and the entire hind limb (gray areas
in Fig. 21 A). The total number of neurons with RFs in the low back close to the site
of NGF injection (open outlines in Fig. 21 A) increased about two-fold (control + NGF:
2 of 29, 7%; stress + NGF: 4 of 31, 13%; p = 0.671; Fig. 21 B). The proportion of
neurons with RFs located outside the low back increased about four-fold (control +
NGF: 2 of 29, 7%; stress + NGF: 8 of 31, 26%; p = 0.081; Fig. 21 B). The data from
this study indicate that a single NGF-induced mild nociceptive input caused a
manifest sensitization of DHNs when preceded by stress. This manifestation was not
observed after the nociceptive NGF input alone. A table with the summary of p values
calculated using Fisher’s exact test could be found in Appendix 2.

This section in parts has been taken from (Singaravelu et al., 2021b).

A) Overview of receptive fields in deep tissues B) Proportion of receptive fields
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Figure 21: Location of the receptive fields (RFs) in deep tissues.
A) Open outlines show the receptive fields located in deep tissues of the low back (e.g. muscle or thoracolumbar fascia) close to
vertebral level L5. RFs in deep tissues outside the low back are marked in grey. B) The proportion of RFs inside and outside low
back. Data from the present study (Stress+NGF: restraint stress followed by a single NGF injection; control+NGF: handled but
not stressed followed by NGF injection). p-values: Fisher's exact test.

Image modified from (Singaravelu et al., 2021b).

3.1.4 Resting activity of the dorsal horn neurons

The animals of the NGF groups preceded by stress showed a significant increase in
the proportion of neurons with resting activity compared to the NGF alone group
(control + NGF: 8 of 29, 28%; stress + NGF: 17 of 31, 55%; p = 0.039; Fig. 22 A,
Table 1). An analysis of the resting activity stratified by the location of RFs showed us
that the manifest sensitization of stress, when combined with a mild nociceptive input,
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was pronounced on neurons with deep tissue input (control + NGF: 0 of 4 of 29, 0%;
stress + NGF: 8 of 12 of 31, 26%; p = 0.004; Fig. 22 B and Table 1). This increase
was not present in the neurons with skin input. These data suggests an additive
effect of stress followed by NGF on the resting activity of neurons with deep tissue
inputs.

In Fig. 22 C, an example of a neuron having resting activity from the stress + NGF
group is shown. The mean discharge frequency was highly variable and the firing
pattern was irregular both within and across the recorded neurons. Therefore, we did
not see a significant difference between the stress + NGF and the NGF alone groups.
The difference was not observed neither when including all-active and silent-neurons
and their interquartile ranges were (control + NGF: O[1 — O]; stress + NGF: 1[9 — 0]
impulse/min; p = 0.065) nor only active neurons (control + NGF: 53[114 — 2]; stress +
NGF: 8[44 — 3] impulse/min; p = 0.559; Fig. 22 D).

Additional information on the resting activity (impulses/minute) of the recorded

neurons is presented in Appendix 1 A: stress + NGF; Appendix 1 B: control + NGF.

This section in parts has been taken from (Singaravelu et al., 2021b).
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A) Proportion of neurons with resting activity
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Figure 22: Resting activity of dorsal horn neurons.

C) Example of a neuron having resting activity

Neuron from a stress + NGF group

D) Discharge frequency of active neurons only

Control + NGF (n=8) @ & * @ ©
Stress + NGF (n=17)

| | | |
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A) The proportion of neurons having a discharge activity = 1 imp/min, B) Neurons with deep tissue input and having resting

activity, C) Original registration from a neuron having resting activity, 8 imp/min. D) Discharge frequency of active neurons only.

Arrowheads indicate the median discharge frequency of the active neurons. p-values: Fisher’s exact test.

Image modified from (Singaravelu et al., 2021b).
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3.2 Study 2: behavioral and immunohistological findings
3.2.1 Body weight

The body weight was measured on the days before the start of behavioral
experiments (see Fig. 9, gray line; refer to section 2.2.4). We observed no differences
in body weight between stressed and control animals (see appendix 3). The results

show that the well-being of the animals was not impaired.

3.2.2 Pressure pain threshold measured in the left low back after stress

The baseline measurement at postnatal day 21 (PD 21) for the PPT of the left low
back multifidus muscle revealed no significant difference between the control and
stress groups (P = 0.3186). Two days after the stress paradigm (PD 34), the PPT
was significantly lower (P < 0.0001; d = 2.4) compared to the control group,
suggesting that the stress paradigm induced muscle hyperalgesia but remained
unchanged compared to its baseline. This sensitization was still significant (P =
0.012; d = 1.2) in adulthood (PD 85) (Fig. 23. A.a).

For PPT of the right multifidus muscle please refer to appendix 4.

This section in parts has been taken from (Singaravelu et al., 2021a) and master
thesis (Goitom, 2021).

3.2.3 Paw withdrawal threshold of the left hind paw after stress

In addition to PPT, the PWT assessed the skin sensitivity on the plantar surface of
the distal hind limb. The baseline measurement was not performed for the PWT (refer
to sec. 2.4.2) due to our experimental design. Four days after the stress paradigm
(PD 36), the PWT of the left hind paw was significantly lowered (P = 0.0007; d = 2.0)
in the repeated restraint stress group, suggesting that the stress paradigm induced
mechanical hyperalgesia but this sensitization was attenuated in the adulthood phase
(PD 85) (P =0.051; d = 0.9). These data suggest that the stress paradigm induced a

short-term sensitization to the distal skin input (Fig. 23. B.a).

For PWT of the right hind paw please refer to appendix 5.

This section in parts has been taken from (Singaravelu et al., 2021a) and master
thesis (Goitom, 2021).

59



Results

A) Pressure pain threshold

B) Paw withdrawal threshold
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Figure 23: Pressure pain threshold and paw withdrawal threshold before and after stress.

Repeated restraint stress in early adolescence induces long-lasting muscle hyperalgesia. A.a) Individual data points expressed
in log scale, force (in ‘g’ on the left y-axis) required to elicit a pain-related reaction (withdrawal behavior, escape movements,
vocalization) using a blunt probe with an area of 3.46 sg.mm when applied to the left multifidus muscle of the low back.
Horizontal lines indicate the median for each group. A.b) Ratio (in ‘%’), change of pressure pain threshold is shown as effect
(mean of R.stress/mean of control)*100. B.a) Individual data points expressed in log scale, force (in ‘g’ on the left y-axis)
required to elicit a pain-related reaction (paw licking, paw withdrawal) using a rigid cylindrical tip with an area of 0.8 sq.mm when
applied on the plantar surface of the left hind paw. Horizontal lines indicate the median for each group. B.b) Ratio (in ‘%’),
change of paw withdrawal threshold is shown as effect (mean of R.stress/mean of control)*100. PD, postnatal days (see Fig.
9). P-values: U-test of Mann and Whitney; P<0.05 is represented with (*/#), P<0.006 (**/##), P<0.0001 (***/###), and P<0.0001
(****/####H#), ™ represents the difference between the groups and ‘# represents the difference within group referring to an
increase with age.

Image modified from (Singaravelu et al., 2021a) and master thesis (Goitom, 2021)
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3.2.4 Pressure pain threshold measured in the left low back after saline/NGF

injections

Intramuscular injections of saline/NGF were administered to each animal as a second
intervention to induce spinal sensitization. The animals were divided into four groups
(see Sec: 2.2.1). In Fig. 24. A, a paired plot of the PPT between pre (PD 85) and post
15t injection (PD 86) of either saline or NGF is shown for individual animals. The
group that received NGF injection showed a decrease in PPT with medium effect
(CNN: d = 0.7) while the groups that received saline showed a small effect. In Fig.
24. B, the ratio for each group was calculated (post/pre)*100 and is expressed as
effect (%).

In Fig. 24. C, a paired plot of the PPT between pre (PD 90) and post 2™ injection (PD
91) of either saline or NGF is shown for individual animals. The groups that received
NGF injections showed a decrease in PPT with a medium (CSN: d = 0.7) and large
effect (RSN: d = 0.9) while the group that received repeated NGF injections showed
only a small effect (CNN: d = 0.3), opposite to the expected effect. In Fig. 24. D, the
ratio for each group was calculated (post/pre)*100 and is expressed as effect (%) and
the bars indicate the median. All the groups that received NGF showed a change in
the PPT towards lesser stimulus intensities implying a drop in the PPT after NGF
administration.

For PPT of the right multifidus muscle please refer to appendix 6.

This section in parts has been taken from (Singaravelu et al., 2021a) and master
thesis (Goitom, 2021).
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Figure 24: Pressure pain threshold before and after saline/NGF injections.

Intramuscular NGF injection leads to an increased pain-related behavior when preceded by repeated restraint stress. A) First
injection, pair-wise comparison of individual data points pre and post injection expressed in log scale, force (in ‘g’ on the left y-
axis) required to elicit a pain-related reaction (withdrawal behavior, escape movements, vocalization) using a blunt probe with an
area of 3.46 sq.mm when applied to the left multifidus muscle of the low back. B) Individual data points in ratio (in ‘%’), change
of pressure of pain threshold shown as effect post/pre. Bars indicate the median for each group. C) Second injection, pair-wise
comparison of individual data points pre and post injection expressed in log scale, force (in ‘g’ on the left y-axis). D) Individual
data points in ratio (in ‘%’), change of pressure pain threshold shown as effect post/pre and bars indicate the median for each
group. Effect size is shown in Cohen d. NGF, nerve growth factor. CSN: control+saline+NGF; RSS: repeated restraint
stress+saline+saline; CNN: control+tNGF+NGF; and RSN: repeated restraint stress+saline+NGF. PD: postnatal day. Black
circles: control animals, red squares: stressed animals.

Image modified from (Singaravelu et al., 2021a) and master thesis (Goitom, 2021).

3.2.5 Paw withdrawal threshold of the hind paws after saline/NGF injections

No effects were observed in the PWT on both the hind paws after the injections of
saline/NGF (see appendix 7). This implies that NGF-induced mechanical
hyperalgesia in contrast to the stress-induced hyperalgesia is local to the site of

injection.
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3.2.6 Iba-1 and GFAP staining intensities

In total, 60 sections of the spinal L2 segment (3 sections/animal; 5 animals/group)
were stained for Iba-1 and GFAP, both well-known markers for microglia and
astrocytes. We did not find significant differences in Iba-1 and GFAP staining
intensity between the groups on the ipsilateral side (Fig. 25. A & B; Table 2).

For staining intensities on the contralateral side please refer to appendix 8.
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Figure 25: Quantitative analysis of Iba-1 stained microglia and GFAP stained astrocytes.

Single or repetitive intramuscular NGF injections does not change the staining intensity compared to saline injections. A)
Intensity of Iba-1 stained microglia cells shown in arbitrary unit. Data expressed as mean + SEM. Intensity and background was
measured for each ROI. The background was subtracted and the mean staining intensity was calculated. B) Intensity of GFAP
stained astrocyte cells shown in arbitrary unit. Data expressed as mean + SEM. Intensity and background was measured for
each ROI. The background was subtracted and the mean staining intensity was calculated. lba-1, ionized calcium binding
adapter molecule 1; GFAP, glial fibrillary acidic protein; ROI, region of interest; NGF, nerve growth factor. CSN:
control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint
stress+saline+NGF.
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Table 2: Comparison of microglia and astrocytes staining intensity.

A) Iba-1 intensity B) GFAP intensity

Group comparisons Ipsilateral Ipsilateral
CNN vs. CSN
p Value p=0.883 p=0.281
Cohen d (effect size) 0.7 0.7
RSN vs. RSS
p Value p =0.998 p=0.973
Cohen d (effect size) 0.0 0.6
RSN vs. CSN
p Value p=0.993 p =0.956
Cohen d (effect size) 0.2 0.7
RSS vs. CSN
p Value p=0.999 p=0.790
Cohen d (effect size) 0.1 0.3
RSN vs. CNN
p Value p=0.754 p=0.528
Cohen d (effect size) 0.6 0.7

The table shows the statistics for A) Iba-1 staining intensity and B) GFAP staining intensity, on the ipsilateral side of saline/NGF
injections. The staining intensity was analyzed for each ROI and the statistics were performed using the mean + SEM. P<0.05
(two-way ANOVA followed by Tukey post hoc analysis) was considered significant and effect size was calculated using Cohen’s
d. The group comparisons shown here are based on two factors: 1) repeated restraint stress (R) and control (C), 2) NGF (N)
and saline (S) injections. Iba-1, ionized calcium binding adapter molecule 1; GFAP, glial fibrillary acidic protein; NGF, nerve
growth factor. CSN: control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN:
repeated restraint stress+saline+NGF.

For staining intensities on the contralateral side please refer to appendix 9.

A sub-analysis on the staining intensity within the dorsal horn (superficial and deep)
was performed for both Iba-1 and GFAP. We did not find any significant differences
between the groups both on the ipsilateral and contralateral sides of the saline/NGF
injections (see appendix 10).
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3.2.7 Iba-1 stained number of microglial cells

The number of Iba-1 stained cells were counted in each ROI and no differences were
observed between the groups (Fig. 26). Rather we found a medium effect on the
number of cells between CNN vs. CSN (P = 0.942; d = 0.7), RSN vs. RSS (P =
0.654; d = 0.6), and RSN vs. CSN (P = 0.707; d = 0.7), groups to the ipsilateral side
of saline/NGF injections (Table 3).

For number of cells on the contralateral side please refer to appendix 11.
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Figure 26: Quantitative analysis of Iba-1 stained microglia cells.

Single or repetitive intramuscular NGF injections does not change the number of microglia cells compared to saline injections.
Data expressed as mean + SEM and effect size was calculated using Cohen d. Iba-1 stained microglia cells were counted in
each ROI and the mean was calculated.
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Table 3: Comparison of number of microglial cells.

Groups p Value Cohen d (effect size)
CNN vs. CSN
Total number of microglia cells p =0.952 0.4
Ipsilateral p=0.942 0.7
RSN vs. CSN
Total number of microglia cells p=0.853 0.5
Ipsilateral p =0.707 0.7
RSN vs. RSS
Total number of microglia cells p=0.548 0.8
Ipsilateral p =0.654 0.6
CSN vs. RSS
Total number of microglia cells p=0.943 0.3
Ipsilateral p=0.999 0.0
CNN vs. RSN
Total number of microglia cells p=0.992 0.2
Ipsilateral p=0.951 0.3

The table shows the statistics for number of microglia cells, on the ipsilateral side of saline/NGF injections. The number of cells
were analyzed for each ROI and the statistics were performed using the mean + SEM. P<0.05 (two-way ANOVA followed by
Tukey post hoc analysis) was considered significant and effect size was calculated using Cohen d. The group comparisons
shown here are based on two factors: 1) repeated restraint stress (R) and control (C), 2) NGF (N) and saline (S) injections. Iba-
1, ionized calcium binding adapter molecule 1; NGF, nerve growth factor. CSN: control+saline+NGF; RSS: repeated restraint

stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint stress+saline+NGF.

For comparison of the number of cells on the contralateral side please refer to

appendix 12.
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3.2.8 Structural plasticity of Iba-1 stained microglial cells

Microglia are known to exist in a number of states, transitioning from resting
(surveillance) to phagocytic (amoeboid) with two intermediate (hyper-ramified and

reactive) states.

The number of cells in resting state was significantly lowered in animals that
experienced stress in adolescence (R) followed by NGF injection in adulthood
compared to the animals that received two NGF injections in adulthood (RSN vs.
CNN; P =0.024; d = 2.1) (Fig. 27. A). We also observed a non-significant but large
effect between RSN vs. RSS (P = 0.202; d = 0.9) (Table 4). In hyper-ramified state,
no significant differences were observed between the groups but a moderate effect
between RSN vs. CSN (P = 0.816; d = 0.6) (Fig. 27. B; Table 4). The majority of the
Iba-1 stained microglia were in the reactive state in all four groups and no significant
differences or effect sizes were observed between the groups (Fig. 27. C; Table 4).
The intramuscular NGF injection led to a significant increase in the number of cells in
the phagocytic state in animals that experienced stress compared to the group that
received saline injections alone (RSN vs. RSS; P = 0.013; d = 3.7). Another
significant difference was observed between the groups (RSN vs. CNN; P = 0.031; d
= 5) (Fig. 27 D). A large effect was also seen between RSN vs. CSN but was not
significant (P = 0.202; d = 1.2) (Fig. 27. D; Table 4). These findings especially the
phagocytic state microglia, suggest that repeated restraint stress in early
adolescence primes the spinal DHNs for a longer period and are easily susceptible to
manifest sensitization when presented with a second hit (NGF) in the adulthood

phase.

For comparison of the number of cells in different states on the contralateral side

please refer to appendix 13.
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Figure 27: Microglia and its states.

Intramuscular NGF injection leads to decreased number of microglia cells in resting state and increased number of cells in
phagocytic state when preceded by repeated restraint stress in early adolescence. A) Number of Iba-1 stained microglia cells in
resting state. Inset shows a representative image of cells in resting state. B) Number of Iba-1 stained microglia cells in hyper-
ramified state. Inset shows a representative image of a cell in hyper-ramified state. C) Number of Iba-1 stained microglia cells in
reactive state. Inset shows a representative image of a cell in reactive state. D) Number of Iba-1 stained microglia cells in
phagocytic state. Inset shows a representative image of a cell in phagocytic state. Number of cells were counted in each ROI
and their states were classified (refer sec. 2.7.8), and the mean was calculated. Scale bars: 20 pm. Data expressed as mean +
SEM; P<0.05: two-way ANOVA followed by Tukey post hoc analysis and significance is indicated by * compared to RSN and
RSS or CNN. Iba-1, ionized calcium binding adapter molecule 1; NGF, nerve growth factor. CSN: control+saline+NGF; RSS:

repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint stress+saline+NGF.
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Table 4: Comparison of microglia cell numbers in different states.

Groups p Value Cohen d (effect size)
ipsilateral ipsilateral

CNN vs. CSN
Number of cells in resting state p=0.286 1.8
Number of cells in hyper-ramified p=0.994 01
state
Number of cells in reactive state p =0.997 0
Number of cells in phagocytic state p =0.687 0.7
RSN vs. CSN
Number of cells in resting state p=0.461 0.4
Number of cells in hyper-ramified p=0816 06
state
Number of cells in reactive state p =0.983 0.3
Number of cells in phagocytic state p=0.202 1.2
RSN vs. RSS
Number of cells in resting state p=0.202 0.9
Number of cells in hyper-ramified p=0.998 01
state
Number of cells in reactive state p=0.768 0.2
Number of cells in phagocytic state p=0.013 3.7
RSS vs. CSN
Number of cells in resting state p=0.928 0.5
Number of cells in hyper-ramified p=0883 05
state
Number of cells in reactive state p=0.925 0
Number of cells in phagocytic state p=0.422 0.8
RSN vs. CNN
Number of cells in resting state p =0.024 2.1
N . S

umber of cells in hyper-ramified p=0.684 0.6
state
Number of cells in reactive state p =0.997 0.2
Number of cells in phagocytic state p=0.031 5

The table shows the statistics for number of microglia cells in different states on the ipsilateral side. The number of cells were

counted for each ROI and the statistics were performed using the mean. P<0.05 (two-way ANOVA followed by Tukey post hoc

analysis) was considered significant and effect size was calculated using Cohen d. The group comparisons shown here are
based on the factors: 1) repeated restraint stress (R) and control (C), 2) NGF (N) and saline (S) injections, and 3) both (RS) and
(CN). Ip. ipsilateral; Con. contralateral; ROI, region of interest; SDH, superficial dorsal horn; DDH, deep dorsal horn; Iba-1,

ionized calcium binding adapter molecule 1; NGF, nerve growth factor. CSN: control+saline+NGF; RSS: repeated restraint

stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint stress+saline+NGF.

For comparison of the number of cells in different states on the contralateral side

please refer to appendix 14.
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3.2.9 Proportion and distribution of microglial cells in dorsal horn

The proportion of Iba-1 stained microglial cells in different states (resting to
phagocytic) was calculated on site of saline/NGF injections. In the CSN group, the
proportion of microglial cells in resting state was 18%, hyper-ramified: 17%, reactive:
37% and phagocytic: 28%. The RSS group had 23% resting state, 21% hyper-
ramified, 38% reactive and 18% phagocytic. The CNN group showed 35% resting
state, 15% hyper-ramified, 34% reactive and 16% phagocytic state. In the RSN
group, the resting state microglia was 11%, hyper-ramified: 17%, reactive: 36% and
phagocytic: 36% (Fig. 28. A). The proportion of the phagocytic state microglia was
comparatively higher in the group that experienced stress in adolescence followed by
NGF injection in adulthood and was significantly different to the groups as observed
in Fig. 27. D.

A sub-analysis on the location of these cells within the dorsal horn (superficial and
deep) was performed. In the superficial (SDH) and deep dorsal horn (DDH), we did
not observe significant differences in the proportion of cells in resting state between
the groups that received two and single NGF injection (CNN vs. CSN), but a large
effect both in the SDH (29% vs. 13%; P = 0.100; d = 1.3; Fig. 28. B; Table 5) and
DDH (41% vs. 22%; P = 0.150; d = 1.3; Fig. 28. B; Table 5). This large effect was
also observed between the groups (RSN vs. RSS) in the SDH (5% vs. 17%; P =
0.526; d = 1.0; Fig. 28. B; Table 5). The comparison between the groups (RSN vs.
CSN) did not show any difference or effect size. The groups (RSN vs. CNN), showed
a significantly lowered proportion of cells in resting state (5% vs. 29%; P = 0.024; d =
1.8) but not in the deep dorsal horn (DDH) (18% vs. 41%; P = 0.071; d = 1.4) (Fig.
28. B). For the proportion of cells in the hyper-ramified state, no differences were
observed but a large effect only between RSN vs. CNN (15% vs. 12%; P = 0.360; d =
0.9) in the SDH (Fig. 28. B). Similar to the hyper-ramified state, neither a difference
for the proportion of cells in the reactive state nor a large effect was observed
between groups (Fig. 28. B; Table 5), both in the SDH and DDH. In phagocytic state,
we did not observe differences between the groups (CNN vs. CSN) but a large effect
in the DDH (10% vs. 20%; P = 0.518; d = 1.2; Fig. 28. B; Table 5). The proportion
was significantly different between RSN vs. RSS but only in the SDH (42% vs. 19%;
P =0.007; d = 3.4) and large effect in the DDH (28% vs. 17%; P = 0.196; d = 1) (Fig.
28. B; Table 5). No significant differences were observed between RSN vs. CSN but

a large effect both in the SDH and DDH (SDH: 42% vs. 35%; P = 0.150; d = 1.1) and
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(DDH: 28% vs. 20%; P = 0.389; d = 0.9) (Fig. 28. B; Table 5). The significance
existed both in the SDH and DDH between the groups RSN vs. CNN (SDH: 42% vs.
21%; P = 0.007; d = 3.1) and (DDH: 28% vs. 10%; P = 0.042; d = 2.3; Fig. 28. B).
The findings from this sub-analysis suggest that SDH has a higher proportion of Iba-1
stained phagocytic microglia compared to the DDH. The proportion of the states of
microglial cells in individual ROI's on the ipsilateral side further shows that the
phagocytic state cells are higher in proportion in ROI's 1 and 2 compared to ROI's 3
and 4 (Fig. 28. C). The adversity in adolescence plays an important role in this long-
term priming process especially in the SDH, which is the first synaptic relay directly,

related to the transmission and modulation of pain.
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Figure 28: Proportion of Iba-1 stained microglia cell states (ipsilateral).

Repeated restraint stress in adolescence and intramuscular NGF in adulthood leads to increased phagocytic state microglia
cells in the superficial dorsal horn. A) Pie charts showing the proportion of Iba-1 stained microglia cells in different states in each
treatment group on the ipsilateral (ROI's 1+2+3+4) dorsal horn. B) Pie charts showing the proportion of Iba-1 stained microglia
cells in different states in each treatment group on the superficial (ROI's 1+2) and deep (ROI's 3+4) dorsal horn. C) Pie charts
showing the proportion of Iba-1 stained microglia cells in different states in each treatment group on the superficial (ROI's 1 & 2)
and deep (ROI's 3 & 4) dorsal horn. ROI, region of interest; NGF, nerve growth factor. CSN: control+saline+NGF; RSS:
repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint stress+saline+NGF. White:

resting state; Light grey: hyper-ramified state; Dark grey: reactive state; and Black: phagocytic state.
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Table 5: Comparison of microglia cell numbers in different states.

Groups p Value Cohen d (effect size)
Ipsilateral Ipsilateral

SDH DDH SDH DDH

CNN vs. CSN

Number of cells in resting state p =0.100 p =0.150 13 13

Number of cells in hyper-ramified p =0.705 p=0978 06 0.2

state

Number of cells in reactive state p =0.957 p=0.914 0.3 0.5

Number of cells in phagocytic state p =0.460 p=0.518 0.8 1.2

RSN vs. CSN

Number of cells in resting state p =0.840 p =0.809 0.6 0.2

Number of cells in hyper-ramified p=0921 p=0735 04 06

state

Number of cells in reactive state p=0.731 p =970 0.7 0.2

Number of cells in phagocytic state p =0.150 p =0.389 1.1 0.9

RSN vs. RSS

Number of cells in resting state p=0.526 p =0.381 1.0 0.7

Number of cells in hyper-ramified p=0967 p =0.999 04 00

state

Number of cells in reactive state p=0.810 p =0.970 0.2 0.3

Number of cells in phagocytic state p =0.007 p =0.196 3.4 1.0

RSS vs. CSN

Number of cells in resting state p=0.940 p=0.571 0.4 0.5

Number of cells in hyper-ramified p=0.998 p=0.680 00 06

state

Number of cells in reactive state p =0.998 p=0.815 0.3 0.5

Number of cells in phagocytic state p=0.381 p=0.960 0.9 0.2

RSN vs. CNN

Number of cells in resting state p =0.024 p=0.071 1.8 1.4

Number of cells in hyper-ramified p=0.360 p=0917 0.9 04

state

Number of cells in reactive state p =0.948 p =0.996 0.5 0.1

Number of cells in phagocytic state p =0.007 p =0.042 3.1 2.3

The table shows the statistics for number of microglia cells in different states on the superficial and deep dorsal horn on the

ipsilateral side alone. The number of cells were counted for each ROI and the statistics were performed using the mean. P<0.05

(two-way ANOVA followed by Tukey post hoc analysis) was considered significant and effect size was calculated using Cohen

d. The group comparisons shown here are based on the factors: 1) repeated restraint stress (R) and control (C), 2) NGF (N) and

saline (S) injections, and 3) both (RS) and (CN). Ip. ipsilateral; Con. contralateral; ROI, region of interest; SDH, superficial dorsal

horn; DDH, deep dorsal horn; Iba-1, ionized calcium binding adapter molecule 1; NGF, nerve growth factor. CSN:

control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint

stress+saline+NGF.
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3.2.10 Analysis of morphological changes in microglial cells

The analysis of morphological changes of the Iba-1 stained microglial cells was
carried out for all the four states. The changes were evaluated using four parameters
namely: immunoreactive area, perimeter length, feret's diameter and circularity,

which are indicators of microglial activation (refer section 2.2.7).

In the resting state morphology, the immunoreactive area was significantly different
between the groups CNN vs. CSN (P = 0.040; Fig. 29. A) and RSS vs. CSN (P =
0.022; Fig. 29. A). The perimeter length was significantly different between the
groups CNN vs. CSN (P = 0.015; Fig. 29. B) and RSN vs. CSN (P = 0.023; Fig. 29.
B). For feret’'s diameter we found significant difference between the group CNN vs.
CSN (P = 0.039; Fig. 29. C). No significant differences were found between the
groups for circularity (Fig. 29. D).

For comparison of the morphological changes on the contralateral side please refer
to appendix 15.
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Figure 29: Morphological analysis of resting state microglial cells.

A) Immunoreactive area. B) Perimeter length. C) Feret’'s diameter. D) Circularity. NGF, nerve growth factor. The values for all
the four parameters were calculated for individual cells for each ROI and the statistics were performed using the mean. P<0.05
(A: two-way ANOVA followed by Tukey post hoc analysis; B and C: Mann-Whitney U test) was considered significant CSN:
control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint

stress+saline+NGF.
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For the hyper-ramified state morphology, the feret's diameter was significantly
difference between the group RSN vs. CNN (P = 0.023; Fig. 30. C) on the ipsilateral

side.

For comparison of the morphological changes on the contralateral side please refer

to appendix 16.
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Figure 30: Morphological analysis of hyper-ramified state microglial cells.

A) Immunoreactive area. B) Perimeter length. C) Feret's diameter. D) Circularity. NGF, nerve growth factor. The values for all
the four parameters were calculated for individual cells for each ROI and the statistics were performed using the mean. P<0.05
(Mann-Whitney U test) was considered significant CSN: control+saline+NGF; RSS: repeated restraint stress+saline+saline;

CNN: control+NGF+NGF; and RSN: repeated restraint stress+saline+NGF.
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In the reactive state morphology, the immunoreactive area was significantly different
between the groups CNN vs. CSN (P = 0.038; Fig. 31. A); RSN vs. CNN (P = 0.0153;
Fig. 31. A) on the ipsilateral side of saline/NGF injections. The perimeter length was
significantly different between the groups CNN vs. RSS (P = 0.012; Fig. 31. B); RSN
vs. CNN (P = 0.056; Fig. 31. B) on the ipsilateral side. For feret's diameter we found
significant difference between the groups CNN vs. RSS (P = 0.007); CNN vs. CSN (P
= 0.023); and CNN vs. RSN (P = 0.015) (Fig. 31. C) on the ipsilateral side. A

significant difference was observed between the group CNN vs. RSS on the

ipsilateral side for circularity (P = 0.007; Fig. 31. D).

The morphological analysis of microglia in reactive state revealed that the cells in the
CNN group responded to the NGF treatment greater than other groups while this
effect was not observed in the behavioral test (see Fig. 24). The observed differences
between the groups CSN and CNN, is a limited proof of the hypothesis latent vs.

manifest sensitization.

For comparison of the morphological changes on the contralateral side please refer
to appendix 17.
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Figure 31: Morphological analysis of reactive state microglial cells.

A) Immunoreactive area. B) Perimeter length. C) Feret's diameter. D) Circularity. NGF, nerve growth factor. The values for all
the four parameters were calculated for individual cells for each ROI and the statistics were performed using the mean. P<0.05
(A and B: two-way ANOVA followed by Tukey post hoc analysis; C and D: Mann-Whitney U test) was considered significant
CSN: control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint
stress+saline+NGF.
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For the phagocytic state morphology, no significant differences was observed

between the groups (Fig. 32. A - D).

For comparison of the morphological changes on the contralateral side please refer

to appendix 18.
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Figure 32: Morphological analysis of phagocytic state microglial cells.

A) Immunoreactive area. B) Perimeter length. C) Feret's diameter. D) Circularity. NGF, nerve growth factor. The values for all
the four parameters were calculated for individual cells for each ROI and the statistics were performed using the mean. P<0.05
(A and C: two-way ANOVA followed by Tukey post hoc analysis; B and D: Mann-Whitney U test) was considered significant
CSN: control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint

stress+saline+NGF.
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3.3 Study 3: swimming training attenuates chronic muscle pain

The combination of Cg/PGE:2 induces mechanical hyperalgesia compared to the
Sal/PGE: group (P < 0.05; Fig. 33. A & B).

In the control (Sal/PGE-2) group, swimming training without and with load (1.5%) that
was added to body weight has no effect compared to its sedentary group, while
heavier loads i.e. 3.0% and 4.0% worsened pain-like behavior compared to the
sedentary group (Sal/PGE-2). This shows a biphasic effect (Fig. 33. A).

In state of chronic pain (Cg/PGE2), swimming training without and with loads (1.5%,
3.0%, 4.0%) that were added to body weight helped in alleviating hyperalgesia
compared to the sedentary group (Cg/PGE2) (P < 0.05; Fig. 33 B). Additionally,
training with loads in chronic pain state has a significant effect in reducing

hyperalgesia compared to the no load group (Fig. 33. B).
Swimming training with loads attached to the body helps in reducing chronic

hyperalgesia while it worsens and induces hyperalgesia in state of acute pain. Also

see appendix 20.
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Figure 33: Swimming training reduced chronic muscle hyperalgesia.

On the ‘y-axis’, area under the curve (AUC) is plotted against the treatment groups in the ‘x-axis’. The AUC analysis of the acute
(A) and chronic (B) period indicates the effect of swimming physical training with the loads of 1.5%, 3 % and 4% of the body
weight (bw) on the mechanical muscle hyperalgesia. The symbols “*” indicate differences to sedentary saline group. The
symbols “»” indicate differences to sedentary carrageenan group. The symbols “#” indicate that 3 and 4% differs from 1.5%. The
symbols “§” indicate differences to No load group. Cg: carrageenan; PGE,: prostaglandin E2; Sal: saline. Area under the Curve
was used to evaluate the chronic period of muscle hyperalgesia and the statistical analysis was performed by One Way ANOVA

with Tukey post hoc test. P value set at 0.05.
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4 DISCUSSION

The present studies have shown that

Study 1

In male SD rats, stress in adulthood did not show behavioral signs of
hyperalgesia which was indicated by no change in the PPT of the low back
muscles compared to the controls.

Stress followed by a mild-nociceptive input (NGF) into the MF muscle
increased the proportion of DHNs responding to mechanical stimulation of
deep soft tissues of the low back and the hind limb. An increase in the
proportion of DHNs having resting activity was also observed especially in
neurons with deep input. These outcomes indicate
hyperexcitability/hypersensitivity of DHNs which are signs of manifest

sensitization.

Study 2

In male Wistar rats, stress in adolescence induced mechanical hyperalgesia in
the local deep tissues and remote skin. This was indicated by lowered PPT of
the low back muscles (local) and lowered PWT of the distal hind limb (remote).
The PPT results showed that the local deep hyperalgesia was more
pronounced and longer-lasting while the results of PWT showed that the
hyperalgesia in the remote skin was short-lived.

In adulthood, an additional mild-nociceptive input (NGF) into the MF muscle
exacerbated hyperalgesia local to the site of injection and not remote
especially in animals that experienced stress in adolescence.

The NGF injection also lead to an increase in the number of phagocytic state
microglial cells in the DHNSs of the stressed animals.

The increase in the number of phagocytic state cells was more pronounced on
the ipsilateral side of injection. The proportion of these cells were higher in the

superficial dorsal horn compared to the deep dorsal horn.

The behavioral data from both studies demonstrate that the timing of the stressor

plays an important role in the induction and maintenance of hyperalgesia.
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Though the stressed animals from study 1 did not show behavioral signs of
hyperalgesia, the electrophysiological recordings after a subsequent NGF input
showed increased hyper-excitability of the DHNs to deep tissue inputs. This was not
observed in the previously published stress (Hoheisel et al., 2015) or single NGF
alone (Hoheisel et al., 2013) treated animals. The electrophysiological study on male
Sprague-Dawley rats suggests that restraint stress or a single NGF injection induced
a state of latent sensitization and the combination of both induced manifest

sensitization (Singaravelu et al., 2021b).

The animals from study 2 showed that stress in adolescence significantly increased
the sensitivity to the pain-related thresholds. The local deep muscle (PPT)
hyperalgesia is long-lasting and the remote skin (PWT) is short-lasting. An additional
NGF injection in the exacerbated hyperalgesia in the previously stressed animals and
is local to the site of injection. These animals also showed an increase in phagocytic
and a decrease in resting-state spinal microglial cells.

Taken together, the PPT data immediately after stress from both studies suggest that
stress in adolescence (d = 2.4) induces long-term significant changes to pain-like
behavior compared to stress in adulthood (d = 0.8). We think adolescent stress has a
stronger impact compared to stress in adulthood and the observed changes in

microglial morphology in study 2 could be one of the first steps in pain manifestation.

4.1 Repeated stress alters pain sensitivity

The data from the current studies show in animals that experienced stress are more
sensitive to pain-like behavior compared to the controls and stress in early
adolescence induces stronger and long-lasting muscle hyperalgesia than stress in
adulthood. This is shown by the PPT measurement of the low back multifidus muscle
which elicited a stronger response in the early adolescence stressed animals (Fig.
23. A.a) but not in the adulthood stress group (Fig. 16). This difference could be
explained due to the timing of the stressor. Pre-clinical studies have shown that the
prevalence of prior stressful experience is linked to a high incidence of chronic pain
(Greenwood-Van Meerveld and Johnson, 2017; La Porta and Tappe-Theodor, 2020;
Le Coz et al., 2017; Ma et al., 2019). Particularly repeated stress is known to induce
maladaptive neuroplasticity along peripheral and central pain transmission pathways

facilitating the sensitization of nociceptive neurons and transiting from acute to
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chronic state (Bardin et al., 2009; Imbe and Kimura, 2020; Korczeniewska et al.,
2017; Ma et al., 2019). Le Coz and colleagues (2017) found that social stress led to a
modulation of cold responsiveness, but not mechanical stimulation and other studies
have shown chronic restraint stress to induce thermal hyperalgesia (Senba et al.,
2008), mechanical and cold allodynia, and also enhances inflammatory pain (Bardin
et al., 2009).

The major and new finding from study 2 is that restraint stress-induced strong
mechanical hyperalgesia to both local deep tissues (PPT) and remote skin (PWT).
This is relevant because clinical studies in patients with chronic low back pain along
with a history of psychological trauma such as childhood maltreatment have shown
altered pressure pain threshold of the low back (Tesarz et al., 2016). The findings
reported that childhood maltreatment is associated with reduced PPT in adult
subjects with non-specific chronic low back pain (nsCLBP), irrespective of the type of
childhood maltreatment. Additionally, they also show that the enhanced deep pain
sensitivity can be found in patients with a history of emotional abuse and emotional
neglect (Tesarz et al., 2016). Another study with nsCLBP patients with and without
trauma exposure (TE) showed that nsCLBP-TE patients presented a lower pain
threshold in both the pain-free area and the pain-affected area, while the patients
without TE presented lower pain thresholds only in the pain-affected area but not in
the pain-free area (Tesarz et al., 2015). Thus the PPT and PWT findings from the
adolescent stress animals are in-line with the human findings highlighting the
association of chronic LBP and widespread pain in patients with TE and childhood
maltreatment (Graven-Nielsen and Arendt-Nielsen, 2010; McBeth et al., 2007; Tesarz
et al., 2015).

Apart from behavioral signs of hyperalgesia, chronic stress affects cognitive function.
We did not look for changes in cognitive behavior but studies on rodents have shown
that stressed animals exhibit signs of anxiety-like behavior (Hoheisel et al., 2015),
depression-related behavior in mice (Sousa et al., 2018), cognitive deficits like
impaired memory recognition, impaired fear memory (Sun et al., 2020). Hoheisel and
colleagues (2015) showed that the stressed animals spent significantly less time in
the central zone in the open-field test indicating increased anxiety-like behavior in
those animals. Sun and colleagues (2020) showed that stress in juvenile rats led to
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cognitive and synaptic dysfunction. In a water maze test, the stressed animals
showed increased escape latency (time taken to escape on the platform) to find the
target zone. This shows that repeated restraint stress exposure weakened the
learning ability and impaired recognition memory, which was detected using the novel
object recognition test. Humans suffering from chronic back pain showed brain-
behavior pathways (prefrontal-striatal-limbic circuits) for maladaptive learning and
lack motivation, which could explain why chronic pain patients can be resistant to
change (Nees et al., 2020). The related pathways will be further discussed in chapter
4.4,

Collectively, the current findings are indicative of stress in adolescence induces
muscle hyperalgesia to deep and cutaneous inputs, while stress in adulthood does
not show this effect. This suggests the importance of timing of the stressor in
modulating pain manifestation and might further contribute to longer-lasting changes

in pain sensitivity.

4.2 Manifestation of altered pain sensitivity due to stress

No pre-clinical studies have followed up on the potential long-term consequences of
adolescent stress on chronic low back pain and widespread pain in adulthood. The
behavioral findings showed persistent effects of adolescent stress on the PPT of the
low back (Fig. 23. A.a), while the PWT got stabilized, a trend towards lowered
threshold was still observed (Fig. 23. B.a) in the adulthood phase.

These findings expand on the previous outcomes of early life stress (ELS) such as
maternal separation (MS) showing increased mechanical sensitivity, although results
vary. In animals that experienced MS, injection of formalin or CFA in the paw during
the adulthood phase increased sensitivity to mechanical, thermal, and chemical
stimuli (Vilela et al., 2017). Another study on MS showed resilience against
neuropathic pain after CCl in adulthood. These animals showed an increased
threshold to mechanical and thermal stimuli compared to the control animals (Genty
et al., 2018). In another model of ELS, where the litters were submitted to restricted
bedding material (neonatal limited bedding), the rats developed mild muscle
hyperalgesia but got aggravated when exposed to painless sound stress in adulthood

(Alvarez et al., 2013). Apart from the variability in findings which is most likely due to
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the differences in experimental design, stress model, and strain differences that have
been reported (Grundt et al., 2009; Hestehave et al., 2019), another factor to
consider is the effects of age on pain sensitivity. Both pre-clinical and clinical studies
suggest age-related anatomical, physiological, and compensatory mechanisms for
the sensory changes that are typically known to occur while aging (Gonzalez-Roldan
et al., 2020; Yezierski, 2012).

Thus, the manifestation of pain sensitivity after stress in earlier life depends on
various factors e.g. stressor type. The current findings from study 2 showed that the
sensitization to deep inputs (local) got manifested on top of the age-related increase
in PPT as the animals grew, but not to skin (remote). This could be due to the
stressor type. Tesarz and colleagues (2016), showed that in humans with ELS such
as sexual abuse is associated with enhanced touch sensitivity and neglect with
enhanced temporal summation of pain. It would be interesting to verify the current
behavioral findings with a different stressor such as social isolation in adolescent rats

which would be equivalent to stressors such as neglect.

NGF induced manifest sensitization

Results from study 2 showed that NGF injection in adulthood led to a drop in PPT of
the low back muscles (local) but not to the skin (remote). But the drop in PPT after
NGF injection in animals preceded by stress was not significant. Stress in
adolescence alone was likely strong enough to induce long-lasting deep muscle
hyperalgesia. This sensitization may well be manifest and NGF as a second stimulus
only further exacerbated the deep muscle hyperalgesia. Similar to our previous
findings, we observed that an initial NGF injection increased sensitivity to PPT in
control animals (see Fig. 24) and this hypersensitivity returned to baseline on day two
in Wistar rats (see appendix 6). The second NGF injections in the control animals did
not lead to further sensitivity (see Fig. 24), an opposite effect as observed in our
previous studies on Sprague-Dawley (SD) rats (Hoheisel et al., 2013; Zhang et al.,
2017). While this effect could be due to strain differences, a recent study on adult SD
rats using our NGF based myofascial LBP model, showed that only on day 12 (7
days after the 2" NGF injection), female rats developed bilateral trunk mechanical
hyperalgesia and bilateral hind paw mechanical allodynia (Reed et al., 2020). In male
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SD rats, two NGF injections led only to ipsilateral cutaneous and deep trunk
mechanical hypersensitivity and this was absent in the contralateral side (Reed et al.,
2021). Signs of allodynia was not observed on male rats unlike female rats but the
development of deep muscle hyperalgesia was already observed on day 7 (2 days
after the 2" NGF injection) and lasted until day 14, implying the occurrence of sex
differences (Reed et al., 2021; Reed et al., 2020). In all cases, NGF injection led to
an increase in sensitivity in the PPT in both stressed and control animals with
stressed animals maintaining a significantly lowered threshold when compared to the
controls. In a mouse model of NGF-induced myofascial LBP combined with stress,
results suggested that exposure to chronic unpredictable stress only slightly
worsened the pain-like behavior while vertical chronic restraint stress primed and
highly aggravated pain in combination with NGF (La Porta and Tappe-Theodor,
2020). This was shown by back hypersensitivity to pressure and light touch,
hypersensitivity towards mechanical and cold at the hind paws, and agreed with the
other LBP models (Park et al., 2018; Shi et al., 2018; Strong et al., 2013).

In study 2, a single NGF injection-induced latent sensitization but when preceded by
adolescence stress, it turns into manifest sensitization as observed in the PPT. An
exacerbated effect of repeated NGF was not observed in the study with Wistar rats,
unlike in SD rats which could be due to strain differences (Hestehave et al., 2019). In
male Wistar rats, repeated restraint stress in adolescence may lead to a ceiling effect
due to which a significant drop in deep muscle hyperalgesia was not observed after
NGF injection in adulthood.

4.3 Persistent effects of stress in combination with NGF

Electrophysiological recordings of dorsal horn neurons

The present electrophysiological study on male SD rats showed that stress in
combination with NGF led to a significant increase in the proportion of neurons
responding to deep tissue mechanical stimuli, a significant increase in the proportion
of neurons showing resting activity along with deep tissue input compared to the NGF
alone treated group. No changes were observed in the proportion of neurons having

skin and convergent input between the groups. The combination also showed
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increased receptive fields to deep tissue input both in the low back and outside the

low back compared to NGF alone.

Recent studies from our group have shown that the responsiveness of the dorsal
horn neurons to fascia and muscle input increased after two NGF injections, which
was not observed after single NGF injections (Hoheisel et al., 2013; Hoheisel et al.,
2007; Zhang et al., 2017). De Azambuja and colleagues (2018) showed that physical
exercise attenuated this NGF-induced sensitization of DHNs. They showed that a
short-term swimming exercise after the first NGF injection decreased the hyper-
excitability of the DHNs to low back input and lowered the resting activity of
sensitized neurons after the administration of additional NGF injection. These results
led to the concept of latent sensitization caused by the first NGF injection, which in
turn primes the DHNs that can be further sensitized by a second NGF injection in the
same site five days apart. In the current study, the responsiveness of the DHNs to
the deep tissue input significantly increased in the animals that experienced stress in
adulthood only after a subsequent NGF injection just before the recording of the
DHNSs, while stress alone in adulthood induced only nonsignificant changes in the
DHN responsiveness (Hoheisel et al.,, 2015). The findings from this study suggest
that restraint stress in adulthood induced a state of latent sensitization by priming the
DHNs and these primed neurons had an enhanced susceptibility to developing a

manifest sensitization by a subsequent mild-nociceptive input.

This manifest sensitization was input specific (i.e.) the latent sensitization was
challenged with mild nociceptive input from deep soft tissues of the low back and
distal hind limb and that only the DHNs with deep tissue input were upregulated. This
non-significant upregulation comprised of convergent neurons but the overall
cutaneous response remained unchanged not only in the current study but also in the
former studies that used NGF to induce manifest sensitization (Hoheisel and Mense,
2015; Hoheisel et al., 2013; Hoheisel et al., 2015; Sessler et al., 2021; Zhang et al.,
2017). The cutaneous afferents are known to have highly effective synaptic
connections on DHNs and might have a ceiling effect for additional mild-nociceptive
induced sensitization (Hoheisel et al., 2015).
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The appearance of new RFs in the distal hind limb outside the low back indicates that
the responsiveness of DHNs was enhanced also for deep tissue input, which was not
activated by the NGF injection alone just before the electrophysiological recording of
the spinal neurons. These results help us to support the conclusion that the manifest
sensitization occurred at the DHNs and not in the periphery. This pattern is
suggestive of pain referral from deep tissues, which is referred to other deep tissues
but not to the skin (Eitner et al., 2017; Hoheisel et al., 1994; Hoheisel et al., 1993),
similar to the ‘pseudoradicular’ pain in the proximal leg of patients with LBP
(Freynhagen et al., 2008).

This section in parts has been taken from (Singaravelu et al., 2021b).

Immunohistological findings of dorsal horn neurons

In the present studies with male Wistar rats, the effect of early adolescence stress in
combination with NGF injection on the sensitization of DHNs was evaluated by
staining the lumbar (L2) spinal cord section for glial cells. The results showed that the
combination of stress + NGF led to decreased number of microglial cells in the
resting state and an increased number of cells in the phagocytic state compared to
stress alone or a combination of two NGF (see Fig. 27). No changes in staining
intensity were observed between the groups for microglia (Iba-1) and astrocytes
(GFAP).

Stress and NGF on microglial morphology

In pre-clinical studies, the effect of stress on Iba-1 activity and morphological
changes of microglial cells has been studied widely on various brain regions
(Hinwood et al., 2012; Kopp et al., 2013; Paolicelli et al., 2011; Park et al., 2011,
Schiavone et al., 2009; Sugama et al., 2007; Tynan et al., 2010) while only a few
studies have investigated effects in the spinal cord (La Porta and Tappe-Theodor,
2020; Sessler et al., 2021; Zhang et al., 2017). However, to our knowledge, no
studies have shown quantitative analysis of structural changes in microglia
morphology especially the phagocytic state in the lumbar spinal cord (see Fig. 27. D).

The analysis of the microglial structural morphology revealed that under all
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experimental conditions many of the Iba-1 stained cells were in a reactive state (see
Fig. 28; 34 to 38%) implying that all the animals responded to the treatment they
received. Given the dynamic nature of microglia, the stimuli presented in our
treatment groups promote the transition from resting to reactive (activated) state. We
found a similar proportion (36%) of phagocytic state microglia only in the NGF group
that was preceded by stress. This functional plasticity of microglia is known to be
dependent on the type, duration, and intensity of the triggering stimuli (Schwartz et
al., 2006).

This may imply increased migration of microglia to undertake their phagocytic state
and whether the state of change is neuroprotective or neurotoxic phenotype remains
elusive. Evidence suggests that the reactive microglial phenotypes have been
categorized into polarization states based on the classifications used for macrophage
activation states such as M1 and M2. The M1 phenotype is the classically activated
and pro-inflammatory state while the M2 is the alternatively activated anti-
inflammatory state, reflecting the dual natures of neurotoxicity and neuroprotection
(Burke et al., 2016). Since our behavioral findings show increased sensitivity to PPT
of the low back, we think the activated microglia in our results are in the M1 state,
which represents the pro-inflammatory state. Former studies revealed region-specific
microglia heterogeneity differences on a microscale in different brain regions (Tay et
al., 2019; Tynan et al., 2010). Although in our current findings, we show that the
proportion of Iba-1 stained phagocytic state microglial cells were predominantly
present in the superficial DH compared to the deep DH (see Fig. 28. B. and C.), we
did not evaluate other lumbar segments in the spinal cord. La Porta and colleague
(2020), showed the distribution of a colorant that mimicked the distribution of injected
NGF into the MFmuscle at vertebral level L5. The presence of the colorant was
stronger and deeper in the MF muscle at L5 compared to upper vertebral lumbar
segments. This leads to an interesting question, suggesting there may be lumbar-

specific differences of microglia activation in the spinal cord.

Nevertheless, the current findings provide partial evidence on the interaction of stress
and NGF on microglial function, and additional assessment of microglial
heterogeneity parameters are needed to characterize the microglial phenotype.

Considering that LBP is the most common form of pain experienced in humans, our
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findings present a novel animal model to investigate neurobiological mechanisms
underlying the long-term effects of adolescent stress on pain modulation in adults.
The potential mechanisms that are involved is discussed in chapter 4.4.

Stress and NGF on astrocytes activity

In the present study with male Wistar rats, no changes on staining intensity were
observed between the groups for astrocytes (GFAP) but we found within group

difference between the superficial and deep dorsal horn (see appendix 6).

Most of the pre-clinical studies have shown that hypertrophy of astrocytes and
increase in staining intensity is the evidence of astrocyte activation (Gao and Ji,
2010; La Porta and Tappe-Theodor, 2020; Pekny and Nilsson, 2005; Zhang et al.,
2017). In our study, the higher GFAP staining intensity in the SDH than the DDH
could simply be explained by the anatomical location of glial cells (Ruiz-Sauri et al.,
2019). This finding could as well be relevant to the increased concentration of
phagocytic state microglia in the SDH compared to the DDH, though the signs of
astrocytes activation was not prominent as microglia. In animal models of
inflammatory and neuropathic pain, upregulation of GFAP was observed (La Porta
and Tappe-Theodor, 2020; Owolabi and Saab, 2006; Sweitzer et al., 2001).

In the present study, the tissues were extracted one day after the second injection,
which might be a short duration to observe activation of astrocytes. The activation of
astrocytes goes through different phases and occur in different time windows and the
morphological changes occurs in hours or days after the injury (Gao and Ji, 2010).
Zhang and colleagues (2017) showed that the induction of spinal neuronal
sensitization in the myofascial LBP model depends on microglia activation and its
maintenance is regulated by astrocyte activation. The current findings shows drop in
the PPT and activation of microglia, which are signs of neuronal sensitization and
support the findings of Zhang and colleagues (2017). To evaluate the activation of
astrocytes, the animals need to be euthanized at a later time point from the current
studies (~ five days after the 2" injection). This might help us to estimate the
maintenance of the manifest sensitization after NGF injection in the animals

preceded by adolescence stress and could show the activation of astrocytes.
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4.4 Potential mechanisms for the stress and NGF induced sensitization

One of the major findings from the electrophysiological experiment was the
appearance of new RFs, which is an important sign of central sensitization. New RFs
might emerge based on increased synaptic strength of the ineffective synapses of the
DHNs that are known normally only to induce sub-threshold postsynaptic potentials
and not action potentials (Drdla and Sandkuhler, 2008; Hoheisel et al., 2019; Ikeda et
al., 2003; Koerber et al., 2006; Wall, 1977). Studies have shown that DHNs have a
subliminal fringe around their receptive fields and that central sensitization can recruit
this fringe into RFs from which the neurons respond with action potentials (Pubols,
1990; Woolf and King, 1989). There are also the so-called silent synapses in the
CNS that express only NMDA receptors. These receptors are known to respond to
glutamate that is released only after preceding depolarization by another input and
unsilencing of such synapses to the neurons in lamina | has been found in an
inflammatory pain model (Torsney, 2011). Hoheisel and colleagues (2019) recently
demonstrated that the hypersensitivity of the DHNs to a peripheral input was due to
both unmasking of silent synapses and increased synaptic strength by intracellular

recordings in a model of muscle pain.

Repeated psychophysical stress has shown to sensitize DHNs in deep laminae
rather than the superficial laminae, in a rodent model of temporomandibular pain
(Okamoto et al., 2012). It is known that the primary afferents from muscles project to
both the superficial and deep DHNs (Craig and Mense, 1983; McMahon and Wall,
1985), and Taguchi and colleagues (2008) showed that the input from the low back
muscles is more prominent in the deep laminae. In our experiments, the search for
DHNs responding to electrical and mechanical stimuli included both the superficial
and deep laminae and most of recorded neurons were found in the deep lamina V,
(i.e.), in a region where low back input may be modulated by stress. This type of
modulation might be intraspinal via microglia or astrocytes activation, both of which
might be activated by stress (Bardin et al., 2009; Calcia et al., 2016; Chen et al.,
2018; La Porta and Tappe-Theodor, 2020; Okada-Ogawa et al., 2009; Owolabi and
Saab, 2006). Transient activation of micorglia (Alexander et al., 2009), increased
gene expression of proinflammatory cytokines (Rivat et al., 2010) are essential for

triggering stress-induced hypersensitivity, while increased spinal glutamatergic
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signaling via glucocorticoids is essential for its chronicity (Alexander et al., 2009; Li et
al., 2014). Pre-clinical studies have shown that ELS or peripheral tissue or nerve
damage can activate spinal microglia and astrocytes via neurotransmitters or other
signaling substances like (ATP, fractalkine), which are released from the central
terminals of active primary afferents. This release leads to activation of different
MAPK pathways along with the release of cytokines, inflammatory mediators and
many other active substances such as IL-18, MCP-1, TNF-a, PGE2, which are
known to be involved in the modulation of the spinal excitatory and inhibitory synaptic
transmissions. This leads to neuronal activation and the nociceptive information
travels via the ascending tracts of the spinal cord to the supraspinal centers (Clark
and Malcangio, 2012; Genty et al., 2018).

In a study by Gruber-Schoffnergger and colleagues (2013), activation of spinal glial
cells participated in the LTP induction at C-fiber synapses in the spinal cord lamina |
in vitro-microglia was activated within 30 minutes after high frequency stimulation and
astrocytes were activated by HFS with a delayed and prolonged time course and
found the role of glial cells in inducing LTP by HFS. Since our hypothesis is based on
NGF and the involvement of activated microglial cells and signaling, studies have
shown that microglia can also be activated by an important feedback loop
mechanism through the release of fractalkine (CX3CL1) from the primary terminals
and DHNs which bind to the CX3CR1 receptors on microglial cells (Clark and
Malcangio, 2014; Owolabi and Saab, 2006; Xanthos and Sandkuhler, 2014). Zhang
and colleagues (2017) showed in the NGF-induced myofascial LBP model that
blocking microglial activation prevented spinal latent sensitization while blocking
astrocyte activation reversed the effect. Blocking fractalkine signaling via neutralizing
antibodies in a dose-dependent manner also prevented NGF-induced sensitization
suggesting the critical role of neuron-to-microglia signaling via the CX3CL1-CX3CR1
pathway (Sessler et al., 2021).. It is known that substances such as glutamate, ATP,
Ca?*, Prostaglandins, etc., released from glial cells and neurons facilitate
glutamatergic synaptic transmission between C-fiber afferents and DHNs by binding
to their respective receptors on spinal neurons or primary afferent C-fibers (Gruber-
Schoffnegger et al., 2013). Studies have shown that the substances involved in the
glial cell activation participate in the modulation of synaptic transmission and
induction of LTP. Clark and colleagues (2015) have shown that the release of IL-1f3
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from microglia modulated NMDA in the postsynaptic neurons that resulted in the
release of an eicosanoid messenger, which ended in increased release of

presynaptic neurotransmitters.

One of the main observations in the early adolescence stress study was the stress-
induced effects on long-lasting hyperalgesia. Central sensitization of signal
processing in other CNS regions such as the amygdala, which is known to be
involved in the behavioral responses, might as well play a role (Suvrathan et al.,
2014). Studies on neuropathic pain models have shown that, descending facilitation
via a brainstem loop is known to contribute to central sensitization and enhance
excitability of the DHNs (Suzuki and Dickenson, 2005; Suzuki et al., 2002; Yu and
Mense, 1990). These descending pathways could be activated by stress via an
excitatory pathway from the medial hypothalamus to the rostral ventral medulla
oblongata (Heinricher et al., 2009; Martenson et al., 2009) and onward to the DH and
this phenomenon is known as ‘stress-induced hyperlagesia’. Increased descending
facilitation or decreased descending inhibition could enhance the excitability of the
spinal neurons (Heinricher et al., 2009). Zhang and colleagues (2017) showed that in
nociceptive DHNs in the lamina V, the descending inhibition had a stronger effect on

the input from deep tissues than the cutaneous inputs to the same neurons.

All of the above mentioned mechanisms might possibly explain why stress could be a
predisposing factor for myofascial pain rather than cutaneous pain in humans and
that both spinal and supraspinal mechanisms are likely to involved in the synergestic

action between stress and NGF.

This section in parts has been taken from (Singaravelu et al., 2021b).

45 Limitations

The results in this work are based on observations made from two different rat strains
and strain differences in stress sensitivity and pain sensitivity have been reported
(Grundt et al., 2009; Hestehave et al., 2019). This limits us from making a direct
comparison between the studies. Nevertheless, the findings are interpreted based on
the timing differences of the stressor to induce sensitization of the DHNs and spinal

microglia. The observed differences may be also partly due to the strains.
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We did not use a biomarker to assess the stress levels, but a previous study in our
group found upregulation in fecal corticosterone metabolites and lowered body
weight in the stressed animals (Hoheisel et al., 2015). Since one of the study in this
work is based on stress in adolescence, it would be helpful to assess stress levels in
the future experiments to find the duration of elevated corticosterone levels and might
add additional support to the observed findings.

In study 1
- Due to experimental design it was not possible to measure the behavioral data
after the NGF injection and thus could not correlate electrophysiological
findings with the behavioral results.
- The experimenters were not blinded to the treatment the animals received. In
order to minimize investigator bias, an electrical search stimulus was used for
unbiased sampling of DHNs and the search for RFs strictly followed a

standard protocol (refer to section 2.1.5).

In study 2

- A pure negative control as a treatment group was not performed and this limits
the interpretation of those results and should be considered in future studies.

- Activated macrophages are known to have a phenotype (M1: pro-
inflammatory) and (M2: anti-inflammatory). Since the behavioral data show
exacerbation of pain after NGF injection in stressed animals, an additional
counter staining with a positive marker such as CD86 which is specifically

expressed in M1 state would be helpful.

In both the studies, only male rats were used and cannot draw a generalizable
conclusion on the effects of stress on female pain sensitivity. But, Reed and
colleagues (2020; 2021) showed that two NGF injections into the MF muscle induced
mechanical hyperalgesia in both the sexes and found timing differences on the onset

of hyperalgesia.
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4.6 Conclusions

The present work aimed at investigating the sensitization process of dorsal horn
neurons based on the timing of repeated restraint stress and in combination with a

mild-nociceptive (NGF) input to induce manifest sensitization.

The specific aims of this work (see section 1.7.3) were addressed as follows: The
results from the electrophysiological experiment (study 1), suggest that repeated
restraint stress in adulthood in male SD rats induces a state of latent sensitization
and primes for manifest sensitization by a subsequent NGF injection. This manifest
sensitization of the DHNs was indicated by increased afferent inputs from the deep
tissues of the low back, an expansion of deep receptive fields to the distal hind limb,
and an increase in the resting activity of the neurons especially with deep tissue
inputs. These neurophysiological parameters suggest a synergy between mild
noxious events in low back muscles and stress. The findings from this study might
reflect the neuronal background of spontaneous and evoked pain in patients with
LBP.

The results from the immunohistochemistry experiment (study 2), suggest that
repeated restraint stress in adolescence in male Wistar rats induced long-term deep
muscle hyperalgesia. As indicated by PPT results, the local deep hyperalgesia was
more pronounced and longer lasting, while the PWT of the remote skin showed that
the sensitization was short lived. A subsequent NGF into the MF muscle, led to
exacerbation of pain local to the site of injection but not remote skin. Particularly, the
effect of NGF is more pronounced when it is preceded by stress and is facilitated by
phagocytic state microglial cells. The increased sensitivity of muscle nociceptors to
inflammatory mediators via activated microglia may contribute to the pathophysiology

of clinical low back pain in patients with a history of adversity in childhood.

The findings in this work provide an insight on how stress primes the DHNs and an
additional mild-nociceptive input leads to manifest sensitization and that activated
microglia might play a significant role in this transition. The experimental model
presented here would help in understanding the clinical condition of non-specific
LBP.
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5 SUMMARY

Non-specific low back pain (nsLBP) is considered as the global leading cause of
years lived with disability affecting more than half a billion people. Adverse childhood
experiences (ACEs), are one of the major risk factors for the development of both
mental and physical disorders in later life. In humans, stress and ACEs are known
risk factors for the chronicity of LBP and the development of chronic widespread pain.
However, very little is known about the neuronal mechanisms that contribute to the
development of this enhanced chronicity and sensitization in cases of nsLBP. The
present studies aimed at investigating the impact of repeated restraint stress in an

animal model of nerve growth factor (NGF) - induced myofascial low back pain.

To answer the importance of timing of the stressors, in two separate experimental
approaches, the animals were stressed repeatedly in a narrow plastic restrainer on
12 consecutive days for 1 hour every day. In one experiment, the animals were
stressed in adulthood and in the other experiment at early adolescence. Behavioral
tests to assess for mechanically-induced pain-like behavior was assessed on the low
back for local pain and at the distal hind paw for spreading of pain. The tests were

performed before and after stress and in conjunction with saline/NGF injections.

In deeply anesthetized rats that experienced stress in adulthood, recordings were
made with glass microelectrodes from the dorsal horn neurons (DHNS) in the spinal
L2 segment. To induce hyper excitability, NGF was injected into the multifidus (MF)
muscle at the vertebral level L5 directly before the in-vivo recordings started. As
control, animals were handled but not repeatedly restrained and also received NGF

injection before the recordings.

Restraint stress in adulthood slightly lowered the low back pressure pain threshold
(PPT) (Cohen d = 0.8) and a subsequent NGF injection led to an increase in the
proportion of DHNs with input from deep tissues (fascia and/or muscle) of the low
back (14% vs. 39%; p = 0.041). This increased proportion was also observed for
neurons with receptive fields outside the low back (7% vs. 26%; p = 0.081).
Furthermore, the proportion of neurons with resting activity significantly increased
(28% vs. 55%; p = 0.039) and this was especially in neurons having deep input (0%
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Vs. 26%; p = 0.004). The proportion of neurons with convergent input (input from two
types of tissues) showed an increased trend (7% vs. 23%; p = 0.147) but no changes
were observed for neurons only with skin input (65% vs. 61%, p = 0.793) which are

the majority in the dorsal horn.

In rats that experienced restraint stress in adolescence followed by two intramuscular
injections of saline or NGF or both in adulthood, animals were transcardially perfused
and lumbar spinal cord sections were extracted. Immunohistochemistry was
performed on spinal L2 segments and were stained for ionized calcium-binding (Iba-
1), a protein specifically expressed in microglia. Morphological analysis was
performed on the Iba-1 postive cells.

Adolescent restraint stress significantly lowered the local low back PPT (d = 2.4) and
remote paw withdrawal threshold (d = 2.0) (PWT) immediately after the stress. While
the lowered local PPT was maintained throughout adulthood (d = 1.2) the distal PWT
(d = 0.9) was stabilized but showed large effect. A subsequent NGF injection in
adulthood in previously stressed animals slightly lowered the PPT (d = 0.9) but not
PWT. These animals also showed a significant increase in the proportion and
number of microglial cells in the phagocytic state compared to the stress + 2 saline
group (36% vs. 18%; p = 0.013) and control + 2 NGF injections (36% vs. 16%; p =
0.031) group. The proportion and number of cells in resting state in those animals
was significantly lower compared to the control + 2 NGF group (11% vs. 35%; p =
0.024).

The electrophysiological findings suggest that stress in adulthood followed by mild-
nociceptive input causes manifest sensitization of the spinal neurons. The behavioral
findings from animals stressed in adolescence show long-term central sensitization
and a mild-nociceptive input in adulthood exacerbates this behavior and alters the
morphology of microglial cells to phagocytic state. These findings indicate that stress
in adulthood induces a state of latent sensitization and is manifested when presented
with a mild-nociceptive input. While, stress in adolescence induces a long-term
central sensitization and an additional insult in later life worsens this effect and that
activated spinal microglial cells are involved in the development of manifest
sensitization (see Fig. 34).
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A) study 1 (in vivo electrophysiology): repeated restraint stress in adulthood (1% hit) followed by NGF (mild-nociceptive) injection
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threshold; i.m.: intramuscular.
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7 APPENDICES

Appendix 1 A: Summary of the number of neurons recorded per animal in the stress
+ NGF group, input type to mechanical stimuli, impulses/min, electrical threshold,

latency, recording depth, receptor type and conduction velocity.

Experi- Neu MF No Deep Conver Skin TLF MF Latency Receptor type Conduction Velocity Distance
i.t. ment ron injection RF input gent Input (mV) (ms) m/s mm
1 NGF + 0 710 2.0 2 630 17.50 35
5 2 NGF + 0 470 2.0 2 440 17.50 35
o § 3 NGF + 0 2 520 |HTM deep 18.66
2 = 4 NGF + + + 23 520 1.8 2 600 |HTM deep, WDR skin 19.44 35
% g 5 NGF + 0 600 2.2 2 840 |WDR 15.91 35
E 6 NGF + 2 740 18 2 190 |HTM skin 19.44 35
7 NGF + 9 680 1.9 2 420 |LTM skin 18.42 35
c 1 NGF + 7 610 1.8 2 308 |LT™M deep 19.44 35
<« 2| 2 NGF + 8 240 1.4 2 770 |HTM skin 25.00 35
ﬁ % 3 NGF + 0 310 1.4 2 720 |LTM skin 25.00 35
[./:’ g 4 NGF + + + + 1 810 2.1 2 960 |HTM skin, HTM deep 16.67 35
£ 5 NGF + 4 520 1.9 2 380 |HTM deep 18.42 35
B 6 NGF + 0 860 2.5 2 540 |HTM skin 14.00 35
1 NGF + 1 480 1.9 2 480 |LTM skin 18.42 35
2 NGF + + + + 303 290 1.8 2 640 |LTM deep, WDR skin 19.44 35
,5 3 NGF + + + + + 415 610 2.1 2 720 |LTM deep, WDR skin 16.67 35
ﬁ § 4 NGF + 0 270 1.8 2 310 |LTM skin 19.44 35
g 5 5 NGF + + + 0 500 2.2 2 380 |HTM deep, HTM skin 15.91 35
7] E 6 NGF + 0 400 1.6 2 480 21.88 35
E 7 NGF + 5 710 1.8 2 510 19.44 35
L 8 NGF + 67 220 1.8 2 860 |WDR skin 19.44 35
% 9 NGF + 64 910 1.7 2 590 |LTM skin 20.59 35
+ s 1 NGF + 0 710 2.3 2 160 15.22 35
g © B 2 NGF + + + + 1 310 2.2 2 470 |WDR skin, HTM deep 15.91 35
Shs 2| 3 NGF + 12 | 620 28 2 305 12.50 35
] 5 E 4 NGF + 0 520 1.8 2 920 |HTM deep 19.44 35
£ 5 NGF + 0 460 1.8 2 310 |HTM skin 19.44 35
1 6 NGF + 18 | 410 2.0 2 310 |LTM skin 17.50 35
: 1 NGF + 3 710 17 2 650 |HTM deep 20.59 35
2 2 NGF + + + 0 460 1.8 2 830 |HTM deep, HTM skin 19.44 35
2 3 NGE + 0 320 16 2 470 21.88 35
Deep 3; Skin 6 LT™ 18.7 Mean
Deep 9; Skin 6 HTM 0.1 SEM
Skin 7 WDR 2.7 SD

No Deep Conver Skin TLF Imp/ T Latency

RF input gent input min (mV) (ms)

n

SieEs e 9| 22.58 | 38.71 | 22.58 | 61.29 | 6.45 | 9.68 | SEM[ 16.24 [ 3415 o001 | | [ 38.52]
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Appendix 1 B: Summary of the number of neurons recorded per animal in the control
+ NGF group, input type to mechanical stimuli, impulses/min, electrical threshold,

latency, recording depth, receptor type and conduction velocity.

Experi- Neu MF No Deep Conver Skin TLF MF Imp/ T Latency Depth Receptor type Conduction Velocity Distance

i.t. ment ron injection RF input gent Input min (mV) (ms) (um) m/s mm
‘; = 1 NGF + 0 640 11 1| 580 31.82 35
8 = 2 NGF + 0 320 1.6 1| 660 |LTM skin 21.88 35
% 8 3 NGF + 104 800 1.8 1| 670 |WDR skin 19.44 35
4 NGF + + + + 0 810 2 1] 800 |HTM deep, HTM skin 17.50 35
1 NGF + 117 640 1.6 1| 400 |LTM skin 21.88 35
o~ 2 NGF + 0 470 1.8 1| 420 [HTM skin 19.44 35
° 3 NGF + 0 870 2.1 1| 590 16.67 35
g E 4 NGF + 0 460 1.7 1| 710 |WDR skin 20.59 35
Ul;) é 5 NGF + 0 650 1.8 1| 760 19.44 35
g 6 NGF + 0 610 1.4 1| 650 [LTM skin 25.00 35
@ 7 NGF + 0 810 1.6 1| 880 21.88 35
8 NGF 1 610 1.4 1] 730 |WDR skin 25.00 35
8 E 1 NGF + 0 410 2.8 1] 160 [LTM skin 12.50 35
Z 5 2 NGF + 0 320 1.8 1| 300 [WDR skin 19.44 35
» ©1 3 NGF + 0 510 21 1] 410 16.67 35
1 NGF + 0 410 2.1 1| 630 |WDR skin 16.67 35
- = 2 NGF + 6 510 1.8 1| 580 [LTM skin 19.44 35
ol B Sl 3| ner + o | 70| 22 1| 650 15.91 35
> w& 8 4 NGF + + + + 0 310 2.1 1| 710 |LTM skin, LTM deep 16.67 35
+ 5 NGF + 5 300 0.8 1| 710 |WDR skin 43.75 35
° 6 NGF + 0 140 2.2 1] 520 [LTM deep 15.91 35
g 0 = 1 NGF + 1 300 1.8 1| 700 [HTM skin 19.44 35
cflo Of 2 NGF + 99 | 400 15 1| 780 |WDR skin 23.33 35
© T | ner + 0 | 320 3.4 1| 320 |WDR skin 1029 35
3 - 2 NGF + 730 420 2.1 1] 500 [HTM skin 16.67 35
5 % 3 NGF + 0 400 1.8 1| 900 19.44 35
g S 4 NGF + 0 380 15 1| 790 [HTM deep 23.33 35
2} 5 NGF + 0 340 1.7 1| 890 |WDR skin 20.59 35
6 NGF + 0 370 2.1 1] 250 16.67 35

Deep 2; Skin 6 LT™ 20.3 Mean

Deep 2; Skin 4 HT™ 0.2 SEM

Skin 9 WDR 6.1 SD

Conver
gent

=
(mV)

Skin
input

TLF  MF Imp/

min

No
RF

Deep
input

Latency

(ms) (um)
n 1.85
%] 27.59 | 13.79 | 6.90 | 6552 | 3.45 | 3.45 | SEM| 2551 | 34.95| 002 | | | 36.34]

Control + NGF
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Appendix 2: Summary of p values for the proportion of dorsal horn neurons having

inputs from the deep tissues including fascia, skin, and convergent input.

Fisher's test

Resting activity

Total

Deep tissues

Total

Skin input

Total

Convergent input

Total

Deep only

Total

Deep tissues lowback

Total

Total

Deep tissues outside lowback

Data
Ctrl + NGF  Stress + NGF
8 17
21 14
29 31
Ctrl + NGF  Stress + NGF
4 12
25 19
29 31
Ctrl + NGF  Stress + NGF
19 19
10 12
29 31
Ctrl + NGF  Stress + NGF
2 7
27 24
29 31
Ctrl + NGF  Stress + NGF
2 5
27 26
29 31
Ctrl + NGF  Stress + NGF
2 4
27 27
29 31
Ctrl + NGF  Stress + NGF
2 8
27 23
29 31

Totals

25
35
60

16

60

38
22
60

51
60

53
60

54
60

10
50
60

GraphPad

0.029
0.039

0.028
0.041

0.471
0.793

0.089
0.147

0.24
0.425

0.368
0.671

0.05
0.081

pvalue
Social science Statistics

0.039

0.041

0.793

0.147

0.425

0.671

0.081

One -tailed
Two-tailed

One -tailed
Two-tailed

One -tailed
Two-tailed

One -tailed
Two-tailed

One -tailed
Two-tailed

One -tailed
Two-tailed

One -tailed
Two-tailed
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Appendix 3: Body weight shown in grams and the data is plotted with the (mean %
SEM) values. The increase in body weight is led by increase with age. The time
points mean the following (refer to Fig. 9; PD: postnatal day).

PD 21

PD 34

PD 85

PD 86

PD 87

PD 90

PD 91

Body weight
500 +

0 ] RSl SRl SEhibs Ebeebiee |

300 - 4
% -& CSN

‘/ =03 RSS
200 /4 - @-CNN

—~B RSN
-

Grams
N
"N

100 - -

1 2 3 4 5 6 7
Time points

Repeated restraint stress in early adolescence did not affect the body weight of the stressed animals
compared to controls (n = 6/group). PWT intensity expressed in (g) in the y-axis and time points in the

X-axis.
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Appendix 4: Pressure pain threshold of the right side low back MF muscle. Intensity
shown in grams and the data is plotted with the individual values and the line
indicates the median. (PD: postnatal day). Please note: the ‘n’ for this figure is only

6/group.
P =0.818 P =0.064 P =0.393
500+
[ J ‘Q
400+
C)
2 3001 o
(72) | ]
§ 2001 -
£ o® o N
1004 J°* ot . e
o‘—:.— e .,
O | | | | | |
,11\\ ,11\\ O P I A
L &L L L &L
A\ A\ 3 A\ 3 A\
& o & e & e
000 e 000 5N 000 2N
Time points

Repeated restraint stress in early adolescence did not affect the PPT of the right side low back MF
muscle (n = 6/group). PPT intensity expressed in (g) in the y-axis and time points in the x-axis. P-
values: U-test of Mann and Whitney.
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Appendix 5: Four days after the stress paradigm (PD 36), the PWT of the right hind
paw was also significantly lowered (P = 0.0006) in the repeated restraint stress
group, suggesting that the stress paradigm induced mechanical hyperalgesia and
this sensitization was significant in the adulthood phase (PD 85) (P = 0.0023).
Intensity shown in grams and the data is plotted with the individual values and the
line indicates the median. The time points mean the following (refer to Fig. 9; PD:
postnatal day).

P = 0.0006 P =0.0023
100+ - -
80- i
EC ®
2 604 L P ) -
2 Y
E ‘ ' .; - Bl * mn
Y
. |
20 & = | ® o
m m
0 L] T T L]
’bb\ "’.)6\ ‘b"’\ ‘b‘)\
L L L L
\3 3 A\ 38
A ) Y 23
& o L &
& R & <@
c® % ® %

Repeated restraint stress in early adolescence significantly lowered the PWT of the right hindpaw (n =
12/group) and the lowered threshold was significant also in adulthood. PWT intensity expressed in (g)
in the y-axis and time points in the x-axis (control: n = 12; stress: n = 11). P-values: U-test of Mann

and Whitney.
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Appendix 6: Pressure pain threshold of the right side low back MF muscle. Intensity
shown in grams and the data is plotted with the (mean + SEM) values. The time
points mean the following (refer to Fig. 9; PD: postnatal day). Please note: the ‘n’ for
this figure is only 3/group.

1: PD 86

2: PD 87

3: PD 90

4: PD 91

Pressure pain threshold - Contralateral (right side MF muscle)

500
__ 400
= | e e ——e Il S
O O (et e B i e -@ CSN
éaoo A4 -3 RSS
E 200 e
E _____________ -EJ-——-:::___-_-_-::_ eIz =====z=zZC —B RSN
100
0 .
1 2 3 4

Time points

Saline/NGF injections in adulthood did not affect the PPT of the right side low back MF muscle (n =

3/group). PPT intensity expressed in (g) in the y-axis and time points in the x-axis.
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Appendix 7: Paw withdrawal threshold of both the hind paws. Intensity shown in
grams and the data is plotted with the (mean + SEM) values. The time points mean
the following (refer to Fig. 9; PD: postnatal day).

1: PD 86

2: PD 87

3: PD 90

4: PD 91

Paw Withdraw Threshold - Ipsilateral (left paw)

—— = ——— = - -
- - -

- -— o T -

———— - -

- — -

Intensity (g)
-b
o

To. e -©-CSN
307 T =al T -
e R -E-RSS
== e=z=====S==Z=--@---"7
- @-CNN
20 -
- E-RSN
10 -
0 . . |
1 7 : ;
Time points
Paw Withdraw Threshold - Contralateral (right paw)
60 -
50 .
0 g _ IR W S -
C :-ze:—-‘ Tl lTsmeoo---THTT o R
N EEEE R CLLEE SR IR, SR —©-CSN
.*530(9 T “-oze-zilll SsaezIll
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0 . | |
1 5 ; :
Time points

Saline/NGF injections in adulthood did not affect the PWT of both the hind paws (n = 6/group). PWT

intensity expressed in (g) in the y-axis and time points in the x-axis.
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Appendix 8: The staining intensity of Iba-1 and GFAP on both the ipsilateral and
contralateral sides. No significant differences were observed between the groups.

A) Iba-1 intensity B) GFAP intensity

40+ : 40+
= g = d=1.0
%A 304 d=15 §A30-
= g d=1.0 = %
2 2 20- £ @ 20-
\tg +I \(3 +1
28 25
=25 =
e e 2 £ 101
O ~— QO —
£ k=

0
Ipsilateral Contralateral Ipsilateral Contralateral

[ CSN(n=5) MM CNN (n=5)
1 RSS(n=5) MM RSN (n=5)

Quantitative analysis of Iba-1 stained microglia and GFAP stained astrocytes.

Single or repetitive intramuscular NGF injections does not change the staining intensity compared to saline injections. A)
Intensity of Iba-1 stained microglia cells shown in arbitrary unit. Data expressed as mean + SEM and effect size was calculated
using Cohen’s d. Intensity and background was measured for each ROI. The background was subtracted and the mean staining
intensity was calculated. B) Intensity of GFAP stained astrocyte cells shown in arbitrary unit. Data expressed as mean + SEM
and effect size was calculated using Cohen’s d. Intensity and background was measured for each ROI. The background was
subtracted and the mean staining intensity was calculated. Iba-1, ionized calcium binding adapter molecule 1; GFAP, glial
fibrillary acidic protein; ROI, region of interest; NGF, nerve growth factor. CSN: control+saline+NGF; RSS: repeated restraint
stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint stress+saline+NGF.
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Appendix 9: Comparison table of microglia and astrocytes staining intensity.

A) Iba-1 intensity

B) GFAP intensity

Group comparisons Ipsilateral  Contralateral Ipsilateral Contralateral

CNN vs. CSN

p Value p =0.883 p =0.810 p=0.281 p =0.357
Cohen d (effect size) 0.7 1.5 0.7 0.3
RSN vs. RSS

p Value p=0.998 p=0.977 p=0.973 p >0.999
Cohen d (effect size) 0.0 0.2 0.6 0.8
RSN vs. CSN

p Value p=0.993 p=0.894 p =0.956 p =0.991
Cohen d (effect size) 0.2 0.4 0.7 0.3
RSS vs. CSN

p Value p =0.999 p=0.694 p=0.790 p =0.992
Cohen d (effect size) 0.1 1.0 0.3 0.1
RSN vs. CNN

p Value p=0.754 p =0.997 p=0.528 p=0.504
Cohen d (effect size) 0.6 0.1 0.7 1.0

The table shows the statistics for A) Iba-1 staining intensity and B) GFAP staining intensity, both on the ipsilateral and

contralateral side of saline/NGF injections. The staining intensity was analyzed for each ROI and the statistics were performed

using the mean + SEM. P<0.05 (two-way ANOVA followed by Tukey post hoc analysis) was considered significant and effect

size was calculated using Cohen d. The group comparisons shown here are based on two factors: 1) repeated restraint stress

(R) and control (C), 2) NGF (N) and saline (S) injections. Iba-1, ionized calcium binding adapter molecule 1; GFAP, glial fibrillary

acidic protein; NGF, nerve growth factor. CSN: control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN:

control+NGF+NGF; and RSN: repeated restraint stress+saline+NGF.
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Appendix 10: The staining intensity of Iba-1 and GFAP in superficial and deep dorsal
horn on both the ipsilateral and contralateral sides. No differences were observed
between the groups.

A) Iba-1 intensity: ipsilateral B) GFAP intensity: ipsilateral
60+ : 60
] ' g l
) : >
o o ;
s 8 3
&+ S H
2§ 201 z 2 § 20- :
£ 3 g £ 8 ;
g E @ §E ;
0 : 0 :
Superficial dorsal horn Deep dorsal horn Superficial dorsal horn Deep dorsal horn
C) Iba-1 intensity: contralateral D) GFAP intensity: contralateral
60 : 60
e | Z
] 5
5 £ 401 5 £40- g
29 59
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= 20' 7 = © 20+ :
2 g 2E
O ~— < O ~— 3
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0 : 0 :

Superficial dorsal horn Deep dorsal horn Superficial dorsal horn Deep dorsal horn

[J CSN(n=5) B CNN (n=5)
1 RSS(n=5) MM RSN (n=5)

Quantitative analysis of Iba-1 stained microglia and GFAP stained astrocytes.

Single or repetitive intramuscular NGF injections does not change the staining intensity compared to saline injections both in the
superficial and deep dorsal horn. A & C) Intensity of Iba-1 stained microglia cells shown in arbitrary unit. Data expressed as
mean + SEM. Intensity and background was measured for each ROI. The background was subtracted and the mean staining
intensity was calculated. B & D) Intensity of GFAP stained astrocyte cells shown in arbitrary unit. Data expressed as mean *
SEM. Intensity and background was measured for each ROI. The background was subtracted and the mean staining intensity
was calculated. Iba-1, ionized calcium binding adapter molecule 1; GFAP, glial fibrillary acidic protein; ROI, region of interest;
NGF, nerve growth factor. CSN: control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN: control+NGF+NGF;
and RSN: repeated restraint stress+saline+NGF.
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Appendix 11: The number of Iba-1 stained cells were counted in each ROI and no
differences were observed between the groups (Fig. A). We also did not find any
significant differences on neither the ipsilateral vs. contralateral sides nor the
individual sides between the groups (Fig. B — D). We observed large effect in the
number of microglia cells between the groups RSN vs. RSS (P = 0.508; d = 0.8) on

the contralateral side (Fig. D).
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Quantitative analysis of Iba-1 stained microglia cells.

Single or repetitive intramuscular NGF injections does not change the number of microglia cells compared to saline injections.
Data expressed as mean + SEM and effect size was calculated using Cohen’s d. Iba-1 stained microglia cells were counted in
each ROI and the mean was calculated. A) total microglial cells. B) total microglial cells ipsilateral vs. contralateral. C) total
microglial cells ipsilateral. D) total microglial cells contralateral. Iba-1, ionized calcium binding adapter molecule 1; ROI, region of
interest; NGF, nerve growth factor. CSN: control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN:
control+NGF+NGF; and RSN: repeated restraint stress+saline+NGF.
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Appendix 12: Comparison table for number of microglial cells.

Groups p Value Cohen d (effect size)

CNN vs. CSN

Total number of microglia cells p=0.952 0.4
Ipsilateral p=0.942 0.7
Contralateral p=0.972 0.4
RSN vs. CSN

Total number of microglia cells p=0.853 0.5
Ipsilateral p =0.707 0.7
Contralateral p=0.974 0.3
RSN vs. RSS

Total number of microglia cells p=0.548 0.8
Ipsilateral p =0.654 0.6
Contralateral p =0.508 0.8
CSN vs. RSS

Total number of microglia cells p=0.943 0.3
Ipsilateral p=0.999 0.0
Contralateral p=0.746 0.6
CNN vs. RSN

Total number of microglia cells p=0.992 0.2
Ipsilateral p=0.951 0.3
Contralateral p>0.999 0.0

The table shows the statistics for number of microglia cells, and both on the ipsilateral and contralateral side of saline/NGF
injections. The number of cells were analyzed for each ROI and the statistics were performed using the mean + SEM. P<0.05
(two-way ANOVA followed by Tukey post hoc analysis) was considered significant and effect size was calculated using Cohen
d. The group comparisons shown here are based on two factors: 1) repeated restraint stress (R) and control (C), 2) NGF (N)
and saline (S) injections. lIba-1, ionized calcium binding adapter molecule 1; NGF, nerve growth factor. CSN:
control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint

stress+saline+NGF.
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Appendix 13: On the contralateral side, we found significant difference only in the
phagocytic state between (RSN vs. RSS; P =0.008; d = 2.1) (Fig. D).
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Microglia and its states.

Intramuscular NGF injection leads to decreased number of microglia cells in resting state and increased number of cells in
phagocytic state when preceded by repeated restraint stress in early adolescence. A) Number of Iba-1 stained microglia cells in
resting state. Inset shows a representative image of cells in resting state. B) Number of Iba-1 stained microglia cells in hyper-
ramified state. Inset shows a representative image of a cell in hyper-ramified state. C) Number of Iba-1 stained microglia cells in
reactive state. Inset shows a representative image of a cell in reactive state. D) Number of Iba-1 stained microglia cells in
phagocytic state. Inset shows a representative image of a cell in phagocytic state. Number of cells were counted in each ROI
and their states were classified (refer sec. 2.7.8), and the mean was calculated. Scale bars: 20 pm. Data expressed as mean +
SEM; P<0.05: two-way ANOVA followed by Tukey post hoc analysis and significance is indicated by * compared to RSN and
RSS or CNN. Iba-1, ionized calcium binding adapter molecule 1; NGF, nerve growth factor. CSN: control+saline+NGF; RSS:

repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint stress+saline+NGF.
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Appendix 14: Comparison table for number of microglial cells in different states.

Groups p Value Cohen d (effect size)
ipsilateral  contralateral ipsilateral  contralateral

CNN vs. CSN

Number of cells in resting state p =0.286 p =0.205 1.8 1.2
Number of cells in hyper-ramified p=0.994 p=0.982 0.1 0.4
state

Number of cells in reactive state p =0.997 p =0.989 0.0 0.4
Number of cells in phagocytic state p =0.687 p=0.791 0.7 0.3
RSN vs. CSN

Number of cells in resting state p=0.461 p=0.883 0.4 0.4
Number of cells in hyper-ramified p=0816 p=0.987 06 04
state

Number of cells in reactive state p=0.983 p >0.999 0.3 0.1
Number of cells in phagocytic state p=0.202 p=0.183 1.2 1.0
RSN vs. RSS

Number of cells in resting state p=0.202 p =0.999 0.9 0.0
Number of cells in hyper-ramified p=0.998 p=0635 0.1 0.5
state

Number of cells in reactive state p=0.768 p=0.823 0.2 0.2
Number of cells in phagocytic state p =0.013 p =0.008 3.7 2.1
CSN vs. RSS

Number of cells in resting state p=0.928 p=0.922 0.5 0.4
Number of cells in hyper-ramified p=0883 p=0813 0.5 0.3
state

Number of cells in reactive state p=0.925 p =0.805 0.0 0.2
Number of cells in phagocytic state p=0.422 p=0.312 0.8 0.7
CNN vs. RSN

Number of cells in resting state p =0.024 p =0.062 2.1 1.2
Number of cells in hyper-ramified p=0.684 p >0.999 0.6 0.0
state

Number of cells in reactive state p =0.997 p =0.992 0.2 0.4
Number of cells in phagocytic state p =0.031 p =0.606 5.0 0.7

The table shows the statistics for number of microglia cells in different states on both the ipsilateral and contralateral side. The
number of cells were counted for each ROI and the statistics were performed using the mean. P<0.05 (two-way ANOVA
followed by Tukey post hoc analysis) was considered significant and effect size was calculated using Cohen d. The group
comparisons shown here are based on the factors: 1) repeated restraint stress (R) and control (C), 2) NGF (N) and saline (S)
injections, and 3) both (RS) and (CN). Ip. ipsilateral; Con. contralateral; ROI, region of interest; SDH, superficial dorsal horn;
DDH, deep dorsal horn; Iba-1, ionized calcium binding adapter molecule 1; NGF, nerve growth factor. CSN:
control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint

stress+saline+NGF.
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Appendix 15: The contralateral side of the saline/NGF injections also did not show
any differences between the groups for all the four parameters for microglis cells in
resting state.
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Morphological analysis of resting state microglial cells.

A) Immunoreactive area. B) Perimeter length. C) Feret's diameter. D) Circularity. NGF, nerve growth factor. The values for all
the four parameters were calculated for individual cells for each ROl and the statistics were performed using the mean. P<0.05
(A: two-way ANOVA followed by Tukey post hoc analysis; B and C: Mann-Whitney U test) was considered significant CSN:
control+saline+tNGF; RSS: repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint
stress+saline+NGF.
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Appendix 16: For the hyper-ramified state morphology, the immunoreactive area was
significantly different between the group RSN vs. CNN on the contralateral side of
saline/NGF injections (P = 0.007; Fig. A). The perimeter length was also significantly
different between the group RSN vs. CNN (P = 0.007; Fig. B). For feret's diameter,
we found significant difference between the groups RSN vs. CSN (P = 0.031; Fig. C)
and RSN vs. CNN (P = 0.007; Fig. C). A significant difference was observed between
the group RSN vs. CNN for circularity (P = 0.039; Fig. D).
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Morphological analysis of hyper-ramified state microglial cells.

A) Immunoreactive area. B) Perimeter length. C) Feret's diameter. D) Circularity. NGF, nerve growth factor. The values for all
the four parameters were calculated for individual cells for each ROI and the statistics were performed using the mean. P<0.05
(Mann-Whitney U test) was considered significant CSN: control+saline+NGF; RSS: repeated restraint stress+saline+saline;
CNN: control+NGF+NGF; and RSN: repeated restraint stress+saline+NGF.
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Appendix 17: In the reactive state morphology, the perimeter length was significantly
different between CNN vs. RSS (P = 0.028) on the contralateral side (Fig. B). For

feret’'s diameter we found significant difference between the group CNN vs. RSS (P =

0.015) (Fig. C) on the contralateral side. A significant difference was observed
between the group CNN vs. RSS on the contralateral side (P = 0.007) (Fig. D) for
circularity.
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Morphological analysis of reactive state microglial cells.

A) Immunoreactive area. B) Perimeter length. C) Feret's diameter. D) Circularity. NGF, nerve growth factor. The values for all
the four parameters were calculated for individual cells for each ROI and the statistics were performed using the mean. P<0.05
(A and B: two-way ANOVA followed by Tukey post hoc analysis; C and D: Mann-Whitney U test) was considered significant

CSN: control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint
stress+saline+NGF.
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Appendix 18: For the phagocytic state morphology, the perimeter length was
significantly different between the group CSN vs. RSS (P = 0.031) on the
contralateral side (Fig. B). For feret's diameter we found significant difference
between the groups CNN vs. RSS (P = 0.033) and CSN vs. RSS (P = 0.033) (Fig. C)

on the contralateral side.
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Morphological analysis of phagocytic state microglial cells.

A) Immunoreactive area. B) Perimeter length. C) Feret's diameter. D) Circularity. NGF, nerve growth factor. The values for all
the four parameters were calculated for individual cells for each ROI and the statistics were performed using the mean. P<0.05
(A and C: two-way ANOVA followed by Tukey post hoc analysis; B and D: Mann-Whitney U test) was considered significant
CSN: control+saline+NGF; RSS: repeated restraint stress+saline+saline; CNN: control+NGF+NGF; and RSN: repeated restraint
stress+saline+NGF.
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the individual ROI's (1 — 8) is presented in the table below.
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and in the individual ROI's (1 — 8) is presented in the table below.
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the individual ROI's (1 — 8) is presented in the table below.
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The number of phagocytic state microglial cells in all the groups and

Appendix 19 D

in the individual ROI's (1 — 8) is presented in the table below.
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Appendices

Appendix 20: Internship work, ‘Short-term swimming exercise after an inflammatory

insult reduces chronic muscle pain’.

Introduction: Prior study demonstrated that regular physical exercise prevents the
onset of acute muscle hyperalgesia induced by an inflammatory insult (de Azambuja
et al., 2020).

Objective: The study aimed to evaluate whether short-term swimming exercise

performed after an inflammatory insult prevents chronic muscle hyperalgesia.

Conclusion:

The study concludes that swimming training helps in alleviating the development
chronic muscle hyperalgesia but worsens and induces hyperalgesia in state of acute
pain. Therefore, the strategy of using swimming exercise to decrease the intensity of
chronic muscle hyperalgesia seems to be interesting. New studies are necessary to
investigate the mechanisms by which the performance of a swimming exercise after
an inflammatory insult induce a reduction of the intensity of chronic muscle

hyperalgesia.
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