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ABSTRACT
Amyotrophic lateral sclerosis (ALS) is a fatal adult-onset motor neuron (MN)
disease characterized by dysfunction, degeneration and death of upper and lower MNs.
Loss of the connections of MN to muscle at the neuromuscular junction (NMJ) underlies
the characteristic muscle weakness seen in ALS. NMJs from fast-fatigable (FF) MNs
preferentially denervate early in the disease process compared to fast-fatigue resistant (FR)
and slow (S) NMJs. In the SOD1G93A mouse model of ALS, initial NMJ denervation occurs
in the TA muscle (FF and FR fibers) between postnatal day (P)14 and P30, while little
denervation occurs in soleus muscle (S and FR fibers) even late in disease. It is plausible
that early alterations in the neuronal microenvironment could create MN vulnerability
which may ultimately affect survival of the MN. Indeed while motor neurons are the
primary targets in ALS, non-neuronal cells such as glial cells and immune/inflammatory
cells are also known contributors to pathology. While the response of non-neuronal cells
in the CNS has been well-characterized in ALS, little is known about the inflammatory
response in skeletal muscle and how this response may influence NMJ denervation and
MN survival. Using immunofluorescence, we found significant increases in macrophage
immunoreactivity in TA muscles beginning at P60. Significant increases were not seen in
soleus until endstage. Results suggest an early, progressive and rather robust macrophage
response around NMJs and peripheral nerves in SOD1G93A mouse skeletal muscles.
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CHAPTER I: BACKGROUND AND LITERATURE REVIEW
1.1 Introduction
Amyotrophic lateral sclerosis (ALS) is a debilitating and ultimately fatal
neurodegenerative disease characterized by rapid and progressive loss of upper and lower
motor neurons (MN). The disease manifests with muscle weakness, atrophy and paralysis
and patient death due to respiratory failure, or complications thereof, occurs within 3-5
years of diagnosis. Most cases of ALS are sporadic (90-95%) with no known genetic
involvement (sALS), while the remaining 5-10% of cases are inherited in a dominant
fashion (fALS) although the pathophysiological hallmarks and clinical manifestations of
sALS and fALS are indistinguishable. While a number of pathogenic mutations have been
linked to ALS, in approximately 20% of fALS cases the disease arises from mutations
within the gene encoding copper/zinc superoxide dismutase (SOD1), an antioxidant
enzyme responsible for detoxification of the deleterious effects of oxygen-free radicals.
Mice and rats expressing mutant human SOD1 (mSOD1) develop progressive MN
degeneration and symptoms similar to human ALS, and as such these animal models have
provided the majority of our understanding of the etiology and pathogenesis of ALS
(Gurney et al., 1994).
Signs and symptoms of ALS emerge when MN axons retract and denervate
neuromuscular junctions (NMJ) in skeletal muscles. While traditionally considered a
disease of the MN cell body in the spinal cord, recent evidence has suggested that
connection to the muscle at the NMJ is lost very early in ALS disease progression
preceding both MN degeneration and the onset of overt clinical symptoms (Fischer et al.,
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2004; Hegedus et al., 2007). These findings support what is known as the “dying back”
hypothesis, in which MN damage proceeds from the distal synapse proximally toward the
cell body (for review see Dadon-Nachum et al., 2011; Moloney et al., 2014). In contrast,
others argue that early degenerative processes begin in upper MNs and descend to the level
of the NMJ (i.e., dying-forward; Thomsen et al., 2014; Menon et al., 2015). Regardless of
the starting point, or if MNs undergo significant stress in both the central nervous system
(CNS) and peripheral nervous system (PNS) simultaneously, the loss of NMJs is an early
and inevitable pathological event in ALS and responses in both compartments may equally
contribute to denervation and MN dysfunction.
Although motor neurons are the primary targets in ALS, other non-neuronal cells,
such as glial cells in CNS and immune/inflammatory cells in the periphery are also known
contributors to pathology. Accordingly, a neuroinflammatory reaction consisting of
activated glial cells is characteristic of ALS and is recognized to participate in MN death
and accompany MN degeneration in the CNS; however, peripheral inflammatory reactions
have been less well considered. Macrophages represent a particularly interesting peripheral
cell population for study due to their functional heterogeneity and ability to mount distinct
pro- and anti-inflammatory responses to a diverse range of stimuli. In the spinal cord of
ALS mice, microglia, the resident CNS macrophages, are reported to become activated
concomitant with initial muscle denervation (Gifondorwa et al., 2012). While several
studies have demonstrated potential macrophage involvement in the PNS in ALS (Chiu et
al., 2009; Graber et al., 2010; Dibaj et al., 2011; Nardo et al., 2016; Van Dyke et al., 2016),
the precise contribution of these cells to NMJ denervation as well as MN protection and/or
injury and death remains elusive.
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Thus, the goal of this thesis is to examine how the macrophage response in the PNS
might contribute to MN axon loss and NMJ denervation in the periphery. As evidence
implies that early disease processes occur at the NMJ and distal axon, it is critical we
understand the potential similarities and differences of how glial responses in the CNS and
immune and inflammatory responses in the PNS contribute to ALS disease pathology.
Understanding the cellular responses in skeletal muscle at NMJs and around MNs may
reveal novel cellular and molecular targets for therapies to treat this devastating disease.
Traditionally, developing therapeutics for ALS has been challenging because of the
necessity of treatments to cross the blood-brain barrier; however, discovery of
immunopathology in the periphery offers a more accessible target for modulation and thus
renewed hope for translation into clinical success.
1. 2 ALS related changes in MNs and NMJs
Several toxic mechanisms have been suggested to contribute to MN damage
preceding target muscle denervation. These mechanisms include protein aggregation and
disruptions in proteostasis, endoplasmic reticulum (ER) stress, increased reactive nitrogen
and oxygen species (ROS), neuromuscular synapse damage, mitochondrial dysfunction,
glutamate excitotoxicity and axonal transport dysfunction (reviewed in Robberecht and
Philips, 2013). It is thought that these cellular and physiological changes at play within
MNs are important for determining disease onset by inducing cellular stress which, by
interfering with various cellular functions, gives rise to axonal retraction, denervation, and
ultimately cell death. Importantly, recent evidence with mSOD1 rodent models has
suggested that damage to synapses and axons long precedes MN death and the onset of
disease, and although less clear, this appears to be the case in ALS patients as well. MN
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death, however, occurs independently of NMJ denervation as ALS mice in which MN cell
death is abolished still develop disease (Gould et al., 2006). Thus, denervation and
development of ALS symptoms occurs regardless of MN survival suggesting that, while
MNs are the primarily affected cell type, ALS is not entirely cell-autonomous. This is
indeed the case as multiple non-neuronal cell types have been shown to influence disease
progression and duration and will be discussed in greater detail in a later section (reviewed
in Boillée et al., 2006a).
A common characteristic of many other neurodegenerative diseases, including
ALS, is the selective loss of a particular subpopulation of neurons. Neuromuscular
synapses differ in terms of their anatomical plasticity and vulnerability to denervation in
ALS with fast-fatigable synapses (FF) being lost first in the disease process followed by
fast-fatigue resistant (FR) and finally slow (S) type synapses (Frey et al., 2000; Atkin et
al., 2005a; Pun et al., 2006; Hegedus et al., 2008). Denervation of FF MNs has been
demonstrated in mice as early as postnatal day (P)25(Vinsant et al., 2013), well before hind
limb paralysis (~P80) and loss of the cell body (~P100) (Fischer et al., 2004). These
findings are consistent with histological evidence from a patient with sALS who died
unexpectedly showing denervation occurred in the absence of pathological changes in the
MN itself (Fischer et al., 2004), and with early reports of electrophysiological changes in
distal peripheral nerve functions in ALS patients presenting with muscle weakness
(Dengler et al., 1990). Anatomically, FF MNs synapse on Type II b/x fibers, FR synapse
on Type IIa fibers, and S MNs synapse on Type I fibers. Skeletal muscles are innervated
by a characteristic composition of FF, FR, and S motor units (MU) which define the
functional properties of the muscle (i.e., muscle force and twitch). A MU consists of one
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MN and all the skeletal muscle fibers innervated by that axon. In both human and rodent
ALS, FF MUs synapsing on Type II fibers are most vulnerable; but over the course of
disease, the preferential loss of the most forceful, fast-twitch MUs leads to an increase in
Type I and IIa muscle fibers due to an activity-dependent transition from FF MUs towards
FR and S MUs (Hegedus et al., 2007, 2008; Gordon et al., 2009). Indeed, S NMJs are
partially resistant to disease mechanisms and attempt to compensate for the denervation of
the FF MUs by sprouting off the remaining motor nerve terminals to reinnervate previously
denervated synapses (Schaefer et al., 2005; Pun et al., 2006; Vinsant et al., 2013).
Ultimately, however, little functional compensation occurs in terms of muscle force and
twitch properties, and muscle weakness ensues followed by the degeneration of cell bodies.
Importantly, the differential vulnerability of MNs cannot be contributed to mSOD1
as fiber type susceptibility is evidently independent of SOD1 expression, aggregation or
enzymatic activity (Atkin et al., 2005). However, other intrinsic factors such as stress
response capacity, susceptibility to excitotoxicity, and regenerative potential may
contribute to neuronal vulnerability. For example, preferential denervation of FF motor
units occurs in mice lacking wild type (WT) SOD1 illustrating that these synapses are
especially vulnerable to oxidative injury (Fischer et al., 2011, 2012). Transcriptome studies
in mSOD1 mice revealed that signs of ER stress are present in vulnerable FF MNs, with
an unfolded protein response before fatigue-resistant MNs and slow MNs. Notably, this
occurs as many as four weeks prior to any clinical signs of denervation being evident
(Saxena et al., 2009). FF MNs also express higher levels of the ephrin receptor EPHA4
than S MNs (Van Hoecke et al., 2012). Deletion of this receptor increases the regeneration
capacity of MNs, and blocking EPHA4 in the mSOD1 mouse rescues FF MNs to a larger
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extent than slow ones (Van Hoecke et al., 2012). Additionally, vulnerability to stress
responses and regeneration potential may be further exacerbated by the high susceptibility
of MNs to hyperexcitotoxicity. This susceptibility is likely mediated by permeability of
glutamate receptor subtypes to calcium. There is a well-documented loss of excitatory
amino acid transporter (EAAT2) in ALS patients and rodent models of ALS (Rothstein et
al., 1992; Bruijn et al., 1997). Insufficient clearance of glutamate by this glial glutamate
transporter may result in prolonged and therefore toxic glutamatergic stimulation of MNs.
FF MNs also lack sufficient calcium (Ca2+) buffering proteins compared to S MNs,
rendering them further susceptible to the detrimental effects of glutamate overstimulation
(Vanselow and Keller, 2000). It should be noted that Vinsant et al found a decrease in
“excitatory” glutamatergic synapses onto spinal cord MNs at P30 which would appear
inconsistent with the idea that excitotoxicity more significantly affects FF MNs (Vinsant
et al., 2013). However, mitochondrial dysfunction is evident in mSOD1 as early as P7 in
the presynaptic terminals of NMJs, MN somas, and especially in MN dendrites (Vinsant et
al, 2013). Therefore, even if glutamate levels are normal, intracellular Ca2+ levels may
further increase demands on already dysfunctional mitochondria, an effect which may be
especially potent since, as mentioned, calcium-buffering capacities are also reduced in FF
MNs.
While MN intrinsic factors could in part contribute to selective MN vulnerability,
Schaefer and colleagues reported that denervation and re-innervation were largely confined
to distinct MNs within the same motor pool (Schaefer et al., 2005). In other words, some
nerve terminals within fast MUs were in the process of degeneration or regeneration, but
not both. Thus, although MN susceptibility could be attributed in part to differences in
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MNs intrinsic factors, differential regulation by the local environment of the NMJ also
appears to play a role (Frey et al., 2000; Atkin et al., 2005; Gould et al., 2006). Lending
additional support to potential peripheral disease mechanisms, the re-innervation process
is faster and the structural damage is less pronounced in FF NMJs compared to S NMJs
after nerve injury in healthy animals (Nishizawa et al., 2006). That is to say, in acute
injurious conditions, FF NMJs are more amenable to re-innervation which further suggests
a role for other contributing mechanisms in FF NMJ loss in ALS.
1.3 ALS Pathology is Non-Cell Autonomous
It is now known that certain non-neuronal cell populations are involved in ALS. A
landmark discovery using chimeric mice that had mixtures of WT and mutant SOD1expressing cells demonstrated that toxicity to MNs requires damage from other SOD1
expressing cells. Normal MNs in SOD1-chimeric mice still developed ALS symptomology
while WT nonneuronal cells delayed MN degeneration and extended survival of mSOD1expressing MNs (Clement et al., 2003). Direct evidence for the role of glial cells in ALS
came from experiments utilizing cell-specific deletion of mSOD1. Selective deletion of
mSOD1 from MNs delayed disease onset or onset and early disease, respectively. This is
consistent with the finding that transcription-mediated suppression of mSOD1 using small
interfering RNA (siRNA) against human SOD1 in mSOD1 mice MNs delayed disease
onset when applied at a young age but did not modify disease progression after onset
(Ralph et al., 2005; Boillée et al., 2006b; Yamanaka et al., 2008). Conversely, selective
deletion of mSOD1 in myeloid cells and astrocytes significantly slowed disease
progression but had no effect on disease onset (Boillée et al., 2006b; Yamanaka et al.,
2008). Interestingly, deletion of mSOD1 from myeloid cells not only results in loss of
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mSOD1 activity in CNS microglia but also in peripheral macrophages such as those seen
in the sciatic nerve, which may contribute to the increase in survival (Boillée et al., 2006b).
These studies demonstrate that mSOD1 expression in MNs is important in determining
timing of disease onset and early progression, but expression in non-neuronal cells, such
as glial cells in the CNS and macrophages in the PNS, can influence disease severity and
progression.
1.4 Peripheral Macrophage Physiology
Studies demonstrating non-neuronal cell involvement in ALS were seminal in a
number of ways, but particularly in that they demonstrated how various cell types can have
either destructive or supportive functions in terms of their molecular contributions to ALS.
Macrophages embody this protective vs. harmful dichotomy in their basic physiology and
thus make incredibly intriguing cell types for study in ALS. Macrophages are abundant
and functionally diverse phagocytic cells present in virtually all mammalian tissues. They
play indispensable roles in nearly all aspects of an organisms’ biology from tissue growth
and development, to homeostasis, repair and immunity (reviewed in Wynn et al., 2013).
Tissue-resident macrophages regulate tissue homeostasis by acting as sensors to both local
and external challenges and include cell populations such as the Kupffer cells of the liver,
osteoclasts in bone, and importantly microglia in the CNS. Circulating macrophages, on
the other hand, can also be recruited in response to homeostatic disruptions from monocyte
reservoirs in the blood, the spleen and bone marrow, as well as through resident tissue
progenitors and local proliferation (reviewed in Wynn et al., 2013).
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While macrophages are largely considered to be potent immune effector cells, they
also play vital and often overlooked homeostatic roles that are independent from their
immune involvement. Unstimulated macrophages perform a number of “janitorial”
functions such as clearing erythrocytes to recycle iron and hemoglobin for host reuse
(reviewed in Mosser and Edwards, 2008). In addition, they efficiently remove cellular
debris from the interstitial environment following tissue remodeling and apoptosis, all of
which results in little to no immune activation. Conversely, in response to stimuli derived
from pathogens, injured tissues, or adaptive immunity effector cells, macrophages
dramatically change their physiology and adopt different functional polarization states.
These activated macrophage phenotypes are broadly classified into two subsets:
“classically activated” or M1 macrophages and “alternatively activated” or M2
macrophages. M1 macrophages are largely proinflammatory and promote tissue
inflammation by secreting proinflammatory cytokines such as tumor necrosis factor alpha
(TNF-α), interferon gamma (IFNγ) and interleukin 1 beta (IL-1β) and upregulating
oxidative metabolites such as nitric oxide (NO) to combat invading organisms and clearing
cellular debris from injured or infected tissue (reviewed in Mosser and Edwards, 2008). In
contrast, M2 macrophages are largely anti-inflammatory and respond to and release trophic
and anti-inflammatory factors such as IL-4, IL-13 and IL-10 that aid in resolution of the
immune response and promote tissue repair, angiogenesis and cell replacement (reviewed
in Mosser and Edwards, 2008). Thus, macrophages can mount distinct pro- and antiinflammatory functional responses depending on their intrinsic properties, interaction with
cellular microenvironment, and the presence of pathogenic factors.
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In many pathological conditions, the inflammatory reaction is sustained beyond
that of normal physiology due to the prolonged presence of a precipitating factor or failure
of normal inflammation resolution mechanisms. A persistent stimulus may result from
environmental factors or from endogenous factors, which for inherited forms of
neurodegenerative diseases like Alzheimer’s disease (AD), Parkinson’s disease (PD) and
fALS may include ubiquitously expressed disease-causing mutant protein. Theoretically,
this leads to overactivation of M1 macrophages creating a feed-forward loop which may
overwhelm resolution mechanisms. The resultant chronic inflammation sustains
overproduction of cytotoxic factors which over time causes tissue damage and death.
Indeed, macrophages are causally associated with chronic inflammatory disease states such
as fibrosis, obesity, and cancer (reviewed in Wynn et al., 2013). In the case of ALS,
sustained M1 macrophage activation in response to stress signals from the NMJ and MN
axon may similarly exacerbate damage to NMJs, peripheral nerves and skeletal muscles,
but little has been investigated with regard to this response in the periphery. This is
precisely what some hypothesize is occurring with microglia in the CNS, whose activation
has been extensively characterized in the pathologically relevant areas of the CNS in both
ALS patients and rodent models (see Boillée et al., 2006a). However, macrophage
involvement is likely more nuanced than that. It is possible microglia adopt a protective or
destructive phenotype at different times in disease depending on communication with the
microenvironment and other cell types (e.g., T cells, astrocytes, Schwann cells, skeletal
muscle cells, etc.). Furthermore, it is also possible that there are regional differences in
microglial activation and resultant cytokine and growth factor expression exist that render
certain areas more vulnerable to diseases which could potentially account for preferential
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vulnerability of FF MN populations or even differences in sites of onset in ALS patients
(i.e., limb vs. bulbar).
1.5 Macrophage Activation in ALS
As previously mentioned, microglia are the tissue-resident macrophages and
primary mediators of immune responses in the CNS. They function similarly to peripheral
tissue macrophages and play a critical role in regulating homeostasis and mounting a
response to infection and injury. Under physiological conditions, microglia display a
“homeostatic” or “inactivated” phenotype, with small cell bodies and large ramified
processes, where they are thought to survey the CNS microenvironment and secrete factors
that allow for close interaction with astrocytes and neurons, clearance of cellular debris,
and performance of various functions supporting brain homeostasis (González et al., 2014).
Microglia are also classified according to the M1/M2 paradigm, and upon activation,
thicken their processes to become amoeboid in shape whereupon they possess high
mobility and a strong phagocytic capacity (Philips and Robberecht, 2011).
Markers for microglial expression such as CD11b (cluster of differentiation 11b),
IBA1 (ionized calcium-binding protein 1) and CD68 are clearly and consistently
upregulated in the spinal cord of transgenic mice and ALS patient tissue (reviewed in
Philips and Robberecht, 2011). Study of post mortem tissue from ALS patients has shown
evidence of microgliosis in the motor cortex, motor nuclei of the brainstem, along the
corticospinal tract and in the ventral horn (Kawamata et al., 1992). This, however, provides
evidence of microglial activation only at end stage of disease. The use of positron emission
tomography (PET) imaging coupled to a ligand for the 20-kiloDalton translocator protein
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(TSPO, previously known as peripheral benzodiazepine receptor) binding site ([11C]-(R)PK11195), which is expressed by activated microglia, has allowed for the visualization of
microgliosis in humans in vivo (Turner et al., 2004). Using this method, Turner and
colleagues demonstrated increased microglial activation in the motor cortex, dorsolateral
prefrontal cortex, and thalamus corresponding to increased clinical upper motor neuron
(UMN) scores in ALS patients (Turner et al., 2004). Another study by Zürcher et al utilized
a different TSPO tracer, [11C]-PBR28 to successfully demonstrate microgliosis in the
bilateral motor cortices and corticospinal tracts compared to healthy controls (Zürcher et
al., 2015). Increased microgliosis in the precentral gyrus was correlated positively with
UMN scores, which is in line with Turner’s findings, and correlated negatively with ALS
Functional Rating Scores (ALSFRS) (Zürcher et al., 2015). This latter finding indicates a
relationship between neuroinflammation and disease severity and faster progression. This
technique could be used to study microgliosis in ALS patients over time to assess the
relationship between microglial activation and disease progression, but a longitudinal study
of the temporal dynamics of microglial expression has yet to be performed in ALS patients.
Despite the lack of in vivo human data across disease, changes in microglial
activation throughout disease progression have been well-demonstrated utilizing rodent
models. Microglial activation in the spinal cord of SOD1G93A mice has been reported to
occur as early as P30, coincident with initial NMJ denervation in the periphery
(Gifondorwa et al., 2012). Intriguingly, this microglial activation was reported to decrease
by P75, though it returns to high levels of activation by P120 (Gifondorwa et al., 2012).
Another study reported microglial activation corresponding to P90 which continues to
increase through end stage of disease (Alexianu et al., 2001). This increase in activation is
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also evident in the periphery and therefore not restricted solely to the CNS, as activated
macrophages are detectable in the sciatic nerve of SOD1 mice prior to overt clinical
symptom onset, and levels steadily increase through end-stage (Chiu et al., 2009).
Activated macrophages have also been shown surrounding NMJs in symptomatic and endstage rats (Van Dyke et al., 2016). Intriguingly, Chiu et al found that macrophage
infiltration was greater in the more severely affected tibialis anterior (TA) muscle than it
was in the diaphragm suggesting a potential association between macrophage infiltration
of peripheral nerves and susceptibility of MNs to degeneration (Chiu et al., 2009).
Additionally, a recent study by Zhao et al found circulating monocytes from ALS
patients express a proinflammatory gene profile that is more highly expressed in rapidly
progressing patients compared to more slowly progressing patients (Zhao et al., 2017).
These findings are consistent with those from another study that also found that the rate of
disease progression is directly related to the degree of systemic monocyte/macrophage
activation (Zhang et al., 2005a) and those from animal studies that found immune reactivity
was correlated with faster disease progression in ALS mice (Alexianu et al., 2001).
Furthermore, selective deletion of mSOD1 from myeloid cells, including both peripheral
macrophages and microglia, resulted in prolongation of the symptomatic stage of disease
and ultimately an increase in survival (Boillée et al., 2006b). Taken together, these studies
suggest a role for macrophage and monocyte activation as a potential contributor to ALS
peripheral pathology.
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1.6 Role of early microglial activation in ALS
While the NMJ is the model synapse to study synaptic structure and function,
understanding the role of macrophages in maintaining synaptic integrity and response to
injury is better understood in microglia. For example, early microglial activation in the
CNS could also be representative of neuroprotective actions of microglia. An important
function of microglia that is particularly relevant to ALS is their ability to both
communicate with neurons and influence synapse development and connectivity. Notably,
microglia are thought to physically contact injured neurons and remove synapses in a
process known as synaptic stripping (reviewed in Kettenmann et al., 2013). This process
was first described in facial nerve injury model in 1968 by Blinzinger and Kreutzburg and
has since been demonstrated in hypoglossal and vagal nerve injury models as well as during
cortical inflammation (Yamada et al., 2008; Blinzinger and Kreutzberg, 1968; Svensson,
1993; Trapp et al., 2007). In synaptic stripping, microglia are thought to sense neuronal
injury in the CNS microenvironment they proliferate, migrate to and interact with MNs
ultimately removing synaptic input to the injured cells. In ALS, alterations in synaptic
transmission and synaptic degeneration are characteristic and early pathological hallmarks
in both the CNS and PNS (reviewed in Casas et al., 2015). For example, there is a marked
decrease in choline acetyltransferase mRNA and protein levels by P30 in cholinergic
terminals synapsing with lumbar MNs and Renshaw cell interneurons (Casas et al., 2013;
Vinsant et al., 2013). Authors postulate that the reduction in cholinergic synapses may be
the result of synaptic stripping as microglial cells expressing MHC-II (major
histocompatibility complex II; indicator of phagocytic macrophages) were present around
MNs (Casas et al., 2013). However, it is hard to say whether this indicates synaptic
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stripping or just synapse loss with concomitant, but not necessarily causative, microglial
activation. In addition to Renshaw cells, glycinergic inhibitory interneurons also are
decreased prior to onset of overt clinical symptoms in SOD1G93A mice (Chang and
Martin, 2009; Vinsant et al., 2013). This loss of inhibitory synaptic transmission and/or
gain of excitatory transmission contributes to an imbalance in synaptic transmission that
favors excitotoxicity and is heavily implicated in ALS pathology and may induce
microglial activation. Unsurprisingly, hyperexcitability of spinal MNs is also among the
earliest known deficits in ALS mice (Van Zundert et al., 2008.; Bories et al., 2007).
Intriguingly, an experiment done by Kato et al utilized patch-clamping and two-photon
imaging to evoke conditions of hyperexcitability in cortical brain slices (Kato et al., 2016).
Continued depolarization induced microglial migration to the affected axon whereupon
microglia wrapped around and removed cellular debris from the swollen axon which in
some cases re-polarized the soma back to resting potential. Thus, this study demonstrated
that microglia exert an acute and highly localized neuroprotective effect under conditions
of neuronal hyperexcitability similar to that of synaptic stripping (Kato et al., 2016).
Additional potential early neuroprotective effects of microglia may be mediated by
T cells. CD4+ T cells are seen in the CNS of ALS mice as early as 10 weeks of age and are
associated with a corresponding stabilization of disease progression, M2 microglial
activation and secretion of neuroprotective factors such as IGF-1 (Beers et al., 2008a; Chiu
et al., 2008). Mice with functional T cells (mSOD1/RAG2+/−) experience a 5-week long
stabilization of disease that is non-existent in mice lacking functional T cells and
accordingly attenuates survival in these mice (mSOD1/RAG2-/-). Examining the spinal
cords of the latter group, researchers found a dramatic reduction in morphology of
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microglia, increases in mRNA for pro-inflammatory cytokines and decreases in mRNA for
anti-inflammatory cytokines indicating a CD4+ T cell-mediated mechanism for inducing
M2 microglia (Beers et al., 2008). Lending further support to this idea, bone marrow
transplant of CD4+ T cells into the mSOD1/RAG2-/- mice extended survival, suppressed
cytotoxicity and restored microglial activation (Beers et al., 2008). After the stable phase,
however, disease progression rapidly declines (Beers et al., 2008) suggesting perhaps a
phenotypic transformation from M2 to M1 microglia potentially mediated by mechanisms
discussed below.
1.7 Role of activated microglia late in disease
Several studies have examined dysregulated levels of particular CNS chemokines
and cytokines as potential contributors to neuroinflammation. Increasing levels of pro- and
anti-inflammatory cytokines and growth factors have been demonstrated in cerebrospinal
fluid (CSF) of ALS patients including IL-6, MCP-1 (monocyte chemotactic protein 1), IL10, GM-CSF (granulocyte macrophage colony stimulating factor), VEGF (vascular
endothelial growth factor), and IFN-γ, the source of which is thought to be glial (Mitchell
et al., 2009). Multiple studies have reported increased expression of a number of
proinflammatory mediators such as IL-1β and TNF-α by cultured microglia expressing
mSOD1, and, indeed, overexpression of mSOD1 appears to make microglia more
neurotoxic than WT or non-transgenic microglia. This finding is corroborated in vivo as
levels of the major inflammatory mediator TNF-α are increased in ALS patient blood and
plasma (Poloni et al., 2000). In SOD1-G93A mice, TNF-α and its receptor, TNF-R, are
increased prior to disease onset concomitant with microglial activation, and expression
increases through disease progression (Elliott, 2001; Hensley et al., 2002). Levels of IL-6
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and IFN-γ are also upregulated in mSOD1 mouse both of which, along with TNF-α, are
pro-inflammatory cytokines capable of inducing M1 microglial activation (Hensley et al.,
2003). Another potent proinflammatory mediator, IL-1β, is released by microglia in
SOD1G93A mice and appears to accelerate disease. This effect can be reversed upon
administration of an IL-1β receptor antagonist which strongly suggests a contribution of
IL-1β to ALS disease progression (Meissner et al., 2010). Surprisingly, however,
SOD1G37R mice crossed with IL-1β knockout mice saw no improvement of disease
course (Nguyen et al., 2001). In fact, deletion of any single factor (e.g., TNF-α, IL-6, nitric
oxide synthase (NOS2)) has little to no effect on survival (Son et al., 2001; Zhang et al.,
2005a; Gowing et al., 2006; Martin et al., 2007; Meissner et al., 2010; Han et al., 2016).
While it is possible that these pro-inflammatory mediators are not important to ALS
pathology, it is also possible that MN death in ALS is the consequence of multiple factors
acting in a redundant manner. Therefore, loss of a single pro-inflammatory mediator will
not significantly alter disease course. The lack of effect on survival can be potentially
attributed to cytokine functional abundance and compensation. For example, IL-6 has both
pro- and anti-inflammatory functions depending on whether it binds to the membrane
bound or soluble form of its receptor (mIL-6R and sIL-6R, respectively) (Rose-John,
2012). Thus, complete IL-6 knockout removes both the potential beneficial, antiinflammatory signaling via mIL-6R and the hazardous, pro-inflammatory signaling via
sIL-6R.

Additionally, while TNF-α knockout mice showed little effects on axonal

degeneration and glial activation, both IL-1β and toll-like receptor 2 (TLR2, a receptor
important in the induction of innate immune response) were upregulated in knockout mice
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compared to controls suggesting possible compensatory mechanisms for the effects of
TNF-α deletion (Gowing et al., 2006).
Reactive oxygen species (ROS) are also known contributors to microglial
activation and are heavily implicated in ALS pathology (Barber et al., 2006). Expression
of iNOS (inducible nitric oxide synthase) is upregulated, namely in microglia and
astrocytes, starting in early symptomatic stages in mSOD1 mice and continuing throughout
the progression of MN degeneration (Almer et al., 2002). This is consistent with finding
that primary SOD1 microglia in culture produce more NO than WT microglia and are toxic
to MNs; however, this process can be partially reversed via addition of an iNOS inhibitor
(Beers et al., 2006; Xiao et al., 2007). NO has been shown to trigger Fas-mediated death
of mSOD1 MNs in culture and thus establishes a link between microglial function and
oxidative stressors and an apoptotic pathway to which MNs seem particularly sensitive
(Raoul et al., 2002). Microglial cells also produce superoxide by NADPH oxidase
(nicotinamide adenine dinucleotide phosphate oxidase), a multiprotein complex which
modulates reduction of oxygen to superoxide across cell membranes via catalytic subunits
Nox1 and Nox2 (Bedard and Krause, 2007). Expression of mSOD1 increases activation of
Nox2, which is highly expressed by microglia, and leads to elevated levels of ROS (Wu et
al., 2006; Marden et al., 2007). ROS and nitrate compounds in turn interfere with the
integrity and function of neurons and glial cells through protein oxidative damages.
Deletion of Nox1 and Nox2 in mSOD1 mice significantly increased survival, with a greater
effect seen for Nox2 deletion (Wu et al., 2006; Marden et al., 2007). Furthermore,
inhibition of NADPH-oxidase using the compound apocynin leads to a substantial delay in
disease progression and increased survival by more than 100 days in ALS mice when added

22

to their drinking water (Harraz et al., 2008). Intriguingly still, the magnitude of this effect
was only seen in mice treated with apomycin beginning at 2 weeks of age and not when
administered after onset suggesting the importance of timing for use of anti-inflammatory
therapies (Harraz et al., 2008). Lastly, Nox2 upregulation is also relevant in human ALS
as elevated levels have been reported in the spinal cords of sALS patients (Wu et al., 2006).
Another important activator of microglia is secreted mSOD1protein itself. Mutant,
but not WT SOD1, is secreted from MNs via chromogranins acting as chaperone-like
proteins (Urushitani et al., 2006). In vitro studies demonstrate that extracellular application
of mSOD1 to microglia increases their release of pro-inflammatory cytokines and ROS
(Zhao et al., 2010). Importantly, this extracellular mSOD1 is toxic to MNs only in the
presence of microglia. As mSOD1 applied to MNs alone has no effect on MNs, microglia
are implied to be the sole perpetrator of ROS- and cytokine-mediated toxic effects on MNs
(Zhao et al., 2010). Presence of mSOD1 also causes a reduction in expression of
neurotrophic factors such as IGF-1(insulin-like growth factor) and BDNF (brain-derived
neurotrophic factor) which would serve to repress neuroprotection and amplify the
cytotoxic effects of cytokines on vulnerable MNs. Activation of microglia in response to
extracellular mSOD1 is thought to occur via a CD14-TLR mediated mechanism. CD14 is
a pattern-recognizer for misfolded proteins with the co-receptors TLR2 and TLR4. mSOD1
is able to bind CD14 and blocking this pathway either with anti-CD14 antibody or using
CD14 knockout mice attenuates the neurotoxic effects of microglia on MNs and amplifies
neuroprotection (Zhao et al., 2010). Again, this is relevant in vivo, as CD14 expression is
increased in the spinal cords of both SOD1 mice and ALS patients (Henkel et al., 2004,
2006).
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Finally, microglial activation may result from the failure of normal restraint
mechanisms imposed by other cell types. MNs produce fracktaline and CD200, two signals
which prevent microglia from becoming neurotoxic (Hoek et al., 2000; Cardona et al.,
2006). Microglia are the only CNS cells to express the fracktaline receptor (CX3CR1), and
based off mutual expression of fracktaline from MNs and CX3CR1 expression on
microglia, it is thought neuroprotective signaling between MNs and microglia are mediated
through this receptor (Appel et al., 2011). CX3CR1 knockouts show a dysregulated
microglial response that results in neurotoxicity in response to LPS (Cardona et al., 2006).
Furthermore, mSOD1/CX3CR1-/- mice show increased microglial activation and neuronal
loss compared to mSOD1/CX3CR1+ littermate controls (Cardona et al., 2006). CD200 is
a neuronal glycoprotein whose receptor, CD200R, is expressed by myeloid cells. Binding
of CD200 with its receptor results in downregulation of proinflammatory mechanisms and
upregulation of anti-inflammatory mechanisms in microglia; thus, the interaction is
capable of mediating a shift in microglial phenotype. When CD200 is knocked out in mice,
microglia become activated in the resting CNS (Hoek et al., 2000) and the relevance of this
interaction has been demonstrated in a number of neurodegenerative models of AD, PD,
and multiple sclerosis (MS) (González et al., 2014).
1.8 Involvement of peripheral macrophages to MN degeneration and synaptic
dysfunction
How and whether the immune system participates in NMJ denervation and MN
axon loss during ALS disease progression remains unclear, despite both being early and
significant features of peripheral pathology. While intrinsic MN factors contribute to NMJ
destruction and MN dysfunction, it is also understood that extrinsic influences involving
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dysfunction in neighboring cell types also influences denervation. In the periphery, these
extrinsic influences include terminal Schwann cells (TSCs), skeletal muscle fibers and
perhaps immune and inflammatory cells such as macrophages (Boillée et al., 2006; Jokic
et al., 2006; Winter et al., 2006; Dobrowolny et al., 2008; Dupuis et al., 2009; Gorlewicz
et al., 2009; Wong and Martin, 2010).
A study published in 2014 discovered blood-nerve barrier abnormalities before the
initiation of axonal damage and nerve fiber loss in mSOD1 rat models (Riva et al., 2014).
Blood-nerve barrier dysfunction could thus result in the release of neurotoxic products into
circulation which could facilitate recruitment of macrophages to the degenerating nerve.
Although ill-defined within the context of ALS, peripheral macrophages, as within the
CNS, do engage in a significant amount of cross-talk with nerves as they play vital roles in
regeneration of axons after peripheral nerve injury (PNI). In addition to PNI, they are also
highly active in skeletal muscle homeostasis, growth and regeneration following injury. In
PNIs, M1 macrophages account for the bulk of phagocytosis, and play indispensable roles
in myelin debris removal, growth factor production and remodeling of the extracellular
matrix. Macrophages infiltrate the site of injury within 6-12 hours, and pro-inflammatory
macrophages peak 1-2 days post-injury (Nadeau et al., 2011; Bastien and Lacroix, 2014)
and is accompanied by an increase in the expression of proinflammatory factors such as
TNF-α, IL-1β, IL-6, chemokine (C-X-C motif) ligand 2 (CXCL2) (Stratton and Shah,
2016). This proinflammatory response is very similar to what is seen in both skeletal
muscle and CNS injuries (Tidball and Villalta, 2010). The benefit of proinflammatory
macrophages to regenerative outcomes is not entirely clear, however. In cell culture
experiments, exposure of Schwann cells and neurons to M1-primed macrophage
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conditioned media reduces axonal outgrowth and compromises neuronal survival (Kigerl
et al., 2009; Mokarram et al., 2012). In contrast, in vivo experiments inhibiting the CD300f
receptor, which is highly expressed on M1-macrophages, resulted in compromised
recovery indicating they are to some extent necessary for the regenerative response
(Peluffo et al., 2012). By 3 days post-injury, there is a shift from the initial proinflammatory
M1 response to an anti-inflammatory M2 phenotype (Nadeau et al., 2011). This transition
is accompanied by upregulation of genes encoding anti-inflammatory factors such as
arginase-1 (Arg1) and chitinase-like 3/YM1 (Painter et al., 2014; Jha et al., 2015). 7-14
days post-injury, however, the nerve is dominated by anti-inflammatory macrophages
expressing a different anti-inflammatory profile consisting of IL-4, IL-10, and IL-13
(Ydens et al., 2012; Bastien and Lacroix, 2014). Again, this response parallels what is seen
in other tissue types such as skeletal muscle. Intriguingly, a study done in 2012 found that
the phenotype, rather than the extent of macrophage activation, dictates regenerative
outcomes at sites of PNI (Mokarram et al., 2012). They found M2 polarized macrophages
result in enhanced Schwann cell infiltration and faster axon growth in rat sciatic nerve gaps,
and that the ratio of M2 to M1 macrophages, defined by the authors as the regenerative
bias, demonstrates a linear relationship with the number of axons at the distal end of nerve
scaffolds (Mokarram et al., 2012). In other words, the more M2 macrophages outnumber
the M1 the better the regenerative outcome. Again, the same principle applies for muscle
repair and regeneration after muscle injury: the transition from M1 to M2 macrophages is
the crucial event for normal progression of muscle repair (reviewed in Tidball and Villalta,
2010). In the absence of this transition, the regenerative process is halted at a stage where
satellite cells are activated, but unable to withdraw from the cell cycle and differentiate to
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form new myotubes (Tidball and Villalta, 2010). Given that neuromuscular synapses differ
in their anatomical plasticity in ALS, that is, ability to sprout new axons to compensate for
denervation changes, macrophage activation could presumably be critical for regenerative
outcomes in selective denervation of MNs.
Additionally, a study utilizing a model of neurotoxin induced NMJ degeneration
found that macrophages were recruited to the damaged synapse to aid in phagocytizing
cellular debris. Their recruitment was mediated by both release of ROS from damaged
mitochondria into the motor nerve terminal as well as by signals released from activated
TSCs (Duregotti et al., 2015). Though a model of acute NMJ degeneration, these results
can easily be extrapolated to ALS-related disease mechanisms. Mitochondrial damage is
evident in ALS corresponding to initial denervation (Gould et al., 2006; Vinsant et al.,
2013), it is therefore possible that stress signals such as ROS released from the injured MN
activate TSCS, which in turn recruit macrophages to the NMJ and peripheral MN axon.
Thus, the goal of the current project was to characterize the macrophage response
in muscle throughout disease progression in the SOD1G93A mouse model of ALS. We
address current gaps in the literature by specifically examining the macrophage response
at the NMJ and along the intramuscular (IM) peripheral nerves within tibialis anterior (TA)
(containing primarily FF and FR MNs) and soleus (Sol) (containing primarily S type MNs)
muscles of age-matched SOD1G93A and WT mice. Importantly, we examined this
response corresponding to initial denervation to elucidate whether peripheral macrophages
were present at the NMJ at P30 as is seen in the spinal cord (Gifondorwa et al., 2012). We
also evaluated the macrophage response at P60, P90 and end-stage (P120) timepoints to
characterize whether the response changed over disease course. Finally, the current study
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examines both NMJs and IM peripheral nerves within the larger context of the skeletal
muscle tissue to determine whether macrophage expression is limited to the NMJ or IM
peripheral nerve, or is also evident in the tissue surrounding these areas of interest.
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CHAPTER II: METHODS & RESULTS

2.1 Materials and Methods
2.1.1 Animals
All animal experiments were approved by the Wake Forest University Animal Care
and Use Committee. WT females and G93A SOD1 males [B6SJL-TgN (SOD1-G93A)
1Gur], obtained from The Jackson Laboratory (Bar Harbor, ME) were bred to generate
G93A-SOD1 mice. Pups were weaned at P21 and genotyped. DNA was obtained from tail
snips and extracted via alkaline lysis (Truett et al., 2000).
Animals were housed in plastic bottom cages with no more than 5 adult mice per
cage in the animal vivarium at Wake Forest University School of Medicine. Animals were
maintained on a 12/12-hour light/dark cycle (0700 on) with food and water available ad
libitum. Mice were sacrificed at P30, the corresponding to the first visible signs of
locomotor changes (Vinsant et al., 2013), P60 , P90 which is considered to be the onset of
overt clinical symptoms characterized by hindlimb tremors and loss of normal hindlimbsplay response when picked up by the tail (Gurney et al., 1996), and P120 which is
considered end-stage of disease (Gurney et al., 1996). 12 animals were obtained per
timepoint for a total sample size of 48 animals: 6 SOD1, 6 WT, 3 females, and 3 males per
genotype.
2.1.2 Muscle Section Preparation
Mice were sacrificed at the desired timepoints via overdose of Ketamine/Xylazine
and were transcardially perfused with phosphate buffered saline (PBS) and 2% buffered
paraformaldehyde (PFA) solution. TA and Sol muscles were carefully dissected and placed
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in 10% sucrose solution for 24 hours at 4°C followed by 20% sucrose for 24 hours (x2) at
4°C. Tissues were embedded in optimal cutting temperature compound (OCT) and frozen
in a 2-methyl-butane bath on dry ice and stored at -80°C until later cryosectioning. Tissue
blocks were cryosectioned at 20µm, mounted on SuperfrostTM Plus slides (Thermo) and
stored at -80°C until staining.
2.1.3 Immunofluorescence
Consecutive sections were stained for IBA1 (ionized calcium binding adaptor
molecule 1) and either neurofilament light chain (NFL) or α-bungarotoxin (αBTX). NFL
is a component of the neuronal cytoskeleton which labels MNs and αBTX probes for NMJs
by binding to nicotinic acetylcholine receptors. Every fifth section was analyzed to control
for differential fiber-type distribution throughout the muscle: In the TA, the compartment
located adjacent to the skin (outer) contains predominantly type IIb fibers, whereas the
muscle compartment adjacent to the bone (inner) contains a mix of type IIa and IIb fibers.
Thus, the outer compartment undergoes denervation before the inner compartment (Pun et
al., 2006) and necessitates sampling the entire muscle.
Muscle sections were rehydrated in tris-buffered saline (TBS) and blocked for 1
hour at room temperature in blocking buffer (TBS containing 5% normal donkey serum
and 0.3% Triton-X). Slides were incubated with primary antibodies at 4°C overnight in a
humidifying chamber. To visualize and probe for markers of macrophages a rabbit antiIBA1 (1:500, Wako) antibody was utilized. To identify peripheral nerves and visualize
NMJ distribution the following antibodies were used, respectively: goat anti-NFL (1:500,
Santa Cruz) αBTX conjugated with AlexaFluor-488 (1:500, Invitrogen). After primary
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antibody incubation, sections were washed with TBS and incubated with secondary
antibodies for 2 hours at room temperature. Secondary antibodies were as follows: Alexa488 or -555 donkey anti-goat (1:500, Invitrogen) and Alexa-488 or -555 donkey anti-rabbit
(1:500, Invitrogen). Sections were rinsed again in TBS and incubated briefly with DAPI
nuclear stain at room temperature. Coverslips were mounted using Flouro-GelTM (EMS).
2.1.4 Macrophage Quantification
One section of TA and Sol per slide were imaged using an Olympus BX51
Fluorescence Microscope connected to a digital camera and Neurolucida software (MBF
Bioscience). 3 to 5 images at 20X magnification were taken from the region of interest
containing the distribution of NMJs from each section of TA muscle, and 1 to 3 images
were taken from the region of interest containing the NMJs from each section of Sol (Figure
1A-B). The number of images taken was dependent upon the size of the muscle section but
typically resulted in 5 images per section of TA and 2-3 per Sol (Figure 1B). IBA1+
immunoreactivity was quantified using the Analyze Particle function on ImageJ (NIH).
Briefly, color images were converted to greyscale. Greyscale images were converted to
binary, thresholded and analyzed for IBA1+ immunoreactivity (Figure 2). 5-7 sections were
stained and counted per animal. The quantities corresponding to the IBA1+
immunoreactivity in each image taken from each section were averaged to yield a single
mean each for the TA and Sol muscles of every animal. Thus, 48 TA means and 48 Sol
means were analyzed for statistical significance. It should be noted that one male SOD1
P120 mouse was excluded from analysis. Staining revealed uncharacteristically low IBA1+
staining. Slides were restained with NFL and αBTX to examine innervation. Innervation
was uncharacteristically high for an SOD1 mouse and thus this animal was excluded from
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quantitative analysis resulting in an n=11 for P120: 3 females per genotype, 2 male SOD1
mice, and 3 WT males.
2.1.5 Statistical Analyses
Statistical analyses were performed using JMP Statistical Software (SAS). Mean
values are given ± standard error of the mean (SEM). Statistical significance (p<0.05) was
determined using Mann-Whitney U tests and one-way chi-square tests where appropriate.
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2.2 Results

αBTX

Figure 1. IBA1+ immunoreactivity analysis at NMJs in TA and Sol muscles in the
SOD1G93A mouse model of ALS. (A) A cartoon schematic illustrating the distribution of
NMJs in TA (top) and Sol (bottom) muscles along which IBA1+ staining was analyzed.
(B) 10X images showing NMJs stained with αBTX (green) in the TA (left) and Sol (right)
muscles demonstrating the regions of interest that were imaged for quantification of IBA1+
immunoreactivity. One to five images were taken per section of muscle dependent upon
muscle size. Typically, 5 images were taken from TA muscle sections, while 3 images were
taken from Sol sections. (C) 40X images were taken of IBA1+ macrophages (left, red
arrows), αBTX+ NMJs and merged images showing expression of macrophages around
NMJs (right).
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Figure 2.

A

Demonstration of IBA1+

immunoreactivity quantification using
Image J Analyze Particle function
(NIH). (A) 20X color images were
converted to 8-bit grey scale. (B)
Images were inverted to binary and
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rolling ball radius of 10 pixels.
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threshold was determined by the
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which
black.

turned

IBA1+

(C)

IBA1+

immunoreactivity was then counted

C

using the Analyze particle function.
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2.2.1 IBA1+ immunoreactivity is evident at neuromuscular junctions at early disease
timepoints in the TA but not Sol muscles of mutant SOD1 mice.
In the current study, we aimed to characterize the macrophage response around
NMJs corresponding to initial NMJ denervation and throughout disease progression in the
SOD1G93A mouse model of ALS. MNs in ALS display a marked vulnerability to disease
processes with denervation of FF MNs occurring as early as P25 in mSOD1 mice (Vinsant
et al., 2013) while S MNs remain relatively resistant to disease (Atkin et al., 2005; Pun et
al., 2006; Hegedus et al., 2008). As mentioned previously, the TA muscle contains
primarily FF and FR innervated fibers whereas the Sol is composed of FR and S type
innervated fibers. As such, the TA undergoes denervation changes long before the Sol in
SOD1 mice. Therefore, we wanted to see whether there was a macrophage response to
this early denervation at the NMJ, as microglial activation has been reported in the spinal
cord of SOD1 mice at P30 (Gifondorwa et al., 2012).
We use immunofluorescence to probe for IBA1 and αBTX, markers of
macrophages and NMJs, respectively. Stained muscle sections were analyzed for IBA1+
staining using representative images taken from the area in muscles containing the
characteristic distributions of NMJs (Figure 1A-B). We did not find significant increases
in IBA1+ immunoreactivity in the TA muscles of SOD mice compared to WT around NMJs
at P30 (Figure 3A-B). While macrophage staining was detectable at P30, the amounts were
not significantly different from WT. However, we do see significant changes in IBA1+
immunoreactivity beginning at P60 (p=0.01) and increasing as disease progresses (Figure
3A-B). Furthermore, there is a robust IBA1+ response at 120 that is significantly greater
than at P60 and P30 in SOD1 mice (p≤0.0036).

35

Thus, while not concordant with initial denervation, we see still see an early,
progressive, and at later stages, a rather robust macrophage response around NMJs in
mSOD1 mice compared to controls in the TA muscle. In Sol muscle, on the other hand, we
do not see significant increases in IBA1+ staining until end-stage of disease (Figure 4 A-B,
p=0.018). This is not surprising as Sol muscles do not undergo denervation until around
P80 (Hegedus et al., 2007); notably, however, it does suggest the increase in IBA1+ reaction
is associated with differential degenerative processes in the different muscles.
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Figure 3. IBA1+ immunoreactivity increases significantly in the TA muscle of SOD1G93A
mice at P60 and continues to increase as disease progresses. IBA1 antibody was used to
probe for macrophages and αBTX was used to identify NMJs. (A) Representative images
of IBA1+ immunostaining were taken at 40X magnification in the TA muscles of SOD1
and WT mice. Increases in IBA1+ staining are evident around NMJs in SOD1 (left)
compared to age-matched WT control mice (right) beginning at P60. These increases
continue with disease progression (scale bar=100µm). (B) Quantitative analysis of IBA1+
immunoreactivity yielded significant differences between SOD1 and WT mice at P60, P90
and P120 (n= 6 mice/genotype, 3 mice/sex/genotype for a total n of 12/age). Significance
was determined using Mann-Whitney U tests to compare genotypes at each age (mean
±SEM; *: p=0.0062; ◊: p=0.016; ▪: p=0.01). IBA1+ immunoreactivity was significantly

37

greater at P120 than at P30 and P60 in mSOD1 mice as determined by one-way chi-square
(†: p=0.0081).
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Figure 4. IBA1+ immunoreactivity is not evident in SOD1G93A mouse Sol until end stage
of disease. IBA1 antibody was used to probe for macrophages and αBTX was used to
identify NMJs. (A) Representative images of IBA1+ immunostaining were taken at 40X
magnification in the Sol muscles of SOD1 and WT mice. Increases in IBA1+ staining are
evident around NMJs in SOD1 (left) compared to age-matched WT controls only at endstage in Sol muscle (scale bar=100µm). (B) Quantitative analysis of IBA1+
immunoreactivity yielded significant differences between SOD1 and WT mice at P120
only (n= 6 mice/genotype, 3 mice/sex/genotype for a total n of 12/age). Significance was
determined using Mann Whitney U tests to compare genotypes at each age (mean ±SEM;
*: p=0.018). IBA1+ immunoreactivity was significantly greater at P120 than at P30 and
P60 and 90 in mSOD1 mice as determined by one-way chi-square (†: p≤0.0036).
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2.2.2 IBA1+ expression is not restricted to within IM peripheral nerves.
Previous studies have shown macrophage activation to be primarily located within
IM axon fascicles (Chiu et al., 2009). MNs are generally seen in similar patterns to the
NMJ distribution in skeletal muscle. Thus, we stained sections for IBA1 and NFL and
captured representative images corresponding to the same regions of that were analyzed
for NMJ staining. Our staining indicates similar IBA1+ staining patterns in TA and Sol
muscles in SOD1 mice as was seen in in IBA1/αBTX staining. However, we found IBA1+
staining is localized in the tissues surrounding peripheral nerves and not just strictly within
MN axon fascicles in TA muscles of SOD1 mice (Figure 5).
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Figure 5. IBA1+ positive immunoreactivity is evident in skeletal muscle tissue surrounding
TA IM peripheral nerves. TA muscles from mSOD1 mice were probed for markers of
macrophages and MNs using IBA1 and NFL antibodies. 20X representative images were
taken of MNs and surrounding muscle tissue in regions corresponding to NMJ distribution
(scale bar=100µm). IBA1+ staining appears perfuse throughout the tissue surrounding the
peripheral nerves and not strictly limited to within MN axon fascicles.
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CHAPTER III: DISCUSSION AND CONCLSIONS
3.1 Discussion
ALS is characterized by a robust CNS neuroinflammatory response mediated in
part by activated microglial cells. Activated microglia substantially contribute to MN
degeneration and death in the CNS and thus influence disease progression; however, the
role of immune and inflammatory activation in the PNS has not been well characterized
despite loss of the distal synapse and peripheral MN degeneration being early and
significant events in ALS pathology. In the current study, we examined the peripheral
macrophage response at NMJs and IM peripheral nerves within hindlimb skeletal muscles
in the SOD1G93A mouse model of ALS across specific disease timepoints. We found
significant quantities of IBA1+ immunoreactivity around NMJs beginning at P60 in the TA
muscles of SOD1G93A mice compared to age-matched healthy controls; these numbers
continued to increase through end-stage of disease. This increase in IBA1+
immunoreactivity was not evident in Sol muscles until end stage. Taken together, these
results demonstrate an early, progressive and rather robust macrophage response around
NMJs and IM peripheral nerves undergoing degeneration in SOD1 mice.
Although a previous study similarly examined the macrophage response at NMJs
across at similar disease timepoints in SOD1 rats, they found significant increases in
macrophage activation only at symptomatic (~P120) and end stages (~P100-P161) (Van
Dyke et al., 2016). In contrast, we report significant macrophage presence at the TA NMJ
occurs at P60 and therefore prior to what is considered onset of overt clinical symptoms
and earlier than what was found by previous investigators. The current study expanded the
findings of the Van Dyke study in important ways (1) we examined age-matched WT
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controls at each disease time point to ensure the response was specific to diseased animals,
and (2) we examined the response at NMJs in muscles with different susceptibilities to
denervation to distinguish whether and how the macrophage response was associated with
early denervation and degeneration. Nevertheless, both studies found evidence of a
macrophage response at clinical onset/symptomatic and end stage rodents. Lending
additional support to our findings, increases in macrophage response prior to symptom
manifestation are also evident in other areas of the PNS including ventral nerve roots
(Graber et al., 2010), within the peripheral nerves of SOD1 mice (Chiu et al., 2009; Dibaj
et al., 2011), as well as in innervating MN axon terminals (Chiu et al., 2009). Macrophage
activation continues to increase in ventral roots and peripheral nerves through end-stage of
disease (Chiu et al., 2009; Graber et al., 2010), which is also consistent with our present
findings.
We also determined the NMJ macrophage response within the context of MN
vulnerability to denervation. FF MNs are lost as early as P25 in ALS(Vinsant et al., 2013),
followed by FR MNs, and S type MNs remain relatively resistant until end stage (Frey et
al., 2000; Atkin et al., 2005; Pun et al., 2006; Hegedus et al., 2007). Accordingly, TA
muscles are composed of primarily FF and FR muscle fibers and thus denervate faster
compared to Sol muscles, which are largely composed of FR and S type muscle fibers. In
the present study, we observed a significant increase in IBA1+ immunoreactivity in Sol
muscles at end stage only compared to the increase at P60 seen in the TA. This is consistent
with a previous finding that reported more severely affected muscles (TA) had greater IM
axon infiltration of activated macrophages than less affected muscles (diaphragm) at end
stage (Chiu et al., 2009).
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Interestingly, our results also indicate that the macrophage response in both TA and
Sol muscles, while occurring at different time points, follow very similar kinetics. That is
to say, a macrophage reaction does not occur in either muscle group contemporaneous with
initial denervation, but instead, significant increases occur in the time period between
initial denervation and the next measured time point. Thus, this result suggests that it is
unlikely macrophages play a causal role in NMJ denervation. It seems more likely that they
are responding to MN degeneration, especially given the role of macrophage physiology
in PNI. For example, in a healthy nerve, the inflammatory reaction following injury is
composed of almost entirely infiltrating macrophages (reviewed in Stratton and Shah,
2016). They are attracted to the site of injury by chemoattractants such as MCP-1
whereupon M1 macrophages perform indispensable functions in clearing myelin and other
debris so that axonal regeneration can proceed. M1 macrophages are eventually replaced
with M2 macrophages which suppress destructive immunity and promote tissue repair
(reviewed in Stratton and Shah, 2016). This proinflammatory response is very similar to
what is seen in both skeletal muscle and CNS injuries (Tidball and Villalta, 2010; Gensel
and Zhang, 2015). MCP-1 is upregulated in the sciatic nerves of mSOD1 mice thus
demonstrating signaling by which macrophages could be recruited to degenerating
peripheral nerves in ALS (Chiu et al., 2009).
Of course, it should be stated that the peripheral macrophage response seen in our
study and others could simply be due to macrophages clearing myelin and tissue debris
from the degenerating MNs. However, given the complexities of macrophage activation
and peripheral nerve regenerative outcomes, and the fact that non-neuronal cells, including
microglia, have been shown to influence MN degeneration and death in the CNS (reviewed
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in Boillée et al., 2006), it seems unlikely macrophage activation simply plays a passive role
in MN degeneration. As is hypothesized to occur in the CNS (Boillée et al., 2006),
degeneration of MNs throughout the course of ALS could result in sustained M1
macrophage activation which, through the prolonged release of pro-inflammatory
cytokines, could further harm MNs and hasten the degenerative process. A recent study by
Zhao et al found circulating monocytes from human ALS patients express a
proinflammatory gene profile that is more highly expressed in rapidly progressing patients
compared to more slowly progressing patients (Zhao et al., 2017). These findings are
consistent with a previous study which also found that the rate of disease progression is
directly related to the degree of systemic monocyte/macrophage activation in ALS patients
(Zhang et al., 2005a), and both suggest monocyte/macrophage mediated inflammation is
associated with a more rapid disease progression.

It can further be speculated, in

accordance with our findings, that local and region-specific immune and inflammatory
responses in the periphery could contribute to vulnerabilities MN axon degeneration.
Continued presence of inflammatory macrophages could also significantly affect
muscle physiology. Accordingly, we found that IBA1+ immunoreactivity was not strictly
located within MNs as IBA1+ immunoreactivity was evident in and around the skeletal
muscle tissue was well. As MN axons retract from NMJs, skeletal muscle fibers will
eventually atrophy. Atrophy is also associated with inflammatory reactions and could
induce macrophage activation in addition to MN degeneration (reviewed in Jackman and
Kandarian, 2004). Importantly, chronic inflammation is associated with reduced rates of
protein synthesis and enhanced protein breakdown in skeletal muscle leading to loss of
muscle mass (Costamagna et al., 2015). In other words, inflammation exacerbates atrophy,
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but at the same time, atrophy exacerbates inflammation. To complicate matters further,
macrophage activation is also critical for muscle repair and regenerative mechanisms, and,
in particular, an effective transition from M1 to M2 is required for satellite cells to exit the
cell cycle and form new myotubes (Tidball and Villalta, 2010). Prolonged inflammatory
activation could thus result in simultaneous worsening of atrophy as well as prevention of
successful regeneration of skeletal muscles.
It also remains unclear how or if the peripheral immune response relates to the CNS
neuroinflammatory response. In the CNS, early microglial activation is evident within the
spinal cord concurrent with initial denervation of FF MN synapses in the periphery (Saxena
et al., 2009; Gifondorwa et al., 2012). Intriguingly, activation appears to dramatically
reduce by P75, but increases once again by end-stage (Gifondorwa et al., 2012). Other
studies report microglial activation occurring around P90 and thus around time of clinical
symptom onset after which activation steadily increases through end stage (Alexianu et al.,
2001). On the contrary, results from the current study indicate there is no similar
macrophage reaction occurring at the NMJ to initial denervation, but levels of macrophage
immunoreactivity significantly and steadily increase from P60 through end stage. These
patterns are consistent with macrophage activation patterns in other areas of the PNS, as
mentioned above, but are notably different than what is reported to occur the CNS (Chiu
et al., 2009; Graber et al., 2010). Accordingly, a study from Chiu et al found that CNS
microglia were distinct from PNS myeloid cells in nature and origin in that the CNS
microglia are largely tissue resident cells, whereas activated macrophages infiltrating IM
axon fascicles are recruited from circulation (Chiu et al., 2009). It is thus reasonable to

46

speculate that, to some extent, PNS and CNS responses are regulated by different signals
and thus may differ in their functionality related to ALS.
Despite differences in earlier activation, however, following P90, both glial and
macrophage activation increase dramatically in the CNS and PNS, respectively (Alexianu
et al., 2001; Chiu et al., 2009; Graber et al., 2010). At P90, while there are significant losses
of ventral root motor axons and NMJs (Frey et al., 2000), a large portion of neurons remain
intact, including those innervating the S type muscle fibers of the Sol (Chiu et al., 1995;
Frey et al., 2000). A potential explanation for this dramatic increase in glial and
inflammatory reactions at P90 is that “symptom onset” marks the time in which the
inflammatory response, transforms from protective to harmful in both the PNS and CNS.
Lending support for this theory, when mSOD1 is selectively deleted from microglia,
symptom onset in ALS mice is not affected; however, the symptomatic stage of disease is
prolonged which results in extended survival (Beers et al., 2006; Boillée et al., 2006b).
Furthermore, the deletion of mSOD1 from myeloid cells not only affects CNS microglia
but also peripheral macrophages which may contribute to the increases in survival. It has
also been shown that mSOD1 mice lacking functional T cells do not experience differences
in symptom onset, but do experience a rapid progression of disease once symptomatic
(Beers et al., 2008). Conversely, while mSOD1 mice with functional T cells saw an
increase in survival compared to T cell deficient mice as evidenced by a 5-week period of
stable disease, they too rapidly declined after the “latent phase” was over (Beers et al.,
2008). The authors suggest the latent phase is mediated by M2 microglia activated by CD4+
T cells, but somehow this protective effect is overwhelmed over time, leading to a
conversion of M2 to M1 microglia which facilitates more rapid disease progression. There
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are numerous other neuroprotective/neurotoxic examples of microglial activation
discussed extensively in Chapter 1 that could also fit into this scenario.
The role of neuroprotective vs. neurotoxic microglial mediated effects in the CNS
is far from clear; it is even less so in the periphery. There is some evidence, however, that
macrophage infiltration is non-detrimental or perhaps even protective in peripheral nerves.
A study by Nardo et al found that immune responses in peripheral nerves delayed disease
progression in SOD1 mice (Nardo et al., 2016). Comparing a fast-progressing
129SvSOD1G93A ALS mouse model with a slower progressing C57SOD1G93A mouse
model, they found an increase of immune molecules such as CCL2 (chemokine ligand 2),
MHC-1, and C3 (complement component 3) in the sciatic nerves of slow progressing mice
(Nardo et al., 2016). Immune molecules were accompanied by heavy infiltration of
macrophages which were not seen in the PNS of the fast progressing mouse strain.
Surprisingly, authors did not find upregulation of pro-inflammatory mediators such as
TNF-α or IL-6 but instead observed an increase in the M2 macrophage marker Ym1 which
further suggests perhaps the macrophages are protective (Nardo et al., 2016). However, it
is difficult to draw definitive conclusions from this study as the authors compared immune
cell infiltration at disease onset in different mouse strains. While the comparison is made
at the same “time point,” there is no guarantee that disease-related mechanisms are
comparable between strains. That is to say, the increase in survival seen in the slowprogressing mice may simply due to a less aggressive disease course and not actually due
to differential immune activation. Nevertheless, these results are consistent with other
studies. As mentioned earlier, MCP-1 is up-regulated in in the sciatic nerves of SOD1 mice
(Chiu et al., 2009), however myeloid deficiency of the MCP-1 receptor CCR2 results in
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accelerated disease (Beers et al., 2008). This seems to suggest macrophages infiltrating the
sciatic nerve via MCP-1/CCR2 interaction may have a protective function in ALS. On the
contrary,

as previously mentioned, earlier studies found monocytes expressing

proinflammatory gene profiles and greater systemic monocyte/macrophage activation is
related to faster disease progression in patients with ALS (Zhang et al., 2005; Zhao et al.,
2017).
In the CNS it is proposed that degeneration and dysfunction in MNs activates a
neuroinflammatory response, which while potentially protective at first, becomes
neurotoxic overtime due to prolonged stimulation (from Boillée et al., 2006a). A very
similar process may be occurring in the periphery. To elaborate, MN damage within the
MN is what determines disease onset. Long before ventral root and cell body loss, FF
synapses become denervated with axons retracting from the NMJ (Fischer et al., 2004).
Pathological processes such as mitochondrial dysfunction, ER stress, and hyperexcitability
caused by misfolded and aggregating mSOD1 are interfering with normal cellular
functions. Cellular stress is detected by immune and inflammatory cells and an
inflammatory reaction is triggered whereby protective macrophages attempt to resolve the
MN insult. As more dysfunction accumulates within MNs perpetuated by the actions of
mSOD1 or other disease-causing proteins, inflammatory resolution mechanisms are
overwhelmed leading to a continuous activation of proinflammatory macrophages.
Prolonged M1 macrophage activation exacerbates MN loss by either secreting neurotoxic
cytokines and oxidative metabolites, or suppressing neuroprotective functions, thereby
accelerating disease. To add insult to injury, myeloid cells themselves express mSOD1
which may further amplify their toxic activation. This entire pathological process occurs
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in FF MNs earlier than in FR and S type MNs and as a result, they denervate and die first.
Furthermore, skeletal muscle fibers also express mSOD1. Restricted expression of
mSOD1 in skeletal muscle fibers alone has been reported to result in ALS pathology:
abnormal NMJ structural characteristics, axonopathy, and MN degeneration (Wong and
Martin, 2010). Although there is some debate about the extent to which mSOD1 expression
in skeletal muscle affects MN degeneration in ALS, there is agreement that aberrant
skeletal muscle function at minimum can negatively impact NMJ stability (reviewed in
Loeffler et al., 2016). Regardless, denervation of NMJs leads to skeletal muscle atrophy
which can induce an inflammatory reaction even without direct contribution of musclemediated mSOD1 toxicity (reviewed in Jackman and Kandarian, 2004). Thus, ALS
pathology becomes an incredibly complicated and vicious cycle of separate, yet connected
toxic mechanisms all of which could promote NMJ denervation and MN degeneration and
death.
Ultimately, while inflammation has indeed been demonstrated in pathologically
relevant areas of the PNS, these studies collectively do little to address how macrophage
activation at peripheral sites may affect MN survival and NMJ denervation in ALS. Further
investigation is warranted into the potential diverse range of positive and negative effects
peripheral macrophage inflammation can have on ALS-related NMJ and MN dysfunction.
Importantly, our study discovered macrophage immunoreactivity at the NMJ
corresponding to an early, novel disease timepoint, and that levels steadily increased
through end stage. We have also demonstrated that TA and Sol muscles both exhibit
macrophage reactions corresponding to when they are undergoing denervation, and that
IBA+ immunoreactivity appears evident in skeletal muscle tissue surrounding peripheral
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nerves. While there is relatively significant evidence of immune activation in the periphery,
future studies are necessary to show how exactly these responses are mediated in the PNS.
For example, next to nothing is known about the effects of macrophage phenotypes at the
NMJ, peripheral nerves or even the skeletal muscle. As mentioned earlier, there is still
debate on whether macrophages are present in the periphery to phagocytize cellular debris
from degenerating axons or whether they play a causal or active role in contributing to
disease. Examining the phenotype of macrophages will necessarily help to clarify whether
these macrophages are active participants or simply “garbage trucks” digesting myelin
from degenerating MNs. Furthermore, examining this response over time will help to show
whether the response is protective, cytotoxic or both at different stages of disease.
Examining the phenotype between TA and Sol muscle groups would be interesting as well
to see whether differences in macrophage phenotype are associated with muscle group type
and therefore vulnerability to ALS-related disease mechanisms.
3.2 Conclusions
Currently there is no cure for ALS, and the only FDA-approved medication for
treatment of ALS is Riluzole, which only modestly extends time to death or tracheostomy
by 2-3 months (Miller et al., 2003). Thus, ALS patients are a patient population in desperate
need of disease modifying therapies. Numerous clinical trials have failed in ALS, including
many aimed at reducing neuroinflammation (reviewed in Philips and Robberecht, 2011;
Petrov et al., 2017). However, two promising trials are underway currently: Edaravone and
Masitinib, the former of which is an anti-oxidant therapy but the latter of which is a
chemotherapy drug that inhibits tyrosine kinase and reduces CNS neuroinflammation
specifically by attenuating microgliosis (Trias et al., 2016; Petrov et al., 2017). While the
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results of these studies are encouraging, in order to continue to improve therapeutics for
ALS patients we must continuously seek to better characterize ALS pathology. It is
possible that the numerous trials have failed in ALS clinical research because we don’t yet
fully understand the basics of “where” and “when” disease processes begin and thus cannot
develop the most efficacious treatments. We discovered IBA1+ immunoreactivity at P60
in the SOD1G93A mouse TA muscles, which denervate early in disease. We demonstrated
IBA1+ immunoreactivity around NMJs increases as disease progresses in the TA muscle
and in the Sol muscles at end stage of disease. For most patients with ALS, the symptomatic
phase of disease is the most likely window for therapeutic targeting. Thus, while significant
IBA1+ expression at P60 highlights a distant possibility to use macrophage-specific
markers as earlier biomarkers for ALS, macrophages at symptomatic timepoints are also
highly relevant. Furthermore, identification of an immune response in the periphery
bypasses the need to cross the blood brain barrier. Traditionally, ALS therapeutic
development has been cumbersome for this reason. Discovery of peripheral targets may
increase ease of drug delivery and thus increase the likelihood of success. Ultimately, the
PNS immune and inflammatory response appears to be a promising area for future
scientific inquiry. With continued pursuit of mechanisms governing peripheral immune
and inflammatory responses, we can hopefully elucidate novel targets for therapeutic
intervention and at last provide respite for ALS patients who are suffering from such a
brutal disease.
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