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Abstract

Spinal cord injury (SCI) is a serious clinical problem that affects approximately 17,500 new patients per year in the United
States. The main causes of SCl are vehicle collisions, falls, violence (mainly gunshot wounds), and sports/recreational
activities. The final severity of the damage results from primary and secondary mechanisms that begin at the time of
injury and last for months after trauma. To reduce the extent of damage, several treatments have been proposed. This
review summarizes results from several studies that have pointed to cell therapy as the main form of neuroregenerative
treatment. Mesenchymal stromal cells (MSCs) are important candidates for tissue regeneration due to the release of
bioactive factors, as well as antiapoptotic effects, scar inhibitors, and angiogenic effects. Studies have shown that MSCs
act in various ways on injured tissue, such as immunomodulation of the inflamed environment, release of bioactive
factors, restoration of axon myelin, prevention of neuronal apoptosis, and neuroregeneration. Current research using
MSCs aims to prevent secondary injury, promote regeneration, and replace destroyed spinal cord tissue. This review
presents information about the damage from primary and secondary events after SCI, treatments usually used, and pre-
clinical and clinical results aiming at the cell therapy using MSCs as a tissue regeneration strategy.

Keywords: Tissue regeneration, immunomodulation, neuroregeneration

SPINAL CORD INJURY

Spinal cord injury (SCI) is a very serious health problem, and available treatments are not capable of
spinal cord regeneration. SCI can lead to permanent neurological deficits, including motor and sensory
disabilities, with high rates of physical disability and mortality. It can lead to serious damage to the physical
and mental health of patients, which can cause serious socioeconomic issues™”. According to the National
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Figure 1. Number of cases of spinal cord injury according to trauma level. According to the National Spinal Cord Injury Statistical Center
in the United States. The first region of the spine, the cervical region, is the most affected, accounting for more than half (54.45%) of the
total number of cases, followed by the thoracic (34.86%) and lumbar (10.3%) regions. The sacral region is the least injured, accounting
for 0.39% of cases

Spinal Cord Injury Statistical Center, in the United States, there are approximately 17,500 new cases per
year, of which 81% are male. The average age of new cases has changed since the 1970s, from 29 to 43
years old. The main causes are vehicle collisions, falls, violence (mainly gunshot wounds), and sports or
recreational activities'. In 2018, a survey conducted by the same institution about the frequency of SCI
cases according to the level of the spinal cord showed that, of the total of 31,519 cases, 17,162 (54.45%) are
lesions in the cervical region, 10,987 (34.86%) in the thoracic region, 3247 (10.3%) in the lumbar region,
and 123 (0.39%) in the sacral regionm [Figure 1].

According to the National Spinal Cord Injury Statistical Center, in the United States, the first region of the
spine, the cervical region, is the most affected, accounting for more than half (54.45%) of the total number
of cases, followed by the thoracic (34.86%) and lumbar (10.3%) regions, while the sacral region is the least
injured, accounting for 0.39% of cases.

SCI results in disruption of the connection between the central nervous system and the rest of the body.
Trauma, disease, and even spinal cord degeneration can compromise the sensory, motor, autonomic,
and reflex functions of affected individuals, and only 0.4% of cases show complete recovery from their
deteriorated functions". The pathology of SCI results from two stages: (1) primary injury, which triggers
damage to the spinal cord; and (2) secondary injury, characterized by events arising after the initial injury.
Primary injury is usually the determining factor of the severity of the damage and the effects vary according

to the affected site, which may be the cervical, thoracic, thoracolumbar, or sacral lumbar region[s].

After trauma, secondary events such as ischemia, anoxia, and inflammation further compromise the
injured tissue. There is the migration of inflammatory cells to the lesion site, which release inflammatory
cytokines; formation of reactive oxygen species (ROS), which lead to DNA damage and protein oxidation;
and mitochondrial malfunction due to ionic imbalance'®”
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Figure 2. Immune cell migration in response to spinal cord injury (humans) (A-C): neutrophils migrate from vessels and perivascular
region immediately after trauma, while lymphocytes, macrophages, and microglia migrate later. (D-F): the production of proinflammatory
factors in response to the injured tissue results in tissue deterioration and damage spreading (secondary injury), which may compromise
and determine the patient’s grade of spinal cord injury recovery

Prior to the occurrence of SCI [Figure 2A], inflammatory cells, except for microglia, are found in the
blood vessels and perivascular regions of the spinal cord. The microglia are distributed by gray and white
matter. Mechanical damage to the injury (or trauma) results in immediate neuronal and glial death at the
injury site. After the injury, an inflammatory process mediated by neutrophils, macrophages, lymphocytes,
and microglia present in the vascular and medullary region develops. This secondary process leads to
late deterioration of the spinal cord, resulting in worsening of the lesion condition. Immediately after
injury, there is immediate neutrophil extravasation [Figure 2B] to the medulla, followed by late migration
[Figure 2C] of lymphocytes and macrophages to the lesion site'”. The microglia are activated [Figure 2C]
and shorten and thicken their branches and migrate to the site of injury. Inactivated microglia remain in
uninjured regions. During this period, there is production and release of proinflammatory factors (mainly
activated microglia and macrophages), such as TNF-o and IL-6f, as well as proteases and lysosomal
enzymes. The inflammatory environment promotes the spread of damage, inducing cell death and preventing
any spontaneous spinal cord regeneration[w’“]. Within 5-10 days [Figure 2D], neutrophils enter apoptosis,
while macrophages and microglia proliferate in the lesion region. After a few weeks [Figure 2E], the number
of CD8+, CD4+, and T lymphocytes increases in the vessels of the injured region and the macrophage/
microglial population remains in large numbers. The few remaining neutrophils accumulate in the necrotic
region. One year after the injury [Figure 2F], neutrophils and lymphocytes are found in the intravascular
region. The microglia remain in the region of white matter in their inactivated form, while macrophages
are found in the gray matter™"" [Figure 2].

Secondary events mainly lead to neuron necrosis and apoptosis, which occur in the first hours after
trauma'®”. At the same time, the body tries to prevent the injury from becoming more serious. In this
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sense, repair cells act and try to reverse the damage caused, expressing factors responsible for the formation

of new vessels, eliminating cell debris, and remodeling damaged neurons".

Treatment of the injury is limited by the low regenerative potential of the central nervous system, but spinal
cord plasticity may support the recovery of some lost mechanisms after the injury. Spinal cord plasticity
is related to factors such as synaptic reorganization, axonal sprouting, and neurogenesis'”. There is little
evidence of spontaneous axon regeneration after SCI but there is evidence for axonal sprouting as synaptic
compensation. Regeneration is the growth of new axons, while sprouting involves the growth of collateral
branches of the fibers. Due to the formation of a glial scar, which is a physical and chemical barrier to
axonal regeneration, axonal sprouting is an alternative found because it can occur around a glial scar. To
support SCI repair, studies have shown that functional exercise, neurotrophic factors, and cell therapy can
effectively improve spinal cord neural plasticity response"".

TREATMENTS

After SCI, mammals are unable to regenerate nervous tissue, which can lead to lifelong disability"".
Some treatments may be used after SCI to try to reduce side effects and protect injured nerve tissue.
Decompression surgery is one of the treatments used to relieve pressure, reducing hypoxia and ischemia
caused by edema and hemorrhage*'?. Studies have shown that patients who underwent decompression
surgery before 24 h after SCI showed an improvement compared to patients who underwent surgery more
than 24 h after SCI"*"*. Fehlings et al."” showed that more than half of the patients who underwent surgery
(before or after 24 h) had at least one grade of improvement on the American Spinal Injury Association
Impairment Scale (AIS) without statistical difference between the groups. However, a higher percentage of
patients had two or three grade improvement on the AIS scale in the group who underwent surgery before
24 h after 6 months of follow-up. Sewell et al."” observed that patients with spinal cord injury (cervical
level) who underwent surgery before and after 24 h showed no neurological improvement on the AIS scale
with significant difference after 6 months of follow-up. However, there is a tendency for improvement in
patients with early surgery, particularly in patients experiencing > 2-grade AIS improvement.

Another commonly used treatment after SCI is the intravenous application of methylprednisolone sodium
succinate (MPSS). The central MPSS effect on SCI is the inhibition of posttraumatic lipid peroxidation
occurring in neurons and blood vessels, directly compromising the function and integrity of neuronal
and axonal membranes, causing microvascular damage and secondary ischemia that indirectly contribute
to secondary neuronal injury. In addition to inhibiting lipid peroxidation, MPSS inhibits post-traumatic
spinal cord ischemia, supports aerobic energy metabolism, and attenuates the neurofilaments loss"**"
However, the use of MPSS is not a consensus among professionals, because, even with improvement when
applied up to eight hours after injury, this drug can cause gastrointestinal bleeding and infection"**". Due

to these associated complications, MPSS should be used with caution.

Neuroprotective agents are also a treatment option for spinal cord injury. These agents aim to prevent
neuronal cell death by reducing side events that result in cell dysfunction and death"**, Many of these
neuroprotective agents have been studied, but without positive results for thoracic spinal cord injury
patients”***. Riluzole, a sodium channel blocker, and hypothermia, which decreases central nervous
system metabolism, have been shown to be effective neuroprotective agents for the treatment of
spinal cord injury[m’zs’”]. Mu et al.® associated riluzole and MPSS in rats with spinal cord injury. The
combined treatment preserved the tissue at the epicenter of the lesion but did not have a clear effect on
the myelination index. The results of this study clearly demonstrate the potential beneficial effects of a
combined approach in treating spinal cord injury.
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Electroacupuncture/electrostimulation is another treatment that has long been used in spinal cord injury
therapy and has been shown to inhibit inflammation, promote the secretion of neurotrophic factors, and
.. . [29,30] [31] . . ..
reduce secondary injuries . Chen et al.” performed electroacupuncture on rats with spinal cord injury
and found that this treatment is effective to prevent oligodendrocyte apoptosis and to improve functional
recovery after spinal cord injury. Krueger et al.”” performed the association of electrostimulation with
mesenchymal stromal cells derived from adipose tissue in dogs with SCI and observed improvement, but
without statistical difference between the associated treatments (electrostimulation and MSCs) and isolated.

There are many studies developing different techniques to assist the recovery of spinal cord injury patients.
These studies aim to combat the primary or secondary events of the injury, aiming at patient improvement,
but without regenerating the nervous tissue. Cell-based therapy is the only promising treatment aimed at
regeneration. Many cell types from different sources and infusion pathways have been studied or are being
evaluated in ongoing studies.

STROMAL CELLS THERAPY

Cell therapy brought the promise of regenerating tissue after SCI, although the mechanism by which
this type of cell therapy achieves neurological recovery have not yet been fully explained. Adult stem
cells, such as MSCs, are stromal cells with potential self-renovation, multiple lineage differentiation, and
immunomodulatory potential ., MSCs are major candidates for tissue regeneration due to release of
bioactive factors, as well as anti-apoptotic, scar inhibitor, and angiogenic effects™. These cells also have the
potential for differentiation into various adult cell types, including neurons”**". The main source of MSCs
is bone marrow, but other sources such as adipose tissue and umbilical cord, which are easily collected
tissues, are also being used in preclinical and clinical studies. Following MSC transplantation, several repair
processes occur, including: (1) the release of neurotrophic factors that may prevent nerve degeneration
and apoptosis, as well as support neurogenesis, axonal growth, remyelination, and cellular metabolism; (2)
reduction of neuroinflammation because MSCs can secrete a variety of soluble molecules, such as anti-
inflammatory cytokines; (3) induction of angiogenesis, an important process by which new vasculature
sprouts from pre-existing blood vessels; and (4) activation of endogenous spinal cord mechanisms capable
of restoring some previously lost neurological functions””” [Figure 3].

Although the precise mechanism by which MSCs transplantation promotes functional recovery after SCI is
still unclear, it is widely accepted that most benefits of MSCs transplanted rely on the secretion of different
factors and biomolecules . MSCs release cytokines that may be neuroprotective and neuroregenerative.
Some cytokines, e.g., neurotrophic factor, monocyte chemoattractant protein-1, and granulocyte-
macrophage colony stimulating factor, play a role in neuroprotection; induce monocyte recruitment during
inflammation, enhancing myelin debris clearance in central nervous system injuries; and inhibit apoptosis
of neuronal cells and gliosis after SCI""". Other neurotrophic factors expressed by bone marrow derived
mesenchymal stromal cell (BM-MSC) such as brain derived neurotrophic factor, glial-derived neurotrophic
factor, and nerve growth factor can assist nervous tissue neuroregeneration including the formation of new

synapses and myelination and promote axonal regeneration and functional recovery after scr !,

MSCs also reduce inflammation, which is a secondary event after trauma. These cells change the
inflammatory profile to the anti-inflammatory one, which could have a beneficial effect on functional
recovery after SCI"”. Transplantation of MSCs also reduces the expression of glial scar marker (GFAP), a
characteristic compatible with a resolutive inflammatory reaction'”, and increases the expression of Treg-
gene™.

Among the molecules secreted by MSCs, pro-angiogenic factors such as vascular endothelial growth factor
(VEGF) are essential for repair of damaged tissue. VEGF/PDGEF (platelet-derived growth factor) stimulated
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Neuroprotective |
cytokines

Angiogenic Cytokines

Figure 3. A: following injury, trauma and ruptured blood vessels result in ischemia, anoxia, and inflammation. This environment leads
to neuronal death and degeneration; B: the infusion of MSCs can be done in different locations. There is still disagreement regarding
the number of cells and infusions, but MSCs from different sources can be used for treatment (umbilical cord, adipose tissue, and bone
marrow); C: after infusion, MSCs change the injured environment by releasing anti-inflammatory (TNF-B1, IL-13, IL-18, CNTF, NT-3, and
IL-10), neuroprotective (BDNF, GDNF, NGF, NT-1, NT-3, CNTF, and bFGF), and angiogenic cytokines (TIMP-1, VEGF, HGF, PDGF, IL-6, and
IL-8). Cell survival, remyelination, and vascular repair can also be observed. MSCs: mesenchymal stromal cells; TNF-B1: transforming
growth factor B1; IL-13: interleukin 13; IL-18: interleukin 18; CNTF: ciliary neurotrophic factor; IL-10: interleukin 10; BDNF: brain-derived
neurotrophic factor; GDNF: glial cell-derived neurotrophic factor; NGF: nerve growth factor; NT-1: neurotrophin 1; NT-3: neurotrophin
3, bFGF: basic fibroblast growth factor; TIMP-1: tissue inhibitor of metalloproteinase-1; VEGF: vascular endothelial growth factor; HGF:
hepatocyte growth factor; PDGF: platelet-derived growth factor; IL-6: interleukin 6; IL-8: interleukin 8

angiogenesis results in a higher blood vessel density at the injured site, lesion size reduction, and white

matter sparing with functional outcome after sc1,

Although most studies showed evidence that MSCs most likely act through their secretions (paracrine
effect)'*!and not via their own integration/differentiation within the host tissue, some authors have
reported the potential for MSCs transdifferentiation in cells of the nervous system and have shown that,
after infusion into the spinal cord, these cells possibly promote regeneration of neurons because they
have neuronal markers' . In vitro studies have shown that BM-MSC possess an intrinsic capacity to
differentiate into neural-like and glial-like cells and express nestin, BIII-tubulin, neurofilaments, neuron-
specific enolase, and glial fibrillary acidic protein (GFAP)™*,

A better understanding of the mechanisms underlying the regenerative effects of stromal/progenitor cells
in the nervous system is essential for development of future cell-based therapies to treat SCI in humans.

Despite a lot of effort in recent years to develop new therapies using stromal cells to treat central nervous
system trauma, there is no consensus on the cell type, source, number of cells, infusion pathways, and
number of infusions suitable for achieving this goal™.

Adult stromal cells have been used in preclinical research and clinical studies. These studies demonstrate
how research uses different strategies for treating spinal cord injury using different sources of MSCs,
multiple cell infusion pathways, and various models of SCI. Various types of SCI can be treated with
cell therapy using MSCs, including even in patients with complete SCI®"*!. MSCs can be transplanted
intrathecally, intramedullary, intravenously, or intraarterially with different MSC sources (bone marrow,
adipose tissue, umbilical cord blood, skin, and dental tissues)™ [Tables 1 and 2].
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Table 1. Preclinical study of spinal cord injury using stromal cells

Study SCI animal model MSCs source SClsite  MSCs infusion site Number of transplanted MSCs Infusion time Results
Chenetal®" 2015 Wistar rat BM-MSCs Wistar Rats T12 Tail vein and local  Tail vein: Tx 10° (2 infusion) Acute (MSCs infusion BMSC transplantation into the area
transplantation Local: 4 x 10° (1 infusion) after injury) of spinal cord injury can promote
repair and regeneration of the SCI
Karaoz et a/™ 2012 Wistar albino rats  BM-MSCs  Wistar Rats T10-T11  Into the injured 3x10° Acute (MSCs infusion Cell transplantation into the
spinal cord after injury) contused spinal cord enhances
the extent of myelination in the
spared white matter and improved
locomotor recovery
Quertainmont et a/"“*" Wistar rats BM-MSCs  Wistar Rats T10 Caudal vein 1% 10° 7 days after injury There has been an improvement
2012 in behavioral testing in mice
transplanted with MSCs
Menezes et a/** 2014 Sprague-Dawley ~ ADSCs Human fragments T8-T9  Cells were injected Data not available Acute (MSCs infusion ADSCs are efficient in promoting
rats of subcutaneous once, 1cm rostrally after injury) regeneration after SCl and suggest
adipose tissue and to the lesion laminin as a mediator of the
lipoaspirates epicenter beneficial effects of these cells
Chungetal® 2016  Sprague-Dawley ~ UCB-MSCs Human T9 Injury site (in 2 x10° 3 days after SCI The therapeutic potency of
rats three spinal cord transplanted UCB-MSCs occurs by
segments) increasing the levels of BDNF, NGF
and NT-3 in the SCI
Melo et /¥ 2017 Wistar rats SD-MSCs  Human dermis T Intrathecal 10* One hour after SCI Transplanted MSCs reduced the
of scalp tissue injection severity of tissue loss and improved
samples functional recovery through the
attenuation of immune responses
and promotion of neuronal
protection in the acute phase of SCI
Yang et a/."*" 2017 Sprague-Dawley  Dental Human dental T10 Injury site (rostral 2.5 x 10° Acute (MSCs infusion Dental stem cells presented
rats stem cells  follicle, apical and the caudal after injury) remarkable tissue regenerative
papilla, dental stumps) and a cell capability after spinal cord injury
pulp pellet was grafted through immunomodulation,

into the transected
gap lesion

differentiation, and protection
capacities

BM-MSCs: bone marrow derived mesenchymal stromal cells; ADSCs: adipose-derived mesenchymal stromal cells; UCB-MSCs: umbilical cord blood-derived mesenchymal stromal cells; SD-MSCs: skin-
derived mesenchymal stromal cells; SCI: spinal cord injury; BDNF: brain-derived neurotrophic factor; NGF: nerve growth factor; NT-3: neurotrofin-3; BMSC: bone marrow mesenchymal stem cell

As the results of preclinical trials have shown that MSCs are effective in the treatment of SCI, clinical studies have been conducted showing the safety and

[62]

efficacy of MSC therapy. There are currently seven trials enrolled in the clinical trials platform that are recruiting patients for MSC therapy .

The results from both preclinical and clinical trials show that MSC transplantation seems to help mainly in sensory recovery. Studies demonstrated a
significant enhancement in bladder compliance, bladder sensation, and bowel function, which may be an early indication of future improvements in urinary
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Table 2. Clinical trials of spinal cord injury using stromal cells

Study MSCs source Injury type SCl site MSCs infusion site SClI time Results
Cristante et a/*” 2009 BMSC Complete Cervical or thoracic Peripheral Chronic There was a positive response in 66.7% of patients for SSEP, regardless
bloodstream of whether the patient had paraplegia and quadriplegia
Frolov and PHSC Complete e Cervical (C4-C8) Intrathecal Chronic SEP and MEP improved in patients treated with MSCs
Bryukhovetskiy™ 2012 incomplete
Yoon et a/."** 2007 BMSC Complete  Cervical or thoracic Injury site Acute Neuropathic pain was observed in 20% of patients and 7.7% of control
group; 20% of the treated group showed improvement from AIS A to B
orC
Pal et /2009 BMSC Complete Cervical or thoracic (C4- Lumbar puncture Acute and Two patients showed significant improvement for SSEP, MEP and NCV,
T10) Chronic being able to walk and sit with the aid of supports; three patients had
improvements in bladder function
Sharma et a/.*®' 2012 BMSC - - Intrathecal - Improved muscle strength, balance, urine control, and sensation and
reduced spasticity in 100% of patients
Mendonca et a/.**"' 2014 BMSC Complete  Thoracic or lumbar Injury site Chronic Improvement in lower limb motor function was observed in eight
patients; seven patients had sensation in the anal region, of whom six
changed to AIS B and one to AIS C
Vaquero et a/."**' 2017 BMSC Incomplete  Cervical, thoracic, or Lumbar puncture Chronic There was significant motor improvement in 60% of cases;
lumbar improvement in sexual function in 25% of men; 88.8% improvement in
bladder function
Karamouzian et a/"*”’ 2012 BMSC Complete  Thoracic or lumbar (T1- Lumbar puncture Acute ASIA A to Cimproved in 45.5% of treated patients, increasing motor
L1 and sensory score (patients were able to walk with support)
Kumar et a/"” 2009 BMSC Complete e Cervical, thoracic, Lumbar puncture Chronic There was an improvement in 32.66% of the cases; ASIA A score
incomplete  lumbar, or sacral progressed to B-D in 30.5% of patients
Shinetal"" 2015 hNSPC Complete e Cervical (C3-C8) Injury site Acute and In the treated group, 26.32% of patients improved the AIS A score to B
incomplete Chronic or C, compared to 6.67% in the control group; increase in recovery of
motor levels was observed
Hur et a/**’ 2016 ADMSC Complete e Cervical, thoracic, or Intrathecal - Motor ASIA score improved by 35.71%, voluntary anal contraction by
incomplete  lumbar 14.29%, and sensory ASIA score by 71.43% of patients
Oheral" 2016 BMSC Incomplete  Cervical Injury site Chronic There was motor improvement in the upper extremities of 12.5% of the
cases
Vaquero et a/.®® 2016 BMSC Complete  Thoracic Injury site Chronic There was evolution from complete to incomplete lesion in 30%

of patients; SSEP appeared in 58.3%, while MEP in 25%; voluntary
contraction of muscles below the lesion was achieved in 58.3%; urinary
tract functions improved in 83%

hNSPC: human neural stromal/progenitor cells; PHSC: peripheral hematopoietic stromal cells; ADMSC: adipose-derived mesenchymal stromal cells; SSEP/SEP: somatosensory evoked potentials; MEP:
motor evoked potentials; NCV: nerve conduction velocity; ASIA: American Spinal Injury Association; AlS: ASIA Impairment Scale; MSCs: mesenchymal stromal cells; SCI: spinal cord injury; BMSC: bone
marrow mesenchymal stem cell

. [68,69]
function

[56,58]

multiple MSC applications, which may be an important factor in therapeutic effectiveness™ .

. The motor function is shown in few patients and with no significant improvement. Studies suggest that motor improvement is associated with
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CHALLENGES AND PERSPECTIVES

SCI has been extensively studied and its mechanism is already known. Many preclinical and clinical studies
have already been performed using drugs associated with SCI, neurotrophic factors, and stem cells. In
cell therapy, several cell types and sources have already been tested. Embryonic stem cells involve ethical
issues and chromosomal instability that make them difficult to use in clinical trials. MSCs have emerged
as an alternative, but with a more limited differentiation capacity. Studies have already demonstrated the
effectiveness of these MSCs in SCI, but the next challenges are to identify the type of cell that has the most
appropriate potential to support SCI regeneration and develop an infusion methodology that can overcome
the hostile microenvironment and facilitate MSCs delivery in damaged neural tissue. Understanding
how the reorganization of injured neural tissues associated with MSCs is also crucial for restoring neural
function but remains largely unknown and needs further clarification. While addressing these challenges,
it is still necessary to maintain the safety of patients involved in the studies, as the mechanisms of action of
stem cells are not yet fully described.

CONCLUSION

SCI is a serious disease which generates disability with unknown cure. Different treatments have already
been developed but none of them has tissue regeneration as a result. Mesenchymal stromal cells seem to
be a promising alternative because, in addition to tissue regeneration, they can act to improve the inflamed
environment through immunomodulation, release of bioactive factors, and restoration of axon myelin.
Preclinical and clinical research studies will enable the definition of the best source of MSCs, cell number,
route of infusion, and number of infusions that may lead to clinical improvement for SCI patients.

Animal model and human clinical studies have shown the regenerative and neuroprotective potential of
MSCs from different sources. In addition, it is interesting to note the absence of adverse effects after MSCs
infusion. MSCs emerge as a new alternative therapy because they are not limited by the time of injury,
showing promising results in patients with acute and chronic lesions, or by the type of injury, resulting in
improvements in patients with complete and incomplete SCI.
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Abstract

Microglia are the resident immune cells in the brain and maintain homeostasis and functionality of this tissue. These cells
are key producers of immune mediators, such as cytokines and chemokines, are critical for normal brain development,
and affect neurogenesis, axonal migration, synapse formation and function, and programmed cell death, among others.
Sex differences exist in many of these processes throughout brain development up to adulthood and the aged brain. In
the last few years, sex differences in microglia responses, brain colonization, and number and morphology within the
developing brain have drawn the attention of researchers as a potential explanation to the sex differences in the brain
and due to their potential relevance in the incidence, prevalence, and outcome of many neurological disorders. In this
review, we summarize the sex differences of microglial cell functions and their potential relevance in physiological as well
as pathological conditions in the brain.

Keywords: Microglia, sex differences, functional responses, neurological disorders

INTRODUCTION

There is a differential sex-susceptibility, penetrance, and outcome in neurological disorders. An important
inflammatory component goes along with these disorders, and microglia, the immune resident cells of the
Central Nervous System (CNS), play a pivotal role in the triggering and resolution of neuroinflammatory
processes. As the main regulators of immune responses in the CNS, they have come into focus recently
due to their potential contribution to the sex differences found in neurological disorders. In this review,
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we aim to summarize the sex differences in functional responses of microglia described thus far and their
relevance in pathology.

MICROGLIA

Microglia represent 10%-15% of the cells in the brain”. In recent years, microglia functions have
extensively widened, ranging from mere local immune defense of the CNS to being key players in brain
development and physiology. They have been shown to regulate dynamic surveillance of the environment
through their active processes, maintaining homeostasis and modulating neuroinflammation™, They also

5,7-10]

mediate phagocytosis and clearance of debris and apoptotic cells in disease and neurogenic niches™""",
shape brain development through synapse pruning, and allow brain wiring of neuronal circuits"""".

Unlike most cell types in the CNS, microglia proceed from myeloid precursors that migrate from the
yolk sack to the CNS in early embryological stages [Embryonic Day 8.5 (Es.5)]™", before the closure
of the blood-brain barrier, which occurs around E13-E14.5 in mice"*""". Interestingly, microglial brain

colonization during embryonic development is highly conserved across vertebrate species*"”.

Microglial lineage differs from that of macrophages, as it is driven by the cytokine macrophage colony
stimulating factor (M-CSF), as well as the transcription factors Pu.1, Irfs, and Sall1"****". Microglia are
self-renewed from local proliferation of CNS resident cells, and the turnover is relatively low in both
humans and rodents. This suggests that these cells are likely to be primed, or even have a memory, due
2 This microglia priming will be
determinant in their responses, both in physiological conditions and in disease'*”

to the different events they are exposed to through their lifespan

Microglia represent most of the fetal glial population, especially in early developmental stages[%]. Microglia
roles at this time are likely to be sex-specific as sex differences may arise as early as hematopoiesis in the
embryonic yolk sac or when CNS colonization occurs during early embryonic development”**. Moreover,
male and female microglia follow temporarily different trajectories during development””*”, Microglia
influence sexual differentiation; indeed, masculinization of the brain is dependent on the activation stage of
these cells”™*"*".

Fetal gonads develop early in development, and in males are fully active (except for spermatogenesis)
by mid to late gestation, showing a surge in fetal testis androgen production beginning the last few days
of gestation and enduring until shortly after birth in rodents. In primates, androgen production occurs
from the end of the first trimester and well into the second with another peak at birth****. Once in the
brain, testosterone (T) can be either aromatized to estradiol (E2) or 5-a reduced to dihyrdotestosterone
(DHT). Both T and DHT induce some masculine endpoints but it is E2 that is the dominant masculinizing
hormone in the rodent brain, through a prostaglandin E2 (PGE2)-mediated process"**. Morphologically,
in certain sex differentiated brain regions, such as the preoptic area, males have more microglia with an
“activated” morphology characterized by an increase in cell body size and a decrease in process length and

branching[”].

Recent studies have demonstrated that microglia density and phenotype vary between male and female
rodents in several brain areas”***, Mid adolescent changes lead to a higher blood flow in women
compared to men, which is maintained throughout life until the 60s, when this difference is milder.
These differences in blood flow may play a role in differential microglia density in certain brain areas™™*".
Despite this, not much attention has been paid to the relevance of sex differences in blood flow or
vasculature in differential microglia infiltration during fetal development. Subtle changes in the timing
and density of microglia arrival to certain brain regions, as a result of differential blood flow, would lead to

differential interaction of these cells with progenitors at different stages of microglia or neural progenitor
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Table 1. Sex differences in the incidence of neurological disorders in humans

Male brain Female brain

Autism Spectrum Disorders (4:1) Alzheimer's Disease (3:1)
Parkinson's Disease (3:1) Depression (2:1)

Attention Deficit Hyperactivity Disorder Anxiety (2:1)

Attention Deficit Hyperactivity Disorder (3:1) Multiple Sclerosis (2-3:1)
Schizophrenia (1.4:1)

Amyotrophic Lateral Sclerosis (1.6:1) Adult-onset neurological disorders

Early-onset neurological disorders

Most frequent neurological disorders in humans. Global prevalence of each disorder is shown in parenthesis as the ratio of men vs,
women (left side) or women vs. men (right side)

differentiation, resulting in sex specific microglia subpopulations in different brain areas. This is relevant
because microglia phenotypes vary across regions of the CNS, in disease as well as in physiological
conditions at different stages in life, especially in early development and aging, which are two critical life
stages for the appearance of neurological disorders, in both humans and rodents™**”

Sex differences in neurological disorders

There is an increasing concern for the real relevance of experimental results obtained in current research.
Experimental procedures are often done using only one sex, and results are often extrapolated to both
sexes without solid grounds. Several funding agencies, such as the European Commission, the Canadian
Institutes of Health Research, and the US National Institutes of Health, have tried to influence researchers
to integrate sex/gender not only in clinical research, but also in basic and preclinical research, especially
since they identified a sex bias in most clinical trials, usually done in male subjects, in which females are
under-represented, leading to mistreatment of women'***”. In the specific case of neurological disorders,
there is a well described sex bias in the prevalence, severity, progression, and outcome of these diseases
[Table 1], Therefore, there is a need of development, implementation, and prioritization of treatments
and preventive interventions specific for sex, age, and population to reduce the burden from these
disorders™.

Many early-onset neurodevelopmental disorders show a strong sex-bias toward males”™" while adult-
onset neurological disorders are female biased ™. As microglia play an important role in both sexual
differentiation of the brain and progression of most neurological disorders””***** it is critical to
understand how the dynamics and potential dysfunction of microglia at certain developmental points affect
the onset and progression of these disorders.

Women have a higher prevalence of Alzheimer’s disease (AD, 1.6-3:1 ratio compared to men)***,
autoimmune diseases such as multiple sclerosis (MS, 2-3:1 ratio)[57], or mood related disorders such

as depression or anxiety disorders (2:1)"). On the other hand, men are more prone to suffer from

Parkinson’s disease (PD, 3.5:1 compared to women)'*"
lateral sclerosis (ALS, 1,6;1)[“’“1

disorder (3:1) (67701

, motor neuron disorders such as amyotrophic
, autism spectrum disorders (ASD, 4:1)'°"*"), attention deficit hyperactivity

, or schizophrenia (1.4:1)[71’72].

Beyond the prevalence of these disorders, women show greater cognitive decline than men with AD"”
and a slower rate of decline when suffering from PD'***"". In this line, women show increased severity of
depression or anxiety disorder symptoms, and men show earlier onset of schizophrenia and more severe
symptoms along with worse response to antipsychotic drugs than women®***”""_ On the other hand, men
suffering from MS have a faster progression of the disease than women””", and women suffering from
ALS have worse survival rates than men'**".,
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Microglia and sexual differentiation of the brain

Sexual differentiation of the brain is orchestrated by sex chromosomes, gonadal hormones, and early
postnatal environment. X chromosome contains the largest number of immune-related genes in the human
genome, including Toll-like receptor pathways (BTK, IRAK1, and IKKy) and microRNAs involved in

. . [76-78]
immune regulation

X chromosome inactivation to match gene expression levels between males and females is not random,
as previously thought. Indeed, it is the paternal X chromosome that is consistently inactivated in neonatal
brains™”. Fifteen percent of the genes in the X chromosome, particularly immune-related genes such as
toll-like receptor 7 (Tlr7), escape inactivation in females™”*". TLR7 is implicated in miRNA-mediated
increased TNFa release, and different expression of TIr7 in females may contribute to intrinsic differences
in immune response'*”. Therefore, male and female microglia are differentially influenced by these factors
since early developmental stages"”

Sex hormones are likely key players in microglia sexual differentiation, independently of their genetic
background. Microglia physiologically express steroid hormone receptors, and are therefore sensitive to
the effects of both estrogens and testosterone'™”. Indeed, hormones are necessary to establish initial sex

1. showed that masculinization of female brain at E2 in mice

differences in microglia. Studies by Villa et a
resulted in transcriptionally male microglia in adulthood in those females. Indeed, once differentiated,
microglia retain their sex-specific transcriptional profiles even after transplantation into the brain of the

opposite sex in adulthood™”.

Interestingly, young adult female microglia maintain their sex differences in the absence of hormones,
as their transcriptome is not drastically affected after ovariectomy™". However, hormone depletion in
aged female mice (over 13 months old) induces profound transcriptome changes in these cells, with
increased inflammatory phenotypes'****. Further studies are required to determine if changes in circulating
hormones during aging are responsible for these differences. It would be especially relevant to determine
the relevance of this in the incidence of neurodegenerative disorders in women, as these often appear in the
postmenopausal period.

In addition, early pre- and postnatal environment is key in the sexual differentiation of the brain.
Development at this point involves rapid myelination of neuronal fibers and synaptogenesis, arborization,
and pruning. This time of extensive growth is also a critical period where environmental factors, such
as nutritional factors (folate and palmitic acid), early postnatal stress, or smoking, can influence optimal
CNS development[”’“]. Indeed, some functional sex differences in early postnatal microglia are lost upon
exposure to palmitic acid"”.

Basal sex differences in microglia functional responses

There are well described sex differences in microglia in the male and female brain. These differences
range from cell density and morphology to different transcription profiles and functions. Transcriptomic
data have shown that microglia transcriptome during brain development is characterized by temporal
maturation steps that follow different trajectories in males and females: male microglia are developmentally
delayed compared with female microglia, starting from E18"""". Besides, the maturation process has
features that resemble the pro-inflammatory activation programs typical of adult cells. This is of special
relevance, as it suggests a higher sensitivity to inflammatory events in male microglia, which could lead to a
faster aging of these cells and affect the risk of disorders™ [Figure 1].

Microglia density varies significantly across different subregions in the brain in a spatiotemporal fashion. In
early developmental stages, microglia density in specific brain areas such as the hippocampus is higher in
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A MALE MICROGLIA = FEMALE MICROGLIA

Higher Migration Capacity Higher Phagocytic Capacity
More Reactiveness Higher expression of phagocytosis receptors
Enlarged soma Higher expression of cellular repair and
Higher MHCI, MHCII, P2Y12 expression inflammatory control genes

Figure 1. Physiological sex differences in male and female microglia. A: male microglia have an enlarged soma and more reactiveness
in physiological conditions than female microglia. These cells have more pro-inflammatory responses, higher migration capacity, and
enhanced MHCI, MHCII, and P2Y12 constitutive expression; B: female microglia, on the other hand, have a higher phagocytic capacity
and higher gene expression of cell repair and inflammatory control genes

female brains, whereas it is higher in the amygdala in male brains. Other areas, such as the cortex, striatum,
and cerebellum, show similar densities in both sexes at these stages. At later developmental stages (early
adulthood), there is a higher microglia density in the cortex, hippocampus, and amygdala of male brains,
while there are no differences in the striatum and cerebellum®*”.

Similar to cell density, significant regional heterogeneity has also been found in microglial structural

complexity. During development, the soma size of female microglia is larger in the cortex, hippocampus,
. . . . . . [39,92] .

and amygdala, while there were no changes in microglia size in other areas™ . However, in adult stages,

male microglia show enlarged somas throughout the brain"”

Microglial phagocytic activity has been shown to be enhanced in early postnatal female microglia
compared with males in both mice and rats***”. On the other hand, male microglia show a higher P2Y12
receptor expression and higher motility capacity at this time"***, Interestingly, male microglia also show
higher MHCI and MHCII expression, as well as enhanced P2X receptor-mediated signaling, which are
indicative of more reactiveness than female microglia already under physiological conditions" [Figure 1].

Functional sex differences in microglia may have important functional consequences for disease
progression. It is likely that each sex uses different mechanisms to achieve similar baseline functional states
adapted to their sex-specific environments, and therefore microglial cells would have equivalent cellular

functionality regardless the sex™.

Recent work has shown that microglia contribute to sex differences in social behavior® and further
research will determine to what extent microglia partake in the brain sexual dimorphism. How such

intrinsic differences contribute to disease susceptibility also remains to be elucidated”**”

Sex differences in microglia responses in disease
Microglia dysfunction is implicated in every single brain disease. Unveiling microglia functional sex
differences in non-physiological states may explain differences in disease susceptibility that result from sex-
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specific inefficient responses. Sexual differentiation of the brain during early development likely underlies
the strong sex biases prevalent in many neurological conditions, as they acquire their sex specific identity
early in development, which persists during the injury response”™”’. Therefore, studying sex differences in
this context could shed some light on sex-specific disease mechanisms.

Beyond the neuroprotective effect of estrogens per se”**””, RNA-seq analysis revealed that female microglia
express more genes involved in cellular repair and inflammatory control than male microglia, which likely
contributes to a more favorable outcome in several injuries””. Besides, recent studies have shown that
male microglia seem to be more reactive already under physiological conditions as well as have a shorter
lifespan™’. For example, female microglia show a higher mRNA expression of Shank 3, Fxyd1, Aqp1, or
Timp3 and a decreased mRNA expression of Akt1is1, Trem1, S100a9, or Cxcl2, as well as decreased NF-«B
activity levels, compared to male microglia"”.

Sex differences in microglia immunomodulatory response to lipopolysaccharide (LPS), a potent pro-
inflammatory agent, have been studied both in vitro and in vivo, and in both conditions male microglia
display a higher immune response of male microglia after LPS stimulation***", which is accompanied by
greater IL-18 mRNA and MHCI/II expression in male microglia, and decreased CD14 mRNA expression

in female microglia[”’%].

Mouse models of forebrain or focal ischemia have shown that young adult female mice and rats sustain
lesser injury than males” ", Moreover, female microglia display a neuroprotective phenotype in ischemic

stroke; indeed, when transplanted in male brains, they protect them from this disease™”

Something important to keep in mind is that different subsets of microglia respond to various insults such
as aging or immune challenges differently. Microglia can be classified into gene expression clusters through
the lifespan of the individual. For example, on Postnatal Days 4 and 5, female microglia are enriched
for the genes Cd74, chemokine (C-C motif) ligand 24 (Ccl24), and Argl[m]. Interestingly, as the brain
ages, there is a progressive expansion of clusters that typically have few very cells in adolescent and adult
samples, which are enriched in inflammatory genes and are more responsive to interferon"*”’. Combination
of deep single-cell transcriptome analysis, fate mapping, clonal analysis, in vivo imaging, and transgenic
mouse lines have allowed the identification of microglia subsets in different CNS compartments during

[102-104]

neuroinflammation

Single-cell sequencing of microglia in an Alzheimer’s disease mouse model revealed a unique AD-related
microglial phenotype, generated by a two-step process involving triggering receptor expressed on myeloid
cells 2 (Trem2). Activation is initiated in a TREM2-independent manner involving downregulation of
microglia checkpoints, followed by activation of a TREM2-dependent manner*”. The relevance of sex in
these unique microglial subsets such as disease-associated microglia remains to be elucidated.

Interestingly, some genes have been linked with sex-specific phenotypes in the case of AD. One such gene
is Apoe, which codes apolipoprotein E (ApoE), a modulator of the CNS immune system that can have
differential outcomes on microglial function depending on the variant™*"”. The g4 variant of the gene,
which is expressed more strongly in females, has been linked with a higher risk of developing late-onset
[56,108,109

AD in humans |, Microglia are a major source of plaque-associated ApoE, which is modulated by
TREM2 in AD mouse models™"”.

A sex-specific differential expression of Apoe in disease associated microglia has been found in a mouse
model of ALS"**"""""* Microglia isolated from female aged mice also have upregulation of ApoE transcripts
compared to males""”. Overall, these findings suggest that ApoE is a gene that could partially explain the
sex differences found in AD and maybe other neurodegenerative disorders.
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CONCLUSION

Hormonal and genetic environments determine microglia fate to be sex-specific. There are several sex
differences in microglia physiology, distribution throughout the brain, functional responses, transcriptional
profiles, and sex chromosome composition. Some of these are maintained throughout the lifespan of the
individual; however, most of them are dynamic and vary over time. As microglia play a key role in every
neurological disease, it is likely that the differences they present contribute to sex differences in the course
and incidence of these disorders. Therefore, sex differences in microglia are a new and promising research
field to explain the differences in neurological disorders in humans and potentially lead to sex-specific
strategies to treat these patients.
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Abstract

Microglia dynamically interact with neurons influencing the development, structure, and function of neuronal networks.
Recent studies suggest microglia may also influence neuronal activity by physically interacting with axonal domains
responsible for action potential initiation and propagation. However, the nature of these microglial process interactions
is not well understood. Microglial-axonal contacts are present early in development and persist through adulthood,
implicating microglial interactions in the regulation of axonal integrity in both the developing and mature central nervous
system. Moreover, changes in microglial-axonal contact have been described in disease states such as multiple sclerosis
(MS) and traumatic brain injury (TBI). Depending on the disease state, there are increased associations with specific
axonal segments. In MS, there is enhanced contact with the axon initial segment and node of Ranvier, while, in TBI,
microglia alter interactions with axons at the site of injury, as well as at the axon initial segment. In this article, we review
the interactions of microglial processes with axonal segments, analyzing their associations with various axonal domains
and how these interactions may differ between MS and TBI. Furthermore, we discuss potential functional consequences
and molecular mechanisms of these interactions and how these may differ among various types of microglial-axonal
interactions.

Keywords: Microglia, multiple sclerosis, traumatic brain injury, microglia-axonal interactions

INTRODUCTION

Microglia are the innate immune cells of the central nervous system (CNS) and the primary mediators
of the neuroinflammatory response. They are derived from a pool of primitive macrophages from the
yolk sac that appear during early embryonic development™. Microglia are ontogenetically distinct from
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the peripheral blood-derived monocytes/macrophages that reside outside the CNS and mediate the
peripheral inflammatory response' ™", Peripheral blood-derived immune cells are not typically found in
the healthy CNS. However, peripheral monocytes/macrophages can infiltrate the CNS and exacerbate the
neuroinflammatory response under pathological conditions. The distinct developmental origin of microglia
from peripheral monocyte-derived macrophages and the exclusion of peripheral immune cells from the
CNS underscores the immunological privilege of the CNS and the unique functions microglia might exert

in the healthy brain and in pathological processes'®.

Microglia are cells with highly dynamic process networks that rapidly remodel to survey the
microenvironment and maintain tissue homeostasis” . The surveying processes of microglia respond to
° and microglia undergo
“activation”, a complex series of alterations including changes in enzyme, receptor, and immune factor

expression and altered cellular morphology™""*?. Microglia exhibit a variety of morphologies ranging from
[3,13]

CNS perturbations through rapid protrusion onto the site of insult/interest'™

small cell bodies with long highly-branched processes to enlarged cell bodies with short, thick processes
The spectrum of microglial morphologies is indicative of their activation state and is commonly used
to characterize activated vs. non-activated microglia in histological samples. Surveying (non-activated)
microglia exhibit long, highly-branched or “ramified” processes that sample the surrounding environment.
However, upon activation, microglia retract their processes and increase their cell body size, exhibiting
morphologies defined by short, thick processes and large somas"™", Highly activated, phagocytic microglia

[3,14]

tend to lose distinctive processes all together and exhibit an ameboid shape

Many studies have investigated microglial-neuronal interactions via secreted factors. Activated microglia
exhibit extensive changes in the expression of their inflammatory profile™”. While some of these secreted
factors may provide neurotrophic functions, pro-inflammatory factors exhibit deleterious effects"*"”.
Various neurotrophic secreted factors released from microglia induce neurite outgrowth and have been

[18-20

shown to be involved in regulating the cytoarchitecture of the developing brain"**"". Pro-inflammatory

microglia, however, up-regulate cytokines and enzymes that produce reactive oxygen species, which have

[16,21-32]

been implicated in axonal injury and disruption
Microglia also interact with neurons through physical contact under homeostatic conditions™*"**>*.
Microglia have recently been shown to contact dendrites and neuronal cell bodies in the normal adult
brain"**. Both contact types require purinergic signaling through the P2Y12 receptor and appear to be
protective in nature”” . In the developing somatosensory cortex, it was recently found that microglial
process contacts onto dendrites precipitates filipodia formation, linking microglia process contacts with
synaptic formation®™. Microglia are also key mediators of synaptic pruning, which alters the neuronal
excitatory/inhibitory balance'"’. Microglia contact pre- and postsynaptic neuronal elements in an activity-
dependent manner, and synapses that are contacted by microglia more frequently and for longer durations
of time are subsequently removed [Figure 1A]"***!. Specifically, studies have demonstrated that early
during development (Postnatal Day 5 in mice) phagocytic microglia engulf synapses of neurons with
reduced activity/input in a complement-dependent manor***!. Alternatively, later during development
(Postnatal Day 15 in mice) microglia only appear to remove parts of synapses in a process called
“trogocytosis”*”. Another study using zebrafish larva demonstrated that microglial-synaptic contacts
increased with increased neuronal spontaneous activity. Further, the zebrafish neurons that were contacted
by microglia exhibited a decrease in activity, while noncontacted neurons maintained an increased firing

Microglia may also influence neuronal excitability through contact with the axon initial segment (AIS), the
axonal domain responsible for action potential initiation and modulation [Figure 1A]" Microglia appear
to establish contact with the AIS early in development and maintain this contact through adulthood,
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Figure 1. Schematic representation of microglial process contacts in health and disease. Illustration demonstrating various microglial
and monocytic contacts onto axonal segments. A: in the healthy brain, resident microglia (green) contact the neuronal cell body and
axon initial segment. These microglia potentially express TNF-o. and CSF1 and are involved in reduction of hyperexcitability in neurons.
The dynamic surveying processes of non-activated ramified microglia also contact various areas of the axon in the healthy CNS. During
development, contacts by resident microglia are involved in pre- and postsynaptic pruning; B: in MS, both resident microglia (green)
and infiltrating peripheral monocytes (red) contact the nodes of Ranvier. Note that the processes of monocytes are found between the
layers of myelin and the axon sheath, while the resident microglial processes are primarily in contact with adjacent monocytes and/or
involved in debris clearance. Neuroinflammatory cells that have yet to be identified as either resident microglia or infiltrating monocytes
(teal) that express TNF-q, INOS, Nox2, and higher levels of activated calpain, wrap the axon initial segment. This wrapping is involved in
a notable reduction in the length of the axon initial segment; C: following TBI, macrophages (monocytes and/or microglia) phagocytosis
the Wallerian debris from the degenerating distal axonal segments of an injured axons. Potential hyperexcitability of neurons following
TBI induces microglial process convergence onto the neuronal soma via elevated ATP levels and/or glutamate levels. Rod microglia (green)
are also common along the apical dendrite following injury; however, their function is currently unknown. Microglial process convergence
onto the proximal injured axonal segment is associated with P2Y12 and potentially confers neuroprotective effects on the damaged axon
leading to axonal sprouting. CNS: central nervous system; MS: multiple sclerosis; TBI: traumatic brain injury; TNF: tumor necrosis factor;
CSF1: colony stimulating factor 1; INOS: inducible nitric oxide synthase; Nox2: NADPH oxidase 2

strongly suggesting that microglia play a role in regulating AIS structure and function. Additionally,
when repeated stimulations were used to induce neuronal hyperexcitability, microglia extended their
processes and wrapped around axons””. This induced a rapid repolarization in the neuron back to resting
levels which was lost when microglia were pharmacologically blocked"”.

Neuroinflammatory microglial changes are associated with various pathologies, including, but not limited
to, spinal cord injury, neurodegenerative diseases, and early-life stress'**”. Alterations in the form and
frequency of physical microglial-axonal contacts, however, have been described in the most detail in
multiple sclerosis (MS) and traumatic brain injury (TBI), therefore this review focuses on these two disease
states'**”. Many of the changes in microglial-neuronal contacts appear to be dependent on the disease
state, in which there are alterations in microglial associations with specific axonal segments. Below, we
review the interactions of microglial processes with axonal segments, focusing on their associations with
various axonal domains and the unique alterations of these physical interactions in MS and TBI.
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NEUROINFLAMMATION IN MS

MS is an autoimmune-mediated disease of the CNS that is characterized by inflammation and
demyelination. While the cause of MS is not fully understood, it is accepted that neuroinflammation,
resulting from the accumulation and activation of macrophages (derived from microglia or infiltrating
monocytes) in the human CNS, is a crucial step in MS pathogenesis, which culminates in injury to
myelin and axons and disrupts the flow of information"**". The autoimmune nature of MS and the role of
autoreactive peripheral T cells is highly complex and has been reviewed previously”””. Therefore, we do not
discuss the autoreactive peripheral immune cells in this review. Furthermore, destruction of myelin and
axons, as well as oligodendrocyte cell-death, are directly related to the numbers of activated inflammatory
cells™***”" The symptoms of MS range widely based on the CNS region affected and include a variety of
motor or sensory dysfunctions such as muscle weakness, spasticity, tremor, unexplained pain or numbness,
vision problems, and cognitive deficits'*". While demyelination is a hallmark of MS, axonal injury is also a
prominent pathological feature and is a major contributor of chronic disability in patients””******. The types
of axonal injuries in MS and its models include the formation of axonal swellings, reduced levels of Na'/K"
ATPase, synaptic damage, axon transection, and disruption of axonal domains, such as the node of Ranvier
(NOR) and the AIS'"*’. These axonal injuries may occur as either a consequence of demyelination[“’m]
or as a primary event, independent of myelin loss”""), although the mechanisms driving primary axonal
pathology are not fully understood. It is appreciated that soluble factors produced by resident microglia
and infiltrating monocytes and their interactions with peripheral immune cells play a pivotal role in driving
axonal injury[sg’so’n”s]; however, recent studies have implicated a mechanistic role for microglia/monocytes
through physical interactions with axonal domains'***"

Studies investigating axonal contact by microglia and/or infiltrating monocytes have utilized two common
models of MS: a toxin-induced demyelinating model, cuprizone™, and an immune-mediated model,
experimental autoimmune/allergic encephalomyelitis (EAE)””. In the cuprizone model, a copper-
chelating toxin, cuprizone, is administered through chow resulting in oligodendrocyte cell death and,
consequently, loss of myelin”". Demyelination is detectable 1-2 weeks after cuprizone treatment with
peak demyelination occurring by 5-6 weeks of exposure”*”". The cuprizone model yields substantial
demyelination and, upon removal of toxin-containing chow, spontaneous remyelination occurs. While
this model does not recapitulate immune-mediated aspects of MS, it does allow for the investigation of
fundamental mechanistic questions of the demyelination/remyelination process and roles of myelin in
the stability of axonal domains”™. The EAE model is an immune-mediated model that is induced through
subcutaneous injection of myelin proteins accompanied by pertussis toxin and an adjuvant to ignite an
inflammatory response”’**". The resulting neuroinflammation recapitulates key pathological features
of MS such as inflammation, demyelination, and neuronal insults”***". These two models allow for the
rigorous assessment of MS-associated alterations in microglial-axonal interaction due to demyelination
both in the presence of and independent from the autoreactive inflammatory response.

MICROGLIAL CONTACT WITH THE NOR IN MODELS OF MS

Axonal function requires maintenance of the NOR"™, and a major regulator of nodal axonal domain
stability is myelin integrity[”’“’sg]. For example, cuprizone-induced demyelination resulted in loss of nodal
and paranodal clustered proteins’”. Other studies have also demonstrated loss of nodal protein clustering
as a downstream consequence of demyelination in mouse models of MS and postmortem MS tissue'”****".
In addition to NOR disruption, analyses of human MS tissues have revealed that prominent microglia/
macrophage accumulation correlates with active demyelination[56’59’60’67]. Indeed, myelin is required for NOR
stability; however, NOR protein clustering can also be disrupted independent of demyelination. Howell et al.””
used immunohistochemical techniques to study NOR integrity in normal-appearing white matter of MS cases
and in EAE and found NOR disruption correlated with local microglial inflammation but was independent
of demyelinating lesions and did not correlate with the density of infiltrating lymphocytes. This was
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consistent with other studies demonstrating that numbers of microglia/macrophages correlate to EAE
severity””*”". However, the cellular mechanisms by which microglia/infiltrating macrophages promote
disease progression and whether these cells play differential roles in initiating demyelination or promoting
repair remain unknown'*"”***, Yamasaki et al.' began to elucidate the roles these cell types play in the
disease course of EAE and their differential roles in myelin disruption. Serial block-face scanning electron
microscopy of mice, in which the resident microglia fluoresced green and the infiltrating monocyte-derived
macrophages fluoresced red, was utilized to distinguish the two inflammatory cell populations and to
investigate their role in demyelination®. It was demonstrated that both microglia and infiltrating peripheral
monocyte-derived macrophages contact the axo-glial unit at the NOR in the spinal cord of EAE-induced
mice at disease onset [Figure IB][G]. They found that most (73%) of the NOR investigated (both intact and
disrupted) were physically contacted by some sort of macrophage[6]. Interestingly, microglial association
with the axo-glial unit was limited, while monocyte-derived infiltrating macrophage contact at the NOR
was more extensive'”. Monocyte-derived macrophage processes were found extended between the myelin
and axolemma, potentially uprooting paranodal contacts and initiating demyelination [Figure 1B]'. In
contrast, microglial processes contacted the axo-glial unit at the NOR, but the microglial processes did
not extend beneath the axolemma and, instead, appeared to primarily interact with adjacent macrophages
and appeared to be involved in debris clearance [Figure 1B]'. Gene expression profiles supported that
infiltrating monocyte-derived macrophages were highly phagocytic and pro-inflammatory, whereas
microglia demonstrated a suppressed cellular metabolism and activation phenotypem. These findings
suggest that, at disease onset, infiltrating macrophages initiate active demyelination while microglia
perform myelin debris clearance, a function that supports tissue regeneration and affects the maturation of
oligodendrocyte progenitor cells™.

The differential mechanisms underlying microglial contact at the NOR is still to be fully determined. It
was shown that C-C chemokine receptor type 2 (CCR2), a chemokine receptor essential for monocyte
recruitment to CNS tissues during immune-mediated inflammation®**”
of disrupted NOR by infiltrating monocyte-derived macrophagesm. Mice lacking CCR2 demonstrated
reduced NOR contact by monocyte-derived macrophages and significantly less demyelination at EAE
onset. Interestingly, CCR2-deficient mice displayed similar nodal pathology during the pre-onset stage of
EAE (post-EAE induction but prior to onset of motor clinical symptoms), suggesting that inflammatory
nodal disruption could be reversible if monocyte-derived macrophages were prevented from initiating

demyelination at those sites'”.

, was important for recognition

MICROGLIAL CONTACT WITH THE AIS

Microglia contact the AIS during normal development and throughout life, indicating that these cells likely
play a role in the regulation of AIS structure and/or function in both the developing and mature CNS
[Figure 1A]"*. A recent study utilizing both EAE and cuprizone models of MS to assess MS-related axonal
injury and their underlying mechanisms found that inflammatory microglia and/or Macrophages physically
contact the AIS"”. It was found that the AIS is a primary target in disease pathogenesis of EAE™”. In this
study, mice were induced with either myelin-oligodendrocyte glycoprotein + EAE or cuprizone and AIS
integrity of cortical neurons was assessed using immunohistochemical techniques. The integrity of the
AIS was assessed by immunolabeling for ankyrinG (AnkG), a protein critical for AIS establishment and
maintenance”*”. Upon EAE induction, it was found that the number and length of AISs were significantly
reduced and that the number of disrupted AISs was associated with disease severity and progression[”]
This loss of AIS integrity, however, was not associated with demyelination, neuronal death, or axonal
damage, rather appeared to be mediated by inflammatory factors” ", Specifically, AIS disruption was
preceded by microglial morphological changes suggestive of enhanced reactivity and increased contact by
Iba-1 positive inflammatory cells but occurred independently of demyelination[27]. The nature of microglial
interaction with the AIS changed substantially following EAE, transitioning from microglial process
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alignment along the AIS and periodic process ends contacting the AIS [Figure 1A] to microglial processes
completely wrapping around the AIS [Figure 1B]"*"*”. Treatment with anti-inflammatory Didox, a free-
radical scavenger and NF-«xB modulator™™"*, resulted in enhanced AIS structural integrity and reduction
in microglial-AIS contact, indicating that EAE-induced inflammation is the driver for AIS disruption and
enhanced microglial-AIS contact.

Microglial-AIS contact increased prior to and concomitant with changes in AIS structure, although it
does not appear that contact alone drives AIS disruption. In the cuprizone model, demyelination and
inflammation are present in the cortex; however, AISs were spared, suggesting the AIS, unlike the NOR,

2719 Interestingly, in the cortex of cuprizone-fed mice, reactive

is not maintained by myelin presence
microglia also enhanced contact with AISs but AIS structure was preservedm]. Thus, the consequence of
microglial-AIS contact appears to be stimulus dependent. In other models, microglia are recruited to and
make contact with the initial portion of the axon and soma of hyperexcitable cells"**". Microglial-axonal
contact is activity dependent and results in a protective phenotype, preventing the neuron from excitotoxic
death™*?. While live-imaging and physiological experiments have not been performed in MS models,
analysis of AIS plasticity in EAE revealed structural changes of the AIS, such as decreased length””, which
can occur in response to hyperexcitable environments"***”, Thus, the nature of microglial-AIS contacts
may be context dependent and could either drive disruption or confer protection. Since the AIS is the
axonal domain where action potentials are generated, this consistent microglial-AIS contact in both health
and disease strongly implicates microglia as a regulator and/or modulator of neuronal function and further
studies are needed to investigate the role of enhanced microglial interactions with the AIS in MS and its
models.

The mechanisms mediating microglial contact with either the NOR or AIS remain undefined; however,
as the molecular architecture is highly conserved between these two axonal segments, it is likely that the
molecular mechanisms involved in associations with either region are similar. The fractalkine receptor
CX3CR1 mediates microglial synaptic pruning and microglial contact with neuronal somatic-dendritic
domains, and was, therefore, a prime candidate for mediating microglial-AIS contact™™*. However,
absence of CX3CR1 fractalkine receptors on microglia did not alter contact with the AIS in the healthy
mouse brain, suggesting that microglial-AIS interactions are not mediated through the fractalkine
receptor[“]. Loss of brevican and versican, specialized extracellular matrix molecules surrounding the AIS,
also did not alter microglial contacts onto the AIS"”. In an effort to determine if AIS proteins are necessary
for microglial contact, the AIS master scaffolding protein AnkG was knocked down, which disrupted
AIS protein clustering and significantly reduced the number of microglial-AIS contacts, suggesting that
molecules normally restricted to the AIS are important for microglial-AIS contact™. Thus, some progress
has been made in eliminating candidates that mediate microglial-AIS contact and in determining that
an intact AIS is important for microglial contact, but these experiments*”’ focused on microglial contact
specifically with the AIS.

NEUROINFLAMMATION IN TBI

TBI affects millions of people and is associated with devastating financial and societal costs linked to
the long-term morbidities that develop and persist for years after the initial insult""*""". Recent studies
have demonstrated the impact of inflammatory cascades in regulating many of these TBI-mediated
outcomes ", While astrocytes and infiltrating peripheral monocytes/macrophages do play a role
in TBI-induced neuroinflammation, microglia are thought to be the critical mediators of these TBI-
induced neuroinflammatory processes and, therefore, have been the primary focus of TBI-related
neuroinflammatory investigations. However, as it is difficult to specifically identify resident microglia
from peripheral infiltrating monocytes following TBI, many studies call both populations “microglia” for
simplicity. In the following sections, we do the same unless the population is specifically known to be

infiltrating monocytic in origin.
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Studies have also demonstrated neuroinflammation in various brain regions within the human population
following TBI""""***, Molecular imaging studies have demonstrated microglial activation in populations
of TBI patients as visualized via positron emission tomography using ligands for the mitochondrial
translocator protein, TSPO, following brain injury"****"**"". While the TSPO ligands used in these studies
have been shown to significantly increase binding to activated microglia post-TBI, they also bind to other
neuroinflammatory cells following trauma"**"****", Complementary histopathological studies investigating
the extent and localization of various neuroinflammatory makers, including microglial CD68 and/or
complement receptors, as well as morphological indications of microglial activation also demonstrated
1223 Many of these studies also indicate that
neuroinflammation persists and evolves years after the initial head injury and that inflammation may
become more severe with time post—injury[l17’121’125’126].

significant inflammation following brain injury in humans

The majority of preclinical TBI models can be divided into focal and diffuse injury models, with some of
the most used models being the controlled cortical impact (focal), central fluid percussion injury (diffuse),
lateral fluid percussion injury (mixed focal and diffuse), and head rotational (diffuse) models; however, the
specific models used to induce TBI are highly varied. For a review of the different types of TBI preclinical
127128 “While the occurrence of microglial activation following TBI is rather well
accepted, the role of activated microglia in the post-injury brain is far more enigmatic. A wide range of

models, please see

studies using various rodent models of brain injury have demonstrated that activated microglia can have
a host of functions. For simplicity’s sake, these functions were lumped into two historical categories: M1,
or pro-inflammatory microglia, that were involved with cytokine release that lead primarily to neuronal
damage and M2, or anti-inflammatory microglia, that were associated with release of neurotrophic factors
and cytokines downregulating the inflammatory responses’ ", These binary definitions, however, appear
too simplistic for the complex interactions between the pro- and anti-inflammatory signals coming from
activated microglia following TBI™*". While the nomenclature for microglia falling along the inflammatory
spectrum is still up for debate, studies do indicate that location, time following TBI, and systemic
factors, including stress and infection, can push activated microglia toward a more pro-inflammatory
state!*"******* Information regarding these microglial populations is covered in greater detail in the

following reviews ">

Many well-designed studies using rodents have indicated that reduction of activated microglial and/
or targeting various neuroinflammatory signaling pathways ameliorates downstream pathology and
behavioral morbidity"**"*”. One of the most common compounds used to assess the role of microglial
activation following TBI is the second generation tetracycline drug, minocycline*”. Minocycline is
traditionally used clinically as an antibiotic; however, it has various other uses/effects including as a
powerful anti-inflammatory compound"*”’. Various studies demonstrate significant reductions in damaged
or dying neurons, reduced lesion volumes, enhanced behavioral scores, and drastic reduction in pro-
inflammatory cytokine expression following administration of minocycline, indicating that interactions
between activated microglia and neurons could precipitate neurodegeneration[“H“]. In fact, minocycline is
currently being assessed for safety in clinical trials for the treatment of TBI-associated morbidities thought
to be regulated by inflammation"*". However, other studies indicate that prolonged microglial inhibition
via minocycline administration precipitates enhanced neurodegeneration and inflammation or no effect at
all, demonstrating the complexity of neuroinflammatory responses following TBI"*"*”. Based on the fact
that minocycline has a multitude of effects, it is also possible that the variability in these studies” findings
highlight the potential that non-inflammatory minocycline-induced reductions in TBI-mediated pathology
in turn reduce inflammation and microglial activation™**"*"**), In support of this possibility are studies
showing little or no effect of genetic microglial elimination or direct microglial inhibition using compounds
targeting the CSF1 receptor in altering TBI-induced pathology'**"****". Additionally, administration of
pro-inflammatory stimuli into the ventricle, surpassing induction of peripheral inflammatory responses,
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does not result in enhanced post-injury neurodegeneration, indicating that the peripheral inflammatory
response, more than direct microglial activation, precipitates proinflammation-mediated secondary
insults™****"". Overall, these studies underscore the intricacies of TBI-induced microglial activation and our
limited understanding of microglial-neuronal interactions following brain injury.

PHAGOCYTOSIS FOLLOWING TBI

One of the most well-studied physical interactions between microglia and neuronal segments following
TBI is phagocytic engulfment. As in the non-injured brain, activated microglia serve a prominent and vital
role in the clearance of cellular debris following brain injury. Upon the initial TBI insult, a multitude of
cellular pathologies progress. One of the most well studied pathologies, and the hallmark of diffuse brain
injury following TBI, is diffuse axonal injury/traumatic axonal injury"*****"*", Axonal injury first manifests
as disruption of molecular transport anterogradely down the axon and progresses over hours, days, and
months following injury to a disconnection at the point of initial transport disruption, resulting in a
proximal axonal segment that remains connected to the neuronal cell body and a distal axonal segment
that undergoes Wallerian degeneration***". Phagocytosis by activated microglia is required to engulf
and clear away the axonal and myelin debris from the Wallerian degeneration of the distal axonal segment
and involves the toll-like receptors, TREM-2, complement receptors 3 and 4, as well as MAC-2, for the
engulfment of myelin, and the purinergic receptor P2RY6 [Figure 1C]"*'*". Ultrastructural assessments
of the injured brain have demonstrated significant phagocytosis of Wallerian debris by activated microglia
following TBIF> e, Microglia with ameboid morphologies, indicative of phagocytic activity, were
found primarily in proximity to the distal axonal segment sustaining dieback, but not the proximal axonal
segments, following TBI-induced optic nerve damage"*”. Further, expression of mRNA indicative of
phagocytic activity is significantly increased following trauma*”’. It should be noted, however, that both
microglia and astrocytes containing phagocytic material have been observed, demonstrating that, while
microglia may be the primary phagocytic cells in the brain, astrocytes also phagocytosis debris following
injury"*”. Additionally, not all activated microglia were observed to be phagocytic following TBI, indicating
that phagocytosis is not the only microglial-axonal interaction upregulated following TBI™',

ROD MICROGLIA AND TBI

The readily identifiable, yet mysterious, “rod microglia” have been noted following TBI in a variety of pre-
clinical models and in the human population. This subset of microglia appear following injury and are
defined exclusively by their rod-like morphology and chain-like associations that form long microglial
trains of several rod microglia lined up end-to-end [Figure 1C]"*". These rod-shaped microglia have been
described following a variety of neurological diseases, including neurosyphilis, and appear to be both non-
phagocytic and reversible"*”. Both rod microglia and microglial trains appear primarily in brain regions
in which the fiber tracks are linear, such as the neocortex, brainstem, and hippocampus'**'****) This
subset of rod microglia, however, appear to be absent in areas that are not linearly arranged, such as the
thalamus"*. The formation of microglial trains appears to be associated with p38; however the function
of these microglial trains remains unknown"®”’. Recently, it was found that microglial trains formed by
rod microglia align with the apical dendrite, but not the axon as was previously thought, of pyramidal
neurons in the rodent cortex [Figure 1C] and spatially associate with astrocytes, indicating that this subset
of microglial-neuronal interaction is neuronal-segment specific and could be involved in an additional
interplay between neuroinflammatory cell types"*”. However, the study of rod microglia following TBI is
still in its infancy and requires further investigation into the timing and function of this microglial-axonal
interaction subtype.

TBI-INDUCED PROCESS CONVERGING AND DIVERGING MICROGLIA

Over the last several years, another subtype of microglial-neuronal interaction has been observed following
brain injury. This interaction subtype manifests as physical contacts between activated microglia and
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Figure 2. Ultrastructure of microglial process contacts onto axonal segments following TBI. Electron micrographs of Iba-1immuno-labeled
microglia contacting: A: intact non-injured axons in sham-injured micro pig thalamus; B: injured axonal segment in the thalamus of micro
pigs acutely (one day) following diffuse TBI. Iba-1-labeled microglial processes are pseudo-colored blue and the injured axon is pseudo-
colored yellow for clarity. While few microglial processes were observed in direct contact with axons normally, microglial processes were
observed in direct contact various segments of the neuron, including the soma (N = nucleus), AlS, and the proximal axonal swelling (X)
of the injured neuron. Note that the proximal axonal segment of the injured neuron demonstrates ultrastructural characteristics of axonal
sprouting (*). Scale bar: 5 um. AlS: axon initial segment; TBI: traumatic brain injury

the proximal axonal segment of injured axons following TBI"". Using a micro pig model of central fluid
percussion-generated diffuse TBI, paired with multiplexed immunohistochemical quantitative image
analysis, recent studies found processes from activated microglia converge onto adjacent injured thalamic
axons acutely (hours to one day post-injury) following injury, a phenomenon termed “microglial process
convergence” (MPC; Figure 1C)*"*”. These process converging (PC) microglia were neither ameboid nor
rod shaped, rather they displayed shortened processes, with fewer process branches, morphological changes
indicative of activation without progression to phagocytosis[w’sl’sz]
that PC microglia were non-phagocytic in nature””*”. Additionally, a single injured axon could have
processes converging from multiple PC microglia®***. As the majority of diffuse axonal injury following
TBI appears to occur in or adjacent to the AIS, it is likely that the proximal axonal swellings in which this
subtype of PC microglia are converging are nearer to the AIS than to more distal points along the axon
[Figure 2]"""""". Another group using a micro pig model of head-rotation-induced diffuse TBI found
indications of potential PC microglia associated with injured neurons following brain injury"””. Specifically,
also using multiplexed immunohistochemical quantitative image analysis, they observed that microglia
were in closer proximity to injured neuronal soma in multiple brain regions following TBI compared to

. Ultrastructural assessments confirmed
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neurons in sham injured micro pigs [Figure 1C]""”. These PC microglia also appeared activated without

falling into the morphological categories of phagocytic or rod microglia”™. Another recent study found
that MPC onto cell bodies of injured neurons is associated with protection. Specifically inhibition of this
MPC increased ischemia-induced lesion volume, behavioral morbidity, and calcium influx"”. Additionally,
ischemic injury results in microglial process contacts with injured synapses that are nearly 10 times longer
in duration than the 4-5-min-long contacts observed in non-injured animals using a thinned-skull live
imaging approach™. Therefore, it is likely that MPC could involve an increase in both the number of
microglial processes as well as the duration of these contacts onto injured axons.

The mechanisms involved in regulating MPC onto neuronal and axonal segments has primarily been
studied in mouse models of epilepsy. The number of microglial process contacts appear to be directly
related to the level of neuronal activity, in that MPC was significantly reduced upon reduction in neuronal
activity via either temperature reduction or tetrodotoxin administration in thinned-skull live-imaging
studies””’. Induction of neuronal hyperexcitability to the point of excitotoxicity also promoted MPC""”.
Hyperexcitability-induced MPC resulted in reduced neuronal activity and overall increased neuronal survival
in the face of otherwise excitotoxic events that were not seen following microglia elimination or inhibition of
MPC"”"", Neuronal excitation precipitates higher extracellular and lower intracellular Ca** concentrations
and increased extracellular ATP concentrations around the active neuron, which appear to be primary
molecular mediators of hyperexcitability-induced MPC"”"7 ATP-mediated MPC was found to promote
polarization of microglial process outgrowth toward the location with high ATP levels [Figure 1C]""".
Elimination of the purinergic receptor P2Y12 or the fractalkine receptor CX3CR1 drastically reduced MPC
onto hyper-excitable neurons, indicating that microglial P2Y12 and CX3CR1 are required for ATP-mediated
MPC7e, Excitatory neurons also release glutamate upon excitation. Concentration of extracellular
glutamate has also been found to mediate hyperexcitability-induced MPC potentially via activation of
N-methyl-D-aspartate (NMDA) receptors"”*"”". Glutamate/NMDA-mediated MPC was also found to require
microglial P2Y12, but not CX3CR1""”. Glutamate-mediated MPC also promoted nonpolarized outgrowth
of microglial processes, indicating that different molecular mechanisms of hyperexcitability-induced MPC
may result in different forms of MPC [Figure 1C]"""". Further, these mechanisms appear distinct from
those involved in microglial phagocytosis, as knocking out or inhibiting P2Y12 or NMDA inhibited
MPC without affecting phagocytosis'™. While epilepsy and TBI are different CNS diseases with distinct
neuropathologies, the molecules and mechanisms discussed above are prime candidates for regulation of
TBI-induced MPC. In fact, the Jacobs group found that both axotomized and intact neurons demonstrate
hyperexcitability one day following TBI in mice that appears to resolve in the axotomized population, but
not the intact neurons, by two days post-injury"”"*". While TBI-induced MPC onto the proximal axonal
segments of axotomized neurons has yet to be thoroughly investigated, these findings indicate the potential
that similar mechanisms might be at play in TBI and epilepsy-induced MPC.

It appears that TBI-induced MPC may be species dependent, as it was found that rats sustaining the same
central fluid percussion injury paradigm as their pig counterparts did not demonstrate MPC"™. Rather, at
the same time points following injury, there was a significant decrease in microglial contacts onto injured
proximal axonal segments in the rats, indicating microglial processes that diverged from injured axons
or microglia process divergence (MPD)"". This MPD observed in rats is in alignment with previous
observations in injured rats and mice that activated microglia do not physically associate with proximal
segments of injured axons following brain injury"'*'*”. TBI-associated MPD was also observed by a group
assessing the occurrence of microglia associations with the AIS, regardless of axonal injury, following
TBI in mice'*®. They demonstrated that microglial contacts onto the AIS of axons significantly decreased
following TBI in mice, indicating MPD similar to that observed by the other groups following TBI in
rodents"™**"***! In contrast to those studies, however, these AlS-associating, or “AXIS”, microglia were not
specific to injured axonal segments and appeared ramified (morphologically not activated), indicating that
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these AXIS microglia could represent a distinct subtype of MPD microglia***”. The interaction between the
AXIS microglia and the AIS appears to be ankrin-G and GABA mediated, while the fractalkine receptor,
CX3CR1, does not appear necessary for the AXIS microglial interactions'™”

There are reports indicating that microglia physically interact with injured axons following TBI in the
human brain. In 2014, a study demonstrated co-labeling of microglia with injured proximal axonal
swellings in brains of veterans who had histories of blast injury exposure™. Another study showed
potential PC microglia contacting injured axonal swellings when employing double-labeling techniques in
human TBI tissue"*. These studies indicate that microglial processes may contact axonal swellings in the
human brain following TBI; however, further investigation is needed to comprehensively assess potential
alterations in microglial-neuronal physical interactions in the human population and address how those
changes compare to those observed pre-clinically.

Additionally, a study investigating the expression of neuronal outgrowth marker, GAP43, in injured axonal
segments as it related to the density of microglia in brain tissue from people diagnosed with MS or TBI
demonstrated a positive correlation between neuronal regeneration and microglial density following
TBI in clinical samples [Figure 1C]"*". Other studies have also observed GAP43 expression in proximal
axonal swellings following injury in both human tissue and following induction of TBI in pre-clinical
models™***. Ultrastructural assessments further demonstrated morphological alterations indicative of
active axonal sprouting of proximal axonal swellings following TBI, demonstrating that axonal process
outgrowth following TBI is possible and potentially likely [Figure 2]"*****. Microglia have been shown
to express neurotrophic factors, such as nerve growth factor, following TBI, supporting a potential role
for MPC in post-injury axonal outgrowth[m]. Microglia may also release exosomes that induce neurite
outgrowth"”. The role of MPC and/or MPD in potential post-injury axonal sprouting, however, remains
speculative.

CONCLUSION

It is well accepted that microglia mediate neuroinflammatory processes in health and disease via pro-
and anti-inflammatory cytokines and chemokines. However, microglia also appear to mediate neuronal
function through physical contacts onto various neuronal segments, including dendrites, synapses, cells
bodies, and axons. While the study of microglial-axonal contacts is still in its infancy, there are indications
that these contacts play diverse and important roles during normal development and in the healthy
CNS as well as following TBI or in disease states, such as MS. Analysis of microglia in experimental and
human tissues demonstrate that microglia exhibit a spectrum of morphologies including ramified, rod-
like, hypertrophied, and ameboid that all exert unique contact subtypes onto axonal segments indicative
of the diverse roles microglial-axonal interactions play. Microglia and infiltrating monocytes contact
various axonal segments in unique and specific ways that appear tied to the axonal region contacted,
the morphology of the microglia, and the disease state. Further, it appears that the presence of microglia
contacts at axonal domains may confer protection. Some of the immediate questions for this burgeoning
field focus on the potential ameliorative effects of microglial contacts onto axonal and other neuronal
segments as well as the timing of these interactions following various pathologies. Future examinations of
axonal interactions using functional assessments and live imaging techniques could refine the distinction
between axonal contacts of resident microglia and those formed by peripheral monocyte-derived
infiltrating macrophages and help elucidate the nature of these interactions. Furthermore, identifying the
molecules mediating contact between microglia and the axon will point toward new strategies to treat
disease and promote repair in diverse inflammatory pathologies. The studies reviewed herein underscore
the importance of microglial-axonal contacts in the regulation of neural signaling and the need for further
investigation into these variable interactions in both the healthy and injured CNS.
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Abstract

Aim: The decline in ambulation characteristic of spinal cord injury (SCI) dramatically modifies quality of life and body
composition. To examine changes in quality of life, body satisfaction, and body composition in response to 6 months of
activity-based therapy in individuals with spinal cord injury (SCI).

Methods: Men and women with complete or incomplete SCI (12 with tetraplegia and 13 with paraplegia; mean age and
duration of injury of 35.8 £ 12.9 years and 3.8 + 5.5 years, respectively) completed 6 months of activity-based therapy
consisting of load bearing, locomotor training, whole-body resistance training, functional electrical stimulation, and
assisted/unassisted walking for 8.5 + 4.3 h/week. At baseline and at 3 and 6 months of training, body satisfaction,
perceived quality of life, depression, and bodily pain were assessed using various questionnaires, and whole-body and
regional fat mass and fat-free mass were determined with dual-energy X-ray absorptiometry. One-way analysis of
variance with repeated measures was used to examine changes in outcome measures during the study.

Results: Measures of body satisfaction (+23%) and quality of life (+8%) were improved (P < 0.05) in response to
training, yet no change in depression or pain was demonstrated (P > 0.05). Percent body fat increased (P = 0.02), yet
no change (P > 0.05) was seen in whole-body or regional fat free mass.

Conclusion: Data suggest that chronic high-volume activity-based therapy enhances various indices of quality of life in
men and women with SCI, but may be an ineffective approach to reduce fat deposition and increase muscle mass after
SCI.

© The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0
BT International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
sharing, adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as long

as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made.
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INTRODUCTION

The paralysis associated with spinal cord injury (SCI) compromises locomotion and, in turn, diminishes
physical function and leads to various secondary complications including obesity and insulin resistance'".
Above and beyond the physical effects of SCI is the onset of various psychological issues that may affect
perceived quality of life (PQOL), which encompasses aspects of happiness, health, quality of family
relationships, and financial and physical independencem. In fact, in men and women with SCI, well-
being is negatively associated with self-reported overweight status and onset of secondary complications",
which emphasizes the need to also consider participants’ psychological state during rehabilitation. Data
on persons with SCI demonstrate that aerobic and resistance exercise training improves PQOL compared
to non-exercising controls'”, although PQOL was reduced after a decline in physical activity three months
later'”. Incidence of pain is also common in SCI, as, in a survey of 200 individuals, 25% had more severe
pain and 44% reported that it interfered with daily activities”. Moreover, pain decreases quality of life
and serves as a barrier to regular exercise participation in SCI'. In addition, more pain is consequent
with greater incidence of depression'”, which is widely studied in persons with SCI', and incidence of
substantial pain may negatively influence participation in rehabilitation. Moreover, depression is associated
with body image disturbances and body dissatisfaction, which are common in persons with disability such
as SCI”. With exception of one study showing positive effects on quality of life', little is known about
efficacy of exercise training to modify quality of life and body satisfaction in SCI.

As stated above, quality of life is associated with body composition that is severely altered after SCI. For
example, Moore et al."” reported that persons with chronic incomplete or complete SCI have 14%-32%
lower muscle cross sectional area in the calf than controls. Moreover, lower extremity fat deposition is up
to fourfold higher in SCI versus able-bodied persons'”, and there is a loss of lean body mass in the trunk
and arms"” that reduces physical function and capacity for day-to-day activities including wheelchair
ambulation, all leading to altered quality of life. In addition, visceral adipose tissue is typically higher™,
which increases the risk of cardiovascular disease and diabetes"*'”. Chronic aerobic and resistance
exercise training can modify body composition in SCI, but the majority of data showing positive effects
are from studies employing lower extremity functional electrical stimulation (FES) using leg cycling"*,
resistance training["], or subtetanic contractions"™"” that are often inaccessible for people with SCI. Recent
studies show no change in body composition in response to completion of chronic upper-body resistance
training"” or arm ergometry””, two widely-used exercise modes in this population. Consequently, a
[21]

recent review
composition in SCI.

concluded that there is insufficient evidence to support exercise training to modify body

One rehabilitation modality frequently used in this population is activity-based therapy (ABT), which
targets activation of the neuromuscular system below the injury level, with a goal of retraining the nervous
system to recover a specific motor task such as locomotion™. Institution of ABT using modalities including
load bearing, locomotor training, resistance training, and/or FES typically targets the paralyzed or partially
paralyzed muscles and may also aid in prevention or treatment of various secondary health complications
seen after SCI. In a randomized controlled trial, Jones et al. 22l
walking-related outcomes in persons with incomplete SCI. Nevertheless, exercise training such as ABT
requiring voluntary contractions may have a lesser ability to modify body composition***"), although this is
not universal**. Therefore, it is unclear if body composition can be modified with voluntary exercise in SCI
such as ABT, and if any change in body composition is consequent with a change in quality of life. If ABT
does not elicit changes in body composition, alternative exercise modalities may need to be implemented
to improve this outcome in this population.

showed that ABT significantly improved



Page 42 Astorino et al. Neuroimmunol Neuroinflammation 2020;7:40-50 | http://dx.doi.org/10.20517/2347-8659.2019.11

The current study examined effects of chronic ABT on perceived quality of life, pain, body satisfaction,
and body composition in persons with SCI, which are related to subjective well being. Data from a recent
review™” of four studies containing 139 participants indicated no effect of ABT on quality of life, yet most
included studies were of low quality. Data from Dolbow et al. ¥ Sharif et al.””, and Sadowsky et al. 5 show
greater quality of life after FES training, yet it is unknown if similar results can occur with multi-modal
ABT. It was hypothesized that ABT would improve measures of quality of life and body satisfaction, but
not pain, fat free mass (FFM), or fat mass (FM) in men and women with SCI. Resultant data can be used
towards identifying effective rehabilitation strategies targeting these outcomes, which are associated with
physical and psychological function and overall well-being of persons with SCI.

METHODS
Design: this study was a within-subjects longitudinal project

Participants initiated 6 months of exercise training, which was continuously supervised by personnel
trained in SCI rehabilitation at a local ABT facility. During a single session at baseline and at three and
six months, a survey was completed to assess variables including body satisfaction, pain, depression, and
quality of life, and participants underwent dual-energy X-ray absorptiometry (DXA) scans to determine
whole body and regional body composition. This session was overseen by the primary investigator. In
addition, a four-day food log was completed. Assessments were performed a minimum of 18 h after their
last training session. Time of day was maintained across all trials within participants. Compliance to
training was monitored each day by staft at the facility.

Participants

Twenty-nine men and women with SCI were initially recruited and subsequently initiated this study; they
were recruited by word-of-mouth. They comprised a convenience sample of patients completing ABT
at a local rehabilitation facility. Eighteen individuals were identified as Caucasian, six as Hispanic, three
as Middle Eastern, and two as African-American. Initially, participants’ health history was examined
with a brief survey to ensure they met these inclusion criteria: complete or incomplete SCI, injury level
lower than C2, non-ventilator dependent, and physician’s permission to engage in an intense exercise
program. Prospective participants were excluded if they completed regular ABT (locomotor training,
assisted/unassisted walking, etc.) in the preceding 12 months or were unwilling to abstain from additional
exercise other than wheelchair ambulation outside the study; lacked the physical function or had excess
pain to complete training; were taking medications altering body composition or mental status (such as
testosterone, antidepressants, and/or diabetic and/or cardiovascular drugs) other than calcium or vitamin
D supplements; had medical conditions besides paralysis that alter body composition, such as diabetes
or hyperthyroidism; were peri- or post-menopausal; or suffered an acute infection. Participants provided
informed consent to participate in the study, which was approved by the University Institutional Review
Board and was conducted in accordance with the Declaration of Helsinki.

Assessment of quality of life

Using an interview format, the primary investigator read each item to the participant and recorded his/
her response, as not all participants could use pen and paper. Initially, the 10-item body satisfaction survey
(BSS)"" was completed, with scores ranging from -3 (very dissatisfied) to +3 (very satisfied). This survey
has a range of scores from -30 to +30 and included questions pertaining to physical function (seven items)
and appearance (BSS-A) (three items), which were scored separately. Next, participants were asked “how
much bodily pain have you had in the last four weeks” and “how much did pain interfere with your normal
work/day-to-day activities’, which were scored from 1 (none) to 6 (very severe). These were taken from
the Short Form-36 survey (SF-36) scale™ and have been previously utilized in SCI”". The 11-item PQOL
scale” containing four additional items related to quality of life in SCI*! was then completed, in which
participants were asked their degree of satisfaction on a scale of 0-100.
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Subsequently, we asked participants questions regarding the severity of onset of secondary complications
commonly seen in SCI including spasms, joint stiffness, constipation, urinary tract infection, pain, etc.,
using the following scale previously developed in this population[“]: (1) “T don’t have this problem”; (2)
“Problem is not at all bothersome”; (3) “Problem is slightly bothersome”; (4) “Problem is moderately
bothersome”; and (5) “Problem is greatly bothersome”

Lastly, the Center for Epidemiological Studies Depression scale™ was completed. Participants were asked
to rank on a 0 (rarely or none of the time) to 3 (most or all of the time) scale how they felt about each of 20
items during the last week. The overall score was the sum of all 20 items for a total possible score equal to

60. This survey is reliable and valid in persons with SCI"*.

Assessment of body composition

Participants arrived at the laboratory after an overnight fast (> 10 h) wearing exercise attire without metal.
Initially, the participant was placed on the dual-energy X-ray absorptiometer (DXA software version 13.5,
Lunar Prodigy Advance, GE Healthcare, Madison, W1, USA) for a few minutes to minimize muscle spasm.
They were instructed to remain motionless and not talk during the scan, which was used to estimate
whole-body and regional (arm, trunk, and legs) FM and FFM. Body weight (in kg) was calculated from
the summation of FM, FFM, and bone mineral content. Body composition changes during the study
were expressed in absolute units (kg). Analyses were performed by the same technician who followed
standard quality control procedures developed by the manufacturer. Intraclass correlation coefficients
and coefficients of variation for whole-body and regional determinations of FM and FFM obtained in
five individuals with SCI measured three months apart were equal to 0.98 and 0.99 and 0.7% and 0.8%,
respectively. In addition, waist circumference was obtained in duplicate in the supine position according to

standardized procedures™”.

Assessment of dietary intake

Participants completed a four-day food log (including two weekend days) at baseline and at three and six
months. They were encouraged to actively report all food and drink ingested (including supplements)
each day with specific instructions to describe method of preparation, portion sizes, and brands where
applicable. This information was reviewed during each visit and used to determine total caloric intake as
well as fat, carbohydrate (CHO), and protein intake (in g) using a commercially-available website (http://
ndb.nal.usda.gov/ndb/foods/list). They were asked to maintain their dietary practices during the study.

Intervention

Participants performed 2-3 h sessions of supervised ABT targeting the lower extremities (80% for those with
tetraplegia and 100% for paraplegia) a minimum of two days/week to a maximum of five days/week. Activity-
based therapy was shown to enhance motor gains in persons with chronic SCI**. This regimen elicits energy
expenditure between 5 and 8 mL/kg/min"”, which is similar to circuit training and FES leg cycling**"! yet lower
than arm ergometry, wheelchair ambulation™, or exoskeleton-assisted walking[“]. ABT as performed in the
current study consisted of these modalities as previously described”**: 1.5-2.0 h/week of active assistive
exercise, 1.5 h/week of upper/lower body and core resistance training, 1 h/week of load bearing, 30 min/
week of arm/cycle ergometry, 1.0-2.0 h/week of gait training including assisted and unassisted walking
as well as body weight-supported mechanized elliptical training, 10-30 min/week of vibration training,
and 30 min/week of FES of the quadriceps, gluteals, and hamstrings. Training was individualized for each
client based on their baseline function, and progression was instituted daily based on participant tolerance
to training and level of adaptation. During the study, time performing active assistive exercises and
passive gait training generally decreased while time performing resistance training and active gait training
increased. Training volume differed across participants as rehabilitation costs were paid out-of-pocket.
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Table 1. Physical characteristics of participants completing six months of activity-based therapy (7 = 25)

Parameter Mean (SD) Range
Age (year) 35.8+129 18-59
Height (cm) 1787 +71 158-188
Mass (kg) 77.0+131 53.7-101.0
DOI (year) 3.8+55 0.2-10.0
Complete/incomplete 9/16 NA
Tetraplegia/paraplegia 12/13 NA

Injury level NA C5-11
Gender (male/female) 22/3

SD: standard deviation; cm: centimeters; kg, kilograms; DOI: duration of injury; NA: non-applicable

Data analysis

Data are reported as mean + standard deviation (SD) and were analyzed using SPSS Version 20.0 (Chicago,
IL). Initially, normality of all variables was examined. Two-way (one within-subjects factor representing
training (zero, three, and six months) and one between-subjects factor including injury completeness,
severity, and duration of injury as well as training volume) analysis of variance with repeated measures
was used to examine changes in all variables in response to training. Overall, data were combined across
participants as there were few baseline differences or group x time interactions in most outcome measures
when variables including duration of injury, injury completeness, or injury severity were considered. The
Greenhouse-Geisser correction was used to account for the sphericity assumption. If a significant F ratio
was obtained, Tukey’s post hoc test was used to identify differences between means. Partial eta-squared (nzp)
was used as an estimate of effect size. Multiple regression was used to examine predictors of the change in
body satisfaction and quality of life. Statistical significance was set at P < 0.05.

Data availability statement

De-identified data from this study are available upon request.

RESULTS

One woman and three men dropped out after one month (n = 2) and five months (n = 2) due to injury
unrelated to training and moving out of the area. Our results are from 22 men and 3 women who
completed six months of ABT and were assessed at baseline and at three and six months of training.
Fourteen participants were within one year post-SCI. Participants’ injury level included C5-Cs (n = 7), C4
(n=3),T3-T4 (n=5), Te-T10 (n = 4), T11 (n = 1), T12 (n = 4), and L1 (n = 1). Participant characteristics
are demonstrated in Table 1. Adherence to training was equal to 100%. Training volume across participants
ranged 4-17 h/week, with a mean value equal to 8.5 + 4.3 h/week. However, when training volume was used as
a between subjects factor in all analyses, there was no effect (P > 0.05) of this factor on our outcomes. Where
applicable, we separated participants by low (< 8 h/week, n = 14) and high volume of ABT (> 8 h/week, n=11).

Change in body satisfaction and pain in response to ABT

The results show a main effect of training on BSS (P = 0.03, nzp = 0.13) in that it increased during the study.
Post hoc analyses showed that the six-month score was higher than at baseline by 0.60 (Table 2, d = 1.0). When
injury completeness was used as a between-subjects factor, there was a main effect of training (P = 0.04,
nzp = 0.13) and training x completeness interaction (P = 0.02, nzp = 0.15). Post hoc analyses showed that
BSS increased from baseline to six months of training in persons with incomplete SCI (-0.87 + 1.30 vs.
+0.38 *+ 1.40, d = 1.5) but not in complete SCI (0.68 + 1.63 vs. 0.78 + 1.32, d = 0.1). For BSS-A, there was a
main effect of training (P = 0.01, nzp = 0.17) and post hoc analyses showed that three- (+0.8, d = 0.8) and
six-month values (+0.9, d = 0.8) were greater than baseline. BSS-A was higher in persons with paraplegia
versus tetraplegia (P = 0.02, an: 0.19), although no training x group interactions were found across injury
duration, severity, or completeness. Pain was unchanged (P = 0.67) in response to training.
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Table 2. Changes in indices of quality of life (mean + SD) in response to six months of activity-based therapy in persons with
Scl

Parameter Zero months Three months Six months
BSS -0.36+£1.62 0.22+148 0.44 +1.38*
BSS-A -0.82+1.59 -0.01+1.80* 0.04 £1.54*
PQOL 60.4+18.2 59.7£19.8 64.5+20.6a
CESD 21.3+6.9 20.8+5.7 19.7+53
Pain 45+13 44+14 45+13
Don't have secondary complications (%) 481+16.8 419 +21.7 43.0+18.6
Bothersome secondary complications (%) 7.2+99 44+74 3.6+56

BSS: body satisfaction survey; BSS-A: body satisfaction survey - appearance; PQOL: perceived quality of life; CESD: Center for
Epidemiological Studies depression scale; SCI: spinal cord injury; SD: standard deviation. *2 < 0.05 vs. zero-month value; °F < 0.05 vs.
three-month value

Change in perceived quality of life and depression in response to ABT

Perceived quality of life differed with training (P = 0.04, nzp = 0.11) and post hoc analyses showed that the
six-month value was higher than at three months [Table 2] by approximately five units (d = 0.8). Change
in PQOL from baseline to six months was higher in persons with acute (+7.6 + 12.9) or incomplete injury
(+7.5 + 11.2) compared to chronic (+0.7 + 7.4) or complete injury (+0.9 + 11.6), although it failed to reach
significance (P = 0.10). The results show no change in depression (P = 0.30) from baseline to six months
and there were no effects of injury level, completeness, or volume of physical activity on this response.

Regression data

Various two-predictor models were developed to identify the best predictors of change in PQOL and body
satisfaction in response to training. A model (r = 0.63, F = 7.05, P = 0.004) consisting of age (r = -0.41, P = 0.02)
and change in pain (r = -0.48, P = 0.007) explained 39% of the variance in change in PQOL. Although percent
body fat was correlated with change in BSS (r = 0.33, P = 0.049), no significant models were found. For change
in BSS-A, a significant model (r = 0.504, F = 4.08, P = 0.03) consisted of body fat (r = 0.36, P = 0.03) and baseline
pain (r=0.27, P = 0.08).

Change in body composition in response to ABT

Body composition results are revealed in Table 3. Body mass (P = 0.30) did not change but %BF (body fat)
increased (P = 0.02, nzp =0.17) from baseline to six months by 1%. Whole-body FFM did not change across
time (P = 0.11), but there was a training x group interaction in that it declined by approximately 2 kg in
individuals with complete SCI (n =9, 50.8 + 7.9 kg to 48.7 + 7.0 kg), but did not change in participants with
incomplete injury (n = 16, 47.7 + 7.4 kg to 47.5 + 7.5 kg). Leg FFM (P = 0.88), leg %BF (P = 0.08), and waist
circumference (P = 0.80) were unchanged during the study. There was a tendency for trunk FEM to decline
during the study (P = 0.06). Trunk %BF increased (P = 0.03), and post hoc analyses showed that three- and
six-month values were higher by 1.2%-1.3% than at baseline. There were no differences in arm FFM (P
= 0.20) or %BF (P = 0.13) during the study. Arm FFM was higher (P = 0.003) in persons with paraplegia
versus tetraplegia. From baseline to six months of training, whole-body %BF declined by more than the
coeflicient of variation of the measure in 24% of participants, and 32% of participants showed increases in
whole-body FFM.

Change in dietary intake

Data revealed that total energy intake declined from baseline (1769.1 + 349.3 kcal, 1650.3 + 410.4 kcal, and
1660.9 + 366.9 kcal, P = 0.03), whereas fat (64.9 + 15.0 g, 59.7 + 15.8 g, and 60.6 + 16.2 g, P = 0.20), CHO
(211.6 £ 53.0 g, 197.2 + 53.6 g, and 201.0 + 54.5 g, P = 0.17), and protein intake (78.3 + 21.1 g, 80.6 + 26.0 g,
and 74.2 + 28.5 g, P = 0.27) were unaltered.
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Table 3. Changes in body weight and body composition (mean + SD) in response to six months of activity-based therapy in
persons with SCI

Parameter Zero months Three months Six months
Mass (kg) 76.3+13.2 7714131 77.0+13.4
Whole-body FFM (kg) 48.8+79 48.6+74 479+7.2
%BF 32.7+12.2 33.6 £11.7* 33.8+11.2*
WC (cm) 91.0+£13.0 90.7 +14.6 901+13.4
Leg FFM (kg) 14.3+3.0 14.3+31 143+29
Leg %BF 36.4+11.9 37.3+11.3 37.5+10.8
Trunk FFM (kg) 24.2+3.6 239+3.3 23.6+34
Trunk %BF 334 +135 34.6+13.4* 34.7 £12.7*
Arm FFM (kg) 61+19 6.3+1.8 6.3+19
Arm %BF 271+13.7 27.6+14.3 28.6+13.2

kg: kilograms; FFM: fat-free mass; BF: body fat; WC: waist circumference; SD: standard deviation; SCI: spinal cord injury. *P < 0.05 vs.
baseline

DISCUSSION

Despite no significant improvements in FFM or FM, bodily pain, or depression, individuals with SCI
undergoing six months of ABT revealed small but significant increases in PQOL and body satisfaction.
Although our data cannot explain what led to this improved quality of life, previous reports indicate that
exercise improves sense of control and mastery that people have regarding their physical function™"
Due to the potential link between quality of life and exercise participation in sc1®, structuring exercise

programs targeting these outcomes may help promote exercise adherence in this population.

Supporting our findings, improved PQOL has been reported in response to exercise training in SCI. In
men and women at least one year post-SCI', nine months of resistance training and arm cycling improved
PQOL, which was coincident with reduced pain, depression, and greater muscle strength and arm cycling
performance that, in turn, might elicit an improved mental health profile. Similarly, improved PQOL
occurred in patients undergoing 12 weeks of FES ambulation training despite no change in depression'™
Nevertheless, in persons with complete SCI, 18 months of incorporation of ABT into daily activities had
no effect on functional independence or quality of life (measured with the Short Form-36)"". Jones et al."*”
reported no change in quality of life despite increased walking speed in men and women with incomplete
SCI undergoing six months of ABT. Potential explanations for no change in PQOL can be due to a ceiling
effect or inclusion of participants with varying injury duration, as persons with chronic SCI may come to
terms with their injury and may believe that it no longer alters their quality of life. Alternatively, we had
many individuals within one year of injury who likely struggle with the challenges of acute SCI and report
a low quality of life. Our ABT regime was also held in a facility providing social interactions to clients that
also may enhance PQOL.

In 695 men and women with SCI"”, a greater incidence of pain and depression and lower life satisfaction
was found in overweight versus normal weight individuals, likely due to greater difficulty in completing
activities of daily living. Previous studies also suggest that body satisfaction may be higher™ or lower™” in
persons with greater physical activity. Our body satisfaction values are lower than those reported in men
approximately 15 years post-SCI'"", likely due to their more recent injury status and higher levels of body
fat. Similar to our findings, 10 weeks of exercise training in a heterogeneous group of men and women with
SCI improved functional and appearance-related body satisfaction™. Overall, various modes of exercise
including ABT have the potential to improve body satisfaction in persons with SCI. Because of our small
sample and lack of a control group, our results showing enhanced body satisfaction are preliminary and
require further study to confirm.
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Our results show no change in bodily pain, which may be due to the fact that many participants reported
no or minimal pain at baseline. This finding opposes previous results; for example, in individuals with
chronic SCI, 12 weeks of FES-ambulation training reduced bodily pain™’, similar to findings seen in
response to nine months of resistance/aerobic trainingm. In persons with paraplegia, four months of circuit
training reduced shoulder pain, which was consequent with increased total body strength™”. In addition, a
single bout of locomotor training may reduce pain perception in persons with incomplete SCI*". However,
findings from one study[sl demonstrated no change in pain after nine months of aerobic and resistance
training, which was seen as a positive response considering that non-exercising controls showed greater
pain. Baseline pain was also associated with change in BSS-A, and our participants’ change in pain was a
significant predictor of change in PQOL, which supports previous ﬁndingsm. As pain is related to exercise
B mobility[53], and onset of depressive symptoms[“], rehabilitation and fitness professionals
should consider this outcome when treating persons with SCI who have elevated pain.

adherence

In the present study, we used the Center for Epidemiological Studies Depression scale to assess potential
changes in depression in response to ABT. It is evident™ that scores above 16 may identify individuals at
risk for clinical depression. Although our participants’ scores declined by two units from baseline to six
months, this change was not significant. Our heterogeneous sample may have been too small to detect
changes in depression considering that greater than 40 participants may be needed for adequate statistical
power' ™. Moreover, examination of change in depression with between-subjects factors equal to injury
severity, duration, completeness, and volume of training did not reveal any differences between groups.
In another study", fewer depressive symptoms were noted after nine months of exercise training in
individuals with SCI compared to non-exercising controls, although their baseline score did not indicate

clinical depression and, in addition, the value did not increase from pre- to post-training.

Our data do not support the efficacy of ABT to improve body composition measured via DXA, as whole body
and regional %BF increased and there was no change in FFM [Table 3]. However, the observed increase
in %BF is minimal and may not be clinically meaningful in regards to enhancing risk of comorbidities
associated with SCI. In contrast, decreased FM and increased FFM occurred"”" when long-term FES is
performed by persons with acute as well as chronic paraplegia and tetraplegia. There are a few explanations
for the lack of change in body composition in response to ABT. First, our ABT regime required more
core and upper-body resistance training than exposure to FES, which may minimize potential for muscle
hypertrophy. Second, energy expenditure of ABT is lower than other exercise modes'*”, which may be
insufficient to induce negative energy balance and thus weight or fat loss. In the present study, 56% of
participants were less than or equal to 1 year post-injury, during which there is a considerable loss in FFM
and rise in FM"", and it could be that our minimal changes are a result of continued changes in body
composition that were not slowed by our intervention. Third, despite wide use of DXA to assess body
composition*” and data showing DXA-derived increases in FEM and/or decreases in regional body fat
in SCI in response to electrical stimulation training™**") its ability to detect small changes in FM or FEM
after exercise training is less than magnetic resonance imaging. It is plausible that DXA should only be
used in studies when relatively robust changes in energy balance and/or body composition are expected,
such as those using high-volume FES-based exercise or manipulation of both exercise and dietary intake
to improve health status in this population. Fourth, individual variability in these responses occurred, as
FFM declined in persons with complete injury and was unchanged in men and women with incomplete
injury. Overall, by itself ABT does not seem to induce significant changes in body composition, especially
in persons with acute injury.

Our study had a few limitations. We used a convenience sample composed of individuals who were already
completing ABT at the facility. A non-exercising control group was not recruited, thus we are uncertain
if the changes seen in this study are truly due to exercise training. Participants differed in injury duration,
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severity, and completeness that may reduce our ability to gauge the efficacy of ABT, especially in persons
with acute SCI who are experiencing changes in body fat and FFM. However, in a previous study'”, regular
physical activity improved various physical and psychological outcomes in persons with SCI irrespective
of their level or completeness of injury. The Short Form-36 is widely used in populations including SCI
to monitor changes in health-related quality of life™”. However, other than its two pain-related items, we
did not use it as it was found to be too burdensome on our sample. Although all participants received
comprehensive ABT, the make-up and volume of said training varied based on participants’ existing
function, their progress through training, and, lastly, their ability to pay for training, which was not
covered by insurance. This requirement to pay for training may have led to more favorable outcomes
related to QOL. The latter factor led to different doses of training performed by each participant. However,
there was no relationship between weekly volume of training and the change in %BF, FFM, or any of the
psychological variables. In addition, the increases in PQOL and body satisfaction were evident irrespective
of whether participants completed a low or high volume of ABT. These findings suggest that disparate
volumes of training had little impact on our results. In addition, FES comprised a small portion of habitual
training, which may have led to the non-significant changes in body composition. However, our study is
strengthened by a sample size that is greater than those used in most studies examining PQOL. Our sample
included persons of varied injury level and injury duration, which allows generalization of our findings to
the entire population with SCI rather than one homogeneous group. In addition, we tracked food intake
through dietary logs, and data showed minimal changes in energy intake during the study, which gives
us greater confidence that observed changes in body composition were not due to variations in dietary
patterns.

In conclusion, Six months of ABT slightly improved various indices of quality of life but did not induce
changes in body fat or FFM. Pain was also associated with the changes in quality of life and body
satisfaction observed in response to training. The changes seen in this study are small. Due to our small
and heterogenous sample recruited by convenience, lack of a control group, and non-standardized training
regimen, additional work is needed to confirm these data. Future studies should explore the potential for
alternative modalities of exercise to enhance quality of life due to its relationship with exercise adherence in
SCL
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Abstract

Aim: Multiple sclerosis (MS) is an inflammatory demyelinating and neurodegenerative disease. Much of the
complex symptomatology relates to pathology outside the classic white matter plaque, whereby lesions of the
cortical grey matter, which are difficult to resolve by conventional clinical imaging, are in part predictive of outcome.
We investigated the extent of grey matter pathology in whole coronal macrosections to reassess the contribution of
cortical pathology to total demyelinating lesion area in progressive MS.

Methods: Twenty-two cases of progressive MS were prepared as whole bi-hemispheric macrosections for histology,
immunostaining and quantitative analysis of lesion number and relative area, leptomeningeal inflammation and
microglial/macrophage activation.

Results: Cortical grey matter demyelination was seen in all cases, which was more extensive than in white and deep
grey matter (hippocampus, thalamus and basal ganglia) and accounted for 0.8%-60.2% of the entire measurable
cortical ribbon. The pattern of cortical grey matter demyelination was predominantly subpial (mean 90.9%, range
60%-100%, of total cortical grey matter lesion area) and cases with the largest areas of subpial cortical lesions had
more and larger deep grey matter lesions, greater numbers of activated microglia/macrophages, both in lesions
as well as in normal cortical grey matter, together with elevated leptomeningeal inflammation and lymphoid-like
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structures. White matter lesion area was unchanged when compared with the progressive MS cases with little
subpial cortical demyelination.

Conclusion: Analysis of whole coronal macrosections reveals cortical demyelination is more extensive than reported
by conventional histological methods. Cases of progressive MS with substantial subpial cortical demyelination that
is independent of underlying white matter lesion area support the implications that these lesions may in-part arise
through different pathogenetic mechanisms. Biomarkers and/or imaging correlates of this subpial pathology are
required if we are to fully comprehend the clinical disease process.

Keywords: Leptomeninges, B cell follicle, microglia activation, normal appearing grey matter.

INTRODUCTION

Neocortical grey matter demyelination, microglial activation and neurodegeneration, which may in-part be
driven by inflammation of the overlying leptomeninges, are important pathological processes influencing
the clinical severity and outcome of multiple sclerosis (MS)". No biomarker or widely available imaging
technology can fully report the extent of neocortical pathology, which is essential for optimal disease
management.

Neocortical and cerebellar cortical pathology is evident from the earliest stages of MS™*'. It is a pathological
hallmark of progressive MS"* and closely associates with clinical severity at all stages'®. For example,
the extent of cortical pathology is better at predicting disease outcome than white matter pathology"”.
Radiological imaging of grey matter and cortical atrophy are predictive of the conversion to clinically
definite MS™"” or the risk of transitioning to the progressive phase and disability”""". Nevertheless, even
high fidelity, non-routine, imaging technologies fail to identify lesions of the most superficial cortical
layers, whilst neuropathological assessment of standard size tissue blocks often underestimates the extent of
cortical lesions, which can occupy the cortical ribbon over multiple contiguous gyri and sulci™".

Lesions of the superficial layers of the neocortex (subpial cortical grey matter lesions) are more numerous
and sometimes associate topographically with leptomeningeal foci of immune cell aggregates that resemble
lymphoid-like structures (alternatively termed ectopic B cell follicle structures) seen in other autoimmune,

1 Pprogressive MS cases with leptomeningeal lymphoid-

chronic inflammatory and infectious diseases
like structures exhibit a gradient of cortical tissue damage extending away from the pial surface, suggestive
of factor(s) in the CSF that promote underlying cortical inflammation and injury"*"”, possibly through the
activation of microglia. The degree of leptomeningeal inflammation correlates with the extent of cortical
demyelination, neurodegeneration and microglial activation in acute and progressive stages''**”, whilst
white matter lesion area is not changed. These findings suggest that subpial cortical lesions may arise
through partly independent mechanisms compared with lesions located further from the CSF-filled spaces

of the pia or ventricular lumen"”.

The study of whole bi-hemispheric coronal macrosections, although technically challenging, can reveal
hitherto undisclosed aspects of MS pathology and better report the extent of global pathology. We analysed
the distribution and histological characteristics of cortical grey matter, white matter and deep grey matter
lesions, together with inflammation of the brain and overlying leptomeninges, using whole brain coronal
sections from 22 cases of progressive MS. We demonstrate the sometimes surprising extent of subpial
cortical grey matter demyelinating pathology that can be seen and highlight the association between
subpial and periventricular grey matter lesions, the dissociation between subpial lesion load and white
matter lesion area, and confirm the close relationship between leptomeningeal inflammation and subpial
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Table 1. Cases and sections used in this study

Age at death Disease

Case Sections analysed Sex (years) duration (years) MS type Cause of death

MS202 A2, P1 F 58 23 SPMS Pulmonary embolism

MS204 A3, P1, P3 M 58 19 SPMS Leukaemia and MS

MS212 A3, P1, P3 F 47 29 SPMS Multiple sclerosis/bronchopneumonia
MS214 P1 F 51 31 SPMS Multiple sclerosis

MS217 A3, P1, P3 F 57 15 SPMS Suicide

MS223 A2 F 45 2 SPMS Multiple sclerosis/bronchopneumonia
MS224 A2, P1,P3 F 59 33 SPMS Multiple sclerosis/bronchopneumonia
MS226 A2, P3 M 64 27 SPMS Multiple sclerosis/pneumonia

MS253 A3, P1, P3 F 37 16 SPMS Multiple sclerosis/pulmonary embolism
MS257 A2, P1, P3 F 49 22 SPMS Aspiration pneumonia

MS258 A2, P1, P3 M 46 20 SPMS Multiple sclerosis

MS278 A3, P1, P3 M 30 21 SPMS Pneumonia

MS293 P1, P3 F 53 18 SPMS Multiple sclerosis

MS295 P1, P3 F 71 15 SPMS Bronchopneumonia

MS323 A4, P1 F 62 31 SPMS Multiple sclerosis/sepsis

MS336 A2, P1, P3 F 57 27 SPMS Multiple sclerosis/resp failure

MS344 P1 F 57 15 SPMS Multiple sclerosis/septicaemia
MS360 A2, P1, P3 M 55 40 SPMS Multiple sclerosis

MS361 P1 F 60 34 SPMS Multiple sclerosis

MS366 P1 F 61 19 SPMS Multiple sclerosis/bronchopneumonia
MS387 P3 F 43 n SPMS Multiple sclerosis

MS395 A3, P3 M 63 26 SPMS Multiple sclerosis/chest infection

List of cases, number of coronal planes analysed, disease course and principal cause of death. Sex (Female/Male), age of death and
disease duration reported in years and disease type (secondary progressive MS). MS: multiple sclerosis; SPMS: secondary progressive MS

cortical lesion pathology. This data support efforts to develop brain imaging and biomarker technologies
for the identification of subpial grey matter lesions to improve disease prediction and monitoring.

METHODS
Post-mortem cohort

Formalin fixed, whole brains [n = 22; median age 57 years (range 30-71 years), median disease duration
21.5 years (2-40 years), female = 17] were available from clinically and neuropathologically validated
cases of secondary progressive MS (see Table 1 for details). All cases were provided by the UK Multiple
Sclerosis Society Tissue Bank, Imperial College London, with appropriate research ethics approval (08/
MRE09/31+5). Case selection was based on availability of whole brains with well-preserved leptomeninges
and accompanying detailed clinical and neuropathology summaries, collected between February 2004 and
December 2008. Some of these cases have previously been reported"”, but all analysis and data presented
here are unique to this manuscript.

Individual progressive MS brains were dissected into 1-cm-thick coronal sections, cut in an anterior
direction from the mammillary bodies as coronal bi-hemispheric sections (A1, A2 and A3), or posteriorly
from the mammillary bodies towards the occipital lobe (sections P1, P2 and P3) such that each coronal
section contained several different cyto-architectonic areas [Figure 1]. For example, coronal section
A3 includes frontal cortex and poles of the temporal gyrus; coronal section P1 includes motor and
somatosensory cortex, thalamus and anterior hippocampus; and coronal section P3 includes parietal and
occipital lobe and occipital horn of the lateral ventricle. Areas of interest for comparison were subdivided
into: (1) cortical (neocortex); (2) white matter; and (3) hippocampus and deep grey matter [comprising
caudate, pallidum (interna and externa), putamen, thalamus, hypothalamus and hippocampus and dentate

gyrus].
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Figure 1. Study setup and sampling protocol. Whole coronal tissue slabs sectioned along coronal planes A3, P1 and P3 were prepared
at three levels from immersion fixed brains (A) (created with Biorender.com). Histology and immunohistochemistry (anti-PLP
immunostaining) revealed tissue anatomy and areas of frank demyelination (B) (MS278 section A3, MS202 section P1 and MS360
section P3). Stained and mounted tissue sections were digitised and colour masks depicting demyelinating lesions involving the
neocortical grey matter (red colour mask), deep grey matter and hippocampus (green colour mask) and white matter (blue colour
mask) were annotated for lesion quantification (C). (B, C) Scale bar = 2 cm. PLP: proteolipid protein

Tissue preparation, staining and characterising demyelinated lesions

Whole coronal tissue sections were processed under vacuum and paraffin wax embedded prior to
sectioning at 10 pm onto 3-Aminopropyltriethoxysilane-silane (Sigma, UK) coated glass slides using a
Reicheart-Jung tetrander microtome. Following dewaxing and rehydration, coronal sections from each
case were stained with luxol fast blue (LFB) and cresyl violet to identify anatomical landmarks (grey and
white matter) and to facilitate the assessment of total cortical, hippocampal and deep grey matter and white
matter areas. Subsequent sections were immunostained with anti-proteolipid protein (PLP) and anti-CDé8
primary antisera [Table 2] and revealed by sequential anti-species specific biotinylated secondary and
avidin-biotin complex (Vector Labs. Ltd.) horse-radish peroxidase conjugated tertiary detection reagent
with ImmPACT DAB as the reporter chromogen (Vector). All slides were counterstained, dehydrated,
cleared in xylene and DePeX mounted under glass coverslip (Ted Pella Inc. USA).

Cortical grey matter lesions (GMLs), revealed by anti-PLP immunohistochemistry, were grouped as
Type I (leukocortical), Type II (intracortical and not contacting the pia or grey/white matter boundary),
or Type III (extending from the pia, sometimes involving the entire breadth of the cortex and stopping
at the grey/white matter boundary (Bo Type IV cortical GML™"). Areas of sparse and patchy anti-PLP
immunostaining, which reflect incomplete demyelination and/or remyelination, but are notably different to
the most “normal” grey matter, were labelled as partially de/re-myelinated grey matter'".

White matter lesions (WMLs) were separately characterised as active inflammatory (confluent in CD68+
microglia/macrophages), chronic active (activated microglia/macrophages restricted to the lesion edge
containing PLP+ and/or LFB+ myelin breakdown products) and chronic inactive lesions (few activated
microglia/macrophages at the lesion edge without evidence of recent myelin phagocytosis). Additional
areas of putative remyelinating/shadow plaque (by PLP+ myelin internodes and a classic LFB+ shadow
appearance) were identified but not quantified. Demyelinating lesions of the hippocampus and deep grey
matter were identified based on a clear loss of LFB and/or PLP+ immunostain and were characterised as

active, chronic active or chronic inactive inflammatory demyelinating lesions™"’.
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Table 2. List of primary antibodies used

Antibody Dilution Target antigen Company and product details
Anti-CD68 1:400 CD68 (macrosialin) Dako; clone kp1
Anti-CD20 1125 CD20 Dako; clone 126
Anti-PLP 11500 Myelin proteolipid protein BioRad; clone plpcl

Primary antibody, working dilution, principal target and product details. PLP: proteolipid protein

Slide digitisation, lesion masks and quantitative analysis

Individual coronal sections were reviewed using an Olympus SZ60 stereo microscope 0.1-10 x magnification)
and a Zeiss Axiolmager Z1 (40-400 x magnification) to identify normal and pathological regions of interest
in each slide, which were marked on A4-sized print-outs of the same slide captured using a conventional
document scanner (HP Scanjet 300) at 1200 dpi.

Quantifying the number and area of cortical, white matter and hippocampus and deep grey matter lesions

The scanned images were used to guide our tracing of white and grey matter areas (from the LFB stained
section), and areas of cortical, white matter and hippocampus and deep grey matter lesions (PLP+ slide) as
colour-mask overlays using GNU image manipulation software (GIMP 2.10; see Figure 1). The modified
high-resolution TIFF images were analysed in Image]J (https://imagej.net/Fuiji/Downloads) to record the
total number and area (mm®) of cortical grey matter, white matter and hippocampus and deep grey GML
area per section, per case. We defined the maximum extent of a Type III lesion for lesion counting as an
area of complete demyelination that extended over a maximum of two entire sulci and gyri, as some Type
IIT lesions extended across three or more gyri or involved the entire superficial cortical grey matter in a
single hemisphere. Therefore, our Type III lesion count represents individual, small, Type III lesions, as
well as large subpial lesions, subdivided and quantified as two or more separate lesions. In addition to
measuring the area of cortical GMLs, the area and relative extent of cortex identified as de/re-myelinated
cortical grey matter was recorded per section, per case.

To produce illustrative “heat maps” that depict the burden of cortical GMLs in cases defined by lymphoid-
like structure status (absence/presence), we first identified all cortical GMLs in section P1 per case and
superimposed these lesions as “layer” images on a line-drawn representative whole coronal brain section
(adapted from plate 34" in GIMP. The final overlaid schema, comprising the “layer” masks of each case
sampled at the P1 coronal level, revealed the absolute number of lesions by the relative depth of colour at
that site.

Determining leptomeningeal inflammation

A measure of relative leptomeningeal immune cell infiltration per case was reported. Briefly, meningeal
infiltrates were graded by assessing the extent of Nissl+ counter-stained cellular infiltrates of the intact
cerebral leptomeninges, with the most notable infiltrate per case, rather than the average extent of
infiltration, being reported. None to mild leptomeningeal inflammation was rated o+ (0-5 cells per 100 x
microscopic field of view; equivalent to 440-pm length of leptomeningeal tissue); diffuse and modest
rated ++ (equivalent to an infiltrate of 5-50 loosely packed cells); or substantial infiltration rated +++
(based on > 50 cells in a tightly packed infiltrate""). Bona fide leptomeningeal lymphoid-like structures
characterised by the presence of an anti-CD35+ reticular network, proliferating B cells (Ki67 antigen+) and
immunoglobulin+ plasma cells™’ were previously reported in a subset of these cases™* and the lymphoid-
like structure status (presence or absence of detectable structures) is detailed in is detailed in the results
section.

Quantifying activated microglia/macrophages
The density of CD68+ microglia/macrophages in cortical GML centres, normal appearing cortical grey
matter or WML centre or normal appearing white matter was quantified from four 40 x images (Zeiss
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Figure 2. Demyelinating lesions of the cortical grey matter, deep grey matter and hippocampus and white matter. Anti-PLP
immunostaining of sections through the rostral-caudal extent of MS212, at coronal levels A3, P1 and P3 (A). Note the widespread
demyelination of the cortical grey matter (red colour mask). Quantification of the area of demyelinated tissues revealed the total area
of demyelinated cortical grey matter to exceed that of the total measured area of deep grey matter and white matter (B). Data points
represent the sum of all demyelinated lesions, per region of interest per case with mean and SD depicted. Groups compared by Kruskal-
Wallis and Dunn'’s multiple comparison post-test. Cx: cortical; GML: grey matter lesion; WML: white matter lesion. Scale bar =1cm

Axiolmager Z1 and Axiocam Hrc camera) per region of interest captured from cingulate, pre-central gyrus
(including pre- and post-central superior gyrus), insula cortex in parietal lobe and temporal lobe (medial)
of each available P1 coronal macrosection, per case. In the absence of a demyelinating lesion, only data
from the normal appearing tissue were reported for that region, per case. All data were averaged for lesion
or normal appearing status across the sampled regions and reported as density of CD68+ cells/mm’, for
comparison between groups.

Statistical analysis

Group means or medians were compared and plotted using GraphPad Prism 7. All data were assumed to be
non-normally distributed given the small sample size™. The unpaired Kruskal-Wallis with Dunn’s multiple
comparison post-test was used for three-group comparisons [i.e., when comparing the average area (mm°)
of cortical and subcortical lesions per section, per case], whilst the Mann-Whitney U test was used when
comparing two groups (i.e., per cent hippocampus and deep GML in cortical High vs. Low MS). Fischer’s
exact test compared the actual vs. anticipated proportion of males/females and other clinical variables, such
as seizures (yes/no) or lymphoid-like structure status (absent/present), between groups. Correlative analysis
used Spearman’s method and Spearman r and P values were reported. A two-tailed P value of > 0.05 was
considered significant.

RESULTS

We conducted a study of whole coronal sections to better understand the burden of demyelination and
inflammation in a cohort of 22 cases of secondary progressive MS (SPMS).

Cortical grey matter is disproportionality demyelinated in progressive MS

Cortical grey matter (GM), hippocampus and deep GM and WMLs were seen in all 22 cases analysed,
with lesions noticeable across the coronal planes sampled [Figures 1 and 2A]. The area of demyelination,
determined from the analysis of LFB and anti-PLP immuno-stained sections, varied considerably amongst
the MS cohort [Figure 2B]. Quantification of the total area occupied by cortical GMLs, hippocampus and
deep GML and WMLSs revealed the total area of cortical GML (mean 589 mm’, range 25-2563 mm’) to be
significantly greater than the total hippocampus and deep GML area (mean 81 mm’, range 0-382 mm’) and
subcortical WML area (mean 203 mm’, range 2-617 mm’; Figure 2B). The relative area of cortical GML (per
cent GML of total cortical GM) was almost twice that of the relative area of WML of total section WM per
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Figure 3. Subpial cortical grey matter lesions are the most frequent and occupy the greatest area. Anti-PLP immunostaining of section
A3 of MS253, MS224 and MS257 revealed subpial (Type I11/1V cortical lesions, red mask), intracortical (Type II cortical lesion, orange
mask) and leukocortical (Type I cortical lesion, yellow mask) lesions. Lesions of the deep grey matter (green) and lesions of white
matter (blue mask) are also shown (A). Subpial (Type III/IV) lesions were predominant and often spanned multiple gyri (B). Of 1884
separate lesions, 72.3% were subpial cortical grey matter lesions (C). By plotting the average area of each lesion type (calculated per
section) and represented per case, we show the heterogeneity of lesion size across our cohort (D), and how subpial cortical lesions
contribute a large component of the lesion burden, especially in those cases most affected (from MS366 to MS257, for example). Ave:
average; Cx: cortical; GML: grey matter lesion; PLP: proteolipid protein immunohistochemistry; WML: white matter lesion. (A) Scale bar
=1cm; (B) Scale bar =1mm

case (17.9% + 2.6% compared with 8.9% + 1.3% for cortical GML and subcortical WML, respectively, P =
0.023, non-parametric Mann-Whitney U test).

Type lll cortical grey matter lesions are the most frequent and can affect the entire cortical
ribbon in a whole coronal section

We noted cases with little and others with expansive areas of cortical GM demyelination in our progressive
MS cohort [Figure 3A]. We counted the number of separate lesions of the neocortex and white matter and
showed that the subpial cortical GMLs (Type III and IV lesions; Figure 3B) were more numerous than any
other cortical grey matter lesion type or white matter lesion (Figure 3C, P < 0.0001). In total, 1884 lesions
were identified, of which 1363 (72.3%) were subpial (Type III or IV) cortical GMLs.

Subpial cortical GMLs accounted for the largest area of all lesion types measured. We plotted the measured
area of each lesion type, with the bar height representing the total average area (mm’) of demyelination per
section, per case, to show the substantial contribution subpial GMLs made to the total lesion area [Figure 3D].
Arranging cases according to the total measured area of demyelination [from left (highest), to right (lowest)]
highlighted that subpial GMLs overwhelmingly accounted for the different total lesion areas between
cases with relatively high or low total demyelinated lesion area. In cases with relatively lower lesion area
(cases MS361-MS295), the area of subpial GML as a per cent of total measured lesion area was far less
than in cases with the higher total lesion area (34.5%, range 8.0%-60.1% vs. 74.3%, range 54.3%-94.9%; P
< 0.0001, non-parametric Mann-Whitney U test). We compared the relative extent of demyelination in



Page 58 Griffiths et al. Neuroimmunol Neuroinflammation 2020;7:51-67 | http://dx.doi.org/10.20517/2347-8659.2019.21

Table 3. Correlating cortical, white matter and hippocampus and deep grey matter lesions

% Cx GML I1I/IV % Hippo and deep GML % WML % Total Cx GML
% Cx GML I/11 =-0.005 r=0.224 r=0.771 r=0.051
P=0.982 P=0.328 P <0.0001 P=0.827
% Cx GML ITI/TV r=0.458 r=0.092 r=0.988
P =0.037 P=0.684 P <0.0001
% Hippo and deep r=0.169 r=0.495
GML P=0.464 P=0.023
% WML r=0135
P =0.549

Correlation analysis revealed the relative area of intracortical and leukocortical grey matter lesions (Type I/II cortical lesions)
associated with the extent of white matter demyelination. Subpial cortical grey matter lesions (Type III/IV) associated with the extent
of hippocampus and deep grey matter lesion area. Row and column headings refer to: % Cx GML I/1L: relative area of intracortical/
leukocortical grey matter lesions; Cx GML III/IV: relative area of subpial cortical grey matter lesions; % Hippo and deep GML: relative
area of grey matter lesions affecting hippocampus and deep grey matter; % WML: relative area of demyelinated white matter; % Total Cx
GML: relative area of demyelinated neocortex. Spearman analysis with  and 7 values shown. Significant associations are underlined. Cx:
cortical; GML: grey matter lesion; WML: white matter lesion

cortical and subcortical tissues and showed that the relative area of total cortical GML was not statistically
associated with the relative area of WML (r = 0.135, P = 0.549; Table 3). The area of subpial cortical GML
was significantly associated with the extent of hippocampus and deep GML area (Spearman r = 0.458, P =
0.036), whilst leukocortical/intracortical GML area was significantly associated with WML area (Spearman
r=0.771, P < 0.0001; Table 3).

Pathological correlates of a high subpial cortical grey matter lesion load

To understand the clinical and pathological associations that might co-exist with subpial cortical GM
demyelination, we subdivided the cohort based on relative extent of cortical GML area per section, per case
[Table 4 and Figure 4]. Cases with 15% or greater relative cortical GML of total cortical GM (n = 9 cases in
total; Figure 4A, which represent cases MS366-MS257 in graph Figure 3D) were designated cortical GML
High MS (mean cortical GML area 35.6%; range 15.6%-60.2%), whilst the others (n = 13 cases, cortical
GML less than 12% total cortical GM area) were designated as cortical GML Low MS (mean cortical GML
area 5.5%; range 0.9%-12.0%).

The relative area of hippocampus and deep GML was greater in cortical GML High MS [Figure 4B], whilst
the relative area of WML was not different [Figure 4C]. Cortical GML High MS cases had a greater density
of CD68+ microglia/macrophages in both GML centre and normal appearing GM regions, in comparison
to cortical GML Low MS [Figure 4D and GJ, whilst the density of CD68+ microglia/macrophages was
only increased in normal appearing WM of cortical GML High cases [Figure 4E and H]. Inflammation of
the forebrain leptomeninges is associated topographically with subpial cortical demyelination and cases
with semi-organised lymphoid-like structures are characterised by a more extensive cortical GML load"".
Our designated cortical GML High MS cohort presented with a substantially increased median rating of
leptomeningeal immune cell infiltrates (P = 0.003, Figure 4F), with seven of nine cases containing at least
one bona fide lymphoid-like structure [Table 4]. Examples of leptomeningeal infiltrates rated as mild [+;
Figure 4I and L], modest [++, Figure 4] and M] and substantial [+++, Figure 4K and N] are provided in
Figure 4. Immune cell aggregates were associated both with areas of partially de/re-myelinated subpial
cortical GM as well as areas of subpial GM demyelination [Figure 4].

Areas of cortical GM defined as partially de/re-myelinated GM ranged from < 1% (0.9%, MS223) to 13.5%
(MS257) of total cortical GM area per case but were not different between the cortical GML High and Low
groups (area of partially de/re-myelinated GM = 8.01% vs. 6.13%, for cortical High vs. Low GML cases,
respectively, P = 0.387). Rudimentary measures of gross brain pathology, such as brain weight at death
and the measured area of grey and white matter per P1 section (as an indication of regional grey or white



Griffiths et al. Neuroimmunol Neuroinflammation 2020;7:51-67 | http://dx.doi.org/10.20517/2347-8659.2019.21 Page 59

. . . B Hippocampus & deep grey matter lesion C White matter lesion area in
Cortical High and cortical Low MS area in cortical High and Low cases cortical High and Low cases
80 = 80 20
o
> g . =
S 604 .‘";.‘"1 3 604 E 604
= ' , ] £
= ! . =0.0227 =~
g 40 | hid : High § 404 P 5 401 .
1 s
- -
8 %t 5 g p=0.9738 .
= 201 PO © 20- . 3 20
e 0w = =
o 1000 0ea®®, 2 (YY) o LAAL eq00
S--o---- ° Cortical LOW Cortical HIGH Cortical LOW Cortical HIGH
D Microglia/ macrophages in cortical E Microglia/ macrophages in cortical F Meningeal inflammation in cortical
High and cortical Low MS cortex High and cortical Low MS white matter High and cortical Low MS
800 1500
— = 0.003
g 34 P oo —esoesee
~_ 6004 . ~ e
£ £ 1000- . £
b =0.0004 . =0.160 = 24 'Yy °
g a00] "’ g P ¢ £
o] (¢} ©
o © o ] Q
ole 500+ ° =)
8o0] ° l 9 . <, - £ 1{ —eeeeeee .
ol e L] [
£
Lo || e | AL IBE] s o .
Low_NGM High_NGM Low_GML High_GML Low_NWM High_NWM Low_WML High_WML Cortical LOW Cortical HIGH

Figure 4. Defining a cohort of cortical High grey matter lesion MS. Nine progressive MS cases with the greatest relative area of subpial
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GML MS had a greater area of demyelinated deep grey matter and hippocampus (B), but unchanged white matter lesion areas (C). The
density of CD68+ microglia/macrophages was increased in both normal appearing GM (NGM) and GML of cortical High GML MS (D)
but was only different in the underlying normal appearing WM (NWM) (E). Semi-quantitative evaluation of meningeal inflammation
revealed cortical High GML MS to have increased inflammation of the leptomeninges (F). Examples of CD68+ microglia of a subpial GM
lesion (G) and CD68+ microglia/macrophages in a white matter lesion (H). Examples of 1-3 rated inflammatory infiltrates (“+" to "“+++")
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Table 4. Progressive MS cases defined by relative cortical grey matter lesion load

Case Sex 2yrRR Onset Prog W'chair Died Duration Pm delay weli;gr;::n(g) Szzlvz/ur:t)es LLS Men(g:;l)flam

Cortical GM High MS
MS202  F 2 35 46 47 58 23 39 1200 N Y 3
MS212 F 1 18 33 35 47 29 66 1314 N Y 3
MS214 F 2 20 31 38 51 31 20 140 n/d N 2
MS217 F 1 42 49 50 57 15 29 1200 N Y 3
MS257 F 6 27 31 39 49 22 28 168 Y Y 3
MS278 M 1 9 23 23 30 21 60 1402 Y Y 3
MS323 F 2 31 38 44 62 31 13 1207 Y N 1
MS360 M 1 15 40 51 55 40 18 1063 Y Y 3
MS366  F 3 42 45 53 61 19 14 1090 N Y 3
n=9 7F:2M 2 27 38 44 55 23 319 1198.2 4Y:4N 7/9 3

Cortical GM Low MS
MS204 M 3 39 44 48 58 19 35 1180 N N 1
MS223 F 4 43 43 45 45 2 72 1004 Y N 1
MS224  F 1 26 35 36 59 33 27 1100 N N 1
MS226  F 5 37 51 58 64 27 27 1300 N N 0
MS253 F 3 21 23 33 37 16 24 1259 N N 2
MS258 M 2 26 35 38 46 20 44 1460 N N 1
MS293  F 2 35 42 43 53 18 44 1250 Y Y 3
MS295  F 5 56 60 62 71 15 42 1166 N N 0
MS336  F 1 30 47 51 57 27 24 1226 N Y 3
MS344  F 6 42 43 47 57 15 14 1062 N N 1
MS361 F 2 26 38 42 60 34 10 956 Y N 1
MS387  F 6 32 35 36 43 1 13 1115 N N 2
MS395 M 1 37 45 52 63 26 4 958 N N 1
n=13 10F3M 3 35 43 45 57 19 24.3 1161.3 3Y:10N 2/13 1

Associated clinical and pathological data of Cortical High and Cortical Low grey matter lesion MS. Sex (Female/Male), 2yr RR (number
of relapses in first two years of clinical disease), Onset (retrospectively determined age at first MS symptoms, Prog (age at which disease
became progressive), Died (age at death), Duration (time from first symptom onset to death), PM delay (post-mortem delay in hours),
Brain weight (wet brain weight), Seizures (one or more seizures recorded in the clinical notes - Yes or No), LLS [positive (Yes) or negative
(No)1, Menin inflam (relative extent of meningeal inflammation). n/d, not determined, data not available. Text in bold represents median
or mean (brain weight only) values for each group. LLS: lymphoid-like structure; GM: grey matter; MS: multiple sclerosis; W'chair: age at
which they required a wheelchair

matter tissue atrophy; data not shown), did not reveal a difference between the cortical GML High and Low
MS cases [Table 4].

Clinical correlations of a high subpial cortical grey matter lesion load

There was no difference in the proportion of males to females or of any reported clinical measure (such as
the number of relapses in the first two years, the report of seizures or age of death) between cortical GML
High and Low groups [Table 4]. There was no difference between groups with regards age of disease onset (P
=0.11), confirmed age at onset of progressive phase (P = 0.27) or disease duration (P = 0.15). Post-mortem
delay did not differ between the groups (P = 0.75; Table 4).

Leptomeningeal inflammation, lymphoid-like structures and cortical demyelination

We identified four separate “+++” rated foci of substantial leptomeningeal infiltrates in a single P1
section of Case MS217, which displayed massive cortical, and exclusively subpial, GM demyelination
(59.6% of cortical GM defined as GML; Figure 5A and B). Progressive MS cases with moderate-to-high
leptomeningeal inflammation (rated ++/+++ or +++/+++ for immune cell infiltrates) had an increased
relative cortical GML area compared with those cases with little-to-mild leptomeningeal infiltrates 7.8%
(range 0.8%-27.7%) vs. 26.2% (range 0.8%-60.2%), P = 0.012, Mann-Whitney U test). The relative area of
hippocampus and deep GML area (7.4%, range 0%-19.1% Vvs. 16.4% range 1.4%-69.2%, P = 0.159) and WML
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Figure 5. Meningeal inflammation and subpial cortical demyelination. Example infiltrates of the leptomeninges overlying the neocortex
in a single coronal macrosection. Aggregates visualised by LFB/haematoxylin histology were rich in CD20+ B cells (A). The location
of the infiltrates in (A) are marked as asterisks (*) on the serial anti-PLP stained section (B) (Case MS217). By grouping the cases
based on their relative extent of leptomeningeal inflammation (0/+ vs. ++/+++), we constructed schema depicting all neocortical grey
matter lesions noted per P1 section, per case (n7 = 18). Depth of colour (see heatmap representing percent lesion occurrence with 100%
indicating tissue was demyelinated in every P1 section in that group) illustrates how frequently an area of neocortex was demyelinated
in meningeal inflammation rated O/+ and meningeal inflammation rated ++/+++ MS (C). PLP: proteolipid protein. (A) Scale bar = 200
um; (B) Scale bar =1cm

lesion area (10.1%, range 0.6%-42.1% vs. 10.0%, range 2.3%-26.5%, P = 0.981) was unchanged between
leptomeningeal rated moderate-high cases vs. those rated with little-to-mild infiltrates, respectively. The
relationship between the extent of leptomeningeal inflammation and cortical GML area is presented
schematically as a heat map of all cortical GMLs observed (in olive green colour) in section P1 of cases
with mild (rated 0 to +, n = 9) vs. modest/substantial infiltrates (++ to +++, n = 9; Figure 5C). Please note
that four cases did not have P1 sections available for analysis [Table 1].

DISCUSSION

Our quantitative histological analysis of whole coronal macrosections demonstrates cortical grey matter
demyelination can be the preeminent pathology in some cases of progressive MS and can be used to
identify a post-mortem cohort with a more severe pathological disease. Subpial cortical grey matter lesions
associated with the extent of demyelinated deep grey matter and with infiltrates of the leptomeninges but
importantly did not associate with white matter lesion load. Our study reinforces the concept of a CSF-
derived (outside-in) driver of tissue pathology in SPMS.
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Substantial subpial cortical grey matter demyelination defines a subset of progressive MS
cases

Quantitative image analysis of whole coronal macrosections revealed the proportion of demyelinated cortical
grey matter to be almost twice that of the proportion of demyelinated white matter. In those cases, with the
greatest cortical pathology, labelled as cortical GML High MS, there was a near four-fold increase in relative
area of cortical GML compared to WML. These data are in accordance with the work of Carassiti et al.”*”
and are supportive of an MS post-mortem cohort characterised by a dominant neocortical demyelinating
pathology"®. Amongst our samples, we observed instances of hugely divergent grey over white matter
pathology (for example, Case MS214 WML accounted for 3.2% of total WM, whilst cortical GML area
was 43.4% of total cortex; Case MS217 WML area was 3.1% and cortical GML was 59.6%). Cortical GML
pathology was overwhelmingly subpial in location, with an average of 90.9% of total cortical GML being
characterised as subpial (Type III/IV) in distribution. Such extensive and disproportionate demyelination
exceeds that previously reported by ourselves and others and highlights the benefit of working with whole

. . [2,12,18]
coronal macrosection preparatlons

to better understand MS pathology.

We have previously noted associations between lymphoid-like structure status and clinical disease measures,
such as age of onset, age at progression and age at death™"". Our cortical GML High and Low MS cases
had a similar age of onset to that seen in our earlier studies (median age at onset of 27 and 35 years,
respectively) but this did not represent a significant difference in our relatively small study. No other
clinical-pathological correlation was noted, which in part reflects the complex and highly variable
pathology of this disease, whereby synaptic, neuritic and neuronal loss, alongside demyelination and
gliosis, variable impact on disease outcome.

Demyelinating pathology at subpial and subependymal territories

The correlation between the extent of demyelination of the hippocampus and deep grey (including
the caudate, putamen, pallidum and thalamus) with that of subpial cortical GML suggests, at least in
part, a shared pathological mechanism of lesion formation and/or expansion between these regions
lining superficial surfaces of the pia and ventricles. Subpial demyelinating lesions are a pathological
hallmark of MS"”” and clinical imaging shows that the thalamus of children with MS, a structure which
is severely affected in progressive MS™", displays a specific imaging abnormality as a surface-in gradient
pattern from the ventricular margin[”]. Adult MS patients also display a gradient of magnetisation
transfer ratio signal change from the superficial surfaces of the brain: a gradient of signal change,
declining with distance across the white matter”™*"’ when measured from the ventricular surface, and
across the neocortex from the pial surface, which are most altered in progressive MS"***. A magnetic
resonance imaging (MRI) signature of gadolinium leptomeningeal enhancement, which may partly
reflect inflammation of meninges[“], relates to the number and volume of cortical and thalamic
lesions”*”. These imaging studies support the concepts of meningeal inflammation and outside-in
CSF factor(s) in lesion genesis. Numerous post-mortem studies have demonstrated a topographical
association between the extent of immune cell infiltration of the leptomeninges with cortical GM
demyelination"******", which is also true for subpial tissue of the cerebellar cortex and spinal cord™ ™.
This subpial demyelinating pathology of the neocortex is associated with microglia activation, a gradient of
tissue injury and disruption of the pial glial limiting membrane"**", Therefore, the pattern of neocortical
lesion location and deep GM pathology is suggestive, at least in part, of an effect of soluble cytotoxic
mediators from the overlying CSF-filled spaces that contributes to the underlying disease process.

Soluble mediators of subpial lesions

Recently, we have demonstrated the overexpression of RNA transcripts associated with pleiotropic
chemokines and cytokines in the isolated meningeal tissue from cases characterised by extensive
leptomeningeal inflammation and subpial demyelination"***”, The profile of elevated mediators, many
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of which are associated with processes of lymphoid neogenesis, were mirrored by the finding of elevated
protein levels of many of the same factors in the matched post-mortem CSE which were also differentially
expressed in an independent cohort of newly diagnosed MS patients with a clinical and radiological
signature of substantial cortical pathology”. TNF and IFNy are amongst those differentially expressed in
patients with a cortical phenotype and these cytokines mediate a rapid pattern of cortical demyelination
and microglia/macrophage activation when injected into the subarachnoid space of animals with
subclinical autoimmune encephalitis™. These findings imply that lymphoid follicle-like structures, and
infiltrates outside of these semi-organised structures, are a source of damaging factors that drive subpial
pathology. Sampling CSF may reveal disease-relevant biomarkers of activity to aid therapeutic decision

making[m.

Subpial cortical GMLs are associated with the loss of neurons of the superficial cortical layers, an elevated
number of complement activated neurons and glia, together with substantial neuritic and synaptic
loss"*"******| ' The most striking pathological changes are found in the superficial cortical laminae,
with a gradient of lessening neuronal damage with distance from the pia"’. Neurons and glia of the
MS cortex are exposed to elevated excitotoxins and reactive free radicals”**", are energy depleted and
display mitochondrial pathology, which may contribute to further neurodegeneration®*". There is an
imbalance between TNF receptor 1/2 anti-apoptotic pathways vs. pro-death signals in the progressive MS
cortex and oligodendrocytes are vulnerable to degenerate by a TNF receptor type 1/Receptor-interacting
protein kinase type 1 necroptotic cascade™*”, Immunoglobulins derived from meningeal plasma cells
are enriched in the MS neocortex, and products of central CD20+ B effector cells are directly toxic to
cultured neurons and oligodendrocytes'®™*". Alongside myriad immune mediators, MS CSF is enriched in
bio-active lipids, whose levels associate with disease severity[“’“]. Lipid sterols, including key products of
cholesterol metabolism and ceramide, can be directly neurotoxic. For example, C16:0 and C24:0 ceramides
are enriched in MS patient CSF and can mediate neuroaxonal pathology and mitochondrial dysfunction'®,
whilst simvastatin, a cholesterol-reducing therapy that enters the CNS, is associated with a slowing of brain
atrophy in SPMS™”. We currently have identified neither the combination of damaging factors that are
causative of injury nor the relationship between these mediators with clinical progression on an individual
level.

Lesions of the deeper cortical laminae (leukocortical or Type I cortical GMLs) are centred on cortical
veins, typically contain greater numbers of activated microglia/macrophages than subpial lesions””, and
their relative area correlated with the extent of white matter lesion area in the same case. The statistical
association between cortical and subcortical lesions, both characterised by an inflamed central vein,
suggests they both share similar a mechanism of formation, which is in part different to lesions of the
superficial grey matter structures. MRI is adept at resolving leukocortical GMLs, whilst even ultra-high
field MRI detects only a fraction of all subpial lesions*”. Our finding of an association between the relative
area of leukocortical GML and WML area may explain the correlation between white matter and cortical
grey matter lesions reported by MRI

Methodological considerations and study limitations

The analysis of whole coronal macrosections allows the study of cortical lesions in continuity, improves the
accuracy of their interpretation and the relationship with other pathological features, such as meningeal
inflammation or lesions in different anatomical sites"”*”". The handling of such large tissue samples is
not trivial and this restricted the n number for our work, which may have meant our clinical-pathological
comparisons were statistically underpowered [for instance, to observe a significant difference in age
of onset between our GML High and Low MS cases, post-hoc power calculations ( = 0.8) predicted
a cohort of at least 40 cases would be required (o = 0.05)]. Whole brain immersion fixation often led
to some deformation of tissues, such that it was not always possible to align anatomical structures of
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interest, meaning that we could not, for example, report lesion measures for separate deep GM structures.
Nevertheless, the use of whole coronal sections reduces observer variation between individual cases,
increases the accuracy of observations, and ensures comparisons between different forebrain areas, which
are invaluable for the study of this heterogeneous disease.

In conclusion, our quantitative histological analysis revealed global grey matter demyelination and
meningeal inflammation to be substantial in a subset of progressive MS brains. Cases defined by a
substantial cortical GML load displayed greater microglia/macrophage activation, larger areas of deep
grey matter pathology but little change in white matter lesion area, which highlights the partially separate
pathogenetic mechanisms of lesion evolution (or susceptibility to damage) in these compartments. The
distribution of subcortical and deep GML in MS is consistent with the presence of soluble proinflammatory
factors in the subarachnoid space and ventricular CSF and furthers the need to identify companion
biomarkers of cortical pathology to aid patient monitoring and therapeutic choice.
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Abstract

Paraneoplastic cerebellar degeneration (PCD) can occur in patients with underlying cancer, such as small cell lung cancer
(SCLC). Anti-CV2/CRMP5 antibodies are well-established biomarkers of PCD associated with SCLC, but cannot be
detected in most situations. Recently, next-generation sequencing has been a promising technology to discover cancer-
driven mutations, which provide an alternative strategy to accomplish ultra-early diagnosis of those patients. Here, we
report the case of a 75-year-old man diagnosed with SCLC, who primarily presented with anti-CV2/CRMP5 antibodies
positive PCD. Eight high-frequency gene mutations (75C2, DNMTI, CIC, FGF6, NSD1, TSHR, CRLF2, and £EPPKT) were
detected 7 months before diagnosis with no abnormalities of imaging or cerebrospinal fluid examination found initially.
Therefore, this case suggests the possibility of detecting certain somatic mutations for the ultra-early diagnosis of
patients presenting with PCD associated with SCLC.

Keywords: Paraneoplastic cerebellar degeneration, small cell lung cancer, next-generation sequencing, ultra-early
diagnosis

INTRODUCTION

As an autoimmune-mediated complication of cancer, paraneoplastic cerebellar degeneration (PCD) is

associated with tumors such as lung cancer, gynecologic and breast cancers, and Hodgkin lymphoma".

© The Author(s) 2020. Open Access This article is licensed under a Creative Commons Attribution 4.0
BT International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
sharing, adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as long

as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made.
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It is characterized by subacute onset gait instability that further develops into a pancerebellar syndrome
with vertigo, diplopia, dysarthria, and truncal and appendicular ataxia”. Characterized by severe loss of
cerebellar Purkinje cells, PCD is related to several antineuronal antibodies, such as anti-Yo, anti-Hu, and
anti-CV2/CRMP5 antibodies”. Anti-CV2 antibodies, also known as anti-CRMP5 (collapsing response-
mediator protein 5) antibodies, are well-established biomarkers of PCD associated with small cell lung
cancer (SCLC), thymoma, and probably prostatic adenocarcinoma'. However, no antibodies are identified
in approximately 40% of patients with a PCD due to unclear etiology of PCD or the limited detective
technologies utilized™.

The cancer is primarily driven by the accumulation of somatic mutations in the genome, along with
the contributions of epigenetic and transcriptomic alterations over one’s lifetime. Revolutionary high-
throughput DNA sequencing has become a promising and indispensable technique to study cancer”. On
rare occasions, patient presents with a PCD months to years before cancer is diagnosed™”. Therefore,
whether the detection of certain mutations is available for clinical use in the ultra-early diagnosis of
patients with PCD is worthy of further investigation.

This case highlights the fact that the detection of certain mutations by next-generation sequencing might
plays a key role in ultra-early diagnosis of malignancy in a patient only displaying a PCD.

CASE REPORT

A 75-year-old man presented with a four-month history suggestive of progressive cerebellar symptoms in
the form of nausea, vomiting, unsteadiness upon walking, unclear speech, and occasional choking when
drinking water. He was treated in a local hospital. Cervical and cranial magnetic resonance imaging
examinations and an electroencephalogram showed no obvious abnormalities. The cerebrospinal fluid
(CSF) biochemical test showed a protein level of 0.5 g/L (the rest is unknown) at this time.

He was admitted to our hospital on four occasions subsequently. Lumbar puncture was performed twice, and
the results showed normal intracranial pressure. Cytology test results showed 6-11 white blood cells/mm’, with
a higher proportion of lymphocytes. Anti-CV2 antibodies were detected in both serum and CSF utilizing
immunoblot techniques, but not immunofluorescence. The cancer-driven mutations were captured at the
first visit by next-generation sequencing technology in CSF, and the results showed that eight genes (TSC2,
DNMT1, CIC, FGFs, NSD1, TSHR, CRLF2, and EPPK1) had high-frequency mutations. Positron emission
tomography-computed tomography scanning was performed in the third visit and no obvious lesions
were seen in the parenchyma of the bilateral cerebellar hemisphere, with no signals of density or glucose
metabolism changes in those areas.

Chest CT scanning was performed four times [Figure 1]. The first two scans only showed a right lower lobe
inflammatory focus. The third scan showed old inflammation, along with enlargement of primary lymph
nodes and the fourth scan performed on his fourth visit showed that the enlarged lymph nodes under the
aortic arch were larger than before, and a shadow of soft tissue around the aortic arch of the left lower lobe
probably reflected a malignant lesion. Histopathological evaluation of a biopsy specimen obtained from
the posterior segment of the lung tissue revealed features of small cell cancer. Immunohistochemistry of
the lung tissue was positive for CD117, CD56, CK8/18, Syn, and TTF-1 and negative for CgA, CK7, and P4o,
with a Ki-67 value-added index of 90%. Therefore, morphological combined with immunohistochemical
results supported the diagnosis of SCLC, seven months after the cancer-driven mutations were detected.
The patient was given small doses of dexamethasone and rituximab (100 mg), and the further treatment
was administered at his local hospital’s oncology department.
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Figure 1. Chest CT scans and pathological result. A: only a right lower lobe inflammatory focus can be found. The chest CT scan was
performed at the same time the eight cancer-driven mutations were detected (May 2017); B: the enlarged lymph nodes under the aortic
arch can be seen, and a shadow of soft tissue around the aortic arch of the left lower lobe probably reflects a malignant lesion (January
2018); C, D: morphological results reflect the possibility of small cell lung cancer. Scale bar: 400 um (C); and 200 um (D)

DISCUSSION

Given that PCD is associated with uncommon neuroendocrine tumors, such as SCLC, breast cancer, and
prostate cancer, the possibility of malignancy in patients with a subacute cerebellar syndrome should be
considered and excluded by clinicians. Several antineuronal antibodies are related to PCD, and more than
90% of patients harboring those antibodies are confirmed to have a tumor, mostly SCLC™. In patients with
positive anti-CV2/CRMPs5 antibodies, cerebellar ataxia, uveitis, and peripheral neuropathy are the most
commonly occurring symptoms®. CRMP5, a protein belonging to a family of developmentally regulated
neural proteins, expresses in regions of the central nervous system undergoing postnatal plasticity or in
the peripheral nervous system mediating Schwann cell differentiation and axon repair’”. In both anti-
Hu and anti-CV2/CRMPs antibodies positive patients, SCLC was the most commonly found cancer, while
malignant thymoma was found in patients only positive for anti-CV2 antibodies"". However, considering
that the detection of those antibodies has very low sensitivity and specificity', clinicians should be more
vigilant, especially in cases with initial negative clinical examining results but with high suspicion of
malignancy.

Together with epigenetic and transcriptomic alterations, cancer is primarily driven by the accumulation
of somatic mutations in the genome over one’s lifetime. In recent years, the identification of somatic
mutations in cancer genomes has been revolutionized by high-throughput DNA sequencing and all types
of somatic mutations can be revealed by whole-genome sequencing. In light of these advances, precision
medicine and precision oncology have become possible, and treatments tailored based on an individual’s
mutational profile could be made.

In this case, no abnormalities were found via imaging or CSF examination until morphological and
immunohistochemical results supported the diagnosis of SCLC, seven months after eight somatic mutations
were detected. To be specific, we collected 278 somatic cancer-driven mutations from a cancer database
and used target region sequencing to find candidate mutations on this occasion. Mutation frequency;,
variation prediction, and other analytic methods were utilized to analyze the data, and eight high-
frequency gene mutations were identified in our patient: TSC2, DNMT1, CIC, FGFs, NSD1, TSHR, CRLF2,
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and EPPK1 (the method utilized here showed that the sensitivity, specificity, and diagnostic coincidence
rate in diagnosing cancer of the central nervous system were 83.64%, 76.32%, and 80.65%, respectively, but
the related article has not been published yet). Many of them have gained great attention in cancer studies.
For example, TSC2 was reported to be related to sporadic pulmonary lymphangioleiomyomatosis["].
The interaction between NSD1 and FLT3/ITD mutations determines the poor outcome of acute myeloid
leukemia patients[”]. Aberrant expression of CRLF2, associated with mutated JAK2, was found to underlie
the occurrence of acute lymphoblastic leukemia in Down syndrome[“]. CIC mutation is among the most
studied of these genes, and has been well established to be tumorigenic in glioblastoma"®. Hence, we
hypothesize that the certain mutations found in this case may be related to SCLC with PCD, possibly
mediated by the production of anti-CV2 antibodies.

Moreover, in this case, modest efficacy was initially achieved employing a treatment regimen utilizing
a combination of dexamethasone and rituximab; however, there was no more significant clinical
improvement achieved after the second treatment. A similar scenario was reported in a prior report about
a patient presenting with PCD associated with squamous cell carcinoma of the tongue. A likely mechanism
to account for this could be the irreversible neuronal tissue damage or the failure to normalize the cellular
dysfunction caused by anti-CV2 antibodies in the long term"®. Therefore, it calls for an alternative method
of treatment for these patients targeting high anti-CV2 antibodies or their causative mutations.

Above all, our findings reveal certain mutations that might be related to PCD associated with SCLC to
accomplish ultra-early diagnosis. To fulfill this goal, researchers need to overcome several challenges
including analysis and interpretation of the sequencing data to understand the underlying mechanisms.
Although this field is still in its infancy, pathogenesis, diagnosis, treatment, and prevention of cancer based
on somatic mutations deserve more attention.
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previous studies. It usually does not present any
new information on a subject.

No more than 250 words.

Original An Original Article describes detailed results Structured abstract 3-8 keywords [The main content should
Article from novel research. All findings are extensively |including Aim, Methods, include four sections:
discussed. Results and Conclusion. Introduction, Methods,
No more than 250 words. Results and Discussion.
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Case Report
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emphasis should be on a personal assessment
rather than a comprehensive, critical review.
However, comments should be put into the context
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No more than 150 words.

Meta- A Meta-Analysis is a statistical analysis combining|Structured abstract 3-8 keywords [The main content should
Analysis the results of multiple scientific studies. It is often |including Aim, Methods, include four sections:
an overview of clinical trials. Results and Conclusion. Introduction, Methods,
No more than 250 words. Results and Discussion.
Systematic |A Systematic Review collects and critically Structured abstract 3-8 keywords|The main content should
Review analyzes multiple research studies, using methods |including Aim, Methods, include four sections:
selected before one or more research questions Results and Conclusion. Introduction, Methods,
are formulated, and then finding and analyzing  [No more than 250 words. Results and Discussion.
related studies and answering those questions in a
structured methodology.
Technical A Technical Note is a short article giving a brief |Unstructured abstract. |3-8 keywords|/
Note description of a specific development, technique [No more than 250 words.
or procedure, or it may describe a modification of
an existing technique, procedure or device applied
in research.
Commentary |A Commentary is to provide comments on a newly|Unstructured abstract.  |3-8 keywords|/
published article or an alternative viewpoint on a |No more than 250 words.
certain topic.
Editorial An Editorial is a short article describing news None required None /
about the journal or opinions of senior editors or required
the publisher.
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Editor publication review of a paper from its readers, (optional). No more than |(optional)
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2.3.1 Front Matter

2.3.1.1 Title

The title of the manuscript should be concise, specific and relevant, with no more than 16 words if possible. When gene or
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protein names are included, the abbreviated name rather than full name should be used.

2.3.1.2 Authors and Affiliations

Authors’ full names should be listed. The initials of middle names can be provided. Institutional addresses and email
addresses for all authors should be listed. At least one author should be designated as corresponding author. In addition,
corresponding authors are suggested to provide their Open Researcher and Contributor ID upon submission. Please note
that any change to authorship is not allowed after manuscript acceptance.

2.3.1.3 Abstract

The abstract should be a single paragraph with word limitation and specific structure requirements (for more details please
refer to Types of Manuscripts). It usually describes the main objective(s) of the study, explains how the study was done,
including any model organisms used, without methodological detail, and summarizes the most important results and their
significance. The abstract must be an objective representation of the study: it is not allowed to contain results which are not
presented and substantiated in the manuscript, or exaggerate the main conclusions. Citations should not be included in the
abstract.

2.3.1.4 Keywords
Three to eight keywords should be provided, which are specific to the article, yet reasonably common within the subject
discipline.

2.3.2 Main Text
Manuscripts of different types are structured with different sections of content. Please refer to Types of Manuscripts to
make sure which sections should be included in the manuscripts.

2.3.2.1 Introduction

The introduction should contain background that puts the manuscript into context, allow readers to understand why the
study is important, include a brief review of key literature, and conclude with a brief statement of the overall aim of the
work and a comment about whether that aim was achieved. Relevant controversies or disagreements in the field should be
introduced as well.

2.3.2.2 Methods

Methods should contain sufficient details to allow others to fully replicate the study. New methods and protocols should be
described in detail while well-established methods can be briefly described or appropriately cited. Experimental participants
selected, the drugs and chemicals used, the statistical methods taken, and the computer software used should be identified
precisely. Statistical terms, abbreviations, and all symbols used should be defined clearly. Protocol documents for clinical
trials, observational studies, and other non-laboratory investigations may be uploaded as supplementary materials.

2.3.2.3 Results

This section contains the findings of the study. Results of statistical analysis should also be included either as text or as
tables or figures if appropriate. Authors should emphasize and summarize only the most important observations. Data on
all primary and secondary outcomes identified in the section Methods should also be provided. Extra or supplementary
materials and technical details can be placed in supplementary documents.

2.3.2.4 Discussion
This section should discuss the implications of the findings in context of existing research and highlight limitations of the
study. Future research directions may also be mentioned.

2.3.2.5 Conclusion
It should state clearly the main conclusions and include the explanation of their relevance or importance to the field.

2.3.3 Back Matter

2.3.3.1 Acknowledgments

Anyone who contributed towards the article but does not meet the criteria for authorship, including those who provided
professional writing services or materials, should be acknowledged. Authors should obtain permission to acknowledge
from all those mentioned in the Acknowledgments section. This section is not added if the author does not have anyone to
acknowledge.

2.3.3.2 Authors’ Contributions

Each author is expected to have made substantial contributions to the conception or design of the work, or the acquisition,
analysis, or interpretation of data, or the creation of new software used in the work, or have drafted the work or substantively
revised it.

Please use Surname and Initial of Forename to refer to an author’s contribution. For example: made substantial contributions
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to conception and design of the study and performed data analysis and interpretation: Salas H, Castaneda WV; performed
data acquisition, as well as provided administrative, technical, and material support: Castillo N, Young V.
If an article is single-authored, please include “The author contributed solely to the article.” in this section.

2.3.3.3 Availability of Data and Materials

In order to maintain the integrity, transparency and reproducibility of research records, authors should include this section
in their manuscripts, detailing where the data supporting their findings can be found. Data can be deposited into data
repositories or published as supplementary information in the journal. Authors who cannot share their data should state
that the data will not be shared and explain it. If a manuscript does not involve such issue, please state “Not applicable.” in
this section.

2.3.3.4 Financial Support and Sponsorship

All sources of funding for the study reported should be declared. The role of the funding body in the experiment design,
collection, analysis and interpretation of data, and writing of the manuscript should be declared. Any relevant grant numbers
and the link of funder’s website should be provided if any. If the study is not involved with this issue, state “None.” in this
section.

2.3.3.5 Conflicts of Interest

Authors must declare any potential conflicts of interest that may be perceived as inappropriately influencing the
representation or interpretation of reported research results. If there are no conflicts of interest, please state “All authors
declared that there are no conflicts of interest.” in this section. Some authors may be bound by confidentiality agreements.
In such cases, in place of itemized disclosures, we will require authors to state “All authors declare that they are bound by
confidentiality agreements that prevent them from disclosing their conflicts of interest in this work.”. If authors are unsure
whether conflicts of interest exist, please refer to the “Conflicts of Interest” of OAE Editorial Policies for a full explanation.

2.3.3.6 Ethical Approval and Consent to Participate

Research involving human subjects, human material or human data must be performed in accordance with the Declaration
of Helsinki and approved by an appropriate ethics committee. An informed consent to participate in the study should also
be obtained from participants, or their parents or legal guardians for children under 16. A statement detailing the name of
the ethics committee (including the reference number where appropriate) and the informed consent obtained must appear
in the manuscripts reporting such research.

Studies involving animals and cell lines must include a statement on ethical approval. More information is available at
Editorial Policies.

If the manuscript does not involve such issue, please state “Not applicable.” in this section.

2.3.3.7 Consent for Publication

Manuscripts containing individual details, images or videos, must obtain consent for publication from that person, or in
the case of children, their parents or legal guardians. If the person has died, consent for publication must be obtained from
the next of kin of the participant. Manuscripts must include a statement that a written informed consent for publication was
obtained. Authors do not have to submit such content accompanying the manuscript. However, these documents must be
available if requested. If the manuscript does not involve this issue, state “Not applicable.” in this section.

2.3.3.8 Copyright

Authors retain copyright of their works through a Creative Commons Attribution 4.0 International License that clearly
states how readers can copy, distribute, and use their attributed research, free of charge. A declaration “© The Author(s)
2020 will be added to each article. Authors are required to sign License to Publish before formal publication.

2.3.3.9 References

References should be numbered in order of appearance at the end of manuscripts. In the text, reference numbers should
be placed in square brackets and the corresponding references are cited thereafter. Only the first five authors’ names are
required to be listed in the references, other authors’ names should be omitted and replaced with “et al.”. Abbreviations of
the journals should be provided on the basis of Index Medicus. Information from manuscripts accepted but not published
should be cited in the text as “Unpublished material” with written permission from the source.

References should be described as follows, depending on the types of works:

Types Examples

Journal articles by Weaver DL, Ashikaga T, Krag DN, Skelly JM, Anderson SJ, et al. Effect of occult metastases on

individual authors survival in node-negative breast cancer. N Engl J Med 2011;364:412-21. [PMID: 21247310 DOI:
10.1056/NEJMo0al008108]

Organization as author Diabetes Prevention Program Research Group. Hypertension, insulin, and proinsulin in participants
with impaired glucose tolerance. Hypertension 2002;40:679-86. [PMID: 12411462]
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Vallancien G, Emberton M, Harving N, van Moorselaar RJ; Alf-One Study Group. Sexual dysfunction
in 1,274 European men suffering from lower urinary tract symptoms. J Urol 2003;169:2257-61. [PMID:
12771764 DOI: 10.1097/01.ju.0000067940.76090.73]

Journal articles not in

Zhang X, Xiong H, Ji TY, Zhang YH, Wang Y. Case report of anti-N-methyl-D-aspartate receptor

English encephalitis in child. J Appl Clin Pediatr 2012;27:1903-7. (in Chinese)

Journal articles ahead of  |Odibo AO. Falling stillbirth and neonatal mortality rates in twin gestation: not a reason for

print complacency. BJOG 2018; Epub ahead of print [PMID: 30461178 DOI: 10.1111/1471-0528.15541]
Books Sherlock S, Dooley J. Diseases of the liver and billiary system. 9th ed. Oxford: Blackwell Sci Pub;

1993. pp. 258-96.

Book chapters

Meltzer PS, Kallioniemi A, Trent JM. Chromosome alterations in human solid tumors. In: Vogelstein

B, Kinzler KW, editors. The genetic basis of human cancer. New York: McGraw-Hill; 2002. pp. 93-
113.

FDA News Release. FDA approval brings first gene therapy to the United States. Available from:
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm574058.htm. [Last accessed
on 30 Oct 2017]

Harnden P, Joffe JK, Jones WG, editors. Germ cell tumours V. Proceedings of the 5th Germ Cell
Tumour Conference; 2001 Sep 13-15; Leeds, UK. New York: Springer; 2002.

Christensen S, Oppacher F. An analysis of Koza's computational effort statistic for genetic
programming. In: Foster JA, Lutton E, Miller J, Ryan C, Tettamanzi AG, editors. Genetic
programming. EuroGP 2002: Proceedings of the 5th European Conference on Genetic Programming;
2002 Apr 3-5; Kinsdale, Ireland. Berlin: Springer; 2002. pp. 182-91.

Tian D, Araki H, Stahl E, Bergelson J, Kreitman M. Signature of balancing selection in Arabidopsis.
Proc Natl Acad Sci U S A. Forthcoming 2002.

Online resource

Conference proceedings

Conference paper

Unpublished material

For other types of references, please refer to U.S. National Library of Medicine.
The journal also recommends that authors prepare references with a bibliography software package, such as EndNote to
avoid typing mistakes and duplicated references.

2.3.3.10 Supplementary Materials

Additional data and information can be uploaded as Supplementary Material to accompany the manuscripts. The
supplementary materials will also be available to the referees as part of the peer-review process. Any file format is
acceptable, such as data sheet (word, excel, csv, cdx, fasta, pdf or zip files), presentation (powerpoint, pdf or zip files), image
(cdx, eps, jpeg, pdf, png or tiff), table (word, excel, csv or pdf), audio (mp3, wav or wma) or video (avi, divx, flv, mov, mp4,
mpeg, mpg or wmv). All information should be clearly presented. Supplementary materials should be cited in the main text
in numeric order (e.g., Supplementary Figure 1, Supplementary Figure 2, Supplementary Table 1, Supplementary Table 2,
etc.). The style of supplementary figures or tables complies with the same requirements on figures or tables in main text.
Videos and audios should be prepared in English, and limited to a size of 500 MB or a duration of 3 minutes.

2.4 Manuscript Format

2.4.1 File Format
Manuscript files can be in DOC and DOCX formats and should not be locked or protected.

2.4.2 Length
There are no restrictions on paper length, number of figures, or amount of supporting documents. Authors are encouraged
to present and discuss their findings concisely.

2.4.3 Language
Manuscripts must be written in English.

2.4.4 Multimedia Files

The journal supports manuscripts with multimedia files. The requirements are listed as follows:

Videos or audio files are only acceptable in English. The presentation and introduction should be easy to understand. The
frames should be clear, and the speech speed should be moderate.

A brief overview of the video or audio files should be given in the manuscript text.

The video or audio files should be limited to a duration of 3 min and a size of up to 500 MB.

Please use professional software to produce high-quality video files, to facilitate acceptance and publication along with the
submitted article. Upload the videos in mp4, wmv, or rm format (preferably mp4) and audio files in mp3 or wav format.

2.4.5 Figures

Figures should be cited in numeric order (e.g., Figure 1, Figure 2) and placed after the paragraph where it is first cited;
Figures can be submitted in format of tiff, psd, Al or jpeg, with resolution of 300-600 dpi;

Figure caption is placed under the Figure;
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Diagrams with describing words (including, flow chart, coordinate diagram, bar chart, line chart, and scatter diagram, etc.)
should be editable in word, excel or powerpoint format. Non-English information should be avoided;

Labels, numbers, letters, arrows, and symbols in figure should be clear, of uniform size, and contrast with the background;
Symbols, arrows, numbers, or letters used to identify parts of the illustrations must be identified and explained in the
legend;

Internal scale (magnification) should be explained and the staining method in photomicrographs should be identified;

All non-standard abbreviations should be explained in the legend;

Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial
figures and images from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any
citation instruction requested by third-party rights holders, and cover any supplementary charges.

2.4.6 Tables

Tables should be cited in numeric order and placed after the paragraph where it is first cited;

The table caption should be placed above the table and labeled sequentially (e.g., Table 1, Table 2);

Tables should be provided in editable form like DOC or DOCX format (picture is not allowed);

Abbreviations and symbols used in table should be explained in footnote;

Explanatory matter should also be placed in footnotes;

Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial tables
from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any citation instruction
requested by third-party rights holders, and cover any supplementary charges.

2.4.7 Abbreviations

Abbreviations should be defined upon first appearance in the abstract, main text, and in figure or table captions and used
consistently thereafter. Non-standard abbreviations are not allowed unless they appear at least three times in the text.
Commonly-used abbreviations, such as DNA, RNA, ATP, etc., can be used directly without definition. Abbreviations in
titles and keywords should be avoided, except for the ones which are widely used.

2.4.8 Italics

General italic words like vs., et al., etc., in vivo, in vitro; t test, F test, U test; related coefficient as 7, sample number as n,
and probability as P; names of genes; names of bacteria and biology species in Latin.

2.4.9 Units

SI Units should be used. Imperial, US customary and other units should be converted to SI units whenever possible. There
is a space between the number and the unit (i.e., 23 mL). Hour, minute, second should be written as h, min, s.

2.4.10 Numbers
Numbers appearing at the beginning of sentences should be expressed in English. When there are two or more numbers
in a paragraph, they should be expressed as Arabic numerals; when there is only one number in a paragraph, number < 10

should be expressed in English and number > 10 should be expressed as Arabic numerals. 12345678 should be written as
12,345,678.

2.4.11 Equations

Equations should be editable and not appear in a picture format. Authors are advised to use either the Microsoft Equation
Editor or the MathType for display and inline equations.

2.5 Submission Link
Submit an article via https:/oaemesas.com/nn.



OAE Publishing Inc.

www.oaepublish.com

Neuroimmunology and Neuroinflammation
(NN)
Los Angeles Office
245 E Main Street ste122, Alhambra,
CA 91801, USA
Tel: +1 323 9987086
E-mail: nn_editor001@nnjournal.net
Website: www.nnjournal.net




	NNv7i1-2020
	nn-2020-1
	NN编者页、版权页-2020
	nn-2020-1-contents
	1-3329
	2-3357
	3-3382
	4-3380
	5-3381
	6-3352
	NN作者指南-2020




