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While the etiology of multiple sclerosis (MS) remains unclear, research from the clinic and preclinical mod-
els identified the essential role of inflammation and demyelination in the pathogenesis of MS. Current
treatments focused on anti-inflammatory processes are effective against acute episodes and relapsing-
remitting MS, but patients still move on to develop secondary progressive MS. MS progression is associated
with activation of microglia and astrocytes, and importantly, metabolic dysfunction leading to neuronal
death. Neuronal death also contributes to chronic neuropathic pain. Metabolic support of neurons by
glia may play central roles in preventing progression of MS and chronic neuropathic pain. Here, we re-
view mechanisms of metabolic cooperation between glia and neurons and outline future perspectives
exploring metabolic support of neurons by glia.
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Approximately 149.2 people per 100,000 are affected by multiple sclerosis (MS) in the USA [1]. The most common
form of MS is relapsing-remitting MS (RRMS) and it affects about 85% of patients at initial diagnosis (2. RRMS
is characterized by acute episodes of enhanced disease severity (relapse) followed by periods of remission. After
an average of 19 years of diagnosis approximately 60% of patients with RRMS progress to a second type of MS,
secondary progressive MS (SPMS) [2], where patients no longer remit. Primary progressive MS (PPMS) is another,
much less frequently observed form of the disease, accounting for approximately 10% of patients at diagnosis [3].
Patients with PPMS continue to progress after onset and do not experience remissions. Importantly, the progressive
forms of disease are not well controlled by current therapies [4].

Inflammatory demyelinating lesions are a hallmark feature of MS. Lesions can be found throughout the CNS
in both white and grey matter [5,6]. The histological makeup of lesions can be quite heterogenous, but in general
they are characterized by demyelination, immune cell infiltration and reactive gliosis. The etiology of MS is still
unclear, but is likely due to the interplay between genetic susceptibility and a predisposing environment. There are
documented genetic and environmental factors that increase the risk of development of MS. For example, women
are 3.13-times more likely to develop MS than men [1], and the strongest genetic risk factor for developing MS is
the HLA-DRBI*1501 haplotype 7). Other immune-related genetic susceptibility factors for MS include the genes
for IL-2 and IL-7RA (8], and regions of the genome that include the genes for CD58, STAT3, TNFR1 and LTK (91.

Environmental susceptibility factors include low vitamin D levels [10], geographical distance from the equa-
tor [11], smoking [12], infection with Epstein-Barr virus (13,14] and development of mononucleosis in adolescence [15].
Although it has not been identified as a risk factor, dysregulation of microbiota of patients with MS was recog-
nized [16-18]. MS was first thought to be caused by an infectious agent; however, no infectious agents have been
consistently and reliably identified. It is widely accepted that MS is an autoimmune disease. The ways by which
autoimmunity is initiated in the CNS are still debated, but theories of how autoimmune responses are induced
include molecular mimicry, bystander activation [19] and epitope spreading [20,21].
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Acute inflammation & repair of the CNS during RRMS

Although the cause of MS remains unclear, studies from the clinic and from preclinical models have given insights
into the mechanisms at play once the disease is initiated. During acute-phase MS there is cooperation between
innate and adaptive immune responses, but lesions and damage are primarily driven by adaptive immune responses.

T cells are the primary drivers of disease in MS. Evidence for this includes the presence of T cells in lesions of
patients with MS and detection of autoreactive T cells in blood and cerebrospinal fluid (CSF) of patients with
MS [22-24]. In addition, autoreactive T cells are able to induce disease in murine model of MS, experimental
autoimmune encephalomyelitis (EAE) [25,26]. T helper cells (Th cells) play a prominent role in the pathogenesis
of MS and EAE. The pathogenic effector function of Th cells is the recognition of autoantigen and secretion of
pro-inflammatory cytokines, including IL-17 and IFN-y [26,271. CD8™ T cells are present in the brains of patients
with MS (28] and play a pathogenic role in some models of EAE [29]. Although T cells promote pathogenesis,
regulatory T cells play protective roles in MS: for example, Tr1 cells that secrete IL-10, Foxp3+ Tregs that secrete
TGEF-B or act via direct cell contact [30,31], and regulatory CD8™ T cells 1321.

B cells also play an important role in MS. Oligoclonal bands were documented in the CSF of patients with
MS (33]. Immunoglobulin deposits can be found in areas of demyelination [(34], and brain samples from patients
with relapsing MS displayed perivascular cuffing consisting of plasma cells within plaques [35]. Further dissection of
pathogenic mechanisms of B cells from pre-clinical models implicate B cells as pathogenic via autoantibody-induced
demyelination [36-39], autoantigen presentation [40,41] and antibody-dependent activation of complement [42-44]. B
cells can also secrete proinflammatory cytokines [45-47] and play a role in the establishment of tertiary lymphoid
organs (TLOs) (46,48]. However, B cells can also provide protective functions. For example, antibodies can promote
remyelination 49,501, and B cell subsets can secrete anti-inflammatory IL-10, TGF-$ and IL-35 [51].

It remains unclear what causes relapses, but systemic infection [52] and parturition [53] increase risk of relapse.
Remission is associated with immune regulatory functions and repair of the CNS. For example, it is known that
regulatory T cells, such as Tr1 and Foxp3+ Tregs, and CD56-bright NK cells downregulate inflammation during
EAE [54). Additionally, remyelination plays an important role in recovery [55,56]. The clearance of myelin debris by
microglia is also critical for remyelination and preventing progression of disease [57-59]. Importantly, promotion of
the health of neurons is central to the prevention of progression [60].

Progression of MS & the role of metabolism

A persistent, low level of inflammation is present in the CNS of many patients with SPMS [61]. Lesions contain cells
such as activated glia including astrocytes and microglia, some apoptotic oligodendrocytes (OLs) and demyelinated
and transected axons [61-64]. Aside from the potential role of B cells within TLOs, evidence for a contribution of
adaptive immunity to progressive disease remains minimal in patients with SPMS [65]. Demyelination and axonal
injury are currently considered the primary drivers of progression [61]. In particular, progression of symptoms
correlates significantly with axonal injury (66,67, and axon loss determines permanent neurological disability in
mouse models of MS [60]. Neuronal injury is promoted by the lack of metabolic and homeostatic support from
glia. The support provided by glia includes supply of metabolic intermediates such as lactate, contributions to ion
homeostasis and increased redox capacity. Evidence suggests that lack of metabolic and homeostatic support of
neurons by glia is essential to the progression of MS. We will provide a review of healthy neuronal metabolism and
homeostatic mechanisms and then elucidate evidence of metabolic dysregulation of neurons and glia in MS and
progression of MS, summarized in Figure 1.

Healthy brain metabolism
Neuronal/ axonal metabolism

In healthy individuals, neurons require large amounts of adenosine triphosphate (ATP) to power ion transporters
used to maintain membrane potential and mitochondrial health, and prevent cell death (68]. Neurons are also
sensitive to oxidation, and tight regulation of oxidative stress is imperative for neuronal health [69,70]. To support
their ATP needs while minimizing oxidative stress, neurons use oxidative metabolism with lactate as a substrate [71-
74], utilizing lactate over glucose [75,76]. The use of lactate over glucose allows for the production of nicotinamide
adenine dinucleotide phosphate (NADPH) by the pentose phosphate pathways which provides a substrate for
glutathione (GSH) reductase to reduce oxidized glutathione [77;; GSH being one of the primary antioxidative
molecules in the brain [78]. Lactate metabolism allows more glucose to be shuttled into the pentose phosphate
pathway while sustaining ATP production. Neurons can take up glucose with GLUT3 [79]; however, they have a
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Figure 1. Proposed model of pathogenic dysregulation in metabolic coupling of neurons and glia during multiple sclerosis.

Microglia and astrocytes secrete reactive oxygen species and reactive nitrogen species that damage components of the electron transport
chain leading to decreased ATP production in neurons. Decreased lactate transporters on neurons lead to decreased lactate delivery,
which results in less ATP production and redox capacity via decrease in glucose utilized in the pentose phosphate pathway and NADPH
production. This leads to decreased glutathione recycling, and less neutralization of reactive oxygen species. Decreased glutamate uptake
leads to calcium influx and mitochondrial damage. Decreased availability of ATP to power sodium/potassium pumps results in increased
intracellular sodium leading to reverse functioning of sodium/calcium exchangers and increased intracellular calcium leading to further
damage to mitochondria.

Reproduced with graphics purchased from Modfolio (2018).

slow rate of glycolysis due to low levels of PEK1 [77). In this way, glucose is shuttled to the pentose phosphate
pathway instead of glycolysis to produce NADPH instead of NADH, while lactate can be used to maintain pyruvate
and ATP levels 77]. The importance of this mechanism was demonstrated when activation of glycolysis in neurons
lead to neuronal death by oxidative stress [77], and inhibition of GSH synthesis lead to mitochondrial damage [so].

Adding to this, ion homeostasis is important for ATP production by maintaining mitochondrial health. In
particular, increased intracellular calcium can lead to the opening of the mitochondrial permeability transition
pore which leads to depolarization of the mitochondria, decreased ATP production and release of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) [81]. Thus, neurons require high levels of ATT, but in order to
produce high levels of AT, they must also maintain antioxidative potential and ion balance during most metabolic
processes.

Neurons depend heavily upon glia to meet the ATP requirements both directly by providing metabolic inter-
mediates such as lactate and indirectly by preventing mitochondrial damage. This coupling of neuronal and glia
metabolism, originally defined as the coupling of synaptic activity and glucose utilization, is known as metabolic
coupling. The first evidence of metabolic coupling came from work by Magistretti ez a/. and was further characterized
later [82-84).

Astrocytes metabolically support neurons

Astrocytes are important for metabolic coupling and homeostatic support of neurons. Astrocytes produce GSH
that protects against oxidative stress and damage to neuronal mitochondria [69]. Astrocytes produce and trans-
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port metabolic intermediates including lactate [85-87], prevent glutamate excitotoxicity which protects neuronal
mitochondria [82], and aid in the regulation of ionic balance which also protects neuronal mitochondria (ss).

As mentioned previously, NADPH and GSH are important for preventing oxidative stress-induced death of
neurons [77]. Neurons rely on astrocytes to help with GSH recycling and production in order to protect against
oxidative stress. GSH reduces peroxides in combination with the enzyme GPx [89]. After this reaction, oxidized
GSH is recycled back to the reduced form by NADPH and GR o). Utilization of the pentose phosphate pathway
allows for NADPH production [77]. Astrocytes provide the opportunity for neurons to utilize metabolic pathways
that promote NADPH production by providing lactate for ATP formation (discussed in the following section) to
free glucose for use in the pentose phosphate pathway [77,91]. In this way, astrocytes are important for recycling of
GSH in neurons.

Neurons also rely on astrocytes for the precursors for GSH synthesis. GSH is produced in two steps by GCS
and GS utilizing glutamate, glycine and cysteine [92]. In the first, rate-limiting step, glutamate and cysteine are
ligated by GCS [92. GS then converts the dipeptide into GSH [92]. The first step of GSH synthesis occurs in both
astrocytes and neurons [93]. However, neurons have a low availability of the rate-limiting substrate, cystine [93].
Astrocytes secrete GSH into the extracellular space via multidrug resistance proteins [94] where it is cleaved by GGT
and can be quickly taken up by neurons in the form of CysGly or cystine 95,96]. The importance of this system was
demonstrated by treatment of mice with inhibitors of GCS synthesis, which lead to damage of mitochondria (o).

Astrocytes are also important for uptake of glucose and supplying neurons with lactate. Astrocyte vascular
processes encase intracerebral blood vessels and take up glucose via GLUT1 on their cell surface [97). Astrocytes
utilize aerobic glycolysis to degrade glucose and produce lactate even in the presence of oxygen in a process known
as the Warburg effect [75,98]. Much of the lactate formed is released into the extracellular space via MCT1, MCT2,
high-capacity cation channel and pannexins [75,76,82,99-102]. Lactate is then taken up by neurons via MCT2 where
it is broken down and used to generate ATP [71-73,75,76]. As discussed earlier, use of lactate reduces the need for
glycolysis that promotes cell death by oxidative stress due to decreased formation of NADPH to recycle oxidized
GSH and decrease oxidative stress [77]. This transport system, coupled with glutamate uptake stimulating glucose
utilization by astrocytes (discussed next), is also known as the neuron—astrocyte lactate shuttle [82].

Astrocytes aid in preventing glutamate excitotoxicity of neurons. Glutamate excitotoxicity is a process by which
the excitatory neurotransmitter, glutamate, remains in the synapse. This leads to prolonged opening of an ionotropic
receptor, NMDA receptor, allowing excess influx of calcium resulting in mitochondrial damage and cell death over
time known as excitotoxicity [103]. Astrocytes prevent excitotoxicity by clearing glutamate via excitatory amino
acid transporters (EAATS) [104-106]. EAAT-3 knock-out mice exhibit increased neurodegeneration and reduced
GSH levels (96]. Uptake of glutamate by astrocytes also stimulated glucose metabolism by astrocytes and increased
production of lactate that was then shuttled back to neurons [82]. Additionally, glutamate can be converted to
glutamine in astrocytes and released. The glutamine that is released can then be taken up by neurons where it
is converted to GSH [107]. In these ways, astrocytes are critical to the health of neurons by providing metabolic
intermediates, increasing antioxidant capacity, promoting ion homeostasis and mitochondrial health.

OLs metabolically support neurons

OLs are also important for the support of neuronal metabolism [108-110]. OLs do not play as big of a role in redox
regulation of neurons as astrocytes do. OLs are highly susceptible to oxidative stress themselves (in part because of
a high iron content) [111], and depleting GSH is particularly damaging to pre-OLs [112]. Despite their low redox
capacity, OLs, like astrocytes, produce lactate and shuttle lactate via MCT'1 to neurons through MCT2 for ATP
production [108,113]. In fact, preventing lactate transfer from OLs to neurons by deleting lactate exporters from OLs
results in formation of axonal spheroids and degeneration [110]. While OLs express glutamate uptake receptors,
EAAT-1 and EAAT-2 114], they are susceptible to excitotoxicity [115].

Another critical role of OLs is to provide metabolic support for neurons by decreasing metabolic load. OLs are
important in aiding conduction of impulses along the axon in a process known as saltatory conduction [116]. In
support of this, shiverer mice, which lack myelin basic protein, a major component of CNS myelin, exhibit neurode-
generation and axonal swelling over time [117], and in other animal models, deletion of OLs leads to degeneration
due to disruptions in the paranodes and nodes of Ranvier that are important for saltatory conduction [118,119]. In
decreasing the need for ATT, OLs also maintain ion homeostasis. For example, if the ATP-driven sodium pump
is not operational, then sodium accumulates inside of the cell. The sodium is then replaced by calcium through a
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gradient-dependent sodium/calcium pump. The increase in intracellular calcium then can lead to mitochondrial
dysfunction and cell death.

In summary, OLs are particularly important for shuttling lactate to neurons, decreasing metabolic load and
regulation of glutamate uptake and ion balance; however, OLs are highly susceptible to oxidative stress themselves.

Microglia can metabolically support neurons

Microglia are yolk sack-derived resident immune cells of the CNS with transcriptional similarity to monocytes and
macrophages. Microglia can also metabolically support neurons under healthy conditions, but can become reactive
and detrimental in diseased states. Microglia can produce GSH, clear myelin debris and ROS/RNS, secrete lactate
and can clear glutamate, all of which can promote neuronal mitochondrial health. Microglia are important for
aiding in decreasing oxidative stress of neurons through production of GSH (120,121}, and clearance of myelin debris
and oxidized lipids [57,59); however, these are typically only found in diseased states.

Microglia can also deliver lactate to neurons, particularly MCT1 and MCT?2 are upregulated when macrophages
are activated during ischemia [122]. However, microglia are not known as a primary source of lactate. In contrast,
an astrocyte—microglia shuttle has been proposed [123].

Microglia are not known to express EAATs in healthy individuals, suggesting they may not play a large role
in preventing glutamate excitotoxicity in healthy conditions; however, EAATs are induced in microglia under
pathological conditions and it has been suggested that this is a compensatory mechanism to aid neuron metabolism
and/or to aid in their own production of GSH [124,125]. In fact, it was shown that microglia aid in preventing exci-
totoxicity [126]. Microglia migrate to damaged neurons by sensing ATP release and wrap around neurons to induce
neuronal repolarization; however, the mechanism by which they induce repolarization was not determined [126].

In summary, microglia have the capacity to produce and secrete GSH, secrete lactate and play an important
role in the clearance of ROS/RNS, and aid in preventing glutamate excitotoxicity. Microglia are highly dynamic
and the role of these cells in the metabolic support and metabolic inhibition of neurons is primarily observed in
diseased states.

Metabolic dysregulation during progression of MS

Virtual hypoxia, an increase in energy demand coupled with a decrease in the ability to supply it, has been
suggested to be a driver of neuronal death in MS (55]. Virtual hypoxia is primarily thought to be caused by increased
demand for ATP to drive sodium/potassium pumps to propagate action potentials after the myelin sheath has been
damaged [55]. Virtual hypoxia leads to mitochondrial injury, glutamate excitotoxicity and defects in mitochondrial
transport [55,127]. Neuronal death and progression of MS is associated with oxidative stress [128], impairment of
remyelination, and accumulation of debris [57-59], all of which can lead to an increase metabolic demand on neurons
by damaging mitochondria. Dysregulation in metabolic support of neurons by glia can contribute to virtual hypoxia
during SPMS.

Neuronal metabolic dysregulation during progression of MS

There is evidence of metabolic dysregulation of neurons of patients with SPMS, and of mitochondria in particular.
A decrease in complex IV activity of neuronal mitochondria was documented from brains of individuals with SPMS,
and inhibition of mitochondrial respiratory-chain complex IV augmented glutamate-mediated axonal injury in
vitro [129). Decreased mRNA levels of mitochondrial genes and activity of mitochondrial complex I and III were
identified in brains of individuals with SPMS [130]. Ion homeostasis and ROS/RNS can also affect mitochondrial
function. Increased intracellular sodium levels lead to the sodium/calcium exchanger to operate in reverse which
causes calcium influx and mitochondrial damage [131]. An increase in ROS and an ion imbalance are present in
neurons of individuals with MS. There is an increase in intracellular sodium and increased sodium levels within
lesions [132,133). Additionally, highest sodium concentration as measured by sodium magnetic resonance imaging
(MRI) was observed in patients with SPMS and patients with greater disability [134]. Additionally, RNS, such as
peroxynitrate, damage complexes I and IV [135-137]. Reports of positive staining of peroxynitrate, nitrotyrosine and
other markers for oxidative stress in brains from individuals with SPMS indicate that there are both ROS and RNS
formed during this phase of disease and may contribute to neuronal damage [128,138]. As mentioned before, there
is a notable decrease in complex IV activity in brains of individuals with SPMS, indicating a potential role for
RNS [129; however, whether or not the mitochondrial complexes show evidence of damage from ROS and RNS,
such as nitrosylation has not been reported in patients with SPMS.
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Astrocyte contributions to metabolic dysregulation of neurons during progression of MS

Astrocytes contribute to progression of MS through the inhibition of remyelination by formation of a glial scar
that prevents differentiation of OL precursor cells [139-142]. Astrocytes impair neuronal metabolism by releasing
cytotoxic factors, including ROS and RNS, which interfere with neuronal mitochondrial function [138,141]. There
is also evidence of dysregulation of lactate shuttling and glutamate uptake during SPMS.

Astrocytes have the capacity to express both pro- and anti-oxidant molecules. Accordingly, there is evidence of
expression of pro-oxidant molecules in SPMS. Activated astrocytes in patients with SPMS express mRNA and stain
positive for inducible nitric oxide synthase, nitrotyrosine and superoxide forming enzyme, NOX [138,143].

While not shown specifically in astrocytes, there is a dysregulation in components important for GSH production
and transport to neurons during MS. In fact, polymorphisms in genes for GSH S-transferases are associated with
severe disability in patients with disease duration greater than 10 years [144]. Additionally, GSH was decreased in
the CSF of patients with MS [145) and there was decreased GPx activity and increased GR activity in the CSF of
patients with MS [146]. Interestingly, the decrease in GSH biosynthesis is associated with a dysregulation of the
upstream transcription factor, Nrf2 [147,148]. In patients with MS, however, Nrf2 is upregulated in astrocytes and
OLs in acute and chronic lesions [149].

The neuron-—astrocyte lactate shuttle is also dysregulated in lesions of patients with SPMS. In non-neurological
disease control patients, glucose transporters and MCT were expressed in many cells, and particularly in microglia
and endothelial cells. In contrast, in patients with MS, glucose transporters and MCTs were highly expressed by
infiltrating macrophages and reactive astrocytes in active lesions. In inactive lesions, astrocytes showed increased
MCT1 staining; however, demyelinated axons showed reduced GLUT3 and MCT?2 immunoreactivity [150]. Patients
with MS exhibit reduced expression of genes involved in the astrocyte—neuron lactate shuttle, and the glutamate—
glutamine cycle in whole tissue normal appearing grey matter, including genes for MCT1, MCT4, GLUTT1,
among others [151]. Moreover, a Toll-like/IL-1 signaling expression signature occurred in tandem with the reduced
expression of genes associated with astrocyte—neuron lactate shuttle and the glutamate-glutamine cycle prompting
the hypothesis that IL-1 signaling to astrocytes could lead to the downregulation of those genes. Indeed, IL-1f
and LPS treatment of astrocytes downregulated the lactate shuttle and glutamate—glutamine cycle in vivo, and
immune activation with CFA and pertussis toxin lead to downregulation of MCTT1 in the spinal cord of C57BL/6
mice [151]. The downstream pathways connecting TLR/IL-1f signaling and downregulation of these genes have
yet to be elucidated. Interestingly, increased lactate in CSF was associated with progression of MS [152]. However,
lactate levels in MS patient CSF have been reported as increased, unchanged or even decreased, and therefore more
investigation is needed before coming to final conclusions [152,153]. Taken together, current evidence suggests that
while astrocytes can secrete lactate during MS/EAE, it is not efficiently taken up by neurons.

Finally, there are indications of dysregulation in glutamate recycling, although this has not been explicitly linked
to astrocytes. Levels of glutamate are increased in blood, CSF and CNS of patients with MS [154]. Patients with
MS have reduced expression of genes involved in the glutamate-glutamine cycle in normal appearing grey matter,
including genes for EAAT-1, EAAT-2, GS, GLUT1, among others [151].

In summary, astrocytes release ROS that damage neuronal mitochondrial function and there is dysregulation of
lactate shuttling, GSH production and recycling, and glutamate uptake during SPMS.

OL contribution to metabolic dysregulation of neurons during progression of MS

Unsurprisingly, OL dysregulation is notable in MS as myelin antigens are primary targets of the autoimmune
attack [155-157]. Much of the current research efforts are centered on OLs themselves and less on their contribution
to neuronal metabolism. Here, we focus primarily on alterations of OL support of neurons in MS and EAE.

Axonal mitochondrial swelling has been observed in both myelinated axons and demyelinated axons during
EAE [119,158], demonstrating that demyelination alone is not a requisite for neuronal death. The myelin sheath
plays a role in survival of neurons as discussed earlier. MCT channels that shuttle lactate and other metabolic
intermediates between OLs and neurons are dysregulated during SPMS, although the MCT expression is not OLs
specific [150]. There was decreased expression of glutamate uptake receptors, EAAT-1 and -2, in the OLs around
lesions, and TNF-a, a proinflammatory cytokine secreted in lesions, decreases EAAT-1 expression and inhibits
glutamate uptake by greater than 75% in cultures of OLs [114]. Conceivably, this could contribute to glutamate
excitotoxicity of both neurons and OLs.
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OLs are important for saltatory conduction. As mentioned previously, there is an increase in intracellular sodium
and increased sodium levels within lesions [132,133], and, as mentioned previously, the highest sodium concentration
on sodium MRI was present in patients with SPMS and greater disability [134]. After demyelination there are notable
changes observed in sodium channel distribution along axons [159], indicating that saltatory conduction aids in
maintaining proper ion homeostasis.

Deficiencies in MCT channels, EAAT-1 and -2 in OLs, and ion imbalance indicate that OL damage can lead to
the death of neurons as well; however, more research is needed to directly assess metabolic contribution between

neurons and OLs during and leading up to SPMS.

Microglial contribution to metabolic dysregulation of neurons during progression of MS

Microglia contribute to MS progression primarily through release of ROS that can lead to mitochondrial dam-
age [143,160,161]. There are microglia-associated changes in metabolic intermediates and glutamate transporters [162];
however, microglia also have self-regulatory mechanisms [163,164], and are also crucial to the remyelinating process
through clearance of myelin debris (57-59]. Microglia have been associated with both reparative processes as well as
damaging processes in SPMS [61].

Microglia express enzymes important for creating ROS in patients with SPMS, including NOX and
MPO [143,160,161].

Although increased GSH levels have been identified from microglia in culture and in other disease systems [120,121],
less is known about microglial GSH systems in SPMS. Similarly, while an increase in MCT1 and MCT?2 expression
was documented in ischemia, it has not been shown in SPMS [122].

Activated microglia are implicated in the downregulation of EAAT-1 and -2 that could lead to excitotoxicity
during SPMS [162], and activation of microglia leads to the increase in cystine/glutamate exchanger in both cultured
microglia, peripheral blood and postmortem optic nerve samples of MS patients, and in spinal cords of mice with
EAE (165]. The levels of glutamate, or if it caused excitotoxicity, was not investigated.

Microglia have self-regulatory mechanisms. For example, CX3CLI upregulates Nrf2 [163], and TNF-o treatment
of microglia cells lead to an increase in GSH levels that reduced ROS mediated cell death [164]. However, not
much is known about dysregulation these pathways during SPMS. Similarly, while microglia are crucial to the
remyelinating process through clearance of myelin debris [57-59], this was not demonstrated in the context of SPMS.
Moreover, microglia possess the capability to suppress ROS and RNS, provide metabolic intermediates, repolarize
cells, clear debris and promote remyelination. However, in SPMS they also produce ROS, and have a reduced
capacity to take up glutamate. More research is needed to directly assess protective roles of microglia in SPMS.

To summarize, neurodegeneration plays a central role in progression of MS. Astrocytes, OLs and microglia play
important support roles for neurons by the preventing the accumulation of ROS-mediated mitochondrial damage,
aiding in ion homeostasis, preventing neurotransmitter imbalance and virtual hypoxia. During MS these functions
are dysregulated leading to axonal and neuronal death and progression of symptoms.

Pain in MS & the role of metabolism

One particularly troublesome aspect of progression of MS is chronic neuropathic pain experienced by over half
of patients during the course of their disease [166,167). Chronic neuropathic pain is more often associated with
progressive forms of the disease [168]. This leads to the question of what causes this pain, how pain is associated
with mechanisms of progression, and whether pain and progression can be treated together by targeting common
disease mechanisms.

Nociceptive pain processing

Typically, nociceptive pain is processed through activation of nociceptors that synapse in the dorsal horn of the
spinal cord. The depolarization of the nociceptors leads to the release of excitatory neurotransmitters, glutamate
and substance P in the dorsal horn of the spinal cord. The release of neurotransmitters signals second-order neurons
in the spinothalamic tract to depolarize and transduce the signal to the thalamus where they synapse with the
third-order neurons that continue into the somatosensory cortex. Pain can be modulated throughout this pathway
and is often modulated by synaptic processing in the dorsal horn of the spinal cord. In this process, inhibitory
interneurons in the spinal cord release GABA that inhibits depolarization by binding the ligand-gated ionotropic
GABA, receptors on the second-order neurons and increasing intercellular chloride ions.
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Chronic neuropathic pain in SPMS

Chronic neuropathic pain during MS is caused by demyelination, neuroinflammation and axonal damage [169) and
as an indirect consequence of active demyelinating lesion in areas such as the dorsal horn of the spinal cord or the
thalamus [170]. One mechanism of chronic neuropathic pain is central sensitization at the synapse in the dorsal horn
of the spinal cord. Central sensitization is an increase in the synaptic transmission of pain signals. This increase
in transmission is produced in a number of ways, including activity-dependent phosphorylation and trafficking
of receptors or ion channels, transcriptional changes, structural alterations of synaptic contacts and reduction of
inhibitory mechanisms by loss of interneurons [171]. Loss of inhibitory interneurons is of particular interest for
chronic neuropathic pain in progression of MS, and lesions are evident along the pain processing pathway of
patients with MS. Along these lines, analysis of the association of chronic neuropathic pain and lesion location
showed that 33% of the patients with chronic pain showed hyperintensities on MRI in the lateral and medial
thalamic regions; however, the authors also implicated chronic neuropathic pain as a result of spinal cord lesions
due to the bilateral nature of the pain [172].

Pain during EAE

Neuropathic pain has been characterized in EAE; however, there are few studies investigating the mechanisms
underlying pain in these models [173-175]. One study of interest observed pain associated with reactive gliosis in
the dorsal horn of the spinal cord during EAE [174]. Later work attributed increased responsiveness to pain after
subcutaneous formalin injection to decreased glutamate transporter expression [176]. Nevertheless, more studies are
needed to access mechanisms of chronic neuropathic pain in preclinical models of MS.

Inhibitory interneuron dysregulation

A decrease in the inhibitory neurotransmitter GABA in the spinal cord during EAE has been reported [177-180], as
well as in the CSF of patients with MS [181-183. However, conflicting results have also been reported [184). Further
in support of the notion that inhibitory interneurons are dysregulated in MS, selective loss of parvalbumin-positive
interneurons was shown in the primary motor cortex of mice with EAE and patients with MS [185]. This study
did not address parvalbumin-positive interneurons in the dorsal horn of the spinal cord; however, ablation of
parvalbumin-positive neurons in the dorsal horn produces neuropathic pain-like mechanical allodynia in mice [186].
These studies were corroborated by work that found reduced components of GABAergic neurotransmission and
reduced density of inhibitory interneuron processes in the cortex of patients with SPMS [130]. Furthermore, there is
also evidence of selective NMDA receptor-mediated neuronal death by secretion of nitric oxide by astrocytes [187].

Pain & dysregulation of metabolic support

Although not yet demonstrated in experimental models of MS, induction of chronic neuropathic pain by ligation
of L5 and L6 spinal nerves revealed dysregulation of a large number of genes associated with metabolism and
neurodegeneration. These genes included downregulation in sodium/potassium and sodium/calcium exchange
channels, glutamate receptor and mitochondrial creatinine kinase [188] indicating that these metabolic support
factors can play a critical role in chronic neuropathic pain. Astrocyte glutamate/glutamine shuttling also plays an
important role in central sensitization in the dorsal horn [189). As mentioned previously, the altered pain sensitivity
in mice with EAE was linked to a decrease in glutamate transporter expression [176].

In summary, dysregulation of excitatory neurotransmitter uptake, and death of inhibitory interneurons in the
dorsal horn of the spinal cord can lead to pain in MS, and dysregulation of excitatory neurotransmitter uptake and
death of neurons contribute to progression of MS. Additional mechanisms are likely to play a role and need to be
elucidated.

Treatments to promote neuronal survival via metabolic support to prevent progression &
chronic neuropathic pain in MS

Various metabolic complications contribute to pain and progression of MS, including mitochondrial injury [127],
oxidative stress [128], ion imbalance and virtual hypoxia [55]. To suppress progression and pain in MS, protection of
neuronal metabolic, antioxidative and ion homeostasis is paramount. Current treatments are particularly adept in
addressing inflammation; however, few show benefits for progressive forms of MS and complications associated with
progression such as chronic neuropathic pain [4]. In order to treat progression and pain, the addition of treatments
that support metabolic coupling between neurons and glia may be of benefit. Here we highlight some studies that
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Table 1. Potential treatment avenues to address metabolic dysregulation leading to secondary progressive multiple

sclerosis and chronic neuropathic pain during multiple sclerosis.
Treatment

Transfer of lactate
IGF-1
Decrease ROS and RNS

Dimethyl fumarate

N-acetyl cysteine

MitoQ

Decrease calcium influx

MS153

Ceftriaxone

Memantine

Amantadine

MK-801

Mechanism

Lactate transfer by upregulating MCT2

Activates Nrf2

Glutathione synthesis

Mitochondria-targeted ROS scavenger

Increase activity of glutamate
transporter

Increased expression of glutamate
transporters
Block NMDA receptors

Block NMDA receptors

Block NMDA receptors

Effect on pain

Not assessed

Reduced pain behaviors in murine
model of arthritis [197]

Marginal improvement from baseline in
clinical trials

Not reported

Normalizes pain responses in mice with
EAE [176]

Decreased tactile hypersensitivities in
mice with EAE [201,202]

Not reported

Decreases fatigue in patients with
MS [207]

Not assessed

Effect on progression

No effect [219]

No indication of progression [195]

Clinical trial in progress

Attenuated disease severity and neuronal
loss during EAE [198,199]

Not reported
Not reported
Worsening of neurological symptoms in

MS [206]
Lessens neuropathy in EAE [205]

Lessens neuropathy in EAE [204]

lon homeostasis

Phenytoin Na channel blocker Prevents pain in MS patients [216] Not assessed

Flecainide Na channel blocker Not assessed Not assessed

Lamotrigine Na channel blocker Not assessed Early cerebral volume loss in patients [217]
Gabapentin Gaba analogue Decreased pain and spasticity [218] Not assessed

Other

Fingolimod Decreases central sensitization, S1P Decreased pain responses in EAE Lower disease severity compared with

modulation, astrocyte suppression control in progressive EAE model.

Did not slow primary progressive MS.
Improved the risk of progression of
disability in RRMS [208-211]

EAE: Experimental autoimmune encephalomyelitis; NMDA: N-methyl-d-aspartate; RNS: Reactive nitrogen species; ROS: Reactive oxygen species; RRMS: Relapsing-remitting multiple
sclerosis.

investigated benefits for treatment of progression and/or pain by promoting metabolic support of neurons and
decreasing metabolic load on neurons (summarized in Table 1).

Treatments promoting metabolic support of neurons

Conceivably, an increase in the delivery of metabolic intermediates such as lactate and promotion of mitochondrial
health through redox and ion homeostasis may help survival of neurons and prevent progression and neuropathic
pain in MS. While lactate can promote proinflammatory phenotypes in immune cells (190}, increase in the uptake
of lactate by neurons can be promoted specifically by an increase in MCT?2 expression [71]. MCT2 expression is
promoted by IGF-1 and insulin (191]. IGF-1 treatment reduces disease severity in EAE and decreases demyelina-
tion [192]. However, while well tolerated in a small study (n = 7) over 24-weeks, there was no significant difference
in MRI or clinical measures between baseline and IGF-1 treatment of patients with MS. Chronic neuropathic pain
was not assessed in this study; however, it was reported that IGF-1 can increase peripheral pain by stimulation of
calcium channels [193]. This demonstrates the necessity of identifying more specific targets that can drive MCT2
expression.

Promoting mitochondrial health by decreasing oxidative stress and restoring ion homeostasis could also help
restraining chronic neuropathic pain and progression of MS. Nrf2 activation in glia protects neurons from oxidative
stress [147] and increases the expression of the shuttle for GSH, MRP1 1941. The Nrf2 activator, dimethyl fumarate
(DME), is an approved disease modifying therapy for patients with MS. In a pilot study of DMF treatment
of patients with progressive forms of MS over 75% of the patients showed no indications of progression [195].
The INSPIRE clinical trial (NCT02430532) for patients with SPMS was terminated by the sponsor for business
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reasons. Nevertheless, DMF increased GSH production by OLs [196] and inhibited pain behaviors in a model of
arthritis [197]. Although mitochondrially targeted ROS scavengers have not yet been extensively investigated in MS
or EAE, MitoQ, a derivative of Co-enzyme Q10, attenuated disease severity as well as neuronal loss in the spinal
cord during EAE [198,199].

Increase in GSH intermediates, such as cysteine in the form of oxidant scavenger n-acetyl cysteine (NAC), is
beneficial in acute EAE [200]. A clinical trial assessing NAC in MS started in 2017 (NCT03032601) and results
are not yet available. In another clinical trial assessing NAC to supplement morphine for chronic neuropathic pain
(NCT01840345), patients marginally improved from baseline; however, average morphine dose increased as well.
Thus, the beneficial effects of NAC may have been due, at least in part, to the increase in morphine dose.

Preventing calcium influx and glutamate excitotoxicity can also promote mitochondrial health and, conceivably,
slow progression and lessen chronic neuropathic pain. This may be achieved by increasing glutamate uptake
and blocking calcium influx through NMDA receptors and sodium/calcium exchangers. The small molecule,
(R)-(-)-1-methyl-1-nicotinyl-2-pyrazoline (MS-153) inhibited glutamate release, increased glutamate uptake, and
decreased chronic neuropathic pain in EAE [176]. However, no other studies have since been conducted to expand
on these results. Similarly, the drug ceftriaxone, also known to increase glutamate transport levels, decreased tactile
hypersensitivities in mice with EAE [201,2021. However, this drug is a f-lactam antibiotic and would be problematic
for long-term use in treatment of MS due to complications associated with long-term antibiotic use such as bacterial
antibiotic resistance and increased susceptibility to Clostridium difficile infections.

Blocking signaling of NMDA receptors has shown promise, particularly in rodent models [203]. NMDA receptor
antagonists, memantine, amantadine and MK-801 all limit neuropathology in rodent models of MS [204,205].
Memantine is an oral medication used in the treatment of Alzheimer’s disease. Unfortunately, a small off-label
trial treating patients with MS with memantine was halted when patients reported worsening of neurologic
symptoms [206]. Amantadine is often used to prevent fatigue in patients with MS, but pain and progression was so
far not assessed 1207. MK-801 treatment has not been tested in patients with MS and neuropathic pain.

Finally, the sphingosine-1 phosphate receptor modulator fingolimod (FTY720), an approved disease modifying
therapy for RRMS, decreased chronic neuropathic pain in mice with EAE [208]. Specifically, markers of central
sensitization were reduced, including glutamate-evoked calcium signaling of neurons in the dorsal horn of the spinal
cord, and it was hypothesized that fingolimod can act by reversing central sensitization. Additionally, fingolimod
suppressed astrocyte activation and EAE in the non-obese diabetic, progressive model of the disease [209). While
fingolimod did not slow progression in patients with PPMS [210], it decreased the risk of disability progression in
patients with RRMS [211].

Treatments to decrease metabolic load on neurons

Another approach to increase ATP levels to promote neuronal survival could consist of decreasing the metabolic load
on neurons by supporting ion homeostasis and promoting remyelination. There are a number of treatments that have
shown promise for promoting remyelination (reviewed in Plemel ¢z 4/. [212]). In addition, sodium channel blocking
agents, including phenytoin [159,213], flecainide [214], lamotrigine [215] aided in preventing neurodegeneration during
EAE. Phenytoin prevents pain in patients with MS [216], but progression has not been assessed. As of yet, flecainide
has not been tested in patients with MS, and there was eatly cerebral volume loss in lamotrigine-treated patients
when compared with placebo [217). Finally, the GABA analog, gabapentin, decreases pain and spasticity in patients
with MS [218], but studies have not evaluated progression of disease.

Conclusion

Progression of MS and chronic neuropathic pain remain critical issues in MS despite the advances in current disease
modifying therapies that target inflammation. Neurodegeneration plays a central role in progression and pain during
MS. Neurodegeneration is promoted by accumulation of ROS, mitochondrial damage, neurotransmitter imbalance,
ion imbalance and virtual hypoxia. Glia play a central role in the support of neurons in homeostatic conditions.
Moreover, there is evidence of dysregulation in neuron—glia cooperation during SPMS and pain associated with
MS. More research is needed to address the specific mechanisms of neuron—glia metabolic cooperation and their
dysregulation in MS and how these mechanisms can be targeted to prevent progression and pain in MS patients.
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In order to prevent progression of MS and to address neurodegenerative and pain aspects of MS pathology, novel
treatment paradigms need to be established that move beyond the focus on the acute inflammatory events. This
may be achieved by increased focus on cells and specific molecules in the CNS that contribute to metabolic support
of neurons. Novel therapeutic approaches to target specific subsets of cells and molecules to promote metabolic
support of neurons should be the focus of next-generation drugs.

Executive summary

e Acute inflammation and adaptive immune responses drive relapsing-remitting multiple sclerosis (MS).

e Neurodegeneration plays a central role in progression of MS.

e Neuron—glia metabolic coupling is important in survival of neurons.

e Neuron-glia metabolic coupling is dysregulated during secondary progressive MS and chronic neuropathic pain.

e More research is needed to determine the mechanisms of neuron—glia metabolic cooperation to prevent pain
and progression of MS and develop novel treatments.
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