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Abstract: 
Title: Regulation of cellular bioenergetics in CNS demyelinating disease 
Author: Scott B. Minchenberg 
Sponsor: Dr. Paul T. Massa 
 
 

Multiple Sclerosis (MS) is a debilitating neurological disease characterized by 

sclerotic inflammatory demyelination of the white matter tracts in the central nervous 

system (CNS). There is no “cure” for MS but rather disease modifying treatments that 

decrease relapse rates and slow disease progression.  Due to the lack of insight into the 

pathogenesis of MS, animal models have been developed to study demyelination in the 

CNS. Two widely used models of demyelination are experimental autoimmune 

encephalomyelitis (EAE), and Theiler’s murine encephalomyelitis virus (TMEV). Our 

studies focused on TMEV mediated demyelination, which was dependent on the 

expression of the protein tyrosine phosphate SHP-1. SHP-1 is a major negative 

regulator of cytokine/growth factor signaling and a global deficiency triggers an acute 

macrophage mediated demyelination in C3H mice. SHP-1 deficient mice are also highly 

susceptible to systemic inflammation and dysmyelination. Our overall goal was to 

identify how SHP-1 is mediating susceptibility to inflammatory demyelination. 

We first demonstrated that SHP-1 deficient oligodendrocytes had increased 

reactive oxygen species (ROS) production resulting in downregulation of myelin gene 

expression and oxidation of myelin, a common finding in MS patients. To determine a 

source of the ROS we investigated how SHP-1 controls metabolic pathways as ROS 

production is tightly linked to metabolism. 

To determine how SHP-1 impacts bioenergetics, oligodendrocyte glycolytic and 

mitochondrial metabolism were quantified using the Seahorse XFe96 analyzer. We 

determined that SHP-1 enhances oligodendrocyte metabolism, which correlates with its 

ability to suppress STAT1 activity in oligodendrocytes. We corroborated these results via 
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activation of STAT1 in oligodendrocytes with the proinflammatory cytokine IFN-γ 

recapitulating the metabolic defects in SHP-1 deficient oligodendrocytes. 

Based the role of SHP-1 in oligodendrocyte bioenergetics and the importance of 

macrophage-derived cytokine production during demyelination; we investigated a role for 

SHP-1 in macrophage bioenergetics. In macrophages, enhanced glycolysis drives 

activation and proinflammatory cytokine production. TMEV infection specifically induced 

glycolysis in GM-CSF-derived macrophages lacking SHP-1. This finding may explain 

why SHP-1 confers susceptibility to macrophage-mediated demyelination after TMEV 

infection. 

Overall we demonstrate a novel role for SHP-1 in controlling oligodendrocyte and 

macrophage bioenergetics that is highly relevant in expanding our understanding of CNS 

demyelinating disease.   
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Glycolytic Metabolism	

 Currently, there is no consensus regarding the origin of life, however, there 

seems to be a consensus that life itself is expensive. In this instance it is not a monetary 

expense, but rather the expense we incur for the privilege to exist, as a living biological 

organism, which must be paid in the form of energy. Biological organisms store much of 

their energy as high-energy phosphate bonds known as phosphoanhydride bonds. 

Phosphoanhydride bonds contain high amounts of energy produced by electrostatic 

repulsion generated by forcing negatively charged phosphate groups within close 

proximity to each other. When broken via hydrolysis, these bonds can drive a plethora of 

cellular processes that require energy input. Classically, adenosine triphosphate (ATP) is 

the “molecular currency” that cells use to store and transfer energy, although energy can 

be stored via other nucleoside triphosphates (NTP) such as cytidine triphosphate (CTP), 

guanosine triphosphate (GTP), thymidine triphosphate (TTP), and uracil triphosphate 

(UTP). But before the energy can be spent, it must be generated, and the most “basic” 

process a cell uses to generate ATP is known as glycolysis.	

 Glycolysis generates ATP via a process known as substrate level 

phosphorylation. In the case of glycolysis, substrate level phosphorylation utilizes the 

energy stored in the bonds of partially metabolized glucose and transfers that energy via 

the addition of a phosphate to adenosine diphosphate (ADP) to form ATP. The complete 

glycolytic pathway is provided in figure 1, but for the purpose of this discussion only the 

relevant steps will be highlighted.	
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Adopted from Lodish et al., 2007	

Figure 1: Schematic representation of glycolysis. Substrates and products of glycolysis 
starting with glucose and ending with the formation of two molecules of pyruvate (black). 
Enzymes catalyzing glycolytic reactions are depicted in blue. Glycolysis utilizes 2 ATPs 
(red) and produces 4 ATPs (green) via substrate level phosphorylation with a net gain of 
2 ATPs per molecule of glucose. 2 NADHs (yellow) are also generated during glycolysis. 
Haworth projections of glycolytic products/substrates with added phosphate groups (red) 
are shown on the right side of the figure. 
	

The process of glycolysis begins when a molecule of β-D-glucose enters the cell, 

which is facilitated by one of the many glucose transporters (GLUT). Once inside, the 
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cell must “invest” energy before it can make energy. Hexokinase is the first enzyme in 

glycolysis, which consumes one ATP to catalyze the transfer of a phosphate onto the 6th 

carbon of the glucose molecule producing one molecule of glucose-6-phosphate. The 

addition of this charged phosphate traps glucose in the cell. The next major step of 

glycolysis requires the consumption of another ATP to produce fructose 1,6-

bisphosphate and is catalyzed by phosphofructokinase, which also happens to be the 

rate-limiting enzyme in the glycolytic pathway. Eventually, the 6-carbon backbone is 

broken by an aldolase, which forms two 3-carbon molecules (glyceraldehyde-3-

phosphate and dihydroxyacetone phosphate). A dehydrogenase then oxidizes two 

glyceraldehyde 3-phosphate molecules while subsequently reducing two molecules of 

nicotinamide adenine dinucleotide (NAD+) and producing two molecules of 1,3-

bisphosphoglycerate. The two molecules of 1,3-bisphosphoglycerate can be utilized for 

substrate level phosphorylation via phosphoglycerate kinase to produce two ATPs and 

two molecules of 3-phosphoglycerate. The remaining step where substrate level 

phosphorylation occurs is the conversion of two molecules of phosphoenolpyruvase to 

pyruvate, by pyruvate kinase, producing two more ATPs in the process. Finally, pyruvate 

can either form lactate, or enter the tricarboxylic acid (TCA) cycle to produce substrates 

for mitochondrial metabolism.	

  After discussing the glycolytic pathway it becomes apparent that a net of 2 

molecules of ATP are produced per molecule of glucose. Compared to other pathways 

that will be discussed below, glycolysis is extremely inefficient at producing ATP per 

molecule of glucose. However, the enzymatic rates of glycolytic enzymes allow for the 

rapid temporal consumption of glucose and production of ATP. Therefore, if a cell needs 

energy quickly, it will most likely utilize glycolysis even if more efficient pathways are 

available.	
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 The rate of glycolysis is mediated by various factors ranging from allosteric 

regulation of enzymatic activity to transcriptional regulation of glycolytic enzymes. For 

example, via allosteric regulation, a cell can alter the rate of glycolysis within a matter of 

seconds to respond to alterations in the levels of available ATP, ADP, AMP, or other 

substrates. An example of this is an increase in the enzymatic rate of 

phosphofructokinase  in response to increased ADP and AMP since higher levels of 

ADP and AMP signal that the cell requires energy. A much slower way a cell can 

regulate glycolysis is by transcriptional upregulation of various glycolytic enzymes or 

glucose transporters, which will be discussed further in the section on the regulation of 

signal transduction via metabolism.	

	

Pentose Phosphate Pathway	

Unlike glycolysis, the purpose of the pentose phosphate pathway (PPP) is not to 

create or consume ATP, but rather to produce metabolites that can be utilized for other 

essential cellular processes such as DNA replication, the production of reducing agents, 

and the production of ribose-5-phosphate. 	

The pentose phosphate pathway is broken-down into two major pathways, the 

oxidative pathway, which is irreversible, and the reversible non-oxidative pathway as 

outlined in figure 2. The purpose of the oxidative pathway of the PPP is to utilize 

glucose-6-phosphate, which is shunted from the glycolytic pathway to reduce 

nicotinamide adenine dinucleotide phosphate (NADP+) to NAPDH. This is carried out by 

the conversion of glucose-6-phosphate to 6-phosphogluconolactone, and the conversion 

of 6-phosphogluconate to ribulose-5-phosphate. The two NADPH generated can be 

utilized to reduce damaging reactive oxygen species (ROS), or to reduce acetyl-

coenzyme A (CoA) during the process of lipid synthesis. The ribulose-5-phosphate 

generated at the last step of the oxidative pathway is utilized for the first step of the non-
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oxidative phase of the PPP. Ribulose-5-phosphate is converted to ribose-5-phosphate 

by the enzyme ribulose-5-phosphate isomerase. Other sugars derived from glycolysis, 

such as fructose-6-phosphate, can be converted to ribose-5-phosphate via reactions 

catalyzed by a transketolase and/or a transaldolase. Ribose-5-phosphate is used for 

many cellular processes including nucleotide biosynthesis, nicotinamide synthesis, and 

the synthesis of the amino acids histidine and tryptophan. The PPP feeds back into 

glycolysis via the production of glyceraldehyde-3-phosphate and fructose-6-phosphate, 

which can be further processed via glycolysis to produce pyruvate, the major substrate 

that feeds into the TCA cycle.	

	

	

Adopted from Kemba and Joannah, 2017	

Figure 2: Schematic representation of the pentose phosphate pathway. The oxidative 
phase depicted on the right side of the figure is irreversible, and responsible for 
generating 2 NADPH, which can be used as a reducing agent for fatty acid synthesis, or 
for the generation of antioxidants. The non-oxidative phase depicted on the right hand 
side is reversible and can generate or consume glycolytic substrates such as 
glyceraldehyde-3-phosphate and fructose-6-phosphate. The non-oxidative phase also is 
responsible for producing ribose-5-phosphate, the substrate required for the production 
of nucleotides, nicotinimides, and some amino acids.    
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Oxidative (Mitochondrial) Metabolism	

Approximately four billion years ago, a eukaryotic progenitor cell engulfed an 

alpha-proteobacterium (Lane and Martin, 2010) setting into motion a symbiotic 

relationship lasting for eons. Evolutionarily speaking, this triggered a series of events 

leading to the formation of the eukaryotic organisms that are studied today. That 

proteobacterium, after many millennia of evolution, eventually became the 

mitochondrion, a sub-cellular organelle that was first mentioned in the scientific literature 

around 1840 (Ernster and Schatz, 1981), and was first referred to the “bioblast” in a 

paper from 1890 authored by Richard Altmann (Altmann, 1890). Prior to 1912 no one 

knew the function of these mysterious organelles until a paper by Benjamin F. Kingsbury 

in 1912 determined that mitochondria play a role in cellular respiration (Kingsbury, 

1912). For almost 100 years it was thought that the mitochondria’s sole function was to 

provide energy in the form of ATP to the cell. It took three major discoveries in the mid-

1990s to realize that mitochondria play a major role in essential cellular functions. During 

this time it became apparent that 1) mitochondrial cytochrome c release initiates 

apoptosis, 2) mitochondrial reactive oxygen species (ROS) can regulate cellular 

signaling, and 3) the mitochondrial outer membrane can act as a platform for cell 

signaling. Before discussing these “other” functions of the mitochondria it is important to 

first review the basic structure of the mitochondria, and the metabolic pathways that 

contribute to mitochondrial energy production.	

Structurally, mitochondria are composed of two membranes, the inner 

mitochondrial membrane (IMM), and the outer mitochondrial membrane (OMM). The 

IMM and OMM separate the mitochondria into two major compartments; the innermost 

compartment is the mitochondrial matrix. The IMM separates the mitochondrial matrix 

from the intermembrane space, and the OMM separates the intermembrane space from 

the cytosol of the cell. In mammalian cells, the mitochondrion is a unique organelle in 
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that it contains its own DNA that is distinct from nuclear DNA. Unlike nuclear DNA, 

mitochondrial DNA is circular in structure and only contains 37 genes. Many of these 

genes encode proteins that are essential for mitochondrial energy production. 	

Mitochondrial energy production in the form of ATP occurs on the IMM by a 

process called oxidative phosphorylation (OXPHOS). Unlike substrate level 

phosphorylation, OXPHOS requires the presence of oxygen and does not directly 

transfer the energy stored in substrates to form ATP. Rather, ATP is generated via the 

electron transport chain (ETC) on the IMM. The purpose of the ETC is to utilize the 

potential energy stored in electrons to establish a proton gradient across the IMM by 

pumping protons from the mitochondrial matrix to the intermembrane space. The proton 

gradient established by the ETC creates an electrochemical gradient across the IMM 

referred to as mitochondrial potential (Δψm). Δψm is highly regulated such that the 

mitochondria can rapidly ramp up ETC activity if Δψm becomes too low and has leak 

channels (uncouplers) to prevent mitochondrial hyperpolarization.  

The ETC is comprised of five respiratory enzymes: complex I (NADH 

dehydrogenase), complex II (succinate dehydrogenase), complex III (CoQH2-

cytochrome c reductase), complex IV (cytochrome c oxidase), and complex V (ATP 

synthase) (Figure 3). Complexes I and II are the only complexes that can accept 

electrons into the ETC, donated by NADH and FADH2 respectively. When an electron 

enters complex I, the energy is utilized to pump out 4 H+ from the matrix to the 

intermembrane space before the electron is transferred to complex III. Both complex I 

and complex II donate their electrons to complex III via ubiquinone (Q), however, unlike 

complex I, complex II cannot pump H+ out of the matrix. After receiving electrons from 

either complex I or II, complex III pumps an additional 4 H+ out from the matrix. Finally 

the electron arrives at complex IV where a final 2 H+ are pumped out of the matrix and 

the electron exits the chain via a redox reaction with O2 to eventually produce H2O. 
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Complex V uses the electrochemical gradient established by the other complexes to 

drive the production of ATP from ADP.	

	

	

Figure 3: Schematic representation of the electron transport chain (ETC). Diagram 
depicting ETC complexes, which are located on the inner membrane of the mitochondria 
and function to produce ATP by oxidative phosphorylation (OXPHOS). Complex I and 
complex II accept electrons from NADH and FADH2 respectively, and transfer them to 
complex III via coenzyme Q (CoQ). Cytochrome C (CytC) transfers electrons from 
complex III to complex IV where oxygen accepts the electrons forming H2O. The energy 
derived from the transfer of electrons establishes a proton gradient by pumping protons 
into the intermembrane space from complexes I, III, and IV. Complex V utilizes the 
proton gradient to drive ATP production by the mitochondria. Superoxide is produced as 
the result of electrons leaking from the electron transport chain via reaction with 
molecular oxygen.	

	

The reducing agents NADH and FADH2 that are required to run the ETC are 

derived from the TCA cycle. The TCA cycle derives its first substrate, pyruvate, from the 

breakdown of glucose via glycolysis. Pyruvate enters the TCA cycle via conversion to 
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acetyl-CoA by pyruvate dehydrogenase. Acetyl-CoA combines with oxaloacetate (OAA) 

to form citrate. Citrate gets processed by various enzymes as outlined in figure 4 and is 

eventually metabolized back to OAA. In each run of the TCA cycle, 3 NADH and 1 

FADH2 are generated to carry electrons to the ETC as described above. NADH is 

produced by the following enzymes in the TCA cycle: isocitrate dehydrogenase, α-

ketogluterate dehydrogenase, and malate dehydrogenase. FADH2 is generated by 

succinate dehydrogenase. A GTP is also produced in the TCA cycle through the 

conversion of succinyl-CoA to succinate by syccinyl-CoA synthase. Besides transferring 

electrons to NAD+ and FAD for use in the ETC, the TCA cycle also is involved in the 

synthesis of amino acids such as glutamate/glutamine from α-ketogluterate or 

aspartate/asparagine from oxaloacetate. Additionally, the TCA cycle is responsible for 

generating acetyl-CoA and NADH during lipid synthesis and for metabolizing acetyl-CoA 

during β-oxidation. 
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Figure 4: The tricarboxylic acid (TCA) cycle. This schematic represents all of the 
enzymes and relevant co-factors/enzymes that drive the TCA cycle. The TCA cycle 
provides electrons to the electron transport chain via the production of NADH and 
FADH2. The carbon source for the TCA cycle is derived from glycolysis via the reaction 
of pyruvate with pyruvate dehydrogenase to produce acetyl-CoA. Substrates/products 
are represented in black, enzymes in red, and co-factors in blue, green, or purple.  	

 

The TCA cycle and the electron transport chain are regulated based on the 

metabolic demands of the cell. Just like glycolysis, the TCA cycle is regulated by 

substrate availability or allosteric activation/inhibition. For example, in instances where 

energy demand is low and/or ATP levels are high, citrate can be shunted out of the TCA 

cycle and broken down into acetyl-CoA that can be used in fatty acid synthesis. In states 

when energy demand is high and/or ATP levels are low, fatty acids can be broken down 

into acetyl-CoA, or amino acids such as glutamate can be converted to α-ketogluterate 

to drive the TCA cycle. Allosteric inhibitors include NADH, ATP, citrate, and succinyl-

CoA. Allosteric activators include ADP and Ca2+. The TCA cycle can also be indirectly 
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regulated by signal transduction pathways through activation of various transcription 

factors that will be discussed in the following section.	

 	

The Regulation of Cellular Metabolism via Signal Transduction	

Signal transduction pathways are essential for carrying out vital cellular 

processes and provide a molecular bridge allowing cells to respond to changes in the 

extracellular milieu. These signals include survival factors, chemokines, hormones, 

transmitters, growth factors, and even the extracellular matrix, and they can lead to 

various responses ranging from proliferation/activation to apoptosis/necrosis by binding 

to an extracellular or intracellular receptor. The extracellular receptors include G protein-

coupled receptors (GPCRs), receptor tyrosine kinases (RTKs), integrins, toll-like 

receptors (TLRs), and ligand-gated ion channels. The intracellular receptors include 

steroid receptors, retinoic acid receptors, and NOD-like receptors (NLRs). 	

 Most signal transduction pathways require an on/off switch that is usually 

mediated by kinases/phosphatases via phosphorylation/dephosphorlyation of a specific 

tyrosine, serine, threonine, or histidine residue on a protein involved in the transduction 

of a particular signal. By modifying the R group of these amino acids with a polar-

charged molecule like phosphate, a protein can undergo a conformational change 

allowing for alterations in the exposure of binding and/or catalytic domains thus altering 

the protein's functional capabilities.	

 Recently, there has been a plethora of research investigating the role of signal 

transduction pathways in the control of cellular metabolism. The major known pathways 

that regulate metabolism are dependent on PI3K/AKT, AMPK, and JAK/STAT signaling 

(Figure 5).	
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Figure 5: Gp-130 dependent signal transduction pathways known to impact metabolism. 
Upon activation of the gp-130 signaling chain by cytokines or growth factors including IL-
6, LIF, or CNTF, metabolic alterations may occur via STAT3 dependent and/or SHP2 
dependent pathways. JAKs on the gp-130 receptor phosphorylate STAT3 on the 
tyrosine position activating STAT3s transcriptional functions which include upregulation 
of glycolytic and mitochondrial metabolic pathways. Furthermore, STAT3 can be serine 
phosphorylated which acts directly on complex I and II of the ETC increasing their 
efficiency. SHP-2 dependent pathways activate PI3K/AKT/mTOR that is known to induce 
an anabolic state inducting both glycolytic and mitochondrial metabolism.	
 

PI3K/AKT	

 The PI3K/AKT pathway begins after a ligand has bound to an RTK inducing 

activation and subsequent phosphorylation of that receptor. The p85 and p110 subunits 

of PI3K get recruited to the receptor and catalyze the addition of phosphates to 

phosphoinositides forming products such as PI(3)P, PI(3,4)P2 and PI(3,4,5)P3 (Robey 

and Hay, 2009). PI(3,4,5)P3 can bind phosphoinositide-dependent kinase 1 (PDK1), 
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which phosphorylates AKT on the T308 position. AKT can be “fully” activated by 

phosphorylation of S473 by PDK2, integrin-linked kinase (ILK), mechanistic target of 

rapamycin complex (mTORC) 2, or DNA-dependent protein kinase (DNA-PK) (Bhaskar 

and Hay, 2007). Activated AKT can directly induce glycolysis by directly phosphorylating 

phosphofructokinase-2 whose activity can allosterically activate phosphofructokinase-

1(Spitz et al., 2011), the rate-limiting enzyme in glycolysis. AKT can also exert its effects 

on metabolic pathways by activating mTORC1 via phosphorylation and inhibition of 

tuberous sclerosis complex 2 (TSC2) (Dibble and Manning, 2013; Inoki et al., 2002). 

Inhibition of TSC2 allows for the activation of RAS homologue enriched in brain (RhEB), 

a GTPase that binds and activates mTORC1 (Long et al., 2005). MTORC1 is composed 

of the following proteins: mTOR, regulatory-associated protein of mTOR (Raptor), 

mammalian lethal with SEC13 protein 8 (MLST8), proline-rich AKT1 substrate (PRAS), 

and DEP domain-containing protein (DEPTOR). 

MTORC1 

 MTORC1 is a major regulator of cellular metabolism that affects glycolysis, the 

PPP, OXPHOS, lipid metabolism, and protein synthesis (Shimobayashi and Hall, 2014). 

Upon activation, MTORC1 acts as a serine/threnonine kinase to mediate the activity of a 

wide array of proteins including ribosomal S6 kinase (S6K), eukaryotic translation 

initiation factor 4E binding protein (4E-BP), and UNC-51-like kinase 1 (ULK1), which all 

play a direct role in enhancing anabolic metabolism (Ma and Blenis, 2009). Glycolysis 

can be upregulated by MTORC1 mediated activation of S6K and inhibition of 4E-BP. 

S6K activates S6 as well as eukaryotic translation initiation factor 4E (eIF4E), 

concurrently, inhibition of 4E-BP leads to activation eIF4B (Semenza, 2003). This leads 

to an increase in ribosomal biogenesis as well as an increase in the synthesis of various 

proteins including HIF-1α and c-Myc (Semenza, 2003; Shimobayashi and Hall, 2014; 

Ruggero et al., 2004). Both HIF-1α and c-Myc are transcription factors that can lead to 
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enhanced glycolysis by upregulating many glucose transporters and glycolytic enzymes 

(Yeung et al., 2008). C-Myc can increase mitochondrial biogenesis by increasing nuclear 

encoded mitochondrial gene expression (Li et al., 2005). MTOR can also act to increase 

mitochondrial metabolism by associating with yin-yang 1 (YY1), which forms a complex 

with peroxisome-proliferator-activated receptor coactivator-1α (PGC-1α) to enhance 

gene expression for mitochondrial biogenesis (Cunningham et al., 2007). S6K can also 

enhance PPP activity by activating sterol regulatory element-binding proteins (SREBPs) 

which are a group of transcription factors that can upregulate G6PDH, an enzyme in the 

oxidative phase of the PPP that produces NADPH, a key factors for lipogenesis 

(Robitaille et al., 2013; Ben-Sahra et al., 2013; Shimano, 2001). 

AMPK 

 In instances when the ratio of AMP/ATP is high (an energy deficit), AMPK can 

phosphorylate S1387 to activate TSC2 while simultaneously inhibiting RAPTOR via 

phosphorylation on S792 leading to the inhibition of mTORC1(Hardie et al., 2012). Even 

though AMPK puts the cell in a catabolic state and inhibits the anabolic state driven by 

mTORC1, there is some overlap between metabolic pathways that are activated by 

mTORC1 and AMPK, which include enhancing glycolysis and mitochondrial biogenesis. 

However, unlike MTORC1, AMPK induces pathways including β-oxidation and 

autophagy while inhibiting fatty acid synthesis and protein synthesis (Mihaylova and 

Shaw, 2011). AMPK can increase metabolism, but only a few targets will be highlighted. 

To induce glycolysis, AMPK can increase GLUT1 activity to enhance glucose entry into 

the cell.  AMPK can also increase fructose-2,6-biphosphatase activity (present in 

monocytes, macrophages, and monocytes) which allosterically enhances the glycolytic 

enzyme phosphofructokinase activity (Hardie et al., 2012). AMPK can increase 

mitochondrial biogenesis by phosphorylation and activation of PGC1α, a transcription 
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factor responsible for nuclear encoded mitochondrial gene expression (Lin et al., 2005; 

Jager et al., 2007). AMPK is also involved in mitophagy via activation of UNC-51-like 

kinase 1 (ULK1) and ULK2 (Egan et al., 2011). Mitophagy is thought to be beneficial in 

the clearance of damaged mitochondria, and in reducing mitochondrial ROS (mtROS) 

production. Finally, AMPK can upregulate β-oxidation via inactivation of acetyl CoA 

carboxylase 2 (ACC2) which decreases malonyl-CoA allowing for enhanced activity of 

carnitine O-palmitoyltransferase 1 (CPT1), thus increasing entry of free fatty acids 

(FFAs) into the mitochondria where they are primarily broken down into acetyl-CoA (Cho 

et al., 2010). 

STATs 

Recent studies have indicated that signal transducers and activators of 

transcription (STATs) control cellular bioenergetics. For instance, activated STAT3 has 

been shown to increase glycolysis and OXPHOS by increasing glycolytic and 

mitochondrial gene expression. STAT3 has been shown to upregulate glycolytic activity 

through the upregulation of HIF-1α (Pawlus et al., 2014; Xu et al., 2005; Jung et al., 

2008). HIF-1α drives the expression of many enzymes involved in the metabolism of 

glucose and increases the expression of glucose transporters on the cell surface 

(Semenza et al., 1994). STAT3 activation is also associated with increased c-MYC 

expression which can drive expression of various glycolytic enzymes (Osthus et al., 

2000; Shim et al., 1997; Kim et al., 2004), as well as increased nuclear-encoded 

mitochondrial gene expression including TFAM, a mitochondrial transcription factor 

responsible for enhancing mitochondrial function and regulating mitochondrial DNA copy 

number (Li et al., 2005). Recent evidence suggests that STAT3 plays a significant role in 

supporting the activity of the ETC complexes I and II (Wegrzyn et al., 2009). STAT3 

deficiency in the mitochondria has been shown to significantly reduce both cellular ATP 
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levels and complex I and II activity (Wegrzyn et al., 2009). STAT3 is also known to 

interact with cyclophilin D to decrease the opening of the mitochondrial permeability 

transition pore (MPTP) (Szczepanek et al., 2012; Boengler et al., 2010). Thus, when 

STAT3 is absent from mitochondria, the MPTP opens more readily which can lead to 

significant mitochondrial dysfunction including collapse in the inner membrane potential, 

mitochondrial swelling, and an overall reduction in mitochondrial ATP production 

(Szczepanek et al., 2012; Meier and Larner, 2014).   

Whereas STAT3 functions to upregulate cellular metabolism, the related STAT1 

generally acts in opposition to STAT3 to decrease bioenergetic metabolism.   For 

example, it is well established that interferons, which are potent activators of STAT1, can 

inhibit expression of mitochondrial-encoded transcripts (Lewis et al., 1996; Lou et al., 

1994; Shan et al., 1990). Additionally, STAT1 inhibits the production of transcripts from 

nuclear encoded components of the ETC (Meier and Larner, 2014) and also plays a role 

in the reduction of HIF-1α activity and c-MYC expression (Ramana et al., 2000; Hiroi et 

al., 2009). Thus, modulation of HIF-1α and c-MYC by STATs impacts glycolytic and 

mitochondrial metabolism (Hiroi et al., 2009; Ramana et al., 2000). Besides its 

interaction with STAT3, STAT1 is present in mitochondria but its role in the mitochondria 

is under active investigation (Boengler et al., 2010). 	

There are multiple regulators of RTK activation that are likely to have profound 

effects on energy homeostasis in cells.  One in particular is the protein tyrosine 

phosphatase SHP-1, which has been shown to negatively regulate PI3K/AKT and 

JAK/STAT signaling in multiple tissues (Valentino and Pierre, 2006; Shuai and Liu, 2003; 

Starr and Hilton, 1999). 
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Src homology region 2 domain-containing phosphatase-1 (SHP-1)	

In 1965, a spontaneous recessive mutation in C57BL/6J mice occurred in the 

production colony of Jackson Laboratory that resulted in a line of mice with a distinct 

inflammatory phenotype (Green and Shultz, 1975). These mice were characterized by 

reduced survival with an average lifespan of 22 ± 1.3 days, subdermal neutrophilic 

lesions, pneumonitis, splenomegaly, leukocytosis, and patchy hair loss (alopecia) 

(Green and Shultz, 1975). The mice had clear signs of severe immune dysregulation 

with both autoimmunity and a severe combined immunodeficiency, and would become 

known as “motheaten” (me/me) mice referring to patchy hair loss (Green and Shultz, 

1975). The mutation was localized to a particular locus on chromosome 6 so-called the 

motheaten locus (me), but at the time of discovery, the mutation and protein in the me 

locus remained unknown (Green and Shultz, 1975). Mice that were heterozygous for the 

mutation in the motheaten locus (+/me) were phenotypically similar to wild type mice 

(+/+) indicating absence of haploinsufficiency (Green and Shultz, 1975).	

Approximately 15 years later, another spontaneous autosomal recessive 

mutation occurred on chromosome 6 in the me locus (Shultz et al., 1984). These mice 

had a similar phenotype to the me/me mice with the exception of a substantially longer 

lifespan of 61 ± 2.4 days vs the 22 ± 1.3 days of traditional me/me mice (Shultz et al., 

1984). These mice became known as “viable motheaten” (mev/mev) referring to their 

extended life span (Shultz et al., 1984). The mev/mev mice allowed for further 

mechanistic investigation of the me/me phenotype into adulthood.	

In 1991, Shi-Hsiang Shen, Lison Bastien, Barry I. Posner, and Pierre Chretrien 

reported in a letter to nature the discovery of “a protein-tyrosine phosphatase with 

sequence similarity to the SH2 domain of the protein-tyrosine kinases.” The discovery of 

SHP-1 was made by screening the cDNA library of a human breast carcinoma known as 

ZR-75-1(Chretien and Posner, 1991). When originally discovered, SHP-1 was known as 
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protein tyrosine phosphatase 1C (PTP1C), and underwent various name changes 

including hematopoietic cell phosphatase (HCP), Src homology 2 (SH2) domain-

containing protein tyrosine phosphatase 1 (SH-PTP1), and Protein Tyrosine 

Phosphatase, Non-Receptor Type 6 (PTPN6). When initially discovered, SHP-1 was 

described as a tumor suppressor since it was thought to counteract the action of protein 

tyrosine kinases (PTKs) which were known to be critical in oncogenic signal transduction 

pathways in hematopoietic cells.	

Finally, in 1993 Shultz described the mutation of SHP-1 in greater detail, and 

provided insight into why there was a major difference in viability between me/me and 

mev/mev mice. It was discovered that me/me mice had a total loss of SHP-1 

expression/activity that was the result of a single nucleotide mutation, which caused a 

frameshift mutation leading to an aberrant stop codon (Shultz et al., 1993). Thus, any 

SHP-1 that was produced was truncated and rapidly degraded. The mev/mev mice had 

approximately 20% of the function of SHP-1, which explained the longer lifespan these 

mice exhibited (Shultz et al., 1993). Unlike the mutation in the me/me mice, the mev/mev 

mice had a T to A transversion in a donor splice site resulting in the production of 

partially functional forms of SHP-1 (Shultz et al., 1993). Thus, this was the first study to 

show a connection between SHP-1 and inflammation/autoimmunity.	

In 2008, the next major iteration of an SHP-1 deficient mouse was generated by 

inducing mutations using N-ethyl-N-nitrosourea (ENU) and would be known as the 

spontaneous inflammation, or spin mouse (Croker et al., 2008). The ENU induced a T to 

A transversion resulting in a Y208N amino acid substitution. These mice had 

approximately 20-50% of SHP-1 activity (Croker et al., 2008), which resulted in a less 

severe inflammatory phenotype relative to the me/me or mev/mev mice and was 

additionally dependent on environmental exposure to microbes for phenotypic 

expression of disease (Croker et al., 2008). 	
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Structure and Function of SHP-1	

SHP-1 is a protein tyrosine phosphatase whose full crystal structure was initially 

described in 2003. SHP-1 contains two N-terminal SH2 binding domains (N-SH2, and C-

SH2), a catalytic PTP domain, followed by a C-terminal tail with two tyrosine and one 

serine residue that can be phosphorylated (Yang et al., 2003). SHP-1 is 

thermodynamically stable in an auto-inhibited confirmation where the N-SH2 domain 

sterically blocks the catalytic site. Prior to activation, a protein substrate containing SH2 

domains binds to the N-SH2 and C-SH2 domains eliciting exposure of the PTP catalytic 

site via release of the N-SH2 domain. Binding to the substrate also elicits an 1100 

anticlockwise rotation of the C-SH2 domain (Wang et al., 2011). The C-terminal tail also 

plays a role in the regulation of the activity of SHP-1 since phosphorylation on the 

tyrosine residues can increase phosphatase activity (Zhang et al., 2003).	

SHP-1 primarily functions to negatively regulate growth factor and cytokine 

signaling pathways. In particular, we are focused on SHP-1s role in regulating 

JAK/STAT(Xu and Qu, 2008) and SHP-2 dependent signaling pathways such as 

RAS/RAF/MEK/ERK (Krautwald et al., 1996) or PI3K/AKT(Lodeiro et al., 2011) that can 

regulate many cellular processes such as inflammation, differentiation, proliferation, or 

apoptosis. These include the signaling cascades triggered by PDGF, CNTF, LIF, IL-4, 

IL-6, IL-10, IL-13, IFN-α/β, and IFN-γ. Since an excess of JAK/STAT signaling can lead 

to various pathologies ranging from oncogenesis to excessive inflammation, these 

signaling cascades are highly regulated by proteins such as SHP-1.	

The gp-130 signaling chain for the CNTF, LIF, and IL-6 receptors is a prime 

example of how SHP-1 functions as a negative regulator of cellular signaling. When LIF 

binds its receptor, the receptor dimerizes with gp-130 and becomes activated, triggering 

the activation of associated JAK family kinases (Hunter and Jones, 2015). JAK1/2 

activity phosphorylates tyrosine residues in the YXXQ motif on the cytoplasmic portion of 
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gp-130(Hunter and Jones, 2015).  The SH2 domain of STAT3 then associates with the 

gp-130 phosphotyrosine motifs, inducing tyrosine phosphorylation of STAT3 by the 

associated JAK kinases (Hunter and Jones, 2015). When STAT3 becomes activated it 

can form heterodimers with other STATs or homodimers, and translocates into the 

nucleus where it upregulates numerous STAT3 dependent genes. Concurrently, an 

SHP-1-related protein tyrosine phosphatase, SHP-2, can bind to the YXXV motif of gp-

130 where it gets phosphorylated by JAK1/2 and can trigger the activation of 

RAS/RAF/MAK/ERK or P13K/AKT(Hunter and Jones, 2015). SHP-1 can put the brakes 

on gp-130 signaling by binding to the SH2 domain on the immunoreceptor tyrosine-

based inhibition motif (ITIM), inducing dephosphorylation of the receptor, thus turning off 

the receptor and any further signaling (Daëron et al., 2008; Lorenz, 2009). SHP-1 can 

also function by binding directly to soluble proteins containing SH2 domains. Binding of 

the SH2 domains exposes the catalytic site of SHP-1 resulting in dephosphorylation of 

the soluble protein.	

Much of the early work on SHP-1 focused on its role as a tumor suppressor (Wu 

et al., 2003). As discussed above, SHP-1 is a major negative regulator of growth factor 

signaling which would make it an ideal target for downregulation during oncogenesis 

(Zhang et al., 2000). SHP-1 mRNA has been shown to be deficient or absent in many 

cancer cell lines and tumors. A mechanism for SHP-1 downregulation during 

oncogenesis is extensive methylation at the SHP-1 promoter, thus blocking its 

expression (Zhang et al., 2000). In accordance with its role as a tumor suppressor, 

induction of SHP-1 expression was able to diminish the proliferation of the K562 

leukemia cell line and prostate carcinoma(Wu et al., 2003).	
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Expression of SHP-1	

In both humans and mice two different promoters (promoter I and promoter II) 

direct the expression of two different types of SHP-1 transcripts that only differ in the 5’ 

untranslated region and the first few coding nucleotides, which does not alter the ability 

of SHP-1 to bind to substrates or catalyze the dephosphorylation tyrosine residues (Tsui 

et al., 2002). SHP-1 was originally discovered in the ZR-75-1 breast cancer cell line, 

however much of the early work on SHP-1 was performed in hematopoetic cells since 

they express very high levels of SHP-1. Over time, it became apparent that SHP-1 is 

expressed in many cell types and many tissues but the level of expression varies 

depending on the cell or tissue (Figure 6).	

	

Adopted from Fagerberg et al., 2014	

Figure 6: Tissue specific expression of SHP-1 transcripts in human tissues. RNA-seq 
was performed on tissue samples from 95 human individuals representing 27 different 
tissues. SHP-1 expression is high in lymphoid organs and low in the brain relative to 
other tissues. RPKM (reads per kilobase of transcript per million mapped reads). 	
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It is well known that SHP-1 expression is essential for the proper function of 

leukocytes since it is a major negative regulator of proinflammatory signaling pathways 

including JAK/STAT, CD22, the T-cell receptor (TCR), c-kit, and the FcγRIIB (Neel and 

Tonks, 1997). When SHP-1 is deficient, leukocytes become hyperactivated resulting in 

the pathologic production of various proinflammatory cytokines that drive the me/me 

phenotype. Our lab has shown that SHP-1 deficiency significantly increases the 

production of various proinflammatory cytokines in macrophages (Christophi et al., 

2009b; Christophi et al., 2009c). 	

Our lab was the first to show that SHP-1 is expressed in the central nervous 

system (CNS) (Massa and Wu, 1996). In particular, we determined that SHP-1 is 

expressed in oligodendrocytes, microglia, and astrocytes (Massa and Wu, 1998; Massa 

et al., 2000). Other groups have observed SHP-1 to be expressed in the nerve terminals 

but its function in neurons currently remains unknown (Marsh et al., 2003). SHP-1 

expression is essential for the proper formation of the CNS since there is significant 

pathology associated with the loss of SHP-1 in the CNS of me/me mice. The CNS of 

me/me mice is characterized by reduced myelination and defective myelin structure 

(dysmyelination), which includes reduced myelin thickness and de-compaction or 

loosening of the myelin lamella (Massa et al., 2004). There is also substantial axonal 

degeneration in white matter tracts in me/me mice that may contribute to neurologic 

deficits associated with the motheaten phenotype.	

	

Oligodendrocyte Development	

 Oligodendrocytes are the cells that are responsible for producing myelin, a lipid 

rich substance that insulates axons allowing for rapid communication throughout the 

CNS via salutatory conduction. Myelin is targeted in various debilitating disease 
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processes, therefore a thorough understanding of oligodendrocyte development and 

myelination is essential to elucidate the underlying mechanisms of demyelinating 

processes as seen in the human demyelinating disease, multiple sclerosis (MS).	

Oligodendrocytes begin their lives as neural progenitor cells (NPCs) that are 

derived from the neural tube of the neuroectoderm. In the developing brain, NPCs 

eventually differentiate into radial glia, and the radial glia in the subventricular zone act 

as precursors to oligodendrocytes (Timsit et al., 1995; Hajihosseini et al., 1996). At this 

point the radial glia have the potential to form neurons, astrocytes, or oligodendrocytes. 

The radial glia are maintained via Notch signaling which allows for a population of cells 

that can eventually develop into oligodendrocytes (Orentas and Miller, 1996). In mouse 

spinal cords at embryonic day 12.5 (E12.5), oligodendrocyte progenitor cells (OPCs) can 

first be observed in the ventral side of the subventricular zone (Rinholm et al., 2011). 

OPCs are formed by sonic hedgehog (Shh) signaling in a diffusion dependent manor, 

where the concentration of Shh determines the fate of the stem cell populations in the 

CNS (Wang and Almazan, 2016). Shh signaling induces the expression of the 

oligodendrocyte specific transcription factor Olig2 that differentiates the radial glia into 

OPCs (Wang and Almazan, 2016).  OPCs can be identified based on their expression of 

Olig2, Sox10, and Pdgfra (NG2) (Liu et al., 2007). By E15, the OPCs have migrated out 

of the ventral side of the subventricular zone to populate ventral regions of the spinal 

cord (Pringle and Richardson, 1993). Approximately 80% of OPCs are derived from the 

ventral side of the spinal cord (Tripathi et al., 2011). At day E15.5, OPCs are produced 

from the dorsal side of the spinal cord where they primarily populate the dorsal regions 

of the spinal cord (Tripathi et al., 2011). In the developing brain, a similar set of events 

are occurring where two waves of OPCs (at E12.5 and E16) migrate from the 

subventricular zone and populate the cortex (Kessaris et al., 2006). At E18.5, the 
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immature oligodendrocytes begin maturing and have the potential to begin the process 

of myelination (Bergles and Richardson, 2015).	

	

Myelination	

Approximately 500 million years ago, placoderm, a prehistoric fish characterized 

by armor plating and a hinged jaw (a radical advance at the time), developed a lipid rich 

substance, myelin, to insulate its axons (Zalc et al., 2008). Prior to the evolution of 

myelin, if organisms required faster conduction velocities in their axons, the diameter of 

the axon had to be increased (Zalc et al., 2008). This posed a problem for vertebrates 

whose axons have to be compact due to space limitations. Therefore, myelin evolved to 

meet the need for increased action potential propagation speeds in smaller 

spaces/smaller diameter axons.	

 In the CNS, oligodendrocytes are the cells that produce and maintain the myelin 

sheath. When an OPC comes within close proximity of an axon that has a diameter of 

approximately 0.4-1.2µm, the OPC will extend out a process that may become stabilized 

forming a membrane around the soon-to-be-myelinated axon (Lee et al., 2012a). The 

signals driving the induction of myelination include signals from microglia/astrocytes, 

e.g., the production of leukemia inhibitory factor (LIF), and neuronal signals including 

neuronal axonal action potential propagation, and ATP release (Gibson et al., 2014; 

Wake et al., 2011; Ishibashi et al., 2006; Domingues et al., 2016). After an 

oligodendrocyte has stabilized membranes on a particular segment of axons, it becomes 

polarized due to cytoskeletal rearrangement and targeting of protein synthesis to the 

myelin membrane (Snaidero et al., 2014). Oligodendrocytes also send signals to axons 

that induce the reorganization of ion/protein channels to areas on the axon that will 

remain unmyelinated (Kaplan et al., 1997; Susuki and Rasband, 2008). These areas are 
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referred to as nodes of Ranvier where salutatory conduction occurs in fully myelinated 

axons. 	

When oligodendrocytes synthesize myelin, they form myelin from the inside out 

and perform a process called wrapping. Wrapping occurs when new membrane is 

produced at the innermost layer thus pushing the subsequent membranes further away 

from the axon (Hildebrand et al., 1993; Snaidero et al., 2014). This can occur at the 

impressive rate of 5,000-50,000 µm2 per day and once complete, a single segment of 

myelin may contain up to 160 layers of membrane (Pfeiffer et al., 1993; Hildebrand et al., 

1993). 	

As the myelin membrane is being produced, a process called compaction is 

occurring simultaneously. Compaction allows for a high surface area of membrane to fit 

into a relatively small space while being maintained in an energy efficient manner. The 

synthesis of myelin basic protein (MBP) is essential for myelin compaction as 

oligodendrocytes utilize MBP to bridge the phospholipid bilayers together in very close 

proximity (Harauz et al., 2009). Normally the close proximity of phospholipid bilayers is 

energetically unfavorable due to the negatively charged phosphate heads that will 

violently repel each other. MBP is a positively charged protein that is able to attract, 

neutralize, and bridge together myelin membranes in very close proximity thus leading to 

fusion of those membranes and rendering the space between them practically devoid of 

cytoplasm (Aggarwal et al., 2013; Min et al., 2009). MBP is extremely important for the 

process of myelination in the CNS because the loss of MBP results in severely impaired 

myelination. This was demonstrated in shiverer mice, where a lack of MBP leads to 

hypomyelination and a shivering gait (Roach et al., 1985). 	
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Oligodendrocyte Metabolism	

A single oligodendrocyte can produce up to 40 segments of myelin spanning 

multiple axons (Davison and Peters, 1970). The bioenergetic requirements to synthesize 

and maintain the myelin sheath are extremely high. Therefore, high metabolic demands 

are placed on oligodendrocytes that are actively myelinating or simply maintaining their 

myelin sheath, albeit those metabolic demands are substantially different.	

During myelination, oligodendrocytes must synthesize lipids for the production of 

membranes necessary to generate myelin. There seems to be a consensus that both 

glycolytic and mitochondrial metabolism are required during active myelination. 

Furthermore, various studies have determined a direct role for the use of lactate as the 

primary source of oligodendrocytes during myelination. One of the first studies to 

characterize oligodendrocyte metabolism was done in vitro by feeding 14C labeled 

glucose or lactate to neuronal cultures (Sánchez‐Abarca et al., 2001). In neuronal 

cultures, oligodendrocytes make extensive contacts with both neurons and astrocytes, 

and it was determined that GalC+ GFAP- oligodendrocytes consume approximately four 

times the amount of lactate relative to type 1 and 2 astrocytes, and neurons 

(Sánchez‐Abarca et al., 2001). Oligodendrocytes also utilize approximately 6 times the 

amount of lactate for lipogenesis relative to the other glia and neurons (Sánchez‐Abarca 

et al., 2001). In terms of glucose metabolism, oligodendrocytes utilize glucose at a 

higher rate than astrocytes and neurons, however it was determined that a substantial 

amount of that glucose was utilized to perform fatty acid synthesis in the following ways: 

1) to run the PPP, which generates the NADPH that is utilized for the synthesis of lipids, 

2) to perform glycerol synthesis which forms the backbone for glyceraldehydes, 3) to 

produce acetyl-CoA via pyruvate dehydrogenase, the substrate incorporated into fatty 

acids during fatty acid synthesis, and 4) to reduce glucose entering the TCA cycle, which 
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allows for shunting of most of the acetyl-CoA into fatty acid synthesis (Sánchez‐Abarca 

et al., 2001).	

Based on the metabolic demands that were described in oligodendrocytes in 

vitro, another group set out to investigate oligodendrocyte metabolism ex vivo during 

development and myelination. In the white matter tracts of the CNS there is substantial 

lactate uptake, which is transported into myelin by monocarboxylate transporter 1 

(MCT1) (Rinholm et al., 2011). By sectioning cortex and placing the sections in glucose 

concentrations varying between 41.5 - 1.4 mM, it was determined that myelination and 

the number of oligodendrocytes were significantly reduced.  The number of axons, on 

the other hand, was not reduced until the glucose concentration was decreased to 1.4 

mM  indicating that the survival of oligodendrocytes and their myelinating capacity 

depends more on having an adequate glucose supply than on neuronal survival 

(Rinholm et al., 2011). The reduction in myelination and numbers of oligodendrocytes 

due to glucose deprivation did not occur if the media was supplemented with lactate 

(Rinholm et al., 2011). Furthermore, myelination and numbers of oligodendrocytes were 

rescued when lactate was supplemented (Rinholm et al., 2011). Compared to glucose, 

lactate induced significantly more myelination per axon and significantly more myelin 

produced in oligodendrocytes, suggesting that glucose and lactate play a major role in 

myelination and in maintaining oligodendrocytes in the CNS (Rinholm et al., 2011).	

Once myelination is complete, oligodendrocytes undergo a switch in their 

metabolic demands where only glycolysis is required to maintain myelination. This was 

demonstrated in vivo in a mouse model where COX10, a protein required for the 

assembly and function of complex IV, was conditionally knocked out (Fünfschilling et al., 

2012). Complex IV is required for the proper function of the ETC, however mitochondria 

in these oligodendrocytes were still intact. A previous study investigated the role of 

complex IV in rat oligodendrocytes in vitro, and determined that inhibition of complex IV 
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lead to oligodendrocyte detachment, increased susceptibility to injury, and impaired 

process formation (Ziabreva et al., 2010). When mitochondrial function was knocked out 

in mouse oligodendrocytes, myelination remained normal up until the end of the study 

(age: 14 months) (Fünfschilling et al., 2012). Furthermore, there were no substantial 

histologic changes associated with white matter pathology in COX10 knockout mice 

(Fünfschilling et al., 2012). They also indirectly showed that oligodendrocytes survive via 

upregulated glycolysis since isoflourane elicited high levels of CNS lactate production in 

mutant mice relative to controls (Fünfschilling et al., 2012). From these studies it 

becomes apparent that both glycolysis and mitochondrial metabolism are required for 

active myelination, but only glycolysis is required for the maintenance of myelin.	

Metabolism also plays a major role in regards to oligodendrocyte survival. When 

subjected to stressful conditions (i.e. low glucose or low O2), oligodendrocytes undergo a 

metabolic switch where glycolysis is downregulated (Rone et al., 2016). The 

downregulation of glycolysis is associated with the short-term maintenance of 

oligodendrocyte survival, which may be extremely important in the preservation of 

oligodendrocytes during neuroinflammation (Rone et al., 2016). However, there are 

disadvantages to downregulating oligodendrocyte glycolysis, including process 

withdrawal due to less available acetyl-CoA to synthesize membrane lipids, thus limiting 

the ability of the oligodendrocyte to myelinate axons (Rone et al., 2016). Additionally, 

oligodendrocytes would not be able to provide trophic support to axons, a major function 

of oligodendrocytes that will be discussed further in the context of CNS metabolism 

(Fünfschilling et al., 2012; Steiner et al., 2014).	

	

CNS Metabolism	

In the CNS, oligodendrocytes are not present in isolation; they exist with, are co-

dependent on, and are affected by astrocytes, microglia, and neurons. Therefore, to fully 
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understand oligodendrocyte metabolism, the metabolism of astrocytes, microglia, and 

neurons must be taken into consideration. There is a plethora of research documenting 

the metabolic co-dependency between astrocytes and neurons. Recently, the role that 

oligodendrocytes play in metabolite sharing among astrocytes and neurons has been 

investigated. This becomes more apparent considering that oligodendrocytes form 

extensive channels with neurons via MCTs as well as astrocytes via MCTs and gap 

junctions (Cx47/Cx30) (Tress et al., 2012; Bergersen, 2007; Rinholm et al., 2011). This 

interaction forms a “functional syncytium” between astrocytes, oligodendrocytes, and 

neurons allowing for the sharing of metabolites to serve the specific metabolic needs of 

each cell type (Saab et al., 2013; Lee et al., 2012b; Amaral et al., 2014). The “functional 

syncytium” also allows for efficient shuttling of  metabolites to “hard to reach” 

compartments that have high metabolic demands such as myelinated portions of axons 

(Saab et al., 2013; Lee et al., 2012b; Amaral et al., 2014).	

Astrocytes receive glucose through GLUT1/3 transporters, which import glucose 

derived from capillaries (Rinholm et al., 2011). Once inside the astrocyte, the glucose 

can be converted into glycogen for storage, or, metabolized via glycolysis into pyruvate 

(Brown et al., 2004; Rinholm et al., 2011). The pyruvate is either converted into acetyl-

CoA for use in the TCA cycle or converted into lactate. By running the TCA cycle, 

astrocytes can synthesize glutamate, which can be readily converted into glutamine 

which can be transported into neurons for use as a neurotransmitter (Waagepetersen et 

al., 2001). Lactate is also transferred  from astrocytes to neurons and oligodendrocytes 

via gap junctions or MCT4 (Rafiki et al., 2003; Tress et al., 2012). Oligodendrocytes 

serve their metabolic need by GLUT1 uptake of glucose directly from capillaries, or by 

the transfer of lactate from astrocytes via gap junctions or MCTs (Rinholm et al., 2011; 

Amaral et al., 2014). As previously discussed, oligodendrocytes can either use lactate 

directly, or metabolize glucose into lactate through glycolysis. The lactate can be used to 
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generate acetyl-CoA for lipid synthesis and myelination via conversion to pyruvate 

(Sánchez‐Abarca et al., 2001). The lactate can also be transferred directly to axons by 

exiting myelin through MCT1 into the periaxonal space where it can be taken up by 

axonal MCT2 (Figure 7) (Fünfschilling et al., 2012). In axons, lactate, not glucose is used 

as the primary source of ATP via mitochondrial OXPHOS to maintain the resting 

potential (Bergersen, 2007; Saab et al., 2013). Neurons have extremely high-energy 

demands to fuel processes such as maintenance of the resting potential via Na+/K+ 

pumps, maintenance of the cytoskeleton, and the transport of various 

proteins/neurotransmitters to and from the soma (Bernstein and Bamburg, 2003). 

Neurons can also synthesize N-acetyl-aspartate (NAA), a metabolite that contains both 

aspartate and acetyl-CoA (Baslow, 2000; Moffett et al., 2007). NAA can be transferred 

back to the oligodendrocytes where it is broken down into acetyl-CoA, for lipid synthesis, 

and aspartate whose function is currently unknown (Moffett et al., 2007; Baslow, 2000; 

Amaral et al., 2014). Finally, neurons release glutamate into the synapse where 

astrocytes use excitatory amino acid transporters (EAATs) such as GLT-1 and GLAST 

for glutamate reuptake allowing it to be metabolized by the astrocyte (Nave, 2010).	
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Adopted from Fünfschilling et al., 2012	

Figure 7: Coupling of metabolism between astrocytes, oligodendrocytes, and axons. In 
the CNS, oligodendrocytes derive their glucose from astrocytes via connexins (CX) or 
capillaries via glucose transporters (GLUT) to run glycolysis. During myelination, 
mitochondrial metabolism is required to produce lipids for myelination and there may be 
a developmental switch once myelination is complete as mitochondrial metabolism is not 
required for the maintenance of myelin. To support axonal energy demands, lactate is 
transferred from oligodendrocytes to axons via monocarboxylate transporters (MCT) 
found on both myelin and axons. (yellow boxes represent mitochondria) 	
	

The coupling of oligodendrocyte metabolism with axons via MCT1 and MCT2 is 

required for the proper function of myelinated axons (Lee et al., 2012b). It has been 

demonstrated that the function of MCTs and the subsequent transfer of lactate from 

oligodendrocytes to axons are essential since the blockage of these pathways leads to 

axonal degeneration (Lee et al., 2012b). When demyelination occurs, the axons that 

were previously myelinated undergo swelling and eventual degeneration due to the loss 

of trophic support from oligodendrocytes (Blinkenberg et al., 2000; Bjartmar and Trapp, 

2001; Stys, 1998). Axonal swelling has also been reported in diseases that target axonal 

mitochondria such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, 

amyotrophic lateral sclerosis, and Friedreich ataxia (Schon and Manfredi, 2003). Axonal 
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swelling is thought to be due to defects in axonal transport and/or an inability to maintain 

the resting potential, which is indicative of a state of bioenergetic failure (Spencer et al., 

1979). Therefore, the “functional syncytium” consisting of astrocytes, oligodendrocytes, 

and neurons is essential for the exchange of metabolites and proper function of the 

CNS.	

	

Production of Reactive Oxygen Species and Reactive Nitrogen Species	

Reactive oxygen species (ROS) are highly reactive derivatives of molecular 

oxygen (O2) that are a consequence of cellular metabolism and are produced as a result 

of the partial reduction of oxygen. At low levels ROS are utilized in various signal 

transduction pathways including enhancement of RTK activity via inhibition of protein 

tyrosine phosphatases including SHP-1(Pao et al., 2007; Choi et al., 2017). ROS are 

produced by cytoplasmic enzymes such as NADPH oxidase, and during aerobic 

metabolism by complex I and III in the ETC of the mitochondria.	

ROS consist of various intermediates of partially reduced O2 that include 

superoxide (O2
.-), hydrogen peroxide (H2O2), and the hydroxyl radical (OH-). O2

.- is 

generated by the reaction of an electron (e-) with O2 on the matrix side of complex I and 

III, or on the cytoplasmic side of complex III. O2
.- is a short lived, non-diffusible ROS that 

can react with superoxide dismutase (SOD) which catalyzes the reaction, O2
.- + e- + 2H+ 

! H2O2.  H2O2 is a more stable product that is freely diffusible through membranes. 

H2O2 can form the highly reactive OH. via reaction with iron in the Fenton reaction: Fe2+ 

+ H2O2 ! Fe3+ + OH- + OH.. ROS in general are highly reactive and at extremely high 

levels, they can cause significant damage to various cellular processes by oxidizing 

DNA, proteins (carbonylation), or lipids (peroxidation). 	

In order to prevent excessive ROS production, cells have an antioxidant system 

that can scavenge ROS species and convert them into less reactive products. Catalase, 
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for example, reduces H2O2 to H2O in the reaction 2H2O2 ! H2O + O2. Glutathione 

peroxidase can also convert H2O2 to H2O by reacting with reduced glutathione (GSH). 

NADPH generated in the PPP can regenerate GSH by reducing the disulfide bond on 

oxidized glutathione (GSSG) via glutathione reductase.	

Similar to ROS, reactive nitrogen species (RNS) can be used as signaling 

molecules in various signal transduction pathways, and in excess can cause extensive 

cellular dysfunction by reacting with DNA, lipids, and proteins. RNS are all derived from 

nitric oxide (•NO), which is formed in the reaction catalyzed by nitric oxide synthase, L-

arginine + 2e- + 2O2 ! L-citrulline + •NO. RNS include peroxynitrite (OONO.), 

peroxynitrous acid (OONOH), nitrite (NO2
-), nitrogen dioxide, (•NO2), and nitrate (NO3

-).	

 

Multiple Sclerosis 

Multiple Sclerosis (MS) is a debilitating neurological disease characterized by 

sclerotic inflammatory demyelination of the white matter tracts in the CNS. MS is the 

second leading cause of permanent disability in young adults (Ramagopalan and 

Sadovnick, 2011) and significantly increases mortality by reducing the overall life 

expectancy by 7-14 years (Ragonese et al., 2008; Evans et al., 2012). MS typically 

effects females (2:1 ratio female:male) between the ages of 15 to 45 (Alonso and 

Hernan, 2008; Goodin, 2014). In the United States the prevalence of MS is between 

300,000 to 400,000 people (Dilokthornsakul et al., 2016). Genetic risk factors include 

specific HLA haplotypes such as HLA-DRB1 and HLA-A3 as well as specific alleles of 

IL-2RA, IL-7RA, TNFRSF1A, IRF8, and CD6 (Matute and Pérez-Cerdá, 2005; 

International Multiple Sclerosis Genetics Consortium, 2007; Friese et al., 2008; De Jager 

et al., 2009). MS also has various environmental risk factors that include low vitamin D 

levels and deficient exposure to sunlight, which may explain why MS is more prevalent 

in regions far from the equator (Ascherio and Munger, 2007). The exact etiology of MS is 
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unclear, but there is a consensus that MS is an autoimmune disease resulting in 

neurodegeneration, where autoreactive leukocytes induce a state of neuroinflammation 

by targeting and destroying myelin (Weiner, 2004; Roach, 2004). Currently, no specific 

autoantibody or autoreactive T-cell has been identified, hence etiologies other than a 

primary autoimmune disease have been suggested including a defect in 

oligodendrocytes leading to their destruction preceding inflammation, or, a chronic viral 

infection (Barnett and Prineas, 2004; Matute and Pérez-Cerdá, 2005). Chronic viral 

infections that are associated with MS include Epstein-Barr virus (EBV) and varicella 

zoster virus (VZV), however, it is important to reiterate that these viruses are strongly 

associated with MS, but have not been proven as causative (Ascherio and Munch, 2000; 

Kang et al., 2011). 

The diagnosis of MS is based on a clinical presentation consisting of motor 

weakness, changes in sensation, or visual changes that have developed over the course 

of hours to days and fully or partially remit over a much longer time period (Lublin et al., 

2014). These clinical changes may be multifocal and typically do not follow a particular 

pattern (i.e. do not follow a specific tract in the CNS). The diagnosis of MS is strongly 

supported by the finding of spatial temporal dissemination of lesions by magnetic 

resonance imaging (MRI) (Lublin et al., 2014). Pathologically, these lesions are 

characterized as focal demyelinated plaques that are classified as the following: an 

active plaque, an inactive plaque, and a shadow plaque (Frischer et al., 2015). An active 

plaque contains infiltrating lymphocytes, macrophages, and resident microglia (Frischer 

et al., 2015). After a few weeks, the plaque becomes “inactive” and is characterized by 

gliosis and demyelinated axons (Frischer et al., 2015). Finally, a shadow plaque occurs if 

an oligodendrocyte is able to partially remyelinate the lesion (Frischer et al., 2015). 

Originally it was thought that the pathology of MS was only occurring in focal lesions of 

the white matter. Now, it is known that normal-appearing white matter (NAWM) and 
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normal appearing gray matter (NAGM) are also affected, due in part to extensive 

oxidative damage and subsequent mitochondrial injury leading to neurodegeneration 

(Brück, 2005). It is the degeneration of axons that leads to most if not all of the 

neurological sequelae associated with MS.  

MS is typically divided into four distinct clinical subtypes including clinically 

isolated syndromes, relapsing-remitting MS (RRMS), secondary-progressive MS 

(SPMS), and primary progressive MS (PPMS). A clinically isolated syndrome is the first 

instance when a patient presents with a symptom compatible with MS and has evidence 

of inflammatory demyelination (Miller et al., 2012). However, these patients do not meet 

the criteria for MS because there is no evidence of a temporal component to the 

symptoms/lesion(s). Patients diagnosed with a clinically isolated syndrome with positive 

MRI findings have a greater than 60% chance of developing MS, however if there are no 

lesions on MRI, there is only a 20% chance of that patient developing MS (Miller et al., 

2012; Tintore et al., 2006; Brex et al., 2002; Frohman et al., 2003). RRMS accounts for 

the diagnosis that 85%-90% of MS patients receive upon initial presentation 

(Weinshenker, 1994). RRMS is characterized by an acute “attack” of inflammatory 

demyelination followed by complete or close to complete recovery of the associated 

sequelae (Lublin et al., 2014). Unlike a clinically isolated syndrome, RRMS occurs in the 

context of previous evidence of demyelination and thus has the temporal component 

required for a diagnosis of MS (Lublin et al., 2014). Most patients diagnosed with RRMS 

eventually receive a diagnosis of SPMS, which usually occurs 10 to 20 years after the 

diagnosis of RRMS (Eriksson et al., 2003). SPMS is diagnosed in a patient who has 

received a diagnosis of RPMS with an incremental accumulation of disability after each 

attack (Lublin et al., 2014). Finally, PPMS, which accounts for approximately 10% of MS 

patients, is diagnosed when the accumulation of disability occurs from the onset of 

disease (Koch et al., 2009). 
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There are multiple variants of MS that include neuromyelitis optica, Marburg 

variant, balo-concentric sclerosis, and acute disseminated encephalomyelitis. It is 

important to consider that even though all of these are inflammatory mediated 

demyelinating diseases, the etiology of each is substantially different. and therefore 

clinically these diseases are considered distinct from MS and treated as such.  

Since MS is in part caused by the dysregulation of the immune system, many of 

the treatments are considered “immune modifying” and target/prevent leukocytes from 

migrating and acting in the CNS. Unfortunately, there is no “cure” for MS, but rather 

disease-modifying treatments that result in decreased relapse rates as well as slower 

disease progression. For a patient with RRMS that is highly active, the first line 

treatment is infusion with natalizumab, a monoclonal antibody (mAb) that targets α4-

integrin, which blocks T-cells from passing through the blood-brain barrier (BBB). Other 

first line therapies that are considered “safer,” but less efficacious, include injection with 

IFN-β1a or glatiramer acetate. IFN-β1a is thought to work by decreasing neuronal 

inflammation while increasing production of nerve growth factor (NGF) (Kieseier, 2011). 

The mechanism of action of glatiramer acetate is still unclear, however it may act as an 

MBP analog and elicit a shift in the T-cell population from Th1 cells to Th2 cells to 

reduce CNS inflammation (Miller et al., 1998). There are also oral therapies available for 

patients who fail the first line treatments or are unable to receive injections. These 

include dimethyl fumarate, a known activator of the antioxidant Nrf2 transcription factor 

(Linker et al., 2011), teriflunomide, an inhibitor of de novo pyrimidine synthesis which 

targets rapidly dividing cells(Bar-Or et al., 2014) including activated T-cells (Bar-Or et al., 

2014), and fingolimod which induces internalization of the sphingosine-1-phosphate 

receptor to trap lymphocytes in the lymph nodes (Chun and Hartung, 2010). Patients 
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who have an acute MS attack characterized by focal neurological deficits are treated 

acutely with glucocorticoids such as methylprednisolone or prednisone. 

 

Metabolism and Multiple Sclerosis 

 The CNS has extensive energy demands and consumes the most glucose by 

weight relative to any other organ system. Defects in energy metabolism can lead 

significant CNS pathology and therefore it is not surprising that a link has been 

established between defects in metabolism and MS. 

 The studies describing potential metabolic defects in MS patients dates back to 

1950 where Jones and Bunch associated glycolytic alterations with active disease in MS 

(Jones and Bunch, 1950). This idea was further expanded in 1981, when it was 

determined that the CSF of MS patients had elevated enzymes involved in carbohydrate 

metabolism that correlated with active demyelination.  These biomarkers included 

enolase, pyruvate kinase, lactate dehydrogenase, and aldolase (Royds et al., 1981). 

There is also direct evidence of increased glycolysis in the CNS of RRMS and SPMS 

patients as their CSF contains more lactate. This suggests enhanced glycolysis, which 

may be compensating for defects in CNS mitochondrial metabolism (Regenold et al., 

2008). PPARγ, a transcription factor that induces glycolysis and lipid metabolism, is also 

elevated in the CSF of MS patients (Szalardy et al., 2013) and may be driving the 

upregulation of glycolysis and lipid synthesis, two metabolic pathways essential for the 

remyelination of axons. 

 Most studies that investigate metabolic defects in MS patients focus on 

mitochondrial dysfunction. As discussed above, mitochondrial function is essential for 

myelination and is required to meet the energy demands of axons. In lesions of MS 

patients there are significantly less mitochondria (Trapp and Nave, 2008; Dutta et al., 

2006), and those that are present have defects in complex I or defects in cytochrome c 



	 39	

oxidase (COX-I), a catalytic component of complex IV (Lu et al., 2000; Mahad et al., 

2008). In the inactive portions of chronic lesions, both complex IV and mitochondrial 

mass are upregulated, which may be a compensatory mechanism for the preservation of 

demyelinated axons (Campbell et al., 2012). In NAGM of MS patients, reduced activity of 

complex I, II, III, IV and IV has been reported, suggesting an intrinsic defect in CNS 

mitochondrial metabolism (Mathur et al., 2014). Overall, there is significant mitochondrial 

dysfunction in MS patients that may result in axonal degeneration, reduced ability for 

remyelination, and increased mitochondrial ROS production leading to oxidative 

damage. 

 A major consequence of defective mitochondrial metabolism in MS patients is 

increased ROS production, which has the potential to cause significant pathology in both 

oligodendrocytes and neurons of MS patients. In plaques where demyelination is 

actively occurring, there is evidence of wide spread ROS damage to lipids in the form of 

elevated 4-hydroxy-2-nonenal (4-HNE), damage to proteins in the form of elevated 

carbonylation, and damage to DNA in the form of 8-hydroxy-2’-deoxyguanosine (Van 

Horssen et al., 2008; Bizzozero et al., 2005). The substantial amount of oxidative stress 

observed in these plaques may play a critical role in the destruction of both 

oligodendrocytes and axons while upregulating proinflammatory pathways in microglia 

and infiltrating leukocytes. Oligodendrocytes are particularly susceptible to oxidative 

stress because they contain high amounts of polyunsaturated fatty acids (PUFAs) that 

form much of the myelin membrane and readily react with ROS (Van Meeteren et al., 

2005). Oxidation of lipids, proteins, or DNA can cause substantial cellular dysfunction 

resulting in extensive damage to oligodendrocytes and subsequent demyelination. 

Therefore, it is essential that oligodendrocytes have proper mechanisms to safely 

detoxify ROS. In the lesions of MS patients, there is evidence of the upregulation of 

antioxidant pathways in response to the oxidative stress. These include increased levels 
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of cytoplasmic antioxidant enzymes including SOD1, heme oxygenase-1 (HO-1), and 

NAD(P)H: quinone oxidoreductase (NQO1)  (Van Horssen et al., 2008; van Horssen et 

al., 2006) as well as the mitochondrial antioxidant enzymes SOD2 and peroxiredoxin 

(Prx5) (Van Horssen et al., 2008; Holley et al., 2007). 

 

Models of Multiple Sclerosis 

 It is crucial to develop models to investigate the pathogenesis of MS because 

there is a dearth of knowledge regarding the underlying mechanisms and no 

preventative or curative treatment exists. Currently, there are two general models of MS: 

1) experimental autoimmune encephalomyelitis (EAE), and 2) virus-induced 

demyelinating diseases in which the Theiler’s murine encephalomyelitis virus (TMEV) 

model has been extensively used.                           

 Active EAE is induced by immunization of proteins expressed in myelin including 

myelin basic protein (MBP), proteolipid protein (PLP), myelin oligodendrocyte 

glycoprotein (MOG), or antigenic epitopes of those proteins (MBP84–104, PLP139–151, 

PLP178–191, or MOG92–106) with complete Freund’s adjuvant (CFA) (Miller et al., 2007). 

Since EAE is mediated by the sensitization of CD4+ T-cells to myelin antigens, an 

alternative protocol can be used where CD4+ T-cells are adoptively transferred from 

immunized mice to induce EAE in naïve mice (Pettinelli and McFarlin, 1981). EAE is 

characterized by inflammatory demyelination that leads to an ascending paralysis, 

however the disease course and outcomes are strain specific (Tompkins et al., 2002). 

After immunization, the SJL mouse has a relapsing-remitting disease course (R-EAE) 

characterized by an acute phase with ascending paralysis, remission where there is at 

least a partial recovery of the paralysis, and finally a relapse of the ascending paralysis 

(Brown and McFarlin, 1981). C57BL/6 (H-2b) have a chronic progressive disease course, 

and PL/J and B10.PL (H-2u) mice have a rapid acute disease usually leading to recovery 
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(Tompkins et al., 2002). After immunization, antigen presenting cells (APCs) 

prime/sensitize CD4+ T cells to myelin antigens. The CD4+ T cells are thought to drive 

the pathogenesis of EAE via differentiation into Th-1 and Th-17 cells, migration across 

the BBB into the CNS, and the secretion of proinflammatory cytokines that 1) activate 

microglia and astrocytes, 2) are toxic to oligodendrocytes, and 3) recruit macrophages 

(Murphy et al., 2010). Further, the CD4+ T cells activate B-cells inducing autoantibody 

production against myelin antigens in the CNS (Lyons et al., 1999). Even though EAE is 

not a perfect MS model in regards to the pathogenesis and lack of an environmental 

trigger, many therapeutics for MS have been developed as a result of studying EAE. 

These include natalizumab, fingolimod, and glatiramer acetate, all of which target the 

adaptive immune system and slow disease progression, but all have failed to elicit a 

cure (Robinson et al., 2014). Therefore, other approaches have been implemented to 

model MS including a model based on substantial evidence that a virus may be driving 

the demyelination in MS.  

 Unlike EAE, where mice are immunized to coerce the adaptive immune system 

to target and destroy myelin antigens, the viral models of MS utilize infection with a 

neurotropic virus to initiate the process.  In particular, TMEV, a picornaviradae, has been 

extensively used to induce inflammatory demyelination in mice (Theiler, 1937). Similar to 

EAE, the effects of TMEV on demyelination are strain specific (Oleszak et al., 2004). 

Resistant strains such as B6 exhibit an early acute disease that occurs between 3-12 

days post infection (Dal Canto et al., 1996; Lorch, Friedmann, Lipton, & Kotler, 1981; 

Oleszak, Kuzmak, Good, & Platsoucas, 1995). However, susceptible strains including 

SJL and C3H do not clear TMEV from the CNS and progress to viral persistence 

followed by chronic inflammation composed of CD4+ and CD8+ T cells infiltrating the 

CNS (Lorch et al., 1981; Oleszak et al., 1995). Therefore, incomplete clearance of the 

virus in these strains has been shown to be essential for the development of late chronic 
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demyelinating disease that occurs around 30 to 40 days post infection and is 

characterized by persistent infection, mononuclear infiltration, and demyelination 

(Oleszak et al., 2004). It is thought that the TMEV induces demyelination through 

bystanding damage to myelin by adaptive immune responses against the persisting virus 

in oligodendrocytes. 

 When SHP-1 deficient mice on intermediate (C3H) or resistant (B6) backgrounds 

are infected with TMEV, a rapid acute demyelinating disease occurs providing evidence 

that implicates SHP-1 as playing an essential role in controlling TMEV induced 

inflammatory demyelination (Massa et al., 2002; Christophi et al., 2009c). Unlike the 

chronic demyelination that occurs in susceptible strains, the rapid acute demyelination 

occurring in me/me mice does not allow for a substantial adaptive immune response and 

therefore this model allows for the investigation of the interaction between innate 

immune responses and the destruction of myelin (Christophi et al., 2009c).   

SHP-1 deficiency has been demonstrated in the leukocytes of MS patients and is 

associated with an increase in proinflammatory signal transduction pathways that 

include STAT1, STAT6, and NF-κB (Christophi et al., 2009b). This may result from 

increased SHP-1 promoter methylation in patients with MS (Kumagai et al., 2012). 

Furthermore, treatment of MS patients with IFN-β induced SHP-1 in peripheral blood 

mononuclear cells (PBMCs), which was associated with a reduction in the activation of 

pathways controlled by SHP-1 such as STAT1, STAT6, and NF-κB (Christophi et al., 

2009a). This may be one of many mechanisms by which IFN-β acts to slow the 

progression of MS.  

Much of the work related to MS is focused on the role of leukocytes in the 

disease process. Alternatively, intrinsic defects in oligodendrocytes may be driving the 

pathogenesis of MS. SHP-1 deficiency in oligodendrocytes results in dysmyelination and 
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reduced MBP expression (Massa et al., 2004). Therefore, it is essential to investigate 

the role of SHP-1 in oligodendrocytes to determine its effects on oligodendrocyte biology 

and susceptibility to demyelination in the context of TMEV induced demyelination. 

 

Macrophages in MS 

Macrophages are invariably the effectors of active demyelination in MS and 

animal models of MS.  Classically, macrophages have been characterized as M1 and 

M2, or pro-inflammatory and anti-inflammatory macrophages respectively. When this 

nomenclature was established, it was assumed that M1 and M2 macrophages were 

polarized into two distinct populations via stimulation with various combinations of 

cytokines, macrophage growth factors, and microbial pathogen-associated molecular 

patterns (PAMPS). Originally, classical M1 macrophages were differentiated with IFN-γ 

and LPS, or TNF-α, and defined as CD86+cells that expressed iNOS and produced 

proinflammatory cytokines including IL-1, TNF-a, IL-6 IL-12, and IL-23 (Mantovani et al., 

2004). The functions of these macrophages were thought to promote a Th1 response 

while functioning in the anti-tumor response and the killing of intracellular pathogens 

(Mantovani et al., 2004). M2 macrophages were subdivided into three distinct subtypes: 

M2a (alternative), M2b (type II), and M2c (deactivated) (Mantovani et al., 2004). M2a 

macrophages form in response to stimulation with IL-4/IL-13 and are defined by high 

levels of arginase, the production of polyamines, and IL-10 (Mantovani et al., 2004). M2b 

macrophages are involved in the regulation of the immune system and form in response 

to immune complexes/TLR stimulation and are characterized by expression of CD86 and 

the production of TNF-α, IL-1, IL-6, and IL-10 (Mantovani et al., 2004). M2c 

macrophages differentiate after stimulation with IL-10 and are characterized by IL-10 
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and TGF-β production, and are involved in immune suppression and tissue repair 

(Mantovani et al., 2004). 

This model of macrophage polarization was further expanded as more ligands 

were discovered to induce M1 and M2 polarization. These include the differentiation to 

an M1 macrophage by granulocyte macrophage colony-stimulating factor (GM-CSF) and 

the differentiation of M2 macrophages by macrophage colony-stimulating factor (M-CSF) 

(Martinez and Gordon, 2014). During states of neuroinflammation, GM-CSF is primarily 

produced by astrocytes and M-CSF is primarily produced by microglia (Aloisi et al., 

1992; Liu et al., 2011). It is now widely accepted that M1 and M2 macrophages comprise 

a dynamic spectrum where the polarization can change based on local cytokine, growth 

factor, and microbial molecules as opposed to the static classification described above.  

In regards to CNS inflammation, GM-CSF and M-CSF expression play a major 

role in driving specific types of neuroinflammation. In EAE. the presence of GM-CSF is 

essential for the differentiation/activation of proinflammatory microglia/macrophages, 

which are responsible for enhancing ROS production, and for the production of 

proinflammatory cytokines including IL-1β, IL-6, and TNFα that are thought to directly 

contribute to demyelination in MS (Shiomi and Usui, 2015). GM-CSF is critical to the 

pathogenesis of EAE, and blockade of GM-CSF prevents demyelination after 

immunization (McQualter et al., 2001). Currently there is not much known about the role 

of M-CSF in demyelinating processes or, the about the role of GM-CSF in virus-induced 

demyelinating diseases. 

 

Macrophage Metabolism 

 In the field of immunology the role of metabolism is becoming increasingly 

important for driving/defining the inflammatory phenotype of a leukocyte. The idea of 

metabolism driving a particular immunological phenotype stems from the vast literature 
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on metabolism and cancer biology. Most oncogenic cells undergo a metabolic switch to 

glycolysis (Warburg effect) that is essential to drive their rapid proliferation. This 

metabolic switch is also observed in activated leukocytes where leukocytes that are 

highly glycolytic are typically proinflammatory and rapidly dividing where anti-

inflammatory and memory cell types switch to oxidative metabolism due to reduced 

proliferation and a demand for more efficient energy production (Kelly and O'neill, 2015). 

To gain a better understanding behind the molecular mechanisms driving macrophage 

function, it is important to discuss the link between metabolism and inflammation in M1-

like and M2-like macrophages. 

 M1-like macrophages are known to express high levels of iNOS (Xie and 

Calaycay, 1992). Besides being a marker of M1 macrophages, iNOS functions to reduce 

mitochondrial metabolism by nitrosylating and inhibiting complexes in the mitochondrial 

ETC (Drapier and Hibbs, 1988; Clementi et al., 1998; Cleeter et al., 1994). The inhibition 

of the ETC by nitrosylation forces a dependence on glycolysis as a source of energy and 

metabolites. The reduction in mitochondrial function in M1-like macrophages is 

supported by reduced activity of AMPK, which reduces mitochondrial biogenesis (Sag et 

al., 2008). This pushes M1-like macrophages to depend highly on glycolytic pathways to 

meet their metabolic demands. M1 macrophages also play an active role in the 

upregulation of glycolysis since they have increased mTOR activity (Byles et al., 2013). 

Increased mTOR increases HIF-1α, a transcription factor that upregulates glycolytic 

metabolism. PFK2 is also unregulated in M1-like macrophages, which allosterically 

induces glycolysis by increasing levels of fructose-2,6-bisphosphate (Rodriguez-Prados 

et al., 2010; Pilkis et al., 1981). The requirement of glycolysis for an inflammatory 

phenotype in M1-like macrophages has been demonstrated as treatment with 2-DG, an 

inhibitor of glycolysis, resulted in a significant reduction in pro-inflammatory cytokine 

production (Kellett, 1966). Furthermore, macrophages derived from AMPK knockout 
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mice (higher dependence on glycolysis) have increased pro-inflammatory cytokine 

production(Carroll et al., 2013). 

 M2-like macrophages have a completely different metabolic profile that relates to 

their differential role of inhibiting inflammation or countering the effects of M1-like 

macrophages. M2-like macrophages, in general, have increased levels of OXPHOS, 

which may be in part related to the reduction of iNOS expression and the induction of 

arginase (Hesse et al., 2001; Kelly and O'neill, 2015). The high expression of arginase 

will reduce the amount of arginine available to produce NO. The reduction of NO levels 

in M2-like macrophages will allow for the mitochondrial ETC complexes to function at a 

higher rate relative to M1. Further, M2-like macrophages have a reduction in mTOR 

activity, which reduces HIF-1α levels, thus decreasing the transcription of glycolytic 

enzymes and glucose transporters (Byles et al., 2013). AMPK activity is also 

substantially higher in M2-like macrophages leading to an upregulation of β-oxidation as 

a fuel for mitochondrial respiration (Sag et al., 2008). Although the metabolic pathways 

that drive the M2-like macrophage phenotype are still not fully understood, there is a 

strong correlation between OXPHOS and anti-inflammatory cytokine production (Kelly 

and O'neill, 2015). 

 

Macrophage-Derived Cytokines and Oligodendrocyte Pathology	

The production of pro-inflammatory cytokines are thought to play a major role in 

the pathogenesis of MS by propagating CNS inflammation and by exerting their effects 

directly on CNS glia, including oligodendrocytes. In normal tissue, oligodendrocytes 

constitutively express the IL-4R, IL-6R (gp-130), IL-10R, and IL-12R (Cannella and 

Raine, 2004). In active MS lesions, oligodendrocytes upregulate the IL-18R, and the 

IFN-γR (Cannella and Raine, 2004). 
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In the field of neuroimmunology, there is a debate regarding the effects of IFN-γ 

on oligodendrocyte biology and myelination. IFN-γ is primarily produced by activated Th1 

cells, macrophages, and microglia, and acts via STAT1 signaling in oligodendrocytes. 

Various studies have demonstrated that IFN-γ is cytotoxic to oligodendrocytes by 

inducing apoptosis or necrosis (Vartanian et al., 1995) while other groups show IFN-γ to 

be protective against demyelination in the context of EAE (Willenborg et al., 1996). 

Currently the mechanisms regarding the effects IFN-γ on oligodendrocytes are not fully 

understood and further studies are necessary to decipher how IFN-γ modulates 

oligodendrocyte biology. 

Leukemia inhibitory factor (LIF) is also able to signal in oligodendrocytes via gp-

130 mediated activation of STAT3 and STAT1, and is an essential growth factor during 

myelination. In the context of EAE induced demyelination, LIF signaling enhances 

oligodendrocyte survival while reducing the overall amount of demyelination 

(Butzkueven et al., 2002). Even less is known about the direct role of the anti-

inflammatory cytokine IL-10 on oligodendrocyte biology. Similar to LIF, IL-10 induces 

activation of STAT3 via the IL-10R, and unlike LIF, IL-10 is unable to activate STAT1. 

Many studies have investigated the role of IL-10 in the context of EAE and it is known to 

be protective against demyelination (Bettelli et al., 1998). This is most likely an indirect 

effect due to the ability of IL-10 to act directly on leukocytes as an immunosuppressant. 

The only major study that looks at the direct role of IL-10 on oligodendrocytes 

demonstrated that it protects against LPS/IFN-γ cytotoxicity in culture (Molina‐Holgado et 

al., 2001). 

IFN-γ, LIF, and IL-10 all utilize the JAK/STAT pathway to exert their effects on 

cellular function. Furthermore, both IFN-γ and LIF can activate SHP-2 dependent 
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pathways including PI3K/AKT which is known to effect many cellular processes including 

the regulation of cellular metabolism. 

In general the direct role of cytokines on oligodendrocytes is not well understood 

and a more in depth investigation into their role may provide insight into potential 

mechanisms for initial myelination, demyelination, and remyelination in the context of 

oligodendrocyte development and neurodegenerative disease such as MS. 
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Abstract 

We have previously described reduced myelination and corresponding myelin basic 

protein (MBP) expression in the CNS of Src homology 2 domain-containing protein 

tyrosine phosphatase 1 (SHP-1) deficient motheaten (me/me) mice compared to normal 

littermate controls. Deficiency in myelin and MBP expression in both brains and spinal 

cords of motheaten mice correlated with reduced MBP mRNA expression levels in vivo 

and in purified oligodendrocytes in vitro. Therefore, SHP-1 activity appears to be a 

critical regulator of oligodendrocyte gene expression and function. Consistent with this 

role, the present studies demonstrate that oligodendrocytes of motheaten mice and 

SHP-1 depleted N20.1 cells produce higher levels of reactive oxygen species (ROS) and 

exhibit corresponding markers of increased oxidative stress. In agreement with these 

findings, we demonstrate increased production of ROS coincides with ROS-induced 

signaling pathways known to affect myelin gene expression in oligodendrocytes. 

Antioxidant treatment of SHP-1-deficient oligodendrocytes reversed the pathological 

changes in these cells with increased myelin protein gene expression and decreased 

expression of nuclear factor (erythroid-2)–related factor 2 (Nrf2) responsive gene, heme 

oxygenase-1 (HO-1). Furthermore, we demonstrate that SHP-1 is expressed in human 

white matter oligodendrocytes and there is a subset of multiple sclerosis (MS) subjects 

that demonstrate a deficiency of SHP-1 in normal appearing white matter (NAWM). 

These studies reveal critical pathways controlled by SHP-1 in oligodendrocytes that 

relate to susceptibility of SHP-1-deficient mice to both developmental defects in 

myelination and to inflammatory demyelinating diseases. 
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Introduction 

The Src homology 2 domain-containing protein tyrosine phosphatase 1 (SHP-1) 

is an important regulator of cytokine responses in hematopoietic, epithelial, and glial 

cells by controlling receptor-mediated phosphorylation of downstream signaling 

molecules and transcription factors. Loss of SHP-1 by null mutation, as in motheaten 

(me/me) mice, results in a number of hematopoietic abnormalities leading to increased 

inflammation, oxidative stress, and systemic autoimmune disease (Green and Shultz 

1975; Lyons et al. 2003; Shultz and Green 1976; Sidman et al. 1978). We and others 

have demonstrated that oligodendrocytes of SHP-1-deficient mice express less mature 

myelin proteins and exhibit dysmyelination compared to their wild type littermates 

(Massa et al. 2000; Massa and Wu 1998; Massa et al. 2004; Wishcamper et al. 2001). 

However, the mechanisms by which oligodendrocyte pathology and aberrant myelin 

gene expression are affected by SHP-1 deficiency are not known. 

As a regulator of cell signaling, SHP-1 controls production of reactive oxygen 

species (ROS) in endothelial (Krotz et al. 2005) and hematopoietic cells (Lyons et al. 

2003). SHP-1 negatively regulates the activity of the nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase complex (Krotz et al. 2005), NADPH oxidase is inducible in 

and toxic to oligodendrocytes (Johnstone et al. 2013). Moreover, SHP-1 negatively 

regulates signaling pathways known to promote the generation of ROS via nuclear factor 

kappa-light-chain-enhancer of activated B cells (NFκB), Signal transducer and activator 

of transcription 3 (STAT3), and STAT6 activities (Mandal et al. 2010; Mariappan et al. 

2010; Reich 2009). ROS can act as a signaling molecule to activate Janus activating 

kinase (JAK)/STAT and NFκB pathways (Gloire et al. 2006; Simon et al. 1998). NFκB 

signaling is altered in multiple sclerosis (MS) (Mc Guire et al. 2013) and JAK/STAT 

signaling pathways are dysregulated in normal appearing white matter (NAWM) of MS 

subjects (Cannella and Raine 2004; Zeis et al. 2008). In the CNS, ROS production and 
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resultant oxidative stress has been implicated in many neurological disorders, including 

Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis. 

Oligodendrocytes are particularly susceptible to oxidative stress due to very high 

iron content, low glutathione stores (Juurlink et al. 1998; Thorburne and Juurlink 1996), 

and necessarily high mitochondrial activity required to produce and maintain myelin 

membranes (McTigue and Tripathi 2008). Oxidative stress can result in oligodendrocyte 

death, particularly that of immature oligodendrocytes (Back et al. 1998), and can disrupt 

oligodendrocyte differentiation by suppressing critical transcription factors (French et al. 

2009). In addition, cytokine-mediated oxidative stress can down-regulate myelin protein 

genes of purified human oligodendrocytes (Jana and Pahan 2005). As ROS have been 

shown to negatively impact the viability, differentiation and function of oligodendrocytes 

and SHP-1 has been shown to control production of ROS in cells, we examined whether 

SHP-1 may control the production of ROS and corresponding ROS-induced signaling 

pathways in oligodendrocytes. The data presented here show that oligodendrocytes 

lacking SHP-1 produce greater amounts of ROS which correlates with increased 

oxidative stress and oxidative alterations in their connected myelin sheathes in vivo. 

These findings are particularly relevant to the physiological function of SHP-1 in 

oligodendrocytes and the role of SHP-1 in inflammatory demyelinating disease where 

ROS production in oligodendrocytes may be particularly increased. 

 

Methods 

Animals 

SHP-1-deficient motheaten (me/me) mice on a C3HeB/FeJLe-a/a background and their 

phenotypically normal littermates (wild type, WT) were produced from heterozygous 

breeding pairs obtained from Jackson Laboratories (Bar Harbor, ME, USA). The strain 

designation for heterozygous breeders for motheaten mice is C3FeLe.B6 a/a-Ptpn6me/J 
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(stock no. 000225). All animal procedures were approved by the Institutional Animal 

Care and Use Committee at SUNY Upstate Medical University in compliance with the 

National Institutes of Health Guide for Care and Use of Laboratory Animals. 

 

Immunohistochemistry (IHC) and Immunocytochemistry (ICC) 

Spinal cords from 14-day-old control and motheaten mice were used for 

immunohistochemical analyses coinciding with myelination in the murine CNS. 

Myelin protein immunohistochemistry 

Mice were anesthetized and intracardially perfused first with 10 ml of PBS and then with 

20 ml of 4% paraformaldehyde in PBS. Spinal cords were dissected, postfixed in 4% 

paraformaldehyde in PBS for 1h, and then placed in a 30% sucrose solution in PBS 

overnight. Spinal cord samples were embedded in Tissue-Tek OCT compound (Ted 

Pella, Inc., Redding, CA), frozen on dry ice, and sectioned at 8µm with a cryostat. Cross-

sections were used to visualize myelin gene expression within spinal cord myelinated 

tracts. 

Immunohistochemistry of fresh frozen tissue 

Mice were anesthetized, sacrificed and cooled on ice for 15 minutes, and unfixed spinal 

cords were dissected, placed in OCT and snap frozen in a 2-methylbutane (Sigma 

Aldrich, St. Louis, MO) slurry cooled with liquid nitrogen. Frozen tissue was cryostat 

sectioned at 8µM, dried on Superfrost Plus slides (Thermo Fisher Scientific Inc. 

Waltham, MA), and fixed using acetone at −20°C for 10 minutes. Endogenous 

peroxidase was quenched using 3% H202 in PBS for 15 minutes at room temperature 

(RT). The tissue was then blocked in PBS containing 10% horse serum for 2h before 

incubating with primary antibody overnight at 4°C. After rinsing, the tissue was incubated 

in the appropriate biotin-conjugated secondary antibody (Invitrogen) for 1 hour (h) at RT 

and then incubated in a streptavidin-alkaline phosphatase conjugate for 15 minutes. A 
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blue alkaline phosphatase reaction product was produced using a BCIP (5-bromo-4-

chloro-3-indolylphosphate)/Nitro Blue Tetrazolium substrate kit (Zymed/Invitrogen). 

Alternatively, after biotin secondary, a streptavidin-HRP conjugate followed by AEC 

reaction was used to form a red precipitate. 

Fluorescence microscopy 

Cell lines were fixed with 4% paraformaldehyde in PBS, and stained as above, however 

secondary antibodies were fluorescently conjugated (Jackson Immunoresearch, West 

Grove, PA). The following primary antibodies were used for immunohistochemistry 

and/or immunofluorescent staining: goat anti-MBP (Santa Cruz Biotechnology), mouse 

anti-PLP (Millipore, Billerica, MA), rabbit anti-Nrf2 (Santa Cruz Biotechnology), rat anti-

HO-1 (R&D Systems, Minneapolis, MN), mouse anti-SHP-1 (R&D Systems), rabbit anti-

Olig2 (Millipore) and goat-anti SOX10 (Santa Cruz Biotechnology). 

 

Protein carbonylation derivatization for IHC 

Protein carbonylation is a stable marker of oxidation. In order to examine whether 

oxidative changes had occurred in proteins of CNS tissue from P14 motheaten and WT 

mice, carbonyl groups were derivatized to DNP and were detected using IHC. Briefly, 

acetone fixed tissue sections of fresh frozen spinal cords or cultured cells on coverslips 

were equilibrated in TBS containing 20% methanol for 5 minutes, followed by a 5 minute 

incubation in 2N HCl. Tissue or coverslips were then immersed in a solution of 1 mg/ml 

2,4-Dinitrophenylhydrazine (DNPH) in 2N HCl for 30 minutes. Tissue was rinsed as 

follows: 2N HCl 5 minutes, 50% ethanol for 2 minutes, 75% ethanol for 2 minutes, 100% 

ethanol for 5 minutes, 50% ethanol/50% ethyl acetate for 5 minutes, 75% ethanol for 1 

minute, and 1× TBS for 1 minute. Tissue or cells were blocked as above and then 

incubated with primary rabbit anti-DNP (Cell Biolabs, San Diego, CA). The remaining 

steps were identical to the normal IHC protocol outlined above. 
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Brain-derived Mixed Glial Cultures 

Oligodendrocytes were isolated from cultures produced from mouse brain tissue as 

previously described (Hudson et al. 2008). We found this technique was superior to 

typical postnatal day 1-2 (P1-2) glial cell cultures for generating motheaten 

oligodendrocytes. Briefly, cerebella were isolated from P8 mouse brains and minced in 

Kreb’s buffer. The minced tissue was centrifuged and resuspended in Kreb’s buffer 

containing 0.25% trypsin, and the suspension was incubated at 37°C for 1 minute. After 

the addition of 5% FBS and 40 µg/ml DNase in Kreb’s buffer, the tissue was pelleted, 

resuspended in fresh Kreb’s buffer-FBS-DNase, and gently triturated with a fire-polished 

pipette to dissociate cells. The resulting cells were centrifuged and then resuspended in 

complete culture medium containing Dulbecco’s modified Eagle’s medium (DMEM) 

(Gibco, Carlsbad, CA) with 20% FBS (Gibco), 24.5 mM KCl, and 100 µg/ml of insulin 

and plated onto poly-L-lysine coated dishes. At 4 days post-plating and every 3 days 

thereafter, cells were fed with fresh medium consisting of DMEM without additional 

KCl/insulin and containing 10% heat-inactivated horse serum, and cells were used 10 

days after plating when contaminating granule cell neurons are minimal. By 

morphological criteria, the remaining glia in these cultures were composed of 10% 

microglia, 55% astrocytes, and 35% oligodendrocytes. Oligodendrocytes were purified 

from 10-day mixed glial cultures as described previously (Massa et al. 2000) by 

differential detachment of oligodendrocytes, sieving at 15µm with sterilized Nitex nylon 

fabric (SEFAR, Heiden, Switzerland), and negative selection of microglia by adherence 

to hydrophobic plastic. Purified oligodendrocytes were then plated onto culture 

chambers coated with 12.5 µg/ml poly-l-lysine. Resulting cultures were approximately 

90-95% pure oligodendrocytes based on cellular morphology. 
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Real-time RT-PCR 

Total RNA was isolated using RNA STAT-60 (Tel-test, Inc, Friendswood, TX). RNA was 

quantified spectrophotometrically, and 500 ng of total RNA was converted into cDNA as 

described (Christophi et al. 2008a). cDNA was diluted with water to a final volume of 200 

µl, and 2µl was used for quantitative real-time PCR with a SYBR green kit (ABgene, 

Epsom, United Kingdom). The PCR parameters were 15 min for 95°C, and 40 cycles of 

95°C for 15s, and 60°C for 1 min in a StepOne Plus thermocycler (Applied Biosystems, 

Foster City, CA). The primers were used at 10 nM. A threshold was set in the linear part 

of the amplification curve and the number of cycles needed to reach it was determined 

(Ct). Fold induction was calculated as 2−ΔΔCt (Livak and Schmittgen 2001). GAPDH 

was used as an internal control for normalization. The amplification of each gene-

specific fragment was confirmed by the examination of melting peaks. The primer pairs 

used in this study are shown in Table 1; myelin gene primers were generated using the 

Primer Bank database (Wang and Seed 2003). 

 

Lipid Peroxidation (TBARS) Assay 

To quantify the lipid peroxidation in the CNS and glial cultures, the TBARS assay was 

utilized according to the manufacturer’s protocol (Cayman Chemical, Ann Arbor, MI). 

Briefly, for brain, 25mg of tissue was homogenized in 250µl RIPA buffer containing 

protease inhibitor cocktail (Sigma-Aldrich) and centrifuged at 1,600 × g for 10 minutes at 

4°C. For whole glia 2 × 107 cells were lysed in 1mL RIPA buffer. 100µl of sample or 

standard was combined with 100µl SDS solution, mixed, and then 4ml of color reagent 

was added and samples were boiled for 1h. The reaction was terminated by placing the 

samples on ice for 10 minutes; samples were quantified by measuring absorbance at 

540nm (BioTek Synergy 2, Winooski, VT). 

Hydrogen Peroxide Assay 
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The Amplex red assay was performed according to the manufacturer’s specifications 

(Invitrogen). Briefly, control and motheaten glial cultures were incubated for 4h in fresh 

phenol-free DMEM containing the Amplex Red reagent and HRP. Hydrogen peroxide 

levels in supernatants were measured at 1, 2, and 4h by measuring absorbance at 585 

nm. Significance was determined by Student’s t-test for individual points, or Two-way 

ANOVA for the three time points combined. 

 

NFκB DNA-binding activity assay 

To quantify NFκB activity in motheaten and WT brain-derived whole glial cultures, NFκB 

DNA-binding activity was analyzed using the TransAM NFκB p65 transcription factor 

assay kit (Active Motif, Carlsbad, CA) following the manufacturer’s instructions. Briefly, 

nuclear extracts were prepared (Massa and Wu 1998) from whole glial cultures of 

control and motheaten mice that were treated with media alone or with 100 ng/mL of 

TNF-α. Protein levels of the nuclear extracts were quantified and 10 µg were incubated 

in a 96-well plate coated with oligonucleotide containing the NFκB consensus-binding 

sequence 5′-GGGACTTTCC-3′. Bound NFκB was then detected by a p65-specific 

primary antibody as detailed (Christophi et al. 2009). 

 

Chemokine and cytokine ELISA 

The levels of the chemokine monocyte chemoattractant protein 1 (MCP-1/CCL2) and the 

cytokines interleukin-1β (Il-1β) and interleukin-6 (IL-6) in glial culture supernatants were 

measured using DuoSet enzyme-linked immunosorbent assay (ELISA) kits according to 

the manufacturer’s protocol (R&D Systems). 

Live cell imaging of ROS generation 
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Intracellular ROS detection was determined using carboxy-H2DCFDA according to the 

manufacturer’s specifications (Invitrogen). Briefly, cells were plated on poly-L-lysine 

coated coverslips, loaded with 25µM carboxy-H2DCFDA for 30 minutes at 37°C, rinsed, 

and treated as specified. Images were taken on a Nikon Eclipse TE300 with Spot 

camera and environmental chamber. 

 

Quantitative ROS detection 

Constitutive ROS production was measured by flow cytometry in cells isolated from the 

spinal cords of 11-day-old motheaten mice and normal littermate controls. Animals were 

sacrificed then perfused with 20mL ice cold PBS, and spinal cord was dissected and 

homogenized with a fire-polished glass pipet. Myelin debris was removed from the cell 

suspension using Myelin Removal Beads II and the QuadroMACS® separating system 

(Miltenyi Biotec Inc). Following isolation, cells were labeled with the ROS indicator 5-

(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) 

(Molecular Probes) at a concentration of 10µM for 30 minutes at 37°C, and then double 

labeled for the oligodendrocyte specific marker O4 (R&D Systems). To quantify ROS, 

the mean fluorescence of 10,000 – 40,000 cells per sample was measured on a BD LSR 

Fortessa cytometer (BD Biosciences) and the data were analyzed using FlowJo version 

10.0.4. Data was standardized for normal variations in CM-H2DCFDA intensity between 

experiments by dividing all samples by a WT sample in each experiment. 

 

Electromobility Shift Assay 

Specificity protein 1 (Sp1) DNA binding sequence (5′-GAGGACAACACCTTCAAAGAC-

3′) was annealed with the complementary strand and labeled with gamma-32P ATP. 

Nuclear extracts were harvested from purified oligodendrocytes of each genotype 

(motheaten and normal littermates) and nuclear binding reactions with the probe were 
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prepared. Antibodies directed against Sp1, Sp3, and Sp4 (Santa Cruz Biotechnology) 

were utilized to produce a supershift to determine the identity of the proteins binding to 

the radiolabeled probe. 

 

N20.1 cell line 

The immortalized mouse oligodendrocyte cell line, N20.1, generously provided by Dr. 

A.T. Campagnoni (UCLA), was maintained at 34°C, 5% CO2, in Ham’s F-12/DMEM 

(1:1) (Invitrogen) supplemented with 100 µg/L G418 (Invitrogen) and 10% FBS (Gibco). 

Cells were plated on 12.5 µg/ml poly-l-lysine coated cover slips and differentiated in 1% 

FBS at the permissive temperature of 39°C for 3 days in an atmosphere of 5% CO2 

before use (Verity et al. 1993). 

 

siRNA treatment of N20.1 cell line 

N20.1 cell lines were transfected using DharmaFECT-4 (Dharmacon, Lafayette, 

Colorado) transfection reagent and Ambion silencer select SHP-1 siRNA 5′-

GCAGAAUACAAACUGCGAAtt-3′ (Invitrogen) or control scrambled siRNA according to 

the manufacture’s specifications. 

 

Glutathione Assay in N20.1 cell line 

Glutathione was measured using the GSH-Glo glutathione assay (Promega, Madison, 

WI) according to the manufacturer’s specifications. Briefly, control or SHP-1 siRNA 

treated N20.1 cell lines were plated on a poly-L-lysine coated 96 well plates at a density 

of 1×104 cells per well. 1× GSH-Glo reagent was added to each well followed by a 30 

minute RT incubation. Next, luciferin detection reagent was added to each well and 

incubated for 15 minutes. Finally, luminescence was read on a BioTek Synergy 2 
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microplate reader (BioTek). A standard curve was generated by serial dilutions of a 10× 

glutathione solution. 

 

Western immunoblot 

Whole-cell extracts were prepared as previously described (Massa et al. 2004). Cells or 

tissues were homogenized in RIPA buffer. 25µg of protein per lane was electrophoresed 

through a 12.5% polyacrylamide resolving gel and electroblotted to a polyvinylidene 

difluoride (PVDF) membrane (Millipore). Membranes were blocked with 5% nonfat dry 

milk for 1h, and then incubated with primary antibody followed by HRP-conjugated IgG 

secondary antibody (DAKO Corporation, Carpinteria, CA). Enhanced 

chemiluminescence (Amersham Life Sciences Inc., Cleveland, OH) was used to 

visualize reactive protein bands on X-ray film (Kodak, Rochester, NY). For human 

studies, membranes were incubated with LI-COR fluorescent secondary antibodies, 

imaged on a LI-COR Odyssey Fc (Lincoln, NE), and quantified using LI-COR’s Image 

Studio Lite Version 3.1. Primary antibodies used: mouse anti-GAPDH (Thermo Fisher 

Scientific) mouse anti-SHP-1 (R&D Systems), and mouse anti-β-actin (MP Biomedicals, 

Solon, OH). 

 

Butylated Hydroxyanisole (BHA) treatment 

Brains and spinal cords of 7-day-old WT and motheaten mice were dissociated using a 

neural tissue dissociation kit (Miltenyi Biotec, Auburn, CA) according to the 

manufacturer’s instructions, and oligodendrocytes were purified using O4 antibody 

conjugated to magnetic beads. The O4-positive oligodendrocytes were passed through a 

magnetic column on a QuadroMACS™ Separator (Miltenyi Biotec) to remove unlabeled 

glia and neurons. Following collection, O4-positive oligodendrocytes were placed in 

phenol-free, serum-free DMEM. Enriched oligodendrocytes from each mouse were 
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divided into two fractions; vehicle treated, or treated with 3µM BHA for 5h at 37°C, 10% 

CO2, in a humidified incubator. After the 5h vehicle or BHA treatment the RNA was 

extracted and expression levels were quantified using real-time RT-PCR. BHA (Sigma-

Aldrich) was solubilized in 100% ethanol as a 30mM stock solution in and diluted to 3µM 

in phenol-free, serum-free DMEM. 

 

Human Tissue Collection 

Fresh frozen tissue specimens were obtained from the Human Brain and Spinal Fluid 

Resource Center, VA West Lost Angeles Heathcare Center, Los Angeles, CA 90073, 

which is sponsored by NINDS/NIMH, National Multiple Sclerosis Society, and the 

Department of Veteran Affairs. Additional frozen normal subject tissues were obtained 

from the Taub Institute, New York Brain Bank, Columbia University. Frozen tissue 

samples from normal controls and MS patients were screened by a neuropathologist to 

confirm the clinical diagnosis of MS and exclude confounding pathologies. Analyzed 

tissue samples included normal control white matter, and MS NAWM. 

 

Statistical analysis 

Histograms and tables show the mean values with standard error of the mean. The 

numbers of samples or individual mice used in each assay are indicated in the figure 

legends. For comparisons between two samples p-values were generated using the 

unpaired Student’s t-test. Groups of three or more were analyzed using Two-way 

ANOVA. The particular test used for each experiment is indicated in the figure legend. A 

p-value of less than 0.05 was interpreted as a statistically significant difference. All 

statistical analysis were performed using Graphpad Prism (version 6.02). 

ncreased oxidative stress and decreased myelin in SHP-1-deficient mouse spinal cords 
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Results 

Increased oxidative stress and decreased myelin in SHP-1-deficient mouse spinal 

cords 

We have previously shown that SHP-1-deficient motheaten mice have a defect in 

myelination (Massa et al. 2000). We examined spinal cord cross sections from WT and 

motheaten mice using IHC for myelin markers to clearly demonstrate a generalized 

decrease in myelin protein expression in spinal cord myelinated tracts. In agreement 

with previous studies, we found that two markers of myelination, MBP and proteolipid 

protein (PLP), are reduced in motheaten spinal cords compared to age matched WT 

spinal cords, and this is consistent with mRNA isolated from brain (Figure 1A, Table 2 † 

denotes p<0.05). As a possible explanation for myelin deficiency in motheaten mice, we 

note previous reports that SHP-1 controls production of ROS in various cell types (Krotz 

et al. 2005; Lyons et al. 2003) which would affect oligodendrocyte physiology and myelin 

gene expression (Druzhyna et al. 2003; Smith et al. 1999; Ziabreva et al. 2010). To 

examine this possibility, spinal cords of SHP-1-deficient and control mice were analyzed 

for protein carbonylation, a stable footprint of increased ROS and oxidative stress in 

tissues (Dasgupta et al. 2013). In DNP-derivatized tissue sections, we found particularly 

strong staining in the white matter regions of the spinal cord of motheaten compared to 

control mice (Figure 1B). This result prompted us to analyze expression of anti-oxidant 

response genes nuclear factor (erythroid-2)–related factor 2 (Nrf2) and heme 

oxygenase-1 (HO-1), which are considered signature markers of tissue oxidative stress 

(Kohen and Nyska 2002). We examined longitudinal spinal cord sections to observe 

staining specifically within the white matter, particularly of interfascicular 

oligodendrocytes. Nrf2 immunohistochemistry demonstrated very strong nuclear staining 

throughout spinal cord sections of SHP-1 deficient mice (Figure 1B). HO-1, a detoxifying 

enzyme activated by Nrf2 was also highly upregulated in spinal cord sections and mRNA 
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from brains of motheaten mice (Figure 1B, Table 2) relative to control mice. Thus, 

motheaten CNS tissues show signatures of oxidative stress as well as oxidative changes 

to white matter regions with antioxidant gene responses and reduced myelin gene 

expression. 

 

Lipid peroxidation and hydrogen peroxide production in SHP-1-deficient CNS 

Increased carbonylation and increased Nrf2 and HO-1 staining in motheaten 

spinal cord sections relative to controls indicated that SHP-1-deficient mice experience 

oxidative stress within the CNS. To confirm this observation, we performed the 

thiobarbituric acid-reactive substances (TBARS) assay, a measure of lipid peroxidation 

products; TBARS were significantly higher in motheaten brains compared to control 

animals, p=0.02 (Figure 2A). To address the possible cell source of lipid peroxides in 

motheaten CNS, we analyzed TBARS expression in mixed glial cultures. We found a 

significant increase (p<0.05) in TBARS in SHP-1-deficient glial cultures compared to 

control glia (Figure 2B). In addition, analysis of H2O2 production using the Amplex Red 

assay in mixed glial cultures showed a higher rate of H2O2 accumulation over time 

(p=0.02) and significantly higher levels of H2O2 after 4 hours of accumulation (p=0.048) 

in motheaten compared to WT mouse glial cultures (Figure 2C). This indicated that SHP-

1 deficient glia account at least in part for production of oxidative stress and resulting 

lipid peroxidation in the CNS of motheaten mice. 

 

Increased inflammatory signaling in SHP-1-deficient mice 

The ability of oxidative stress to increase inflammatory signaling in tissues and 

the established role of oxidative stress in promoting inflammation is well-documented 

(Kamata et al. 2005; Reuter et al. 2010). Therefore, we analyzed the expression of 

genes known to participate in this type of inflammation. We found that the brain and 



	 76	

cultured brain-derived glia of motheaten mice demonstrate a constitutive increase in 

numerous proinflammatory cytokines, chemokines, and metalloproteinases. The 

proinflammatory cytokines TNF-α and IFN-γ were induced ten-fold and six-fold, 

respectively, in motheaten brain (Table 2, † denotes p<0.05). These cytokines activate 

intracellular pathways that are negatively regulated by SHP-1 (Christophi et al. 2008b) 

and are known to increase ROS in neural cells (Mir et al. 2009). SHP-1 loss leads to 

over-activation of these pathways and an induction of genes containing responsive 

elements. Indeed, we found that STAT1 and NFκB regulated genes are over-expressed 

constitutively at the mRNA level in motheaten compared to WT mouse brain and glia. 

 

Heightened NFκB signaling and responsive inflammatory mediators in SHP-1 

deficient brain-derived glia 

Numerous studies describe NFκB activation by ROS (Schreck et al. 1991; 

Takada et al. 2003). Accordingly, increased NFκB-mediated proinflammatory mRNAs 

were present in motheaten brains and cultured glia (Table 2). Based on this observation, 

we examined constitutive and induced NFκB activity in motheaten and WT mouse brain-

derived whole glial cell cultures. We observed a constitutive increase in NF-kB binding in 

nuclear extracts isolated from SHP-1-deficient compared to control glia, p=0.01 (Figure 

3A). Further, TNF-α (10 ng/mL) treatment significantly increased NFκB binding in 

motheaten relative to WT glial extracts, indicating that SHP-1 is a negative regulator of 

TNF-α-induced inflammatory signals in glial cells (Figure 3A). Finally, NFκB responsive 

proteins, IL-1β, IL-6, and MCP-1 were significantly elevated in motheaten glial cultures 

relative to controls after the addition of TNF-α (Figure 3B). 
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Increased oxidative stress and ROS generation in CNS glia of motheaten mice 

We have confirmed that motheaten mice have a reduction in myelin proteins, 

increased measures of oxidative stress, and elevated expression of inflammatory 

pathways associated with oxidative stress. To determine if oligodendrocytes in SHP-1-

deficient mice are specifically affected by increased oxidative stress, we stained DNP-

derivitized brain-derived glial cultures of motheaten and WT mice for carbonylated 

proteins using IHC (Figure 4A). By light microscopy, compared to controls, carbonylation 

was localized primarily to cells in motheaten cultures with morphologically distinct 

features of oligodendrocytes, astrocytes, and microglia (Figure 4A). Moreover, after a 

two-hour treatment with TNF-α, which increased ROS production in oligodendrocytes 

(Jana and Pahan 2005), we found an increase in carbonylation staining in both control 

and motheaten glia including astrocytes with flattened morphology, ramified microglia, 

and oligodendrocytes (Figure 4A). These results indicate that SHP-1 plays a role in 

mitigating constitutive oxidative stress in CNS glia. The localization of intense protein 

carbonylation staining to oligodendrocytes suggests that these cells are a substantial 

source of ROS. To confirm ROS generation specifically in oligodendrocytes, we 

incubated oligodendrocytes with carboxy-H2DCFDA, an intracellular fluorescent ROS 

indicator dye that localizes ROS to individual cells. Via fluorescence microscopy we 

found that oligodendrocyte-enriched cultures from motheaten brain-derived whole glia 

expressed conspicuously high levels of ROS-mediated fluorescence compared to control 

oligodendrocytes (Figure 4B). After a 2-hour treatment with TNF-α, both SHP-1-deficient 

and WT oligodendrocytes induced high levels of ROS that appeared qualitatively higher 

in motheaten cells (Figure 4B). 

To quantitatively demonstrate that oligodendrocytes were a primary source of 

ROS generation, we performed flow cytometry on O4+ oligodendrocytes freshly isolated 

from postnatal day 11 motheaten and control mouse CNS. Figure 4C and 4D 
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demonstrate that O4+ oligodendrocytes isolated from motheaten mice produced 

significantly more constitutive ROS than oligodendrocytes isolated from control mice as 

measured by carboxy-H2DCFDA flow cytometry (Figure 4C,D). Therefore, SHP-1 

regulates constitutive production of ROS in oligodendrocytes identifying novel roles for 

SHP-1 within oligodendrocytes. 

 

Oxidative stress relates to decreased Sp1 binding activity in SHP-1-deficient 

oligodendrocytes 

Previous studies have demonstrated a role of reactive oxygen species in 

oligodendrocyte pathology and reduced myelin gene expression (French et al. 2009; 

Jana and Pahan 2005). The transcription of multiple oligodendrocyte-specific genes is 

regulated through transcription factors interacting at both positive and negative 

regulatory elements (Carson et al. 1983; Goujet-Zalc et al. 1993; Tamura et al. 1989). In 

particular, Sp1 and Sox10 transcription factors have been found to be essential for the 

high levels of tissue-specific expression of MBP, PLP, and connexin 32 gene promoters 

(Peirano and Wegner 2000; Wei et al. 2004). Sp1 belongs to the Sp/KLF family of zinc-

finger transcription factors and binds to GC- or GT-rich DNA sequences and activates 

gene transcription including the MBP and PLP genes (Janz and Stoffel 1993; Tretiakova 

et al. 1999), and its DNA binding activity is sensitive to ROS (Chou et al. 2005). As Sp1 

is critical for myelin gene expression and is susceptible to oxidation, we examined Sp1 

binding in motheaten oligodendrocytes purified from brain-derived whole-glial cultures. 

We confirmed that Sp1 was indeed sensitive to oxidation in a dose-dependent manner 

as evidenced by less binding to an Sp1 probe after a 2-hour treatment in vitro with H2O2 

(data not shown). Importantly, purified motheaten oligodendrocytes demonstrated 

significantly less nuclear Sp1 binding activity than WT oligodendrocytes (Figure 5), 

consistent with increased ROS in motheaten cells. 
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Oxidative damage in the N20.1 oligodendrocyte cell line 

To ascertain the role of SHP-1 in oligodendrocyte ROS production without the 

complications of other cell types or potential developmental abnormalities in an SHP-1-

deficient environment, we utilized a well-characterized oligodendrocyte cell line, N20.1 

(Verity et al. 1993). Caboxy-H2DCFDA staining demonstrated that N20.1 cells 

expressed low levels of ROS, which were increased by TNF-α (Figure 6). To test the 

function of SHP-1 in ROS generation, we depleted SHP-1 in these cells using siRNA 

(Figure 6A,B). Following SHP-1 knockdown, expression of both constitutive and 

inducible ROS increased relative to N20.1 cells treated with scrambled control siRNA. 

Thus, SHP-1 controlled ROS production in an autonomous manner within N20.1 

oligodendrocytes (Figure 6C). Moreover, nuclear localization of Nrf2 was constitutively 

increased within SHP-1-deficient N20.1 cells indicating constitutive oxidative stress and 

a concomitant anti-oxidative response (Figure 6D) as was seen in oligodendrocytes of 

motheaten mice (Figure 1). TNF-α further increased nuclear localization of Nrf2 within 

control N20.1 cell lines, but not to either constitutive or induced levels seen in SHP-1-

depleted oligodendrocytes (Figure 6D). In addition, we observed glutathione depletion in 

SHP-1-deficient N20.1 cells indicating constitutive oxidative stress (Figure 6E). Taken 

together, data from N20.1 oligodendrocytes indicate that the role of SHP-1 in controlling 

ROS production and oxidative stress in oligodendrocytes is likely to be a direct effect of 

SHP-1 loss within oligodendrocytes rather than an indirect effect from other SHP-1-

deficient cells in the CNS. Thus, these data support the hypothesis that oligodendrocytes 

are a distinct source for ROS production in the CNS and that SHP-1 is a key regulatory 

molecule in this production. 
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Abnormal gene expression in SHP-1-deficient primary oligodendrocytes is directly 

attributed to increased ROS 

Motheaten mouse oligodendrocytes express abnormally low levels of the of the 

mature myelin protein genes, MBP, MAG and CNPase, and significantly higher levels of 

the Nrf2 target gene HO-1 (Figure 7). Elevated HO-1 is expected to result, in part, from 

unusually high levels of ROS compared to oligodendrocytes of WT mice. To test this 

hypothesis, we treated purified O4+ oligodendrocytes from both genotypes with the 

antioxidant BHA ex vivo immediately following isolation from motheaten or WT mouse, 

combined brain and spinal cord. As expected, BHA treatment restored motheaten 

oligodendrocyte MBP, MAG, CNPase and HO-1 mRNA expression, and levels were no 

longer statistically different from WT oligodendrocytes indicating that abnormal gene 

expression in motheaten oligodendrocytes is directly attributed to increased ROS 

expressed within these cells (Figure 7). Although not statistically significant, PLP 

demonstrated a trend similar to the other mature myelin protein genes in motheaten 

mice. Importantly, Sox10 and Olig2, transcription factors responsible for oligodendrocyte 

differentiation, were unchanged in both genotypes and treatments indicating that SHP-1 

and ROS may control myelin gene expression independently from general mechanisms 

of differentiation. 

 

Abnormal SHP-1 expression in normal appearing white matter (NAWM) of multiple 

sclerosis subjects 

We and others have previously found SHP-1 deficiency in PBMCs and 

macrophages from individuals with MS (Christophi et al. 2008b; Christophi et al. 2009; 

Feng et al. 2002), and in this report we demonstrate that SHP-1 functions, in part, to 

regulate ROS in the murine CNS and oligodendrocytes. Therefore, it was of interest to 

examine the expression of SHP-1 in white matter from control and MS subjects. SHP-1 
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is expressed in control NAWM but is decreased in five MS patients (Figure 8A,B). In 

figure 8B, six control subjects expressed similar amounts of SHP-1 (1±0.080) when 

normalized to GAPDH. In MS NAWM, SHP-1 expression segregates into two groups 

that when averaged appear similar to controls (1.167±0.317) (p=0.61). However, when 

separated, three MS NAWM samples have a 2.23±0.102 fold increase in SHP-1 relative 

to controls (p<0.0001) and a group of five MS NAWM samples have an approximately 

50% reduction in SHP-1 relative to controls (0.522±0.077, p=0.0021). Of the patients 

with low SHP-1, three were female and two were male. Additionally, of the five SHP-1-

low patients, 3 were classified as secondary progressive MS (SPMS), one as primary 

progressive MS (PPMS), and one as relapsing remitting MS (RRMS). All three SHP-1-

high MS patients were classified as SPMS and consisted of two females and one male. 

Similar bimodal expression of SHP-1 in MS subjects was found when normalizing to an 

additional housekeeping gene, β-actin (data not shown). 

Importantly, SHP-1 (blue) was expressed in SOX10 (red) (Figure 8C(c)) and 

Olig2 positive oligodendrocytes (red) (figure 8C(d)) demonstrating that SHP-1 is 

specifically enriched in oligodendrocytes of normal control subjects. These data, 

showing both the expression of SHP-1 in human oligodendrocytes and a bimodal 

expression of SHP-1 in MS NAWM, provide clinical relevance to our studies on the 

function of SHP-1 in CNS glia and oligodendrocytes. 

 

Discussion 

We have previously reported dysmyelination in the CNS and reduced myelin 

gene expression in cultured oligodendrocytes of motheaten mice (Massa et al. 2000; 

Massa et al. 2004). Additionally, when SHP-1 is silenced in purified oligodendrocytes 

they cannot differentiate properly (Kuo et al. 2010). The observed dysmyelination in 

SHP-1-deficient mice is likely the result of reduced myelin gene expression and 
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subsequent suppression of proper myelin formation. While reduced myelin gene 

expression relates to the myelin deficit seen in motheaten mice, the signaling pathways 

that mediate this outcome are unknown. We propose that increased constitutive 

production of ROS by oligodendrocytes lacking SHP-1 regulatory activity may be a key 

alteration in oligodendrocyte physiology that leads to aberrant myelin gene expression. 

Indeed, numerous studies have implicated ROS in oligodendrocyte pathology and 

reduced myelin gene expression (Back et al. 1998; French et al. 2009; Jana and Pahan 

2005). 

Oligodendrocytes are particularly vulnerable to oxidative stress due to their high 

metabolic rate and high iron content (Thorburne and Juurlink 1996). Iron is a required 

co-factor in many myelin-synthesizing enzymes in oligodendrocytes (Connor and 

Menzies 1996), however it can be deleterious to the cell in Fenton reactions that form 

reactive hydroxyl radicals from hydrogen peroxide (Liu et al. 2004). The resultant 

hydroxyl radicals can react with polyunsaturated lipids in cell membranes to generate 

toxic lipid aldehydes, and can cause DNA damage and protein carbonylation (Welch et 

al. 2002). Hydroxyl radicals irreversibly modify lipids to highly reactive mono- and di-

functional aldehydes including malonaldehyde and acrolein (Berlett and Stadtman 1997; 

Uchida 1999) which may contribute to myelin damage in experimental autoimmune 

encephalomyelitis (EAE) (Tully and Shi 2013). Accordingly, local increases in oxidative 

molecules can shift the normal homeostatic balance between ROS and endogenous 

antioxidants toward extreme oxidative stress in oligodendrocytes and myelin 

carbonylation in EAE (Dasgupta et al. 2013). Evidence that a similar shift away from 

ROS homeostasis occurs in SHP-1-deficient mice is shown by the induction of 

endogenous anti-oxidant mechanisms, particularly Nrf2 nuclear localization and an 

associated increase in HO-1 expression. A consequence of this imbalance is irreversible 

protein damage, which is indicated by increased carbonylation both in vivo (white matter 
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regions of the spinal cord) and in vitro (predominantly in oligodendrocytes) as shown in 

these studies. 

Treatment with TNF-α and/or IL-1β is known to increase oxidative stress and 

decrease myelin gene and protein expression in oligodendrocytes (Cammer and Zhang 

1999; Jana and Pahan 2005). Repression of myelin gene expression by inflammatory 

cytokines can be inhibited via anti-oxidants thereby demonstrating that ROS can 

specifically inhibit myelin gene expression (Jana and Pahan 2005). We and others have 

shown that MBP and PLP expression in SHP-1-deficient oligodendrocytes is reduced at 

the level of protein (Figure 1) and RNA (Table 2) (Kuo et al. 2010; Massa et al. 2000; 

Massa et al. 2004; Wishcamper et al. 2001). In agreement with the above studies, 

increased oxidative stress in the motheaten mice could explain this reduction in myelin 

genes/proteins in part by directly affecting the binding of oxidation-sensitive transcription 

factors such as Sp1, critical to MBP expression. SHP-1 may also play a role in 

oligodendrocyte maturation by acting as a regulator of growth factors that affect 

oligodendrocyte proliferation and differentiation. However, as we observe that SOX10 

and Olig2 transcription factors appear to be unaffected by SHP-1 loss, we believe there 

is a more acute and reversible effect of ROS on mature myelin gene expression, rather 

than epigenetic alterations responsible for stable differentiation of oligodendrocytes. We 

will examine this hypothesis in future studies by analyzing SHP-1-deficient 

oligodendrocytes in the context of a low oxidative stress environment achieved 

pharmacologically with antioxidants. 

Oligodendrocytes have a lower antioxidant capacity relative to other glial cells 

resulting from reduced levels of GSH, glutathione peroxidase, and mitochondrial 

manganese superoxide dismutase (Juurlink et al. 1998). Thus, oligodendrocytes are 

subject to intracellular GSH depletion (Back et al. 1998; Cammer 2002). We 

demonstrated that the N20.1 oligodendrocyte cell line exhibits glutathione depletion after 
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experimentally silencing SHP-1. We believe this is a result of the constitutive ROS 

generated within the N20.1 cells when SHP-1 is removed. This agrees with data 

obtained from brain, spinal cord, and mixed glial cultures of motheaten mice, specifically 

exhibiting increased markers of oxidative stress relative to WT controls. Additionally, in 

acutely isolated purified CNS oligodendrocytes treated ex vivo with the antioxidant BHA, 

we showed the importance of oligodendrocyte-mediated ROS in the expression of the 

antioxidant gene HO-1, and in the expression of the myelin genes MBP, MAG, and 

CNPase that encode proteins critical for normal myelination. Increased HO-1 expression 

is observed in motheaten oligodendrocytes along with reduced MBP, MAG, and 

CNPase. Importantly, these trends are reversed with the antioxidant BHA to levels seen 

in WT oligodendrocytes. These studies are important for understanding SHP-1-regulated 

signaling mechanisms vis-á-vis ROS production in oligodendrocytes, the potential role of 

ROS in oligodendrocyte pathology and how we might approach future in vivo rescue 

experiments by treating with antioxidants. 

We propose a possible mechanism of increased ROS production, reduced 

myelin gene and protein expression, lipid oxidation, and resulting reduced myelin sheath 

elaboration in oligodendrocytes from mice deficient in SHP-1 (Figure 9, schematic); loss 

of SHP-1 can cause dysregulation of NFκB and STAT signaling. The resultant aberrant 

signaling may generate oxidative stress either through mitochondria (Supplemental 

Figure 1) or by cytoplasmic oxidases. This in turn can initiate a cycle of ROS generation 

leading to mitochondrial electron transport chain (ETC) damage, reduced NFκB 

activation, as described in the hierarchal oxidative stress model (Gloire et al. 2006) 

and/or trigger JAK/STAT signaling (Park et al. 2012; Simon et al. 1998). This is 

illustrated by the reduction of mitochondrial complex I and II expression (Supplemental 

Figure 2), increased constitutive and TNF-α-induced NFκB activity, and upregulated 

inflammatory cytokines and chemokines (Table 2). As an additional source of CNS 
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damage, the innate immune system, especially microglia and macrophages, may be 

stimulated by oxidative damage to myelin. For instance, during conditions of oxidative 

stress, hydrogen peroxide and hydroxyl radicals may react directly with the lipid rich 

myelin and trigger phagocytosis of myelin (van der Goes et al. 1998). Finally, protein 

tyrosine phosphatases are highly sensitive to oxidative inactivation leading to a potential 

positive regulatory loop of inflammatory signaling (Meng et al. 2002; Tonks 2005). 

We have previously demonstrated SHP-1 deficiency in approximately 2/3s of MS 

patient PBMCs and cultured macrophages that may be in part due to promoter 

methylation (Christophi et al. 2008b; Christophi et al. 2009; Kumagai et al. 2012). We 

found that SHP-1 is reduced in a similar proportion of MS NAWM (5/8s) samples relative 

to MS hematopoietic cells (2/3s), and that SHP-1 is expressed in human CNS white 

matter oligodendrocytes. SHP-1-deficient MS monocyte derived macrophages 

demonstrate enhanced STAT1, STAT6 and NFκB signaling (Christophi et al. 2009), 

STAT signaling is altered in multiple sclerosis NAWM (Cannella and Raine 2004; Zeis et 

al. 2008) and is critical to oligodendrocyte viability (Zhang et al. 2011). Another group of 

MS NAWM (3/8) demonstrate increased SHP-1 levels; As SHP-1 is highly expressed in 

hematopoietic cells, it is therefore possible that MS subjects with higher levels of SHP-1 

in NAWM could have a small degree of peripheral immune cell infiltration that was 

undetected by pathological screening. Conversely, increased SHP-1 could result from an 

upregulation in resident cells of the NAWM. These data on SHP-1 expression illustrate 

that conditions may be present in a proportion of MS brains that would allow for 

hyperactivation of cytokine signaling in the CNS and could affect ROS production in 

oligodendrocytes. This concurs with mouse studies that demonstrate SHP-1 deficiency 

enhances susceptibility to both virus- and EAE-induced demyelination in rodent models 

of the human demyelinating disease multiple sclerosis (Deng et al. 2002; Massa et al. 

2002). Thus, the bimodal expression of SHP-1 in NAWM of MS subjects, and the 
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expression of SHP-1 in oligodendrocytes provide a possible clinical relevance to our 

research using in vitro and in vivo mouse models and justify further study of SHP-1 in 

the CNS. 

The source or sources of ROS in motheaten mice and how SHP-1 regulates its 

production in oligodendrocytes is presently unclear. However, a number of likely 

possibilities are being considered including cytoplasmic oxidases and mitochondria. 

Mitochondrial ROS are attractive candidates as cytokines and signaling molecules 

controlled by SHP-1 are known to directly stimulate ROS generation from these sources. 

For instance, the absence of SHP-1 increases the activity of several transcription 

factors, including NFκB, STAT3, and STAT6, which are known to individually or in 

combination induce ROS production via mitochondrial and NADPH oxidases (Anrather 

et al. 2006; Sarafian et al. 2010; Sharma et al. 2008; Shulga and Pastorino 2012; 

Wegrzyn et al. 2009). Future studies will characterize the mechanisms by which SHP-1 

controls ROS production in oligodendrocytes and the role for this regulation in CNS 

homeostasis and inflammatory demyelinating disease. 
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Credit for table: George Christophi and Ross Gruber  
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Figure 1 
	

  
 
 
Figure 1: Immunohistochemical analysis of oxidative stress and reduced myelination in 
SHP-1 deficient spinal cords. A. Wild type mouse spinal cord cross-sections 
demonstrate strong staining of myelin proteins (a,c). In contrast, motheaten spinal cords 
demonstrate reduced myelin protein staining (b,d). B. Higher DNP staining in motheaten 
spinal cord cross sections (b) indicates higher constitutive oxidative stress in naïve 
motheaten mice relative to control (a). Nrf2 and HO-1 staining indicate increased 
expression in longitudinal sections of motheaten spinal cords (d,f) relative to WT (c,e). 
 
 
 
 
 
 
 
 
 
 
Credit for figure: Ross Gruber 
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Credit for table: George Christophi and Ross Gruber 
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Figure 2 
 

  
 
Figure 2: Increased markers of ROS in motheaten brains and glia. A.Thiobarbituric Acid 
Reactive Substances (TBARS) were used a measure of lipid peroxidation. Lipid 
peroxidation is significantly higher (p<0.01) in motheaten (n=5) brain lysates than in WT 
(n=7) brain lysates. B. Lipid peroxidation is significantly (p<0.05) higher in motheaten 
(n=4) whole glial brain-derived lysates than in WT (n=4) whole glial lysates. C. Hydrogen 
peroxide production in glial cultures. WT (n=4) and motheaten (n=4) brain-derived glial 
cultures were incubated for 4 hours in fresh phenol free DMEM. Hydrogen peroxide 
levels in supernatants were measured at 1, 2, and 4 hours using a hydrogen peroxide 
assay kit (Amplex Red, Invitrogen). Over the 4 hour time course, motheaten cultures 
produced significantly more hydrogen peroxide than WT cultures p=0.02 by two-way 
ANOVA: at 4 hour time point, p=0.048 by Student’s t-test). 
 
Credit for figure: Ross Gruber, Chad Hudson and Ross Gruber 
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Figure 3		
	

  
 
Figure 3: NF-κB activation and cytokine up-regulation in wild type and motheaten brain-
derived glia. A: Nuclear lysates from whole WT (n=6) and motheaten glia (n=6) in either 
media alone or with 1-h TNF-α treatment (10 ng/mL) were isolated and allowed to bind 
to an NF-κB consensus binding sequence. Bound NF-κB was then detected by a p65-
specific antibody and quantified based on a calibration curve generated by using a 
purified p65 recombinant protein. The NF-κB binding activity is reported as nanograms 
of bound p65 protein per 10 mg of glial nuclear protein. A constitutive increase in NF-κB 
activation is seen in motheaten glia relative to WT. After TNF-α treatment, NF-κB 
binding increases in both WT and motheaten glia; however, motheaten glia continue to 
demonstrate significantly higher NF-κB binding. B: NF-κB inducible proteins, IL-1b, IL-6, 
and MCP-1 were measured in glial supernatants after 18 h treatments with TNF-a using 
enzyme-linked immunosorbent assay. After TNF-α treatment, SHP-1-deficient glia (n=6) 
demonstrates a significant increase in secreted NF-κB inducible proteins relative to WT 
(n=6). P-value is shown (Student’s t-test). 
 
 
 
 
 
Credit for figure: Ross Gruber and George Christophi 
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Figure 4 

  
 
Figure 4: Increased oxidative stress in motheaten oligodendrocytes. A. Stable oxidative modifications to 
proteins in SHP-1 deficient mice. Immunoreactivity is markedly increased constitutively in motheaten (b) 
brain-derived oligodendrocytes relative to control (a), indicating increased protein carbonylation. A 2 hour 
treatment with TNF-α (100ng/µL) appeared to increase protein carbonylation in WT brain-derived 
oligodendrocytes (c). Motheaten oligodendrocytes (d) appeared to have similar levels of DNP staining. B. 
Increased reactive oxygen species in motheaten oligodendrocytes. Untreated brain-derived 
oligodendrocytes from motheaten mice (b) demonstrate a higher level of constitutive ROS than WT 
oligodendrocytes (arrows) (a). After a 2 hour treatment with TNF-α (100ng/mL), oligodendrocytes from either 
WT mice (c), or motheaten mice (d) express a high level of reactive oxidative species. Cells were pre-loaded 
with Carboxy-H2DCFDA (Invitrogen) for 15 minutes, rinsed, then treated with culture media or TNF-α, and 
then imaged live. C. Cell specific constitutive ROS production was quantified by flow cytometry in O4+ 
oligodendrocytes directly isolated from spinal cords motheaten mice and littermate controls. WT (n=7) and 
motheaten (n=4) cells were incubated with 10µM CM-H2DCFDA and then labeled with O4 antibody. 10,000-
40,000 events per sample were collected and analyzed using FlowJo (Tree Star), representative mean 
fluorescence curves for motheaten vs WT mice are shown. D. Average MFI for motheaten and controls are 
shown, data is standardized to WT MFI (Student’s t-test, *p=0.042). 
 
Credit for figure: Scott Minchenberg, Ross Gruber, and Daria LaRocca 
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Figure 5 
 

  
 
Figure 5: Oxidation can directly affect binding of Sp1 to the myelin basic protein 
promoter region. A. Analysis of Sp1, Sp3, and Sp4 binding activities in purified brain-
derived oligodendrocyte nuclei of WT and motheaten mice. Oligodendrocyte nuclear 
extracts were incubated with a 32P-labled Sp1 probe. In some reactions antibodies to 
either Sp1, Sp3, or Sp4 either singly or in pairs were added to supershift/delineate 
individual components of the overlapping Sp factors in the upper binding activity as 
indicated. B. Quantification of the upper binding activity containing Sp1, Sp3, and Sp4 in 
WT and motheaten oligodendrocytes. Pixel density of the upper band (Sp1) was 
determined using ImageJ and a histogram was created representing the fold difference 
in radiolabeled probe binding between nuclear extracts harvested from purified 
oligodendrocytes of WT and motheaten cultures. Statistical significance was determined 
by Student’s t-test (*p<0.05). 
 
 
Credit for figure: Ross Gruber 
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Figure 6 
 

  
 
Figure 6: Increased ROS generation in SHP-1 deficient N20.1 cells: A. Cells were transfected with 
scrambled siRNA control or SHP-1 siRNA and analyzed for SHP-1 expression by Western immunoblot, 
positive and negative control protein homogenates are isolated from motheaten and WT spleen. B. Cells 
were then double stained for Olig2 (green) or SHP-1 (red). C. Cells were loaded with 25µM carboxy-
H2DCFDA for 30 minutes at 37°C. Increased fluorescence is observed in media-treated SHP-1 deficient 
N20.1 cell lines (control). Following treatments with H2O2 or TNF-α (100ng/mL), SHP-1 deficient cells 
demonstrate a large increase in fluorescence whereas only a nominal increase is seen in control cells. D. 
Nrf2 staining in cells transfected with control or SHP-1 siRNA. Nuclear localization can be seen in untreated 
SHP-1 deficient cells (arrowhead), and in both control and SHP-1 cells after a 2 hour treatment with TNF-α. 
E. Decreased glutathione content in SHP-1 deficient N20.1 cell line. The GSH-Glo glutathione assay was 
performed using control (n=5) or SHP-1 (n=5) deficient N20.1 cell lines. Untreated cell lines exhibited a 
significant constitutive reduction in glutathione content (p<0.01) when SHP-1 was reduced using siRNA. A 2-
hour treatment with TNF-α (100ng/mL) appeared to increase glutathione levels in control cells and to have 
the opposite effect on SHP-1 deficient cells, however neither of these were significant, p>0.05. Statistical 
differences were determined by Two-Way ANOVA with Bonferroni’s multiple comparison test, *p≤0.05 
**p≤0.01 ***p≤0.001. 
Credit for figure: Ross Gruber and Chandrav De 
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Figure 7 
 

  
Figure 7: Treatment with the antioxidant butylated hydroxyanisole (BHA) restores mature myelin gene 
expression and reduces mRNA expression of a marker of oxidative stress, HO-1, in motheaten mice to WT 
levels. Oligodendrocytes from WT (n=7) and motheaten (n=5) brain and spinal cord were isolated by 
magnetic bead separation, analyzed by real time qRT-PCR. mRNA expression is represented as fold 
change from motheaten. Treatment with the antioxidant BHA for 5 hr in vitro at 37°C, 10% CO2, increases 
mRNA expression of MBP, MAG and CNPase, and reduces HO-1 to levels in WT mouse oligodendrocytes. 
Motheaten HO-1 expression decreases 22.8% from 1.0±0.17 to 0.77±0.08 after BHA treatment. Treatment 
of isolated motheaten spinal cord and brain oligodendrocytes with BHA increases MBP expression by 23% 
from 1.0±0.04 to 1.23±0.07. After BHA treatment, MAG expression increases 47% from 1.0±0.08 to 
1.47±0.28, and CNPase expression increased 36% from 1.0±0.08 to 1.36±0.19. The mRNA level of two 
pan-oligodendrocyte genes, SOX10 and Olig2, are unchanged in both genotypes and following both 
treatments. Statistical differences were determined by Two-Way ANOVA with Bonferroni’s multiple 
comparison test, *p≤0.05 **p≤0.01 ***p≤0.001. 
Credit for figure: Scott Minchenberg, Ross Gruber, and Daria LaRocca 
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Figure 8 
 

  
 
Figure 8: SHP-1 is expressed in human oligodendrocytes and is deficient in a population 
of MS patients. A. Western immunoblot for SHP-1, ~68kDa (top) and GAPDH (bottom). 
SHP-1 is expressed in control NAWM but is visibly decreased in five MS patients. The 
first lane of the SHP-1 Immunoblot is the 64kDa band of the molecular weight marker 
(MWM). B. Quantified SHP-1/GAPDH expressed as fold difference from control subjects. 
Control subject SHP-1 expression clusters in a tight grouping when SHP-1 is normalized 
to GAPDH (1±0.080). However, MS NAWM SHP-1 expression segregates into two 
groups. When these groups are combined they appear similar in SHP-1 expression 
(1.167±0.317) (p=0.61, Student’s t-test). However when separated, three MS NAWM 
samples have a 2.23±0.102 fold increase in SHP-1 (p<0.0001, Student’s t-test) and a 
group of five MS NAWM samples have a deficiency 0.522±0.077 (p=0.0021, Student’s t-
test). C. SHP-1 is expressed in human oligodendrocytes. Human control white matter 
was stained for SHP-1 (a) or IgG control (b). Arrows in figure 8C(a) indicate 
interfascicular oligodendrocyte chains. Oligodendrocyte staining was confirmed by 
staining for SHP-1 blue (c,d) and SOX10 red (c) or Olig2 red (d). 
 
Credit for figure: Ross Gruber 
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Table 3 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Credit for table: Ross Gruber 
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Figure 9 
 

  
 
Figure 9: Schematic representation of dysmyelination by SHP-1 deficiency: SHP-1 acts 
as a constitutive inhibitor of cytokine, chemokine and growth factor signaling. In the 
absence of SHP-1, oligodendrocytes experience functional impairment partially due to 
increased constitutive ROS production. Increased ROS can activate NFkB and vice 
versa resulting in a self-perpetuating cycle of oxidative stress. Additionally, oxidized 
myelin and increased chemokine production by glia may attract SHP-1-deficient 
microglia, (or during active demyelination, infiltrating monocytes/macrophages) which in 
turn produce increased inflammation, resulting in a feed-forward loop of enhanced 
myelin degradation and inflammation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Credit for figure: Ross Gruber 
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Supplemental Figure 1 
 

 
Supplemental Figure 1: SHP-1 deficient (-/-) oligodendrocytes produce higher amounts 
of mitochondrial ROS compared to wild type (WT) oligodendrocytes (p<0.05). O4+ 
Oligodendrocytes from WT (n=3) and -/- (n=3) brains and spinal cords were positively 
selected from brains and spinal cords of 7 day old mice and loaded with MitoSOX. Flow 
Cytometry was used to quantify the O4+ MitoSOX fluorescence per cell. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Credit for figure: Scott Minchenberg 
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Supplemental Figure 2 
 
 

 
Supplemental Figure 2: Decreased constitutive complex I subunit NDUFB8 and complex 
II subunit SDHB expression in SHP-1 deficient (-/-) compared to WT oligodendrocytes. 
Representative western immunoblots of oligodendrocytes showing constitutive complex I 
(NDUFB8), complex II (SDHB), and complex III (UQCRC2) subunit expression with 
VDAC staining in -/- and wild type (WT) isolated P7 oligodendrocytes. Graph showing 
significantly reduced NDUFB8 and SDHB in -/- oligodendrocytes (n=3) relative to WT 
(n=3) (p<0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Credit for figure: Scott Minchenberg 
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Abstract 

Oligodendrocyte glycolysis and mitochondrial respiration are essential for 

oligodendrocyte metabolism in both the developing and adult CNS. In particular, 

oligodendrocytes display bioenergetic profiles reminiscent of Warburg metabolism 

including a high rate of glycolysis and low dependence on mitochondrial activity.   

Importantly, uniquely high aerobic glycolytic rates in oligodendrocytes are essential for 

CNS functions.  Based on recent reports on the effects of inflammatory cytokines on 

metabolism and the importance of these cytokines in oligodendrocytes during 

demyelinating disease, we addressed whether IFN-γ may affect oligodendrocyte 

bioenergetics.  Oligodendrocytes from wild type mice treated with the proinflammmatory 

cytokine IFN-γ showed significant reductions in bioenergetics, particularly aerobic 

glycolysis. As expected IFN-γ treatment of mice led to the induction of STAT1 indicating 

a possible role in suppressing oligodendrocyte bioenergetics. To determine the direct 

effects of IFN-γ on oligodendrocyte metabolism, wild type oligodendrocytes were treated 

with IFN-γ in vitro, which resulted in a glycolytic metabolic phenotype similar to 

oligodendrocytes from animals treated with IFN-γ in vivo. Of particular interest, mice 

lacking SHP-1, a key regulator of IFN-γ signaling in CNS glia, had high constitutive levels 

of STAT1 and decreased aerobic glycolytic rates in oligodendrocytes. Together, these 

data show that IFN-γ and SHP-1 control oligodendrocyte bioenergetics in ways 

consistent with the role of this cytokine in CNS inflammatory demyelinating disease 

including multiple sclerosis. 
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Introduction 

Oligodendrocyte bioenergetics is an area of active research, in which 

abnormalities in glycolysis or oxidative phosphorylation (OXPHOS) are implicated in 

various processes associated with oligodendrocyte and neuronal dysfunction 

(Fünfschilling et al., 2012; Saab et al., 2013; Amaral et al., 2014). Recent studies have 

demonstrated that glial cells are highly glycolytic even under normoxic conditions 

(Amaral et al., 2014; Saab et al., 2013; Fünfschilling et al., 2012). In particular, 

oligodendrocytes, which make extensive contact with axons to provide electrical 

insulation necessary for saltatory conduction, have been shown to provide lactate as 

metabolic fuel for axonal mitochondria (Lee et al., 2012). Oligodendrocytes play a vital 

role in maintaining adequate energy for axons by breaking down glucose into lactate that 

is transported from the oligodendrocyte to the axon via monocarboxylate transporters 

(MCT) (Rinholm et al., 2011). 

In addition to maintaining the high-energy demands of axons, glycolysis and 

OXPHOS are required to meet the metabolic demands of oligodendrocytes. As 

oligodendrocytes develop, these cells undergo a switch in their metabolic requirements. 

When actively myelinating, oligodendrocytes have a high bioenergetic demand and 

require both mitochondrial and glycolytic metabolism to allow for the proper synthesis of 

the myelin sheathes (Ziabreva et al., 2010; Fünfschilling et al., 2012). Adequate 

mitochondrial function is particularly important during myelination, and diminished 

oligodendrocyte mitochondrial function is associated with hypomyelination and axonal 

degeneration (Bjartmar and Trapp, 2001; Andrews et al., 2005; Mahad et al., 2009; 

Takikita et al., 2015). After myelination is complete, oligodendrocytes can maintain 

myelin by utilizing glycolysis independently from mitochondrial respiration (Fünfschilling 

et al., 2012). Recently, it has been reported that downregulation of oligodendrocyte 

glycolysis triggers process withdrawal, a mechanism oligodendrocytes utilize to 
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conserve energy in an effort to prevent apoptosis due to bioenergetics failure (Rone et 

al., 2016). Thus, both glycolytic and mitochondrial metabolism are essential in the 

context of myelination and axonal bioenergetics, and the pathways regulating these 

processes are critical for oligodendrocyte function and survival. 

Extensive research has been conducted investigating the effects IFN-γ on 

oligodendrocyte biology, however, its role on oligodendrocyte bioenergetics has not 

been described. IFN-γ is a proinflammatory cytokine that is relevant in the context of 

inflammatory demyelination since it is produced by encephalitogenic T-cells upon 

presentation of myelin antigens by macrophages (Goverman, 2009).  IFN-γ acts on 

oligodendrocytes to induce STAT1 homodimers, a major component of proinflammatory 

and bioenergetic signaling (Agresti et al., 1998; Boehm et al., 1997; Decker et al., 1997). 

Attesting to the affects of IFN-γ on oligodendrocytes and myelination, various reports 

have indicated that IFN-γ signaling is either detrimental to oligodendrocytes inducing 

apoptosis and loss of myelination, or, that IFN-γ is protective, promoting oligodendrocyte 

survival (Willenborg et al., 1996; Lin et al., 2006; Vartanian et al., 1995; Sosa et al., 

2015).  

There are multiple regulators of IFN-γ signaling that are likely to have profound 

effects on cytokine responsiveness in oligodendrocytes.  One in particular is the protein 

tyrosine phosphatase SHP-1, which has been shown to negatively regulate IFN-γ activity 

in multiple tissues and cell types (Valentino and Pierre, 2006; Shuai and Liu, 2003; Starr 

and Hilton, 1999). SHP-1 is a major regulator of IFN-γ signaling in CNS glia (Massa and 

Wu, 1996; Massa et al., 2000), however whether SHP-1 controls IFN-γ responsiveness 

in oligodendrocytes is unknown. Of particular interest in this regard, SHP-1-deficient 

(motheaten, me/me) mice display a significant degree of oligodendrocyte pathology 

(Wishcamper et al., 2001), dysmyelination (Massa et al., 2004) and astrocytosis (Horvat 
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et al., 2001), consistent with a role for SHP-1 in oligodendrocytes (Massa et al., 2000; 

Gruber et al., 2015). However, whether these changes relate to abnormal responses to 

proinflammatory cytokines and associated changes in oligodendrocyte metabolism in the 

CNS is unclear. 

The role of IFN-γ in both neuroinflammation and cellular metabolism prompted us to 

investigate its effects on oligodendrocyte bioenergetics. Our findings suggest that IFN-γ 

signaling in oligodendrocytes drives metabolic alterations that may be related to 

mechanisms of demyelinating disease including MS.  

 

Materials & Methods 

Animals 

SHP-1-deficient mice (motheaten locus, me/me) on a C3HeB/FeJLe-a/a background and 

phenotypically normal littermates (wild type, WT) were produced from heterozygous 

breeding pairs obtained from Jackson Laboratories (Bar Harbor, ME). The strain 

designation for heterozygous breeders for motheaten mice is C3FeLe.B6 a/a-Ptpn6me/J 

(stock no. 000225). Both male and female mice were used throughout studies described 

below. All animal procedures were approved by the Institutional Animal Care and Use 

Committee at SUNY Upstate Medical University in compliance with the National 

Institutes of Health Guide for Care and Use of Laboratory Animals. 

 

Isolation of Oligodendrocytes from the Mouse CNS 

Wild type and motheaten mice that were 7- or 8- days old were perfused with 20 mL of 

phosphate buffered saline (PBS) or PBS with 100µM sodium pervanadate, pH 7.4. 

Brains and spinal cords of 7- or 8-day-old wild type and motheaten mice were 

dissociated using a neural tissue dissociation kit (Miltenyi Biotec,	San Diego, CA) 
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according to the manufacturer’s instructions, and oligodendrocytes were purified using 

O4 antibody conjugated to magnetic beads. The O4-positive oligodendrocytes were 

passed through a magnetic column on a QuadroMACSTM Separator (Miltenyi Biotec, 

San Diego, CA) to remove unlabeled glia and neurons. 

 

Western Immunoblots 

Whole-cell extracts were prepared as previously described (Massa et al., 2004). Cells or 

tissues were homogenized in RIPA buffer. 50 to 100 micrograms of protein per lane was 

electrophoresed through a 10% or 12% polyacrylamide resolving gel and electroblotted 

to a polyvinylidene difluoride membrane (Millipore, Billerica, MA). Membranes were 

blocked with 5% bovine serum albumin for 1 h, and then incubated with one of the 

following primary antibodies: Y701-pSTAT1 (Cell Signaling Technology, Danvers, MA), 

total STAT1 (Cell Signaling Technology, Danvers, MA), Y705-pSTAT3 (Cell Signaling 

Technology, Danvers, MA), total STAT3 (Cell Signaling Technology, Danvers, MA), 

GAPDH (Cell Signaling Technology, Danvers, MA), or actin (Abcam Cambridge, UK), 

followed by HRP-conjugated IgG secondary antibody (DAKO Corporation, Carpinteria, 

CA). Enhanced chemiluminescence (Amersham Life Sciences, Cleveland, OH) was 

used to visualize reactive protein bands on the ChemiDOC, and quantified using the 

Image Lab software  (Bio-Rad, Hercules, CA).  

 

In Vivo Treatment of Mice with Cytokines 

P6-8 wild type and motheaten mice were injected I.P. with 100 µL of IFN-γ (R&D 

Systems, Minneapolis, MN) in PBS with 0.5% BSA at a concentration of 100U/g body 

weight. PBS with 0.5% BSA was used as a vehicle control and injected at a volume of 
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100 µL. After 24 hours of cytokine treatment, the brains and spinal cords were removed 

and the O4+ oligodendrocytes were isolated and analyzed as outlined above. 

 

In vivo Metabolic Analysis 

Oligodendrocytes freshly isolated from wild type and motheaten mouse brains and spinal 

cords were plated on Seahorse XFe96 cell culture microplates (Agilent, Santa Clara, CA) 

that were pretreated for 20 minutes with Cell-Tak (Corning Inc, Corning, NY) at a 

concentration of 3.5 µg Cell-Tak/cm2 of surface area. The oligodendrocytes were plated 

at a density of 200,000 live cells per well and incubated in 175 µL of XF Base media 

(Agilent, Santa Clara, CA) with 2mM glutamate at a pH of 7.4 for analysis of glycolysis or 

in 175 µL of XF base media (Agilent, Santa Clara, CA) with 25mM glucose, 2mM 

glutamate, and 1mM pyruvate at a pH of 7.4 for analysis of mitochondrial function. The 

cells were incubated at 37 C° for one hour and were analyzed using the Seahorse 

XFe96 Analyzer. Four cycles were performed which consisted of 3 minutes of mixing 

followed by three minutes of measuring. For measuring glycolysis, the basal extracellular 

acidification rate (ECAR) was measured in the first cycle. After the first cycle was 

completed, 25 µL of glucose was injected so that the working concentration was 10mM 

and the second cycle measured the changes in ECAR after the introduction of glucose. 

After the second cycle was completed, 25 µL of the ATPase inhibitor oligomycin was 

injected (final concentration, 2 µM). Finally, 2-deoxy-D-glucose (2-DG) was injected to a 

final concentration of 50 mM. The rate of basal glycolysis was determined by subtracting 

the ECAR before the glucose injection from the ECAR after the glucose injection. The 

glycolytic capacity was determined by subtracting the ECAR after glucose injection from 

the ECAR after the oligomycin injection.  
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For quantifying alterations in mitochondrial metabolism, the basal oxygen consumption 

rate (OCR) was measured followed by a 25 µL injection of oligomycin to give a final 

oligomycin concentration of 2µM, a second 25 µL injection of carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP) (final concentration of 2 µM), and a third 25 

µL injection of rotenone/antimycin A to give a final concentration of 0.5 µM. The basal 

mitochondrial oxygen consumption was calculated by subtracting the OCR independent 

of mitochondrial function (OCR measured after rotenone/antimycin A injection) from the 

basal OCR of the cell. The maximal mitochondrial respiration was measured by 

subtracting the OCR obtained after rotenone/antimycin A injection from the OCR after 

FCCP treatment. The mitochondrial ATP production was calculated by subtracting the 

basal oxygen consumption from the oxygen consumption after oligomycin treatment. 

Finally, the spare respiratory capacity was calculated by subtracting the OCR after 

FCCP treatment from the basal cellular OCR. The metabolic data for the 

oligodendrocytes were analyzed using the Wave software (Agilent, Santa Clara, CA). 

The cell loading was standardized to GAPDH levels in oligodendrocytes isolated from 

each group since IFN-γ treatment and genotype did not have any significant effect on 

oligodendrocyte GAPDH levels. 

 

In vitro Cytokine Treatments and Oligodendrocyte Cultures  

Oligodendrocytes from P6-P8 mice were isolated from wild type as outlined above. The 

oligodendrocytes were plated on Seahorse XFe96 cell culture microplates (Agilent, Santa 

Clara, CA) that were pretreated for 20 minutes with Cell-Tak (Corning Inc, Corning, NY) 

at a concentration of 3.5 µg Cell-Tak/cm2 of surface area. The oligodendrocytes were 

cultured for 24 hours in complete culture medium containing Dulbecco's modified Eagle's 

medium (Gibco, Carlsbad, CA), 10% FBS (Gibco, Carlsbad, CA), 100 U/mL of penicillin, 
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100 ug/mL of streptomycin, and 0.5 % BSA in PBS, 100 U/mL of IFN-γ (R&D Systems, 

Minneapolis, MN), or 100 U/mL of LIF R&D Systems, Minneapolis, MN).   

 

In vitro Metabolic Analysis 

After 24 hours in culture, the culture media was washed and replaced with 175 µL of XF 

Base media (Agilent, Santa Clara, CA) with 10mM glucose and 2mM glutamate at a pH 

of 7.4 for analysis of glycolysis or in 175 µL of XF base media (Agilent, Santa Clara, CA) 

with 25mM glucose, 2mM glutamate, and 1mM pyruvate at a pH of 7.4 for analysis of 

mitochondrial function. The cells were incubated at 37 C° for one hour and were 

analyzed using the Seahorse XFe96 Analyzer as described above. 

The rate of basal glycolysis was determined by subtracting the average ECAR after 2-

DG injection from the average ECAR after the glucose injection. The glycolytic capacity 

was determined by subtracting the average ECAR after glucose injection from the 

average ECAR after the oligomycin injection. 

The basal mitochondrial oxygen consumption was calculated by subtracting the average 

OCR independent of mitochondrial function (OCR measured after rotenone/antimycin A 

injection) from the average basal OCR of the oligodendrocytes. The maximal 

mitochondrial respiration was measured by subtracting the average OCR obtained after 

rotenone/antimycin A injection from the average OCR after FCCP treatment. The 

mitochondrial ATP production was calculated by subtracting the average basal oxygen 

consumption from the average oxygen consumption after oligomycin treatment. Finally, 

the spare respiratory capacity was calculated by subtracting the average OCR after 

FCCP treatment from the average basal cellular OCR. The metabolic data for the 

oligodendrocytes were analyzed using the Wave software (Agilent, Santa Clara, CA). 
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The cell loading was standardized using CyQUANT to account for alterations in cell 

viability. 

 

Statistical Analysis 

Histograms and tables show the mean values with standard error of the mean. The 

numbers of samples or individual mice used in each assay are indicated in the figure 

legends. For comparisons between two samples, p-values were generated using the 

unpaired Student’s t test. For comparisons between more than two samples, statistical 

significance was determined by an ANOVA. The particular test used for each experiment 

is indicated in the figure legends. A p-value of less than 0.05 was interpreted as 

statistically significant. All statistical analyses were performed using Graphpad Prism 

(version 7). 

 

Results 

In vivo Treatment with IFN-γ  Suppresses Oligodendrocyte Glycolytic and 

Mitochondrial Metabolism 

Previous studies have demonstrated that IFN-γ regulates bioenergetics in many 

cell types (Karhumaki and Helin, 1987; Su et al., 2015) and IFN-γ signaling is relevant to 

mechanisms of oligodendrocyte pathology and inflammatory demyelination in MS. Of 

particular relevance to oligodendrocyte viability and myelination is glycolytic and 

mitochondrial respiration (Rone et al., 2016). To determine the effects of IFN-γ on wild 

type mouse oligodendrocyte bioenergetics in vivo, we treated wild type mice with IFN-γ 

for 24 hours and conducted metabolic studies on freshly isolated oligodendrocytes from 

brain and spinal cord. Oligodendrocytes from mice treated with IFN-γ for 24 hours 

displayed both decreased basal aerobic glycolysis and glycolytic capacity (Figure 1A-C).  
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Moreover, oligodendrocytes from IFN-γ-treated wild type mice had significantly reduced 

parameters of mitochondrial metabolism including basal mitochondrial oxygen 

consumption, maximal mitochondrial respiration, ATP production, and spare respiratory 

capacity relative to untreated wild type mice (Fig. 2A-E). Trypan blue staining revealed 

no alterations in oligodendrocyte viability after in vivo IFN-γ treatment relative to 

oligodendrocytes isolated from untreated animals (data not shown).  Overall, we 

demonstrated that IFN-γ significantly reduced wild type oligodendrocyte glycolytic and 

mitochondrial metabolism. 

 

Direct effects of IFN-γ  on oligodendrocyte metabolism 

Based on the effects of IFN-γ on oligodendrocyte bioenergetics in vivo, we 

wanted to determine if IFN-γ was acting directly or indirectly on oligodendrocytes. To 

determine the direct effects of IFN-γ on oligodendrocyte metabolism, freshly isolated 

oligodendrocytes from brain and spinal cord were cultured for 24hr in the presence of 

IFN-γ prior to metabolic analysis. IFN-γ significantly reduced basal glycolysis and 

glycolytic capacity (Fig. 3A-C), a finding that coincided with the in vivo IFN-γ treatments 

(Fig. 1A-C). However, in contrast to in vivo treatment, in vitro treatment with IFN-γ 

moderately but significantly increased basal mitochondrial oxygen consumption (Fig. 

4A,B) and had no effect on maximal mitochondrial respiration, mitochondrial ATP 

production, or spare respiratory capacity (Fig. 4A,C-E). This suggests that IFN-γ directly 

impacts oligodendrocyte glycolysis, whereas the effects on mitochondrial function may 

be indirect, potentially involving other factor(s)/cell type(s). 
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Activation of STAT1 in oligodendrocytes by IFN-γ   

To determine whether IFN-γ treatment affects signaling in oligodendrocytes, in 

vivo and in vitro treated oligodendrocytes were analyzed by western immunoblot for 

STAT1, as IFN-γ is a major stimulus of STAT1 phosphorylation, transcriptional 

activation, and positive autoregulation (Decker et al., 1997; Boehm et al., 1997). Indeed, 

IFN-γ treatment of mice and oligodendrocyte cultures led to a significant induction of 

STAT1 tyrosine phosphorylation (Fig. 5A,C) that is known to be critical for activation of 

STAT1 transcriptional activity.  The latter was consistent with the induction of total 

STAT1 protein in oligodendrocytes by IFN-γ treatment (Fig. 5A,C). Since STAT3 

activation is also known to elicit metabolic changes (Poli and Camporeale, 2015; Meier 

and Larner, 2014; Sarafian et al., 2010; Wegrzyn et al., 2009), the levels of Y705-

pSTAT3 were quantified as a control for cross talk between signal transduction 

pathways. IFN-γ treatment in mice and in oligodendrocyte cultures elicited no significant 

changes in the induction of Y705-pSTAT3 or total STAT3 in oligodendrocytes (Fig. 

5B,D). Taken together, these data show that both in vivo and in vitro IFN-γ treatment 

activated STAT1 but had no effects on STAT3 activation in wild type oligodendrocytes. 

 

Regulation of STAT1 by SHP-1 in oligodendrocytes 

Since IFN-γ activates STAT1, we quantified the constitutive activation of STAT1 

in wild type and SHP-1 deficient (motheaten, me/me) oligodendrocytes. Regulation of 

STAT1 activity by SHP-1 in oligodendrocytes would be consistent with the regulation of 

STAT1 activity described in primary cultured astrocytes in response to IFN-γ stimulation 

(Massa and Wu, 1996). As a measure of relative STAT activity between genotypes, we 

analyzed the expression of total STAT1, as STAT1 levels reflect STAT1-mediated 

transcriptional autoregulation (Wong et al., 2002). Oligodendrocytes isolated from SHP-
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1-deficient mice expressed significantly more total STAT1 relative to oligodendrocytes of 

wild type mice indicating a significantly higher level of STAT1 activity (Fig. 6A). To the 

contrary, oligodendrocytes from SHP-1-deficient mice expressed similar amounts of 

Y705-pSTAT3 and total STAT3 compared to wild type mice (Fig. 6B). To demonstrate a 

role for SHP-1 as a negative regulator of IFN-γ signaling in oligodendrocytes, we 

quantified the induction of Y701-pSTAT1 and total STAT1 after in vitro IFN-γ treatment of 

wild type and SHP-1-deficient oligodendrocytes. After 24 hours of IFN-γ stimulation, both 

wild type and motheaten oligodendrocytes had a significant induction of both Y701-

pSTAT1 and total STAT1 (Fig. 6C-E), however IFN-γ induced significantly more Y701-

pSTAT1 and total STAT1 in SHP-1 deficient oligodendrocytes (Fig. 6C-E) demonstrating 

a direct role for SHP-1 in the regulation of the response to IFN-γ. To show specificity of 

IFN-γ mediated activation of STAT1 in oligodendrocytes (i.e. crosstalk between signaling 

pathways) we treated wild type and SHP-1 deficient oligodendrocytes in vitro with 

leukemia inhibitory factor (LIF) resulting in no observable induction of STAT1 in either 

wild type or motheaten oligodendrocytes (Fig. 6E). In sum, our data indicate a critical 

role for SHP-1 in controlling STAT1 activation in oligodendrocytes. 

 

SHP-1 controls constitutive glycolytic and mitochondrial metabolism 

After demonstrating that IFN-γ downregulates wild type oligodendrocyte 

metabolism, we wanted to determine if SHP-1 deficient oligodendrocytes displayed 

abnormally depressed metabolism since these cells exhibit an “IFN-γ- like” activation 

state with respect to STAT1 activation (David et al., 1995). This prompted us to 

investigate a possible alteration in bioenergetics in oligodendrocytes of SHP-1-deficient 

mice compared to wild type mice.  As expected, oligodendrocytes isolated from SHP-1-

deficient mice had a significant reduction in both basal glycolysis and glycolytic capacity 
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relative to wild type oligodendrocytes (Fig. 7A-C). As well, we observed a significant 

decrease in basal mitochondrial oxygen consumption, maximal mitochondrial respiration, 

ATP production, and spare respiratory capacity (Fig. 8A-E) consistent with data obtained 

with IFN-γ-treated mice (Fig. 2A-C, Fig. 3A-E). It is important to note that there were no 

differences in viability between wild type and SHP-1-deficient mouse oligodendrocytes 

as determined by trypan blue staining (data not shown). Taken together, these data 

show that loss of SHP-1 expression in oligodendrocytes led to a loss in both glycolytic 

and mitochondrial metabolism in oligodendrocytes, therefore SHP-1 expression in 

oligodendrocytes is critical for maintaining normal bioenergetics in oligodendrocytes. 

 

IFN-γ  does not affect glycolytic and mitochondrial metabolism in SHP-1-deficient 

oligodendrocytes 

Since we determined that SHP-1 controls STAT1 signaling in oligodendrocytes, 

and increased STAT1 correlated with deficient glycolytic and mitochondrial metabolism, 

we attempted to enhance the metabolic defects in SHP-1 deficient oligodendrocytes by 

treating me/me mice with IFN-γ for 24 hours. After 24 hour IFN-γ treatment, there was a 

significant induction in total STAT1 in the isolated oligodendrocytes (Fig 9A) but no 

effects on the induction of Y705-pSTAT3 (Fig. 9B). However, unlike the significant 

effects that IFN-γ on wild type oligodendrocytes in downregulation of oligodendrocyte 

metabolism (Fig. 2A-C, Fig. 3A-E), there was no effect of IFN-γ on SHP-1-deficient 

oligodendrocytes on all parameters of glycolytic and mitochondrial metabolism (Fig. 10A-

C, Fig. 11A-E). 
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Discussion 

To our knowledge, we are the first to describe a role for SHP-1 and IFN-γ in the 

regulation of oligodendrocyte glycolytic and mitochondrial metabolism as outlined in 

figure 12. IFN-γ is known to induce STAT1, and presently it is known that STAT1 impacts 

aerobic glycolytic and mitochondrial metabolism in a cell type specific manner that may 

be either inhibitory or stimulatory (Szczepanek et al., 2012; Meier and Larner, 2014; 

Wong et al., 2002; Pitroda et al., 2009; Avalle et al., 2012). Here we show in vivo 

delivery of IFN-γ impacts oligodendrocytes via downregulation of various parameters of 

glycolytic and mitochondrial metabolism. We further support this observation in SHP-1-

deficient oligodendrocytes where there is an “IFN-γ like state” since STAT1 activity is 

specifically increased and both glycolytic and mitochondrial metabolism is deficient.     

In this manuscript, we show a role for IFN-γ in the regulation of metabolism that 

may provide insight into a potential novel mechanism for the impact of IFN-γ on 

oligodendrocytes. As an approach to demonstrate the effect of oligodendrocyte glycolytic 

and mitochondrial metabolism on IFN-γ, wild type mice were treated in vivo with IFN-γ. 

IFN-γ specifically induced significant STAT1 activation in wild type mouse 

oligodendrocytes (Fig. 5A,B) that was associated with a significant decrease in all 

measures of wild type oligodendrocyte metabolism (Fig. 1A-C, Fig. 2A-E). Specifically, 

oligodendrocytes isolated from IFN-γ treated mice had significantly reduced basal 

glycolysis (Fig. 1B). Reduced oligodendrocyte basal glycolysis is thought to preserve 

survival at the cost of myelination (Rone et al., 2016). Therefore in the context of 

neuroinflammation, IFN-γ may be acting via metabolic alterations to preserve 

oligodendrocyte survival while inhibiting myelination until the inflammation has resolved.  

Glycolytic capacity was also significantly reduced in oligodendrocytes after IFN-γ 

treatment (Fig. 1C) suggesting that IFN-γ may be transcriptionally downregulating 
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glycolytic enzymes. Typically, when glycolysis is inhibited, mitochondrial metabolism will 

compensate for the defects in glycolytic metabolism (reverse Warburg effect), however 

in vivo treatment of wild type mice with IFN-γ also elicited a downregulation of all 

parameters of mitochondrial metabolism (Fig. 2A-E). The IFN-γ induced reduction of 

basal mitochondrial oxygen consumption, maximal mitochondrial respiration, 

mitochondrial ATP production, and spare mitochondrial respiratory capacity (Fig. 3A-E) 

indicates how oligodendrocytes may cope with stressful situations related to 

inflammation and/or remyelination. As the reduction of mitochondrial metabolism in the 

context of reduced glycolysis was an unexpected result, we presumed that the in vivo 

effects of IFN-γ could be indirect as many cells within the CNS express receptors for 

IFN-γ (Cannella and Raine, 2004). Therefore, we sought to look at the direct effects of 

IFN-γ on oligodendrocyte metabolism via treatment of freshly isolated oligodendrocytes 

with IFN-γ in vitro. In vitro treatments of wild type oligodendrocytes with IFN-γ elicited a 

significant reduction in basal glycolysis and glycolytic capacity (Fig. 3A-C), similar to the 

effects of in vivo IFN-γ treatment. However, unlike the in vivo treatment, in vitro 

administration of IFN-γ induced a significant increase in basal mitochondrial oxygen 

consumption and did not affect other parameters of mitochondrial metabolism (Fig. 4A-

E). This is highly indicative that the direct effects of IFN-γ in oligodendrocytes are to 

decrease glycolytic metabolism while sparing mitochondrial function. Therefore, indirect 

pathways must be contributing to downregulation of mitochondrial metabolism in vivo. 

We hypothesize that the reduction of mitochondrial metabolism can be attributed to IFN-

γ mediated upregulation of inducible nitric oxide synthase (iNOS) in astrocytes and 

microglia (Tran et al., 2000) which would increase nitric oxide (NO) levels in the CNS 

leading to nitrosylation and inhibition of the electron transport chain (ETC) (Heales et al., 

1999). Since oligodendrocytes provide a major energy source to axons in the form of 
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lactate transferred via MCT channels (Fünfschilling et al., 2012), IFN-γ downregulation of 

oligodendrocyte mitochondrial metabolism in the context of reduced glycolysis may be a 

mechanism to augment lactate levels for use in axonal metabolism under stressful 

conditions. 

To verify that IFN-γ was signaling in oligodendrocytes, STAT1 was used as a 

marker of IFN-γ signaling. STAT1 transcriptionally autoregulates its own expression 

(Wong et al., 2002) and thus increased total STAT1 in IFN-γ treated wild type 

oligodendrocytes coincides with increased Y701-pSTAT1 (Fig. 5A,B). Throughout this 

study activated STAT3 (Y705-pSTAT3) was used as a control since “cross-talk” between 

IFN-γ induced STAT1 signaling may occur via SOCS3 mediated downregulation of 

Y705-STAT3. This was important to show specificity for IFN-γ signaling in 

oligodendrocytes, especially in the context of SHP-1 deficiency. Throughout this study, 

we observed a strong correlation between the induction of STAT1 and metabolic defects 

in oligodendrocytes. Therefore it is feasible that IFN-γ may be exerting its effects on 

oligodendrocyte metabolism through STAT1 transcriptional activity. Metabolic regulation 

by STAT1 has been previously described in other cell types and it is feasible that this 

may be the mechanism behind IFN-γ induced metabolic alterations of oligodendrocytes 

(Sisler et al., 2015; Pitroda et al., 2009; Hiroi et al., 2009; Ramana et al., 2000; David et 

al., 1995). 

Oligodendrocytes from SHP-1-deficient (motheaten, me/me) mice were analyzed 

since SHP-1 is a major negative regulator of IFN-γ signaling in CNS glia (Massa and Wu, 

1996). Oligodendrocytes isolated from SHP-1-deficient mice had significantly higher 

constitutive STAT1 activation (Fig. 6A), but no significant differences in STAT3 activation 

compared to those of wild type mice (Fig. 6B). Previous research has determined that 

SHP-1 deficient cells have deranged IFN signaling and therefore respond to IFN-α and 
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IFN-β the same way they respond to IFN-γ with increased STAT1 homodimer activation 

(Avalle et al., 2012). This makes it highly likely that the elevated STAT1 in SHP-1 

deficient oligodendrocytes represents STAT1 in an “IFN-γ like state”. Further, the 

induction of Y701-pSTAT1 and total STAT1 after IFN-γ treatment were significantly 

higher in SHP-1 deficient oligodendrocytes relative to IFN-γ treated wild type 

oligodendrocytes (Fig. 6C-E), thus demonstrating a direct role for SHP-1 controlling IFN-

γ signaling in oligodendrocytes. High STAT1 correlated with reduced parameters of 

glycolytic and mitochondrial metabolism in SHP-1 deficient oligodendrocytes (Fig. 7A-C, 

Fig. 8A-E) and recapitulated the metabolic defects described in wild type 

oligodendrocytes treated with IFN-γ (Fig. 1A-C, Fig. 2A-E). Surprisingly, IFN-γ did not 

have any effects on glycolytic or mitochondrial metabolism in oligodendrocytes isolated 

from SHP-1 deficient mice (Fig. 10A-C, Fig. 11A-E) even though it significantly increased 

total STAT1 expression (Fig. 9A). We attribute this unexpected result to the “IFN-γ like 

state” already established by the significantly higher STAT1 levels in SHP-1 deficient 

oligodendrocytes constitutively (Fig. 4). Therefore, SHP-1 deficient oligodendrocytes 

may be maximally metabolically repressed rendering the excess total STAT1 induced by 

IFN-γ ineffective in further reducing metabolism.     

Defects in glycolytic and mitochondrial metabolism can cause deficits in 

myelination since lipid synthesis is highly dependent upon metabolites generated by 

both glycolysis and the mitochondria. We have previously demonstrated that white 

matter tracts in the CNS of SHP-1-deficient mice display dysmyelination and 

oligodendrocyte abnormalities (Massa et al., 2000; Massa et al., 2004). We propose that 

defects in SHP-1-deficient oligodendrocyte glycolytic and mitochondrial metabolism are 

major factors driving dysmyelination in these mice. Oligodendrocytes are dependent on 

adequate metabolic function to properly myelinate axons and maintain myelin sheathes 
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after myelination has occurred (Fünfschilling et al., 2012). Thus, the study of glycolytic 

and mitochondrial metabolism is relevant for a better understanding of demyelinating 

diseases. Further, adequate oligodendrocyte glycolytic function is required to maintain 

axonal energy demands because lactate, a byproduct of glycolysis in oligodendrocytes, 

is necessary to support axonal mitochondrial oxidative phosphorylation (Lee et al., 

2012). Therefore, oligodendrocyte metabolic dysfunction may also contribute to axonal 

energy failure and eventually axonal degeneration. Understanding how SHP-1 regulates 

metabolic function in oligodendrocytes may further explain how these metabolic 

derangements occur.  

Understanding how proinflammatory cytokines such as IFN- γ modulate 

metabolism is very relevant in the context of demyelinating diseases. Heretofore, IFN-γ 

was thought to induce oligodendrocyte pathology and demyelination by invoking a 

proinflammatory process that includes mobilization of myeloid cells against myelin and 

production of noxious molecules that damage oligodendrocytes (Corbin et al., 1996; 

Horwitz et al., 1997). We propose that IFN-γ may act directly on oligodendrocytes to alter 

bioenergetics in way not compatible with their supportive functions for axons.  

Alternatively, many groups have reported that IFN-γ is protective in the context 

demyelinating processes such as EAE, which may be attributed to the ability of IFN-γ to 

downregulate oligodendrocyte metabolism in such a way to maintain oligodendrocyte 

survival (Rone et al., 2016; Willenborg et al., 1996). Thus, the present observations 

suggest a novel manner by which IFN-γ may exert effects on CNS white matter by 

altering oligodendrocyte bioenergetics in ways that affect either oligodendrocyte viability 

or pathology in a context-specific manner. 
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Figure 1 

 

Figure 1: Constitutive and in vivo IFN-γ treated wild type mouse oligodendrocyte 
glycolytic metabolism. A) Seahorse extracellular flux analyzer graph depicting the 
change in extracellular acidification (ECAR) over time for oligodendrocytes isolated from 
untreated wild type (WT) mice, and from mice injected IP with IFN-γ for 24 hours (WT 
n=5, WT IFN-γ n=7). B&C) Scatter plot graphs depicting B) basal glycolysis (p=0.0013; 
WT n=5, WT IFN-γ n=7) and C) glycolytic capacity (p=0.0005; WT n=5, WT IFN-γ n=7) of 
oligodendrocytes from untreated WT mice and WT mice treated with IFN-γ. Graphs 
depict oligodendrocytes isolated from the brains and spinal cords of P6-P8 mice, 
standardized to GAPDH levels to control for cell numbers between samples. Each data 
point represents oligodendrocytes derived from a single mouse and significance was 
determined by unpaired one-tailed Student’s t-test (**p<0.01, ***p<0.001).  
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Figure 2 

  

Figure 2: Constitutive and in vivo IFN-γ treated wild type oligodendrocyte mitochondrial 
metabolism. A) Seahorse extracellular flux analyzer graph depicting the oxygen 
consumption rate (OCR) over time for oligodendrocytes isolated from untreated wild type 
(WT) mice and WT mice treated with IFN-γ (WT n=5, WT IFN-γ n=7). B-E) Scatter plot 
graphs depicting B) basal mitochondrial oxygen consumption (p=0.0005; WT n=5, WT 
IFN-γ n=7), C) maximal mitochondrial respiration (p=0.0012; WT n=5, WT IFN-γ n=7), D) 
ATP production (p=0.0044; WT n=5, WT IFN-γ n=7), and E) spare respiratory capacity 
(p=0.0114; WT n=5, WT IFN-γ n=7) of oligodendrocytes isolated from untreated and 
IFN-γ treated mice. Data points depict oligodendrocytes isolated from the brains and 
spinal cords from individual animals standardized to GAPDH levels to control for cell 
numbers. Statistical significance was determined by unpaired one-tailed Student’s t-test 
(*p<0.05, **p<0.01, ***p<0.001). 
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Figure 3 

 

Figure 3: Glycolytic metabolism of wild type oligodendrocytes treated in vitro with IFN-γ. 
A) Seahorse extracellular flux analyzer graph depicting the change in extracellular 
acidification (ECAR) over time for oligodendrocytes isolated from wild type (WT) mice 
and treated in vitro with PBS (control) or 100 U/ml IFN-γ for 24 hours (WT n=8, WT IFN-γ 
n=9). B&C) Scatter plot graphs depicting B) basal glycolysis (p=0.0016; WT n=8, WT 
IFN-γ n=9) and C) glycolytic capacity (p=0.0360; WT n=8, WT IFN-γ n=9) of 
oligodendrocytes from WT mice treated in vitro with PBS or IFN-γ. Graphs depict 
oligodendrocytes isolated from the brains and spinal cords of P7 mice, standardized to 
CyQUANT to control for cell number between samples. Each data point represents 
individual replicates of oligodendrocytes pooled together from multiple WT mice and 
significance was determined by unpaired one-tailed Student’s t-test (*p<0.05, **p<0.01).   
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Figure 4 

 

Figure 4: Mitochondrial metabolism of wild type oligodendrocytes treated in vitro with 
IFN-γ. A) Seahorse extracellular flux analyzer graph depicting the oxygen consumption 
rate (OCR) over time for oligodendrocytes isolated from wild type (WT) mice treated in 
vitro with either PBS (control) or IFN-γ for 24 hours (WT n=4, WT IFN-γ n=4). B-E) 
Scatter plot graphs depicting B) basal mitochondrial oxygen consumption (p=0.0268; WT 
n=5, WT IFN-γ n=5), C) maximal mitochondrial respiration (p=0.1650; WT n=4, WT IFN-γ 
n=5), D) ATP production (p=0.2075; WT n=5, WT IFN-γ n=5), and E) spare respiratory 
capacity (p=0.3299; WT n=4, WT IFN-γ n=4) of oligodendrocytes isolated from WT mice 
treated in vitro with PBS or WT IFN-γ. Graphs depict oligodendrocytes isolated from the 
brains and spinal cords of P7 mice, standardized to CyQUANT to control for cell number 
between samples. Each data point represents individual replicates of oligodendrocytes 
pooled together from multiple WT mice and significance was determined by unpaired 
one-tailed Student’s t-test (*p<0.05). 
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Figure 5 

 

Figure 5: Constitutive and IFN-γ-inducible STAT1 and Y705-pSTAT3 expression in wild type 
oligodendrocytes. A) Bar graphs and representative western blots showing Y701-pSTAT1 band density 
relative to actin (p=0.0064; WT n=3, WT IFN-γ n=3) and total STAT1 relative to GAPDH in oligodendrocytes 
isolated from untreated wild type (WT) and IFN-γ treated WT mice (p=0.0043; WT n=3, WT IFN-γ n=3). The 
lysates analyzed for Y701-pSTAT1 were perfused with 100mM pervanadate (PV) to preserve 
phosphorylated STAT1, which is highly labile in fresh tissues. B) Bar graph and representative western blot 
depicting Y705-pSTAT3 band density relative to GAPDH in oligodendrocytes isolated from untreated WT 
and IFN-γ treated WT mice (p=0.1693; WT n=9, WT IFN-γ n=3). C) Bar graphs and representative western 
blot showing Y701-pSTAT1 band density relative to actin (p=0.0001; WT n=3, WT IFN-γ n=3) and total 
STAT1 relative to actin in oligodendrocytes isolated from WT mice and treated in vitro with IFN-γ (p=0.0016; 
WT n=3, WT IFN-γ n=3). D) Bar graph and representative western blot depicting Y705-pSTAT3 band density 
relative to actin in oligodendrocytes isolated from WT mice and treated in vitro with IFN-γ (p=0.4870; WT 
n=3, WT IFN-γ n=3). Each data point represents oligodendrocytes derived from separate mice. Statistical 
significance was determined by unpaired one-tailed Student’s t-test (**p<0.01, ***p<0.001). 
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Figure 6 

 

Figure 6:	 Constitutive and IFN-γ-inducible STAT1 and Y705-pSTAT3 expression in wild 
type and SHP-1-deficient oligodendrocytes. A) Bar graphs and representative western 
blot showing STAT1α and STAT1β band density relative to actin in wild type (WT) and 
oligodendrocytes from SHP-1 deficient (motheaten, me/me) mice (STAT1α: p=0.0306; 
WT n=4, me/me n=4; STAT1β: p=0.0309; WT n=4, me/me n=4). B) Bar graph and 
representative western blot depicting Y705-pSTAT3 band density relative to actin in 
oligodendrocytes isolated from WT and me/me mice (p=0.1157; WT n=4, me/me n=3). 
C&D) Bar graphs and E) representative western blots showing inducible C) Y701-
pSTAT1 and D) total STAT1 relative to actin in WT and me/me oligodendrocytes treated 
in vitro with either IFN-γ or leukemia inhibitory factor (LIF) relative to untreated 
oligodendrocytes. Statistical significance was determined by Student’s t-test or a one-
way ANOVA with Tukey’s multiple comparisons test  (*p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001). 
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Figure 7 

 

Figure 7: Constitutive wild type and SHP-1-deficient mouse oligodendrocyte glycolytic 
metabolism. A) Seahorse extracellular flux analyzer graph depicting the change in 
extracellular acidification (ECAR) over time for oligodendrocytes isolated from wild type 
(WT) and SHP-1 deficient (motheaten, me/me) mice (WT n=5, me/me n=5). B & C) 
Scatter plot graphs depicting B) basal glycolysis (p=0.0063; WT n=5, me/me n=5) and C) 
glycolytic capacity (p=0.0284; WT n=5, me/me n=5) from freshly isolated 
oligodendrocytes isolated from WT and me/me mice. Data points are representative of 
oligodendrocytes isolated from five separate P6-P8 mice and were standardized to 
GAPDH levels to control for cell numbers between samples. Statistical significance was 
determined by unpaired one-tailed Student’s t-test (*p<0.05, **p<0.01).  
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Figure 8 

 

Figure 8: Constitutive wild type and SHP-1-deficient mouse oligodendrocyte 
mitochondrial metabolism. A) Seahorse extracellular flux analyzer graph depicting the 
oxygen consumption rate (OCR) over time for oligodendrocytes isolated from untreated 
wild type (WT) mice and SHP-1 deficient (motheaten, me/me) mice (WT n=4, me/me 
n=5). B-E) Scatter plot graphs depicting B) basal mitochondrial oxygen consumption 
(p=0.0077; WT n=5, me/me n=6), C) maximal mitochondrial respiration (p=0.0043; WT 
n=5, WT IFN-γ n=6), D) ATP production (p=0.0071; WT n=5, WT IFN-γ n=6), and E) 
spare respiratory capacity (p=0.0051; WT n=5, WT IFN-γ n=6) of oligodendrocytes 
isolated from WT and me/me mice. Data points depict oligodendrocytes isolated from 
the brains and spinal cords of individual animals standardized to GAPDH levels to 
control for cell numbers between samples. Statistical significance was determined by 
unpaired one-tailed Student’s t-test (**p<0.01). 
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Figure 9 

 

Figure 9: Total STAT1 and Y705-pSTAT3 expression in oligodendrocytes from SHP-1-
deficient mice treated in vivo with IFN-γ. A) Bar graph and representative western blot 
showing total STAT1 band density relative to GAPDH in oligodendrocytes isolated from 
untreated and IFN-γ treated SHP-1-deficient (motheaten, me/me) mice (p=0.0284; 
me/me n=4, me/me IFN-γ n=4). B) Bar graph and representative western blot depicting 
Y705-pSTAT3 relative to GAPDH in oligodendrocytes isolated from untreated me/me 
mice and IFN-γ-treated me/me mice (p=0.4489; me/me n=5, me/me IFN-γ n=3). Data 
points depict oligodendrocytes isolated from the brains and spinal cords of individual 
animals. Statistical significance was determined by unpaired one-tailed Student’s t-test 
(*p<0.05). 
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Figure 10 

 

Figure 10: Constitutive and in vivo IFN-γ-treated SHP-1-deficient oligodendrocyte 
glycolytic metabolism. A) Seahorse extracellular flux analyzer graph depicting the 
change in extracellular acidification (ECAR) over time for oligodendrocytes isolated from 
untreated SHP-1-deficient (motheaten, me/me) mice and IFN-γ me/me mice (me/me 
n=4, me/me IFN-γ n=4). B&C) Scatter plot graphs depicting B) basal glycolysis 
(p=0.2572; me/me n=3, me/me IFN-γ n=4) and C) glycolytic capacity (p=0.3780; me/me 
n=3, me/me-γ n=4) of oligodendrocytes from untreated me/me mice and me/me mice 
treated with IFN-γ. Graphs depict oligodendrocytes isolated from the brains and spinal 
cords of P7-P8 mice, standardized to GAPDH levels to control for cell numbers between 
samples. Each data point represents oligodendrocytes derived from a single mouse and 
significance was determined by unpaired one-tailed Student’s t-test.   
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Figure 11 

 

Figure 11: Constitutive and in vivo IFN-γ-treated SHP-1-deficient oligodendrocyte 
mitochondrial metabolism. A) Seahorse extracellular flux analyzer graph depicting the 
oxygen consumption rate (OCR) over time for oligodendrocytes isolated from untreated 
SHP-1 deficient (motheaten, me/me) mice, and me/me mice treated with IFN-γ (me/me 
n=4, me/me IFN-γ n=4). B-E) Scatter plot graphs depicting B) basal mitochondrial 
oxygen consumption (p=0.4188; me/me n=4, me/me IFN-γ n=4), C) maximal 
mitochondrial respiration (p=0.3649; me/me n=4, me/me IFN-γ n=4), D) ATP production 
(p=0.2879; me/me n=4, me/me IFN-γ n=4), and E) spare respiratory capacity (p=0.2563; 
me/me n=4, me/me IFN-γ n=4) of oligodendrocytes isolated from untreated and IFN-γ 
treated me/me mice. Data points depict oligodendrocytes isolated from brains and spinal 
cords of individual P7-P8 mice standardized to GAPDH levels to control for cell numbers 
between samples. Statistical significance was determined by unpaired one-tailed 
Student’s t-test. 
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Figure 12 

 

Figure 12: Schematic diagram of potential pathways by which IFN-γ and SHP-1 regulate 
oligodendrocyte glycolytic and mitochondrial metabolism. In vivo action of IFN-γ or SHP-
1 deficiency in oligodendrocytes leads to heightened STAT1 activity that correlates with 
reduced glycolysis. Reduced glycolysis would reduce the amount of pyruvate produced, 
however, mitochondrial metabolism is also reduced in sparing pyruvate and lactate for 
use in axonal mitochondria metabolism via transfer through monocarboxylate 
transporters (MCT) MCT1 and MCT2 channels located on the myelin membrane and 
axonal membrane respectively (Rinholm et al., 2011; Fünfschilling et al., 2012). Direct 
signaling of IFN-γ on oligodendrocyte in vitro results in reduced glycolysis, however we 
propose that mitochondrial metabolism is reduced by other pathways stimulated by IFN-γ 
in vivo..  One likely indirect effect of IFN-γ on oligodendrocytes only seen in vivo is the 
induction of inducible nitric oxide synthase (iNOS) by microglia or astrocytes which then 
secrete NO in the vicinity of oligodendrocytes (Tran et al., 2000). NO is known to 
downregulate mitochondrial respiration (Heales et al., 1999) which may preserve lactate 
levels to mitigate direct effects of IFN-γ on glycolysis in oligodendrocytes and preserve 
axonal function during inflammatory disease. 
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Abstract 

SHP-1 is a protein tyrosine phosphatase that is a major negative regulator of 

proinflammatory and growth factor signaling in hematopoietic cells. Furthermore, SHP-1 

deficient (motheaten, me/me) mice are susceptible to macrophage-mediated 

demyelination after infection with Theiler's murine encephalomyelitis virus (TMEV). We 

have been particularly interested in ways by which SHP-1 confers susceptibility to TMEV 

mediated demyelination, and in how SHP-1 functions as a negative regulator of 

inflammation.  There is emerging evidence that metabolism in leukocytes drives 

proinflammatory/anti-inflammatory phenotypes that are relevant in the context of 

inflammation and immune regulation. Although this does not apply to every 

circumstance, the general thought is that increased glycolysis is associated with effector 

function, proliferation, and proinflammatory cytokine production, whereas increased 

dependence on mitochondrial metabolism is associated with anti-inflammatory 

phenotypes and long-lived memory cells. In this chapter we sought to characterize a 

novel role for SHP-1 in the regulation of GM-CSF- (M1-like) and M-CSF- (M2-like) 

derived macrophage metabolism following TMEV infection or treatment with viral double-

stranded RNA to further elucidate pathways driving macrophage-mediated 

demyelination induced by TMEV infection. 
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Introduction 

Recently, there has been a renaissance in the field of bioenergetics relating to 

immunology, in particular, regarding the role of glycolysis and mitochondrial respiration 

in enhancing or inhibiting inflammatory processes. This reemerging field known as 

immunometabolism has provided investigators with insights into new mechanisms that 

both drive inflammation, and have been demonstrated as being essential for regulating 

leukocyte function.  

In general, there is a dependence on glycolytic metabolism for the activation of 

most leukocyte populations, where mitochondrial metabolism drives the formation of 

memory populations as well as anti-inflammatory phenotypes of macrophages (O'Neill et 

al., 2016). At first, the switch of activated leukocytes to glycolytic metabolism seems 

counterintuitive, since activated leukocytes consume large amounts of energy, and the 

most efficient way to produce ATP is via oxidative phosphorylation (OXPHOS). 

However, when leukocytes are activated, they require energy quickly for processes that 

include cytokine/chemokine production as well as cell division. For these purposes, 

glycolysis is much better suited as a primary energy source for the following reasons: 1) 

glycolysis generates ATP at a much faster rate relative to OXPHOS even though 

glycolysis is less efficient at making ATP (2 ATP per glucose vs 29 ½ from OXHPOS), 

and 2), metabolites from glycolysis can be utilized in the pentose phosphate pathway 

(PPP) to form de novo nucleotides for DNA replication and from NADPH which is an 

important co-factor for reactive oxygen species (ROS) production and antioxidants. In 

contrast, mitochondrial metabolism generates more ATP per glucose that is beneficial to 

memory populations of leukocytes that are long-lived. This also enhances β-oxidation 

allowing for the consumption of fatty acids that has been shown to correlate with the 

suppression of chemokine/cytokine production (Malandrino et al., 2015). 
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We have particular interest in metabolic alterations of macrophages associated 

with inflammatory demyelinating diseases such as multiple sclerosis (MS). MS is a 

debilitating demyelinating disease characterized by sclerotic inflammatory demyelination 

of the white matter tracts in the CNS. MS is in part thought to be driven by autoreactive 

leukocytes that induce a state of neuroinflammation due to the targeting and destruction 

of myelin (Weiner, 2004; Roach, 2004). Regardless of the adaptive immune nature of 

MS, macrophages are known to be a major mediator of demyelination.. Currently there 

is no cure for MS, however animal models where demyelination is artificially induced 

have been developed to better understand demyelinating processes in an effort to 

develop novel therapeutic approaches for the treatment of MS. In this chapter we will 

focus on the Theiler's murine encephalomyelitis virus (TMEV) model of inflammatory 

demyelination. TMEV is a picornavirus (Theiler, 1937) that results in demyelination upon 

infection of susceptible strains of mice (Oleszak et al., 2004). Susceptible strains 

including SJL and C3H cannot fully clear TMEV from the CNS, resulting in viral 

persistence in oligodendrocytes which results in infiltration of mononuclear cells and 

CD4+ and CD8+ T cells into the CNS. This in turn induces a chronic demyelinating 

process that begins around 30 to 40 days post infection and drives the development of 

demyelinating lesions (Dal Canto et al., 1996). In the TMEV model of demyelination, 

many groups have demonstrated that macrophages play a major role in the 

pathogenesis (Bennett et al., 2007; Clatch et al., 1986; Lipton and Jelachich, 1997; 

Rosenthal et al., 1986; Rossi et al., 1997; Schlitt et al., 2003; Christophi et al., 2009), 

making this model useful for studying macrophage functions in demyelination. 

To focus on the role of the role of macrophages in TMEV induced demyelination, 

we inoculate SHP-1 deficient (motheaten, me/me) mice with TMEV as it results in a 

rapid acute inflammatory mediated demyelinating disease that begins a few days after 

infection (Massa et al., 2002; Christophi et al., 2009). Due to the rapid time course of 
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TMEV-induced demyelination in SHP-1-deficient mice, the adaptive immune system 

plays a minimal role and the demyelination is mostly mediated by the innate immune 

system.  SHP-1 is a protein tyrosine phosphatase that functions as a major negative 

regulator of inflammation since it binds and dephosphorylates tyrosine residues on 

cytokine and macrophage growth factor receptors resulting in the inhibition of 

inflammation (Zhang et al., 2000).  Motheaten mice also have systemic inflammation and 

are highly susceptible to autoimmune diseases resulting from the deregulation of the 

immune system (Green and Shultz, 1975). Specifically, we are interested in why the loss 

of SHP-1 in me/me mice leads to a rapid, acute, inflammatory-mediated demyelinating 

disease in TMEV induced demyelination (Massa et al., 2002; Christophi et al., 2009). 

Resistant strains of mice that express adequate levels of SHP-1 (at least 50% relative to 

wild type) are resistant to acute demyelinating disease since they are able to effectively 

clear TMEV from the CNS and incur no associated demyelination (Massa et al., 2002).  

In the context of SHP-1 deficiency, we determined that macrophages are essential for 

TMEV induced demyelination since clodronate liposome depletion of macrophages in 

me/me mice resulted in no demyelination after TMEV infection (Christophi et al., 2009). 

This lack of phenotype provides strong evidence that macrophages play an essential 

role in the context of TMEV induced demyelination. In the first two chapters we 

demonstrated a direct role for SHP-1 in oligodendrocyte function and metabolism. In this 

chapter, we will investigate the role of SHP-1 in the regulation of macrophage 

metabolism constitutively and after TMEV infection, which may reveal a potential 

mechanism for why SHP-1 deficiency in the me/me mice leads to excessive constitutive 

macrophage-mediated inflammation and confers susceptibility to TMEV induced 

demyelination. 
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Materials	and	Methods	
	
Animals 

SHP-1-deficient mice (motheaten locus, me/me) on a C3HeB/FeJLe-a/a background and 

phenotypically normal littermates (wild type, WT) were produced from heterozygous 

breeding pairs obtained from Jackson Laboratories (Bar Harbor, ME). The strain 

designation for heterozygous breeders for motheaten mice is C3FeLe.B6 a/a-Ptpn6me/J 

(stock no. 000225). Both male and female mice were used throughout the studies 

described below. All animal procedures were approved by the Institutional Animal Care 

and Use Committee at SUNY Upstate Medical University in compliance with the National 

Institutes of Health Guide for Care and Use of Laboratory Animals. 

 

Bone Marrow-Derived Macrophages 

Bone marrow-derived macrophages were prepared by harvesting cells from femurs and 

tibias of two-to-three week old wild type mice. Cells were cultured in complete medium 

containing 10% fetal bovine serum (FBS; Tissue Culture Biologicals, Long Beach, CA; 

No. 101), 1% Penicillin Streptomycin (Corning Cellgro, Manassas, VA; No. 30-02 CI) in 

DMEM with 4.5g/L glucose, L-glutamine and sodium pyruvate (Corning Cellgro, 

Manassas, VA; No. 10-013-CV). Medium was supplemented with 20ng/ml recombinant 

mouse M-CSF or GM-CSF (R&D Systems, Minneapolis, MN; No. 416-ML-050 or 415-

ML-050, respectively), and cells were differentiated into macrophages for 5 days at 

37°C. 

 

Macrophage TMEV Infections 

BeAn TMEV was obtained from ATCC (Manassas, VA; No. VR-995) and propagated in 

BHK-21 cells (ATCC; No. CCL-10). Plaque assays were performed to determine viral 

titer as plaque-forming units per milliliter (PFU/ml). Bone marrow-derived macrophages 
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were infected with BeAn TMEV at an MOI of 10 or mock infected in DMEM containing 

4.5g/L glucose, L-glutamine and sodium pyruvate (Corning Cellgro, Manassas, VA; No. 

10-013-CV), 10% fetal bovine serum (FBS; Tissue Culture Biologicals, Long Beach, CA; 

No. 101), and 1% Penicillin Streptomycin (Corning Cellgro, Manassas, VA; No. 30-02 CI) 

with either 20ng/ml recombinant mouse M-CSF or GM-CSF (R&D Systems, 

Minneapolis, MN) for 24 hours at 37°C.  

 

Treatment of Macrophages with Poly I:C or IFN-γ  

Bone marrow-derived macrophages were prepared as outlined above. At day 5, the 

macrophages were re-plated on Seahorse XFe96 cell culture microplates (Agilent, Santa 

Clara, CA). The bone-marrow derived macrophages were cultured for 24 hours in 

complete medium containing Dulbecco's modified Eagle's medium (Gibco, Carlsbad, 

CA), 10% FBS (Gibco, Carlsbad, CA), 100 U/mL of penicillin, 100 ug/mL of streptomycin 

containing either 20ng/ml recombinant mouse M-CSF or GM-CSF (R&D Systems, 

Minneapolis, MN) and treated with 0.5 % BSA in PBS, 50 µg/mL of poly I:C (InvivoGen,	

San Diego, CA), or 100 U/mL of IFN-γ (R&D Systems, Minneapolis, MN).  

 

Metabolic Analysis 

GM-CSF and M-CSF differentiated bone marrow cells were re-plated at day 5 at a 

density of 60,000 cells per well onto 96-well seahorse plates and cultured for two days: 

one day to attach and one day for cytokine treatment. On day 7 the media was changed 

to XF Base media (Agilent, Santa Clara, CA) with 10mM glucose and 2mM glutamate at 

a pH of 7.4 for analysis of glycolysis or in 175 µL of XF base media (Agilent, Santa 

Clara, CA) with 10mM glucose, 2mM glutamate, and 1mM pyruvate at a pH of 7.4 for 
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analysis of mitochondrial function. The plates were incubated at 37 °C for one hour and 

were analyzed using the Seahorse XFe96 Analyzer. 

Four cycles were performed which consisted of three minutes of mixing followed by 

three minutes of measuring. For measuring glycolysis, the basal extracellular 

acidification rate (ECAR) was measured in the first cycle. After the first cycle was 

completed, 25 µL of glucose was injected to form a working concentration of 10mM, and 

the second cycle measured the changes in ECAR after the introduction of glucose. After 

the second cycle was completed, 25 µL of the ATPase inhibitor oligomycin was injected 

(final concentration, 2 µM). Finally, 2-deoxy-D-glucose (2-DG) was injected to a final 

concentration of 50 mM. The rate of basal glycolysis was determined by subtracting the 

ECAR before the glucose injection from the ECAR after the glucose injection. The 

glycolytic capacity was determined by subtracting the ECAR after glucose injection from 

the ECAR after the oligomycin injection. 

  

For quantifying alterations in mitochondrial metabolism, the basal oxygen consumption 

rate (OCR) was measured followed by a 25 µL injection of oligomycin to give a final 

oligomycin concentration of 2µM, a second 25 µL injection of carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP) (final concentration of 2 µM), and a third 25 

µL injection of rotenone/antimycin A to give a final concentration of 0.5 µM. The basal 

mitochondrial oxygen consumption was calculated by subtracting the OCR independent 

of mitochondrial function (OCR measured after rotenone/antimycin A injection) from the 

basal OCR of the cell. The maximal mitochondrial respiration was measured by 

subtracting the OCR obtained after rotenone/antimycin A injection from the OCR after 

FCCP treatment. The mitochondrial ATP production was calculated by subtracting the 

basal oxygen consumption from the oxygen consumption after oligomycin treatment. 
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Finally, the spare respiratory capacity was calculated by subtracting the OCR after 

FCCP treatment from the basal cellular OCR. The metabolic data for the macrophages 

were analyzed using the Wave software (Agilent, Santa Clara, CA). The cell loading was 

standardized using CyQUANT to account for alterations in cell viability. 

 

Statistical Analysis 

Histograms and tables show the mean values with standard error of the mean. The 

numbers of samples or individual mice used in each assay are indicated in the figure 

legends. For comparisons between two samples, p-values were generated using the 

unpaired Student’s t test. For comparisons between more than two samples, statistical 

significance was determined by an ANOVA. The particular test used for each experiment 

is indicated in the figure legends. A p-value of less than 0.05 was interpreted as 

statistically significant. All statistical analyses were performed using Graphpad Prism 

(version 7). 

 
 
Results 

The regulation of constitutive macrophage metabolism by SHP-1 

SHP-1 deficient (motheaten, me/me) mice are highly susceptible to 

autoimmune/proinflammatory processes and we have previously demonstrated a role for 

macrophages in TMEV-induced demyelinating disease (Christophi et al., 2009; Massa et 

al., 2002). We therefore sought to characterize the ways that SHP-1 regulates 

metabolism, as high glycolytic rate is associated with activated and proinflammatory (M1 

like) macrophages and elevated mitochondrial metabolism is associated with M2 like 

macrophages. When we investigated basal glycolytic rates of macrophages 

differentiated in GM-CSF (M1 like) or M-CSF (M2 like), we determined that WT 

macrophages differentiated in GM-CSF have significantly higher basal glycolysis and 
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higher glycolytic capacity relative to M-CSF-derived WT macrophages (Fig. 1A-C). 

Surprisingly, this was not the case with me/me macrophages as there was no difference 

in glycolytic parameters between GM-CSF- and M-CSF- differentiated macrophages 

(Fig. 1A-C). Furthermore, there were no significant differences between GM-CSF-

differentiated WT and me/me macrophages or M-CSF-differentiated WT and me/me 

macrophages (Fig. 1A-C). Overall, me/me macrophages treated with GM-CSF have 

slightly lower (not significant) glycolytic parameters and me/me macrophages treated 

with M-CSF have slightly higher (not significant) glycolytic parameters resulting in no 

significant difference between the two groups (Fig 1A-C). 

When various parameters of mitochondrial metabolism were assessed in WT and 

me/me macrophages, GM-CSF-differentiated WT macrophages had significantly higher 

maximal mitochondrial respiration, mitochondrial ATP production, and spare respiratory 

capacity; however, even though basal mitochondrial oxygen consumption was 

increased, it was not significantly higher (Fig. 2A-E). SHP-1 had no significant effects on 

mitochondrial metabolism in macrophages differentiated with M-CSF medium (Fig. 2A-

E). Interestingly, GM-CSF-derived me/me macrophages had significantly higher 

parameters of mitochondrial metabolism relative to both WT and me/me M-CSF-

differentiated macrophages (Fig. 2A-E).  

 

The effects of SHP-1 on TMEV mediated alterations of macrophage metabolism    

Previously we have demonstrated that me/me C3H mice are susceptible to 

TMEV mediated demyelinating disease where WT mice are resistant (Massa et al., 

2002; Christophi et al., 2009). Furthermore, we have determined that TMEV induced 

demyelination in me/me mice is dependent upon the presence of macrophages in the 

CNS as clodronate liposome depletion of macrophages resulted in no TMEV induced 

demyelination in me/me mice (Christophi et al., 2009). We therefore hypothesized that 
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TMEV impacts macrophage metabolism and that those effects would be exacerbated in 

macrophages of mice lacking SHP-1. GM-CSF-differentiated WT macrophages infected 

with TMEV at an MOI of 10 for 24 hours were analyzed for alterations in glycolytic and 

mitochondrial metabolism. After 24 hours, TMEV had no significant effects on basal 

glycolysis or glycolytic capacity, however the rate of basal glycolysis trended downwards 

after infection (Fig. 3A-C). There was also an increase in basal mitochondrial oxygen 

consumption and mitochondrial ATP production, a significant decrease in spare 

respiratory capacity, and a slight decrease in maximal mitochondrial respiration (not 

significant) (Fig. 4A-E). GM-CSF-differentiated me/me macrophages infected with TMEV 

at an MOI of 10 for 24 hours had significantly increased levels of basal glycolysis and 

glycolytic capacity (Fig. 5A-C) but had no significant changes in basal mitochondrial 

oxygen consumption, maximal mitochondrial respiration, mitochondrial ATP production, 

and spare respiratory capacity (Fig. 6A-E). 

M-CSF-differentiated WT macrophages were also analyzed for metabolic 

changes in response to 24 hours TMEV infection. After TMEV infection, M-CSF-

differentiated macrophages experienced no significant changes in basal glycolysis and 

glycolytic capacity relative to uninfected macrophages (Fig. 7A-C). These macrophages 

also had no significant difference in all parameters of mitochondrial metabolism (Fig. 8A-

E). M-CSF-differentiated me/me macrophages infected with TMEV had a slight increase 

in basal glycolysis (not significant) and no change in glycolytic capacity (Fig. 9A-C) 

relative to uninfected. There were also no significant changes in all parameters of 

mitochondrial function. There was, however, a slight decrease in maximal mitochondrial 

respiration due to TMEV infection (Fig. 10A-E). Overall, these data indicate that SHP-1 

controls glycolytic metabolism in response to TMEV infection specifically in GM-CSF-

differentiated macrophages. 
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The role of SHP-1 in the regulation of dsRNA-mediated macrophage metabolism 

After we determined that there was a significant induction of basal glycolysis and 

glycolytic capacity specific to me/me GM-CSF-differentiated macrophages infected with 

TMEV, we became interested in signaling pathways involved in viral mediated 

mechanisms for the upregulation of glycolytic metabolism in macrophages. As TMEV is 

a positive sense single stranded RNA virus, we hypothesized that viral RNA may be 

stimulating either TLR3 or MDA5 (Meylan and Tschopp, 2006).  

We tested this hypothesis by treating macrophages for 24 hours with synthetic 

dsRNA (poly I:C), a TLR3/MDA5 agonist that is a potent activator of macrophages. In 

WT and me/me GM-CSF- differentiated macrophages, poly I:C significantly increased 

basal glycolysis and glycolytic capacity relative to both constitutive and TMEV infected 

macrophages (Fig 3A-C). Poly I:C treatment acted similarly to TMEV reducing spare 

respiratory capacity.  However, poly I:C significantly reduced maximal mitochondrial 

respiration (Fig. 4A,C). As a control, we noted that IFN-γ also significantly reduced 

maximal mitochondrial respiration to similar levels as dsRNA did, indicating possible 

functionally relevant levels of reduction (Fig. 4A,C). Poly I:C treatment of SHP-1 deficient 

GM-CSF-differentiated macrophages acted similarly to TMEV infection of SHP-1 

deficient macrophages (Fig. 5A-C) and WT poly I:C treated GM-CSF-differentiated 

macrophages (Fig. 3A-C), as the dsRNA triggered a significant increase in basal 

glycolysis and glycolytic capacity (Fig. 5A-C). SHP-1 deficient GM-CSF-differentiated 

macrophages treated with poly I:C or IFN-γ had similar effects on mitochondrial 

metabolism relative to WT (Fig. 4A-E) with the exception of poly I:C inducing a 

significant reduction in mitochondrial ATP production (Fig. 6A-E). Relative to TMEV 

infection, poly I:C or IFN-γ treatment of SHP-1 deficient GM-CSF-differentiated 

macrophages induced a significant reduction in maximal mitochondrial respiration and 
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spare respiratory capacity (Fig. 6A-E). Overall, SHP-1 did not control poly I:C- or IFN-γ- 

mediated alterations in GM-CSF-differentiated macrophage glycolytic and mitochondrial 

metabolism as WT and me/me GM-CSF-differentiated macrophages responded similarly 

to poly I:C and IFN-γ. Also, poly I:C-mediated upregulation of glycolysis was distinct from 

TMEV infection as TMEV infection specifically enhanced glycolytic metabolism of SHP-1 

deficient GM-CSF-differentiated macrophages. 

In M-CSF-differentiated WT macrophages, poly I:C treatment resulted in a 

significant induction of basal glycolysis and glycolytic capacity, whereas IFN-γ treatment 

acted similarly to TMEV as it had no effects on glycolytic metabolism (Fig. 7A-C). 

Comparable to the effects of TMEV infection on WT M-CSF-differentiated macrophages, 

neither poly I:C or INF-γ treatment altered the parameters of mitochondrial metabolism 

with the exception of spare respiratory capacity by IFN-γ (Fig. 8A-E). Unlike TMEV 

infection which resulted in no glycolytic changes in SHP-1 deficient M-CSF-differentiated 

macrophages, poly I:C treatment significantly induced basal glycolysis and glycolytic 

capacity (Fig. 9A-C) and this is comparable to its effects on WT M-CSF-differentiated 

macrophages (Fig. 7A-C). Similar to the effects of poly I:C or IFN-γ on WT M-CSF-

differentiated macrophages (Fig. 8A-E), SHP-1 deficient M-CSF-differentiated 

macrophages did not display any significant changes in all parameters of mitochondrial 

metabolism after treatment with poly I:C or IFN-γ (Fig. 10A-E). Based on the effects of 

either poly I:C or IFN-γ on WT and me/me GM-CSF- and M-CSF-differentiated 

macrophages, we determined that SHP-1 does not regulate metabolic alterations 

induced by poly I:C or IFN-γ. Furthermore, the effects of poly I:C or IFN-γ on 

macrophage glycolytic and mitochondrial metabolism did not recapitulate the metabolic 

effects of TMEV infection under the same conditions leading us to conclude that it is 

unlikely that dsRNA is mediating the metabolic alterations induced by TMEV infection in 
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macrophages.  Further investigation in how dsRNA might signal through either TLR3 or 

MDA5 will be required to further analyze this pathway in macrophage metabolism.  

 

Discussion           

When interpreting metabolic results in macrophages it is important to consider 

the following: 1) activation of macrophages, production of proinflammatory cytokines, 

and proliferation are associated with increased glycolytic flux (M1-like), and 2) increased 

mitochondrial metabolism is typically associated with longer lived and anti-inflammatory 

phenotypes (M2-like). With that assumption, the metabolic data presented can provide a 

hypothetical model (Figure 11) of how the effects of SHP-1, TMEV, poly I:C, and IFN-γ 

impact macrophage activation via metabolic regulation. 

When assessing the role of SHP-1 in constitutive macrophage function, we 

determined that there was no significant difference between WT and me/me M-CSF-

differentiated macrophage glycolytic and mitochondrial metabolism (Fig. 1A-C, Fig. 2A-

E). This suggests that constitutively, in the absence of proinflammatory stimuli, these 

macrophages would be similar in their activation state and anti-inflammatory properties. 

In WT GM-CSF-differentiated macrophages, there is a significant increase in both 

glycolysis and glycolytic capacity relative to WT M-CSF-differentiated macrophages (Fig. 

1A-C). It has previously been demonstrated that GM-CSF stimulation mediates the 

synthesis of the transcription factor c-Myc via mTOR/Akt/ERK signaling(Na et al., 2016). 

C-Myc is a known transcription factor of glycolytic enzymes and glucose transporters 

(Osthus et al., 2000), which is required for enhanced NF-κB activity as c-Myc knockout 

in macrophages results in no enhanced glycolysis and reduced NF-κB activity and thus 

no proinflammatory cytokine production (Na et al., 2016). Furthermore, 2-DG treatment 

of macrophages results in significantly reduced cytokine production demonstrating a 



	 153	

direct role of metabolism for the production of proinflammatory cytokines (Kelly and 

O'neill, 2015). In me/me macrophages treated with GM-CSF, there were no changes in 

basal glycolysis and glycolytic capacity relative to M-CSF treated me/me macrophages 

(Fig. 1A-C). This was the result of slightly lower metabolism with GM-CSF-differentiated 

and slightly higher metabolism with M-CSF-differentiated macrophages, resulting in no 

changes between the groups (Fig. 1A-C). To our surprise, there was a significant 

increase in all parameters of mitochondrial oxygen consumption in GM-CSF-

differentiated me/me macrophages (Fig. 2A-E), suggesting that these macrophages may 

be more M2-like than a classical GM-CSF-differentiated macrophage. It is known that 

SHP-1 regulates STAT3 activation and we hypothesized that these effects on 

mitochondrial metabolism may be the result of enhanced S727-pSTAT3 phosphorylation 

via mTOR activation by GM-CSF(Meier and Larner, 2014). S727-pSTAT3 can directly 

bind and enhance complex I and II activity in the mitochondria resulting in enhanced 

mitochondrial metabolism(Meier and Larner, 2014). If SHP-1 were directly controlling the 

activity of the GM-CSF receptor, we would also expect an increase in glycolysis. 

Therefore, we propose that SHP-1 is acting as a negative regulator of mitochondrial 

metabolism in GM-CSF-differentiated macrophages downstream of the GM-CSF 

receptor. Furthermore, the excessive ATP produced by me/me GM-CSF-differentiated 

macrophage mitochondria can allosterically inhibit glycolytic enzymes resulting in 

glycolytic rates similar to M-CSF-differentiated WT and me/me macrophages, thus 

causing them to be more M2-like in culture. 

After characterizing the metabolism of GM-CSF- and M-CSF-differentiated WT 

and me/me derived macrophages, we investigated the effects of TMEV on macrophage 

metabolism, as TMEV results in a rapid acute macrophage dependent demyelinating 

disease in me/me mice. WT GM-CSF- and M-CSF-differentiated macrophages showed 

no significant changes in basal glycolysis or glycolytic capacity (Fig. 3A-C; Fig. 7A-C). 
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Furthermore, TMEV infection resulted in a significant induction of WT GM-CSF-

differentiated basal mitochondrial oxygen consumption resulting in a significant reduction 

of spare respiratory capacity, and a significant increase in mitochondrial ATP production 

(Fig. 4A-E). This metabolic switch to OXPHOS is highly suggestive that TMEV is 

inducing a more anti-inflammatory phenotype in WT GM-CSF-differentiated 

macrophages. In GM-CSF-differentiated me/me macrophages, TMEV significantly 

induces both basal glycolysis and glycolytic capacity (Fig. 5A-C) and has no effect on all 

parameters of mitochondrial metabolism (Fig. 6A-E). This enhanced glycolysis is specific 

to GM-CSF-differentiated macrophages as M-CSF-differentiated me/me macrophages 

do not exhibit these effects (Fig. 9A-C). This may explain why macrophages in me/me 

mice are so detrimental in the context of TMEV mediated demyelination since enhanced 

glycolysis is typically associated with enhanced proinflammatory cytokine production and 

inflammation. In an attempt to elucidate a mechanism driving the changes in 

macrophage metabolism, we treated WT macrophages with proinflammatory cytokines 

(IL-6, TNF-α, or IL-6 & TNF-α), which resulted in the induction of macrophage 

metabolism (Supplemental Figure 1). When we attempted to correlate the metabolic 

changes with JAK/STAT signaling in macrophages, we were unable to show an 

association between JAK/STAT signaling and macrophage metabolism (Supplemental 

Figure 2). Therefore, the JAK/STAT independent mechanism we hypothesize is 

responsible for TMEV mediated upregulation of glycolysis in macrophages requires GM-

CSF mediated expression of IRF5, which becomes phosphorylated by Ikkβ upon 

activation by TMEV mediated stimulation of MDA5 (Hedl et al., 2016; Weiss et al., 2013). 

Phosphorylation of IRF5 increases AKT2 expression, which is known to increase HIF-1α 

expression leading to enhanced glycolysis (Hedl et al., 2016). We propose that the 

enhanced proinflammatory cytokine production produced as a result of TMEV induced 
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glycolysis is toxic to oligodendrocytes, potentially explaining why me/me mice are highly 

susceptible to macrophage-mediated demyelination in the context of TMEV infection.  

A mechanism for macrophage activation in the context of a viral infection is either 

TLR3 or MDA5 activation via viral dsRNA. We hypothesized that either TLR3 or MDA5 

activation may be a mechanism for TMEV mediated upregulation of glycolytic 

metabolism of me/me GM-CSF-differentiated macrophages. We base this hypothesis on 

poly I:C acting through either TLR3 or MDA5 to induce type I IFNs (IFN-α/β), a known 

stimulator of macrophage glycolysis (Pantel et al., 2014). After treating GM-CSF- and M-

CSF-differentiated macrophages with poly I:C, we determined that the effects of poly I:C 

were consistent among genotypes and growth factors as 24-hour treatment significantly 

induced basal glycolysis and glycolytic capacity. We considered the idea that only 

me/me GM-CSF-differentiated macrophages are permissive to TMEV infection and that 

the high levels of viral proteins and RNA could trigger these metabolic changes.  

However, we have recently shown that TMEV is able to infect WT GM-CSF-

differentiated macrophages and produce high viral titers demonstrating their 

susceptibility to TMEV infection. Therefore, we concluded that TLR3 or MDA5 

stimulation would enhance glycolysis in macrophages. However, poly I:C was not as 

effective as TMEV infection and therefore makes the TLR3 pathway less likely and the 

MDA5 a more likely pathway for TMEV induced metabolic regulation. The latter is 

consistent with the hypothesis stated above in which MDA5-mediated activation of IKKβ 

may be a critical signaling pathway for IRF5 phosphorylation, Akt2 expression, and 

increased glycolysis in GM-CSF-differentiated macrophages infected with TMEV. 

 Another potential mechanism for TMEV-mediated metabolic changes in 

macrophages may be high autocrine activity of proinflammatoy cytokines in me/me 

macrophages. An important cytokine produced by macrophages as the result of TMEV 
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infection is IFN-γ. Thus, we hypothesized that IFN-γ plays a possible role in the induction 

of GM-CSF-differentiated me/me macrophage metabolism by TMEV. To investigate the 

direct role IFN-γ signaling on macrophages, we treated these cells with 100 U/mL of IFN-

γ for 24 hours. However, IFN-γ had no effects on GM-CSF- or M-CSF-differentiated WT 

or me/me glycolytic macrophage metabolism (Fig. 3A-C; Fig. 5A-C; Fig. 7A-C; Fig. 9A-

C). However, in GM-CSF-differentiated macrophages treated with IFN-γ there was a 

significant reduction in maximal mitochondrial respiration and spare respiratory capacity 

that was independent of SHP-1 expression (Fig. 4A,C,E; Fig. 6A,C,E). This suggests 

that IFN-γ may be acting by reducing mitochondrial biogenesis or mitochondrial gene 

expression, which may act to prevent these cells from becoming anti-inflammatory 

because they cannot upregulate their mitochondrial metabolism. Since the 

downregulation of maximal mitochondrial respiration and spare respiratory capacity was 

specific for INF-γ treated GM-CSF-differentiated macrophages we hypothesized that this 

may be due to the induction of iNOS by IFN-γ resulting in enhanced nitric oxide (NO) 

production (Blanchette et al., 2003). NO is known to nitrosylate complexes of the 

electron transport chain resulting in a reduction of their ETC activity that could present 

as a downregulation of maximal mitochondrial respiration (Clementi et al., 1998; Heales 

et al., 1999). We further hypothesize that this is specific to GM-CSF-differentiated 

macrophages as M-CSF-differentiated (M2-like) macrophages have high levels of 

arginase expression diverting arginine away from iNOS and diminishing NO production 

(Hesse et al., 2001). This pathway may also explain the downregulation of maximal 

mitochondrial respiration and spare respiratory capacity specific to poly I:C treated WT 

and me/me GM-CSF macrophages (Fig. 4A,C,E; Fig.6A,C,E) as poly I:C is known to 

activate type I IFNs, a potent inducer of iNOS expression (Pantel et al., 2014). 
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Overall, we demonstrated that SHP-1 is critical to prevent TMEV mediated 

upregulation of GM-CSF-differentiated macrophage glycolysis. The consequences of the 

upregulation of macrophage metabolism due to TMEV infection include enhanced viral 

replication and proinflammatory cytokine production leading to oligodendrocyte damage 

and acute demyelination. Further studies are required to elucidate the mechanism 

underlying TMEV mediated enhanced glycolysis in GM-CSF-differentiated me/me 

macrophages, and the consequences of metabolism on TMEV replication and 

demyelination in the CNS. 
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Figure 1 
 

 
 
Figure 1: Constitutive glycolytic metabolism of wild type and SHP-1 deficient (motheaten, 
me/me) GM-CSF and M-CSF differentiated bone marrow derived macrophages. A) 
Seahorse extracellular flux analyzer graph depicting the change in extracellular 
acidification (ECAR) over time for GM-CSF and M-CSF differentiated bone marrow 
derived macrophages (BMDMs) isolated from wild type (WT) and SHP-1 deficient 
(motheaten, me/me) mice. B&C) Scatter plot graphs depicting B) basal glycolysis and C) 
glycolytic capacity of WT and me/me BMDMs differentiated in GM-CSF or M-CSF. 
Graphs depict BMDMs cultured for 7 days in GM-CSF or M-CSF standardized to 
CyQuant to control for cell numbers between samples. Each data point represents the 
average glycolytic metabolism of BMDMs derived from a single mouse and significance 
was determined by one-way ANOVA, and Tukey’s method for multiple comparisons was 
used determine significance between groups (*p<0.05, **p<0.01). 
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Figure 2 

 
 
Figure 2: Constitutive mitochondrial metabolism of wild type and SHP-1 deficient 
(motheaten, me/me) GM-CSF and M-CSF differentiated bone marrow derived 
macrophages. A) Seahorse extracellular flux analyzer graph depicting the oxygen 
consumption rate (OCR) over time for GM-CSF and M-CSF differentiated bone marrow 
derived macrophages (BMDMs) isolated from wild type (WT) and me/me mice. B-E) 
Scatter plot graphs depicting B) basal mitochondrial oxygen consumption, C) maximal 
mitochondrial respiration, D) ATP production, and E) spare respiratory capacity of WT 
and me/me BMDMs differentiated in GM-CSF or M-CSF. Graphs depict BMDMs cultured 
for 7 days in GM-CSF or M-CSF standardized to CyQuant to control for cell numbers 
between samples. Each data point represents the average mitochondrial metabolism of 
BMDMs derived from a single mouse and significance was determined by one-way 
ANOVA and Tukey’s method for multiple comparisons was used determine significance 
between groups (**p<0.01, ***p<0.001). 
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Figure 3 
 

 
 
Figure 3: Constitutive glycolytic metabolism of wild type (WT) GM-CSF differentiated 
bone marrow derived macrophages infected with TMEV, or treated with poly I:C or IFN-γ. 
A) Seahorse extracellular flux analyzer graph depicting the change in extracellular 
acidification (ECAR) over time for GM-CSF differentiated bone marrow derived 
macrophages (BMDMs) isolated from WT mice and infected with TMEV or treated with 
poly I:C or IFN-γ 24 hours prior to metabolic analysis. B&C) Scatter plot graphs depicting 
B) basal glycolysis and C) glycolytic capacity of WT BMDMs differentiated in GM-CSF 
infected with TMEV or treated with poly I:C or IFN-γ 24 hours prior to metabolic analysis. 
Graphs depict BMDMs cultured for 7 days in GM-CSF standardized to CyQuant to 
control for cell numbers between samples. Each data point represents the average 
glycolytic metabolism of BMDMs derived from a single mouse and significance was 
determined by one-way ANOVA and Tukey’s method for multiple comparisons was used 
determine significance between groups (**p<0.01, ***p<0.001). 
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Figure 4 
 

 
 
Figure 4: Constitutive mitochondrial metabolism of wild type GM-CSF differentiated bone 
marrow derived macrophages infected with TMEV, or treated with poly I:C or IFN-γ. A) 
Seahorse extracellular flux analyzer graph depicting the oxygen consumption rate (OCR) 
over time for GM-CSF differentiated bone marrow derived macrophages (BMDMs) 
isolated from wild type (WT) mice and infected with TMEV or treated with poly I:C or 
IFN-γ 24 hours prior to metabolic analysis .B-E) Scatter plot graphs depicting B) basal 
mitochondrial oxygen consumption, C) maximal mitochondrial respiration, D) ATP 
production, and E) spare respiratory capacity of WT BMDMs differentiated in GM-CSF 
infected with TMEV or treated with poly I:C or IFN-γ 24 hours prior to metabolic analysis. 
Graphs depict BMDMs cultured for 7 days in GM-CSF standardized to CyQuant to 
control for cell numbers between samples. Each data point represents the average 
mitochondrial metabolism of BMDMs derived from a single mouse and significance was 
determined by one-way ANOVA and Tukey’s method for multiple comparisons was used 
determine significance between groups (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Figure 5 
 

 
Figure 5: Constitutive glycolytic metabolism of SHP-1 deficient (motheaten, me) GM-
CSF differentiated bone marrow derived macrophages infected with TMEV, or treated 
with poly I:C or IFN-γ. A) Seahorse extracellular flux analyzer graph depicting the change 
in extracellular acidification (ECAR) over time for GM-CSF differentiated bone marrow 
derived macrophages (BMDMs) isolated from me mice and infected with TMEV or 
treated with poly I:C or IFN-γ 24 hours prior to metabolic analysis. B&C) Scatter plot 
graphs depicting B) basal glycolysis and C) glycolytic capacity of me BMDMs 
differentiated in GM-CSF infected with TMEV or treated with poly I:C or IFN-γ 24 hours 
prior to metabolic analysis. Graphs depict BMDMs cultured for 7 days in GM-CSF 
standardized to CyQuant to control for cell numbers between samples. Each data point 
represents the average glycolytic metabolism of BMDMs derived from a single mouse 
and significance was determined by one-way ANOVA and Tukey’s method for multiple 
comparisons was used determine significance between groups (*p<0.05, **p<0.01, 
***p<0.001). 
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Figure 6 
 

 
 
Figure 6: Constitutive mitochondrial metabolism of SHP-1 deficient (motheaten, me) GM-
CSF differentiated bone marrow derived macrophages infected with TMEV, or treated 
with poly I:C or IFN-γ. A) Seahorse extracellular flux analyzer graph depicting the oxygen 
consumption rate (OCR) over time for GM-CSF differentiated bone marrow derived 
macrophages (BMDMs) isolated from me mice and infected with TMEV or treated with 
poly I:C or IFN-γ 24 hours prior to metabolic analysis .B-E) Scatter plot graphs depicting 
B) basal mitochondrial oxygen consumption, C) maximal mitochondrial respiration, D) 
ATP production, and E) spare respiratory capacity of me BMDMs differentiated in GM-
CSF infected with TMEV or treated with poly I:C or IFN-γ 24 hours prior to metabolic 
analysis. Graphs depict BMDMs cultured for 7 days in GM-CSF standardized to 
CyQuant to control for cell numbers between samples. Each data point represents the 
average mitochondrial metabolism of BMDMs derived from a single mouse and 
significance was determined by one-way ANOVA and Tukey’s method for multiple 
comparisons was used determine significance between groups (*p<0.05, **p<0.01). 
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Figure 7 
 

 
 
Figure 7: Constitutive glycolytic metabolism of wild type (WT) M-CSF differentiated bone 
marrow derived macrophages infected with TMEV, or treated with poly I:C or IFN-γ. A) 
Seahorse extracellular flux analyzer graph depicting the change in extracellular 
acidification (ECAR) over time for M-CSF differentiated bone marrow derived 
macrophages (BMDMs) isolated from WT mice and infected with TMEV or treated with 
poly I:C or IFN-γ 24 hours prior to metabolic analysis. B&C) Scatter plot graphs depicting 
B) basal glycolysis and C) glycolytic capacity of WT BMDMs differentiated in M-CSF 
infected with TMEV or treated with poly I:C or IFN-γ 24 hours prior to metabolic analysis. 
Graphs depict BMDMs cultured for 7 days in M-CSF standardized to CyQuant to control 
for cell numbers between samples. Each data point represents the average glycolytic 
metabolism of BMDMs derived from a single mouse and significance was determined by 
one-way ANOVA and Tukey’s method for multiple comparisons was used determine 
significance between groups (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Figure 8 
 

 
 
Figure 8: Constitutive mitochondrial metabolism of wild type (WT) M-CSF differentiated 
bone marrow derived macrophages infected with TMEV, or treated with poly I:C or IFN-γ. 
A) Seahorse extracellular flux analyzer graph depicting the oxygen consumption rate 
(OCR) over time for M-CSF differentiated bone marrow derived macrophages (BMDMs) 
isolated from WT mice and infected with TMEV or treated with poly I:C or IFN-γ 24 hours 
prior to metabolic analysis .B-E) Scatter plot graphs depicting B) basal mitochondrial 
oxygen consumption, C) maximal mitochondrial respiration, D) ATP production, and E) 
spare respiratory capacity of WT BMDMs differentiated in M-CSF infected with TMEV or 
treated with poly I:C or IFN-γ 24 hours prior to metabolic analysis. Graphs depict BMDMs 
cultured for 7 days in GM-CSF standardized to CyQuant to control for cell numbers 
between samples. Each data point represents the average mitochondrial metabolism of 
BMDMs derived from a single mouse and significance was determined by one-way 
ANOVA and Tukey’s method for multiple comparisons was used determine significance 
between groups (*p<0.05). 
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Figure 9 
 

 
 
Figure 9: Constitutive glycolytic metabolism of SHP-1 deficient (motheaten, me) M-CSF 
differentiated bone marrow derived macrophages infected with TMEV, or treated with 
poly I:C or IFN-γ. A) Seahorse extracellular flux analyzer graph depicting the change in 
extracellular acidification (ECAR) over time for M-CSF differentiated bone marrow 
derived macrophages (BMDMs) isolated from me mice and infected with TMEV or 
treated with poly I:C or IFN-γ 24 hours prior to metabolic analysis. B&C) Scatter plot 
graphs depicting B) basal glycolysis and C) glycolytic capacity of me BMDMs 
differentiated in M-CSF infected with TMEV or treated with poly I:C or IFN-γ 24 hours 
prior to metabolic analysis. Graphs depict BMDMs cultured for 7 days in M-CSF 
standardized to CyQuant to control for cell numbers between samples. Each data point 
represents the average glycolytic metabolism of BMDMs derived from a single mouse 
and significance was determined by one-way ANOVA and Tukey’s method for multiple 
comparisons was used determine significance between groups (*p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001). 



	 169	

Figure 10 
 

 
 
Figure 10: Constitutive mitochondrial metabolism of SHP-1 deficient (motheaten, me) M-
CSF differentiated bone marrow derived macrophages infected with TMEV, or treated 
with poly I:C or IFN-γ. A) Seahorse extracellular flux analyzer graph depicting the oxygen 
consumption rate (OCR) over time for M-CSF differentiated bone marrow derived 
macrophages (BMDMs) isolated from me mice and infected with TMEV or treated with 
poly I:C or IFN-γ 24 hours prior to metabolic analysis .B-E) Scatter plot graphs depicting 
B) basal mitochondrial oxygen consumption, C) maximal mitochondrial respiration, D) 
ATP production, and E) spare respiratory capacity of me BMDMs differentiated in M-
CSF infected with TMEV or treated with poly I:C or IFN-γ 24 hours prior to metabolic 
analysis. Graphs depict BMDMs cultured for 7 days in M-CSF standardized to CyQuant 
to control for cell numbers between samples. Each data point represents the average 
mitochondrial metabolism of BMDMs derived from a single mouse and significance was 
determined by one-way ANOVA and Tukey’s method for multiple comparisons was used 
determine significance between groups. 
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Figure 11 

 
 
 
Figure 11: Hypothetical model for metabolic regulation by TMEV, Poly I:C, and IFN-γ on 
GM-CSF and M-CSF differentiated macrophages. We propose that GM-CSF is 
upregulating macrophage glycolysis by activation of PI3K/AKT/mTOR, which will 
upregulate the expression of the transcription factor c-Myc leading to an upregulation of 
glycolysis via glucose transporters and glycolytic enzymes. The upregulation of 
glycolysis by GM-CSF is also associated with increased activity of NF-κB and increased 
proinflammatory cytokine production. PI3K/AKT/mTOR can also result in mitochondrial 
biogenesis and can phosphorylate STAT3 allowing it to function to bind and upregulate 
complex I and II in the mitochondria in the absence of SHP-1. GM-CSF macrophages 
also express high levels of IRF5 allowing them to respond in a unique way to viral 
infections. When TMEV is present it binds to MDA5, activating IkkB and resulting in 
phosphorylation of IRF5, which then upregulates AKT that is associated with enhanced 
glycolysis and proinflammatory cytokines production. Poly I:C activation of TLR3 induces 
type I IFN production (independent of GM-CSF or M-CSF), another stimulus of glycolysis 
and activation in macrophages. IFN-γ treatment increases iNOS expression that 
produces NO via the consumption of arginine. NO is known to nitrosylate mitochondrial 
ETC complexes reducing their function. When M-CSF is present, arginase is 
upregulated, reducing NO production via the consumption of arginine. Green arrows 
represent activation and red bars represent inhibition of the pathways outlined in this 
model. 
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Supplemental Figure 1 

Supplemental Figure 1: Constitutive glycolytic metabolism of wild type (WT) GM-CSF 
and M-CSF differentiated bone marrow derived macrophages treated with IL-6, TNF-α or 
IL-6&TNF-α. A&D) Seahorse extracellular flux analyzer graph depicting the change in 
extracellular acidification (ECAR) over time for A) GM-CSF or D) M-CSF differentiated 
bone marrow derived macrophages (BMDMs) isolated from WT mice and treated with 
100 U/mL of IL-6, TNF-α or IL-6&TNF-α 24 hours prior to metabolic analysis. B-C&E-F) 
Bar graphs depicting B&E) basal glycolysis and C&F) glycolytic capacity of WT BMDMs 
differentiated in B-C) GM-CSF or E-F) M-CSF and treated with 100 U/mL of IL-6, TNF-α 
or IL-6&TNF-α 24 hours prior to metabolic analysis Graphs depict BMDMs cultured for 7 
days in GM-CSF or M-CSF standardized to CyQuant to control for cell numbers between 
samples. Each data point represents the average glycolytic metabolism of BMDMs 
derived from macrophages pooled together from multiple mice and significance was 
determined by one-way ANOVA and Tukey’s method for multiple comparisons was used 
determine significance between groups (GM-CSF: PBS n=3, IL-6 n=4, TNF-α n=3, IL-
6&TNF-α n=4; M-CSF: PBS n=3, IL-6 n=4, TNF-α n=4, IL-6&TNF-α n=4) (*p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001). 
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Supplemental Figure 2  

 
 
Supplemental Figure 2: Western immunoblots of STAT1 and STAT3 activation in 
constitutive GM-CSF and M-CSF macrophages and after treatment with GM-CSF, M-
CSF, IL-6, TNF-α, IL-6&TNF-α, TMEV, or LPS. A) Western blot depicting Y701-pSTAT1, 
S727-pSTAT1, total STAT1, and actin, and B) Y705-pSTAT3, total STAT3, and actin in 
GM-CSF and M-CSF treated on day 6 in culture for 24 hours with PBS, 20ng/mL of M-
CSF in GM-CSF differentiated macrophages, 20ng/mL of GM-CSF in M-CSF 
differentiated macrophages, 100 U/mL of IL-6, 100 U/mL of TNF-α, 100U/mL of both IL-
6&TNF-α, TMEV at an MOI of 10, and 10ng/mL of LPS. 
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From the control of reactive oxygen species to metabolism, the versatile role of 

SHP-1 in oligodendrocytes 

Our bioenergetics studies were initially conducted to understand the role of SHP-

1 in the regulation of reactive oxygen species (ROS) in oligodendrocytes. Studies into 

mechanisms of oligodendrocyte ROS production are vital for the understanding of 

demyelinating diseases in the CNS, including multiple sclerosis (MS). MS is a 

debilitating neurological disease characterized by sclerotic inflammatory demyelination 

of the white matter tracts in the central nervous system (CNS). Despite decades of 

research, there is still a lack of understanding regarding the underlying mechanisms that 

trigger the uncontrolled inflammation and subsequent demyelination seen in patients 

with MS. This lack of knowledge impedes the development of therapeutic treatment 

strategies. The protein tyrosine phosphatase SHP-1 is an important molecule in the 

context of MS since it is a major negative regulator of the immune system (Chong and 

Maiese, 2007), is constitutively expressed in rodent and human oligodendrocytes 

(Massa et al., 2000), and is abnormally reduced in leukocytes and in the CNS white 

matter, including the oligodendrocytes, of some MS patients (Christophi et al., 2009). 

Previous reports have demonstrated that ROS contribute significantly to the 

pathogenesis of MS along with many other inflammatory mediated diseases (Gilgun-

Sherki et al., 2004). In the context of inflammation-mediated demyelination, myelin in 

particular is extremely susceptible to ROS damage as observed in brains of MS patients. 

Active plaques and normal appearing white matter (NAWM) of MS patients have 

extremely high levels of oxidized lipids (4-HNE) and oxidized proteins (carbonylation) 

that are thought to contribute to the pathogenesis of MS (Haider et al., 2011). Since 

these findings have been observed in NAWM of MS patients, it makes it highly likely that 

there is substantial dysfunction of oligodendrocyte ROS regulation present long before 

any pathological phenotype. 
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Oligodendrocytes are particularly susceptible to ROS mediated damage because 

of their high surface area of compact membrane linked together by proteins that can 

readily be oxidized leading to breakdown of the myelin sheath. Making this situation 

worse, oligodendrocytes have low glutathione stores and contain high levels of iron 

(Juurlink et al., 1998; Thorburne and Juurlink, 1996). The high amounts of iron make 

oligodendrocytes vulnerable to oxidative stress as superoxide can react with Fe3+ to form 

the highly reactive hydroxyl radical in a process known as the Fenton reaction (Fenton, 

1894). In chapter 2, we describe a role for SHP-1 in the negative regulation of ROS 

production as SHP-1 deficient (motheaten, me/me) spinal cords exhibit increased protein 

carbonylation and lipid peroxidation localized to the white matter tracts. We also 

determined that there is significantly more ROS production in isolated me/me mouse 

oligodendrocytes. The high ROS levels in oligodendrocytes resulted in reduced myelin 

gene expression due to oxidation of Sp1. Sp1 is a transcription factor that drives myelin 

gene expression whose activity is highly susceptible to oxidative stress. Therefore, we 

concluded that SHP-1 negatively regulates ROS production in oligodendrocytes.  

In order to better understand pathways regulating ROS production in 

oligodendrocytes, we became interested in major sources of cellular ROS in SHP-1 

deficient oligodendrocytes. Based on the current literature regarding ROS production, 

we divided the potential sources of oligodendrocyte ROS production into the following 

categories: cytoplasmic sources (i.e. cytoplasmic enzymes including NADPH oxidase 

and xanthine oxidase), the peroxisome, the endoplasmic reticulum, and the mitochondria 

(i.e. leakage of electrons from the electron transport chain) (Turrens, 1999). We 

measured ROS production in SHP-1-deficient mouse oligodendrocytes and determined 

that they produced significantly more ROS than wild type mouse oligodendrocytes 

(Chapter 2). Furthermore, we determined that subunits of complex I and complex II of 
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the electron transport chain were significantly reduced in SHP-1 deficient 

oligodendrocytes, which we attributed to mitochondrial oxidative damage 

(supplementary data, chapter 2). These findings initially piqued our interest in a potential 

role for SHP-1 in mitochondrial dysfunction. As we began investigating the role of SHP-1 

in the regulation of mitochondrial bioenergetics based on our observation of increased 

mitochondrial ROS production in SHP-1-deficient oligodendrocytes, we realized that only 

1-2% of oxygen consumed by the mitochondria is converted into ROS (Boveris and 

Chance, 1973). Since, the sensitivity of the Seahorse assay to measure mitochondrial 

oxygen consumption would not allow us to accurately measure 1-2% differences, we 

became interested in the role of SHP-1 in oligodendrocyte mitochondrial metabolism. 

Previously published studies have analyzed mitochondrial dysfunction in the context of 

neuronal degeneration and the contribution to pathogenesis of inflammatory and 

demyelinating diseases including MS (Rusanen et al., 1995; Lu et al., 2000; Bjartmar 

and Trapp, 2001; Carelli et al., 2002; Kovacs et al., 2005; Cortopassi et al., 2006; Dutta 

et al., 2006; Niemann et al., 2006; Ghafourifar et al., 2008; Mahad et al., 2008; Mahad et 

al., 2009; Schoenfeld et al., 2010; Campbell et al., 2011).  

Since SHP-1-deficient mouse oligodendrocytes exhibited significantly higher 

ROS production that resulted in oxidative damage, we also investigated the state of 

oligodendrocyte anti-oxidant systems, which happen to be tightly linked to cellular 

metabolism. In the white matter tracts of me/me spinal cords, we showed that there is 

increased Nrf2, a transcription factor that drives the antioxidant response (Cohen and 

Nyska, 2002) which includes the upregulation of Nrf2-responsive antioxidant enzymes 

including heme oxygenase-1 (HO-1) that we also found to be elevated in me/me spinal 

cords. Furthermore, Nrf2 was also significantly elevated in the N20.1 oligodendrocyte 

cell line transfected with siRNA to SHP-1. HO-1 along with other cellular antioxidants 

consumes NADPH to detoxify ROS in order to reduce cellular damage. ROS can be also 
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be scavenged by glutathione, which also requires NADPH. The N20.1 oligodendrocyte 

cell line transfected with siRNA to SHP-1 also had a significant reduction in glutathione 

most likely resulting from elevated ROS. The NADPH consumed to help scavenge ROS 

is produced from the oxidative branch of the pentose phosphate pathway (PPP). To 

upregulate NAPDH production, Nrf2 also acts to increase shunting of glucose into the 

PPP via upregulation of glucose-6-phosphate dehydrogenase and 6-phosphogluconate 

dehydrogenase (Mitsuishi et al., 2012). This led us to hypothesize that the metabolic 

alterations in SHP-1 deficient mouse oligodendrocytes may extend to defects in 

glycolysis since these cells may be unable to effectively detoxify the ROS and have a 

reduction in the levels of glutathione. 

 

SHP-1 regulation of oligodendrocyte metabolism 

To test our hypothesis that SHP-1 regulates oligodendrocyte glycolytic and 

mitochondrial bioenergetics, we analyzed oligodendrocytes isolated from me/me and 

wild type mice. Upon analysis, we determined that SHP-1-deficient mouse 

oligodendrocytes have significantly decreased glycolytic and mitochondrial metabolism. 

This was a substantial finding as it was the first time a role for SHP-1 has been 

described in metabolic regulation. The implications of this finding may also be significant 

in the context of demyelinating processes such as MS. Oligodendrocytes require 

glycolytic and mitochondrial metabolism during active myelination for the synthesis of 

myelin membranes (Fünfschilling et al., 2012). However, once myelination is complete, 

oligodendrocytes undergo a metabolic switch and only glycolysis is required for the 

maintenance of myelin (Fünfschilling et al., 2012). Thus, metabolic defects in both 

glycolysis and mitochondrial metabolism in SHP-1-deficient mouse oligodendrocytes will 

impact both the production of myelin and the maintenance of myelination (Bauernfeind et 

al., 2014). We have evidence of defective myelination (dysmyelination) in me/me mice 
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as electron micrographs (EMs) show a significant reduction in myelinated axons and 

myelin thickness (Massa et al., 2004). We propose that this is due to defective glycolytic 

and mitochondrial metabolism in SHP-1-deficient mouse oligodendrocytes. In chapter 2, 

we demonstrated that a subset of MS patients has a significant reduction of SHP-1 in 

NAWM relative to controls. Therefore, we should consider the possibility that 

oligodendrocytes from MS patients may be “metabolically stressed” since the reduction 

of SHP-1 may cause reduced parameters of glycolytic and mitochondrial metabolism. 

This metabolic stress may enhance the susceptibility to demyelination and impede 

remyelination especially in the context of inflammation where high metabolic demands 

are placed on cells. 

 Metabolic alterations in oligodendrocytes have wide-reaching implications on the 

overall health/function of the CNS. In particular, oligodendrocytes make extensive 

contacts with astrocytes and neurons via gap junctions and monocarboxylate 

transporters (MCTs), which allow for metabolite sharing among glia and neurons 

(Fünfschilling et al., 2012; Lee et al., 2012). Myelinated axons primarily derive their 

energy source from oligodendrocytes in the form of lactate to drive ATP production via 

oxidative phosphorylation (OXPHOS) (Lee et al., 2012). The metabolic coupling between 

oligodendrocytes and mitochondrial function in axons is essential, as axonal glycolysis 

does not provide a sufficient carbon source in myelinated fibers. Furthermore, since 

myelin is composed of many membranes compacted together, myelin acts as a barrier 

to prevent diffusion of metabolites including glucose from the extracellular milieu. The 

idea that neurons derive most of their energy from directly metabolizing glucose is a 

common misconception as byproducts from oligodendrocyte glycolysis act as a carbon 

source for neuronal energy production (Lee et al., 2012). Therefore, it is feasible that 

defects in oligodendrocyte glycolysis can lead to axonal degeneration due to 

bioenergetic failure. The latter is particularly relevant to MS pathogenesis as MS was 
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thought to primarily effect oligodendrocytes, but it is now known that these patients have 

axonal degeneration even in the absence of demyelination (Siffrin et al., 2010; Haines et 

al., 2011). We propose that downregulation of oligodendrocyte glycolysis may induce 

axonal degeneration in the absence of demyelination in MS.  

 

IFN-γ , a link between leukocytes and oligodendrocyte metabolism 

 IFN-γ is a proinflammatory cytokine that is produced by activated T-cells, NK 

cells, macrophages, and microglia (Schoenborn and Wilson, 2007). IFN-γ production is 

increased in white matter plaques of MS patients (Traugott and Lebon, 1988) and there 

is currently a debate regarding its role in the pathogenesis of MS. The literature on IFN-γ 

in the context of MS primarily focuses on its role to induce activation of the immune 

system as well as its ability to signal via STAT1 homodimers throughout the CNS. MS 

patients treated with IFN-γ have worse clinical outcomes (Panitch et al., 1987) and IFN-γ 

is known to be toxic to oligodendrocytes via the induction of apoptosis (Vartanian et al., 

1995). However, in the context of experimental autoimmune encephalitis (EAE), IFN-γ 

receptor knockout mice display increased severity of demyelination indicating a 

protective role in EAE, even though exogenous IFN-γ has been demonstrated to be 

detrimental in the context of EAE and MS (Willenborg et al., 1996; Ferber et al., 1996; 

Renno et al., 1998; Wensky et al., 2005). Indeed, encephalogenic T cells must secrete 

IFN-γ to induce demyelination. To possibly explain these discrepancies, there seems to 

be a correlation regarding the levels/compartmentalization of IFN-γ and the detrimental 

or beneficial effects on oligodendrocytes. High levels of IFN-γ in the white matter of the 

CNS cause inhibition of myelination and oligodendrocyte apoptosis (Corbin et al., 1996; 

Horwitz et al., 1997; Balabanov et al., 2006) whereas low levels of INF-γ are protective in 

the context of demyelination (Gao et al., 2000). Even though the effects of IFN-γ on 
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oligodendrocyte cell death have been extensively characterized, we propose that IFN-γ 

can additionally modulate oligodendrocyte bioenergetics in ways that may be primarily 

detrimental, but may, in some contexts, be beneficial. When we treated wild type (WT) 

oligodendrocytes for 24 hours in vivo with IFN-γ, we observed a significant reduction in 

all parameters of both glycolytic and mitochondrial metabolism. A recent publication by 

Rone et al. demonstrated that a reduction in glycolytic metabolism induces 

oligodendrocyte process retraction (Rone et al., 2016). The retraction of processes was 

thought to occur as an attempt to conserve energy in metabolically stressed 

oligodendrocytes. Combined with our results on the role of IFN-γ in modulating 

oligodendrocyte bioenergetics, we are now able to further contribute to knowledge of the 

function of IFN-γ in demyelinating diseases. We hypothesize that downregulation of 

oligodendrocyte glycolytic metabolism by IFN-γ in the context of MS is causing process 

withdrawal (enhancing demyelination/inhibition of remyelination) at low doses or during 

acute exposure, whereas, high doses, or chronic exposure may trigger oligodendrocyte 

apoptosis and/or axonal energy deprivation. A study by Lin et al., supports the idea of 

detrimental effects of IFN-γ as they concluded that IFN-γ inhibits remyelination in EAE 

and cuprizone models of demyelinating disease (Lin et al., 2006). Our results suggest 

that this is due to IFN-γ mediated downregulation of oligodendrocyte glycolysis.  

We were surprised to see a reduction in mitochondrial metabolism in the context 

of defective glycolysis after 24 hour IFN-γ treatment in vivo as these energy sources 

usually compensate for each other (i.e. mitochondrial metabolism will compensate for 

low glycolysis and vice versa). We also were unsure if the effects of IFN-γ on 

oligodendrocyte metabolism were the result of direct action on oligodendrocytes or 

mediated indirectly through its action on other cells. After IFN-γ treatment, there was a 

significant induction of STAT1 activation in oligodendrocytes but that was not sufficient 
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evidence that metabolic alterations induced by IFN-γ were direct. Therefore, we 

characterized the direct effects of IFN-γ on oligodendrocytes via 24 hour in vitro 

treatment of isolated WT oligodendrocytes. In that experiment we determined that IFN-γ 

directly down-regulates oligodendrocyte glycolytic metabolism but that mitochondrial 

metabolism was unchanged. This demonstrates that IFN-γ is directly acting on 

oligodendrocyte glycolytic metabolism but was acting indirectly on mitochondrial 

metabolism. As a possible explanation for the latter, we hypothesize that IFN-γ-induced 

iNOS in astrocytes and microglia (Saha and Pahan, 2006) resulting in the production of 

NO diffuses into oligodendrocytes and downregulates mitochondrial metabolism via 

nitrosylation of ETC complexes (Cleeter et al., 1994; Clementi et al., 1998; Heales et al., 

1999).  However, once purified in vitro, NO effects on oligodendrocytes would be lost in 

response to IFN-γ as oligodendrocytes do not express iNOS (Hewett et al., 1999). Since 

neurons rely on oligodendrocyte lactate produced from glycolysis as an energy source, 

we propose that the downregulation of oligodendrocyte mitochondrial metabolism by NO 

in vivo may act to specifically preserve lactate production in oligodendrocytes to prevent 

catastrophic bioenergetic failure in axons.  This is consistent with findings that iNOS KO 

mice are extremely susceptible to EAE (Fenyk-Melody et al., 1998). 

 The metabolic downregulation by IFN-γ on WT mouse oligodendrocytes 

recapitulated the metabolic deficits that we described in SHP-1-deficient mouse 

oligodendrocytes. SHP-1 acts as a negative regulator of JAK/STAT signaling and we 

have previously demonstrated that SHP-1-deficient glia have increased STAT1 and 

STAT3 (Massa and Wu, 1996; Massa et al., 2000). However, when we probed for 

STATs in freshly isolated SHP-1 deficient oligodendrocytes, STAT1 activation was 

significantly increased and there were no changes in the level of STAT3 activation. We 

were also able to demonstrate a direct role for SHP-1 in the regulation of STAT1 
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activation as IFN-γ treatment of isolated SHP-1-deficient oligodendrocytes contained 

significantly more activated STAT1 relative to IFN-γ treated WT oligodendrocytes. 

STAT1 activation can result in the formation of two distinct complexes that bind to two 

different promoter sequences in the nucleus. Type I IFNs (IFN-α/β) activate STAT1 and 

STAT2 that can form a complex with interferon response factor (IRF) 9 to form 

interferon-stimulated gene factor (ISGF) 3 which translocates into the nucleus where it 

binds to interferon-responsive sequence element (IRSE) to transcribe genes related to 

the type I IFN response (Platanias, 2005). Type I (IFN-α/β) and Type II IFNs (IFN-γ) 

induce the formation of STAT1 homodimers (gamma activated factor, GAF) that 

translocate into the nucleus to bind gamma-interferon-activation sites (GAS) (Platanias, 

2005). According to a study by David et al., SHP-1 is required for Type I IFNs to signal 

through ISGF3, and that in SHP-1 deficient macrophages, type I IFNs signal similarly to 

type II IFNs (David et al., 1995). Therefore, we assumed that STAT1 activation in me/me 

oligodendrocytes would also signal like IFN-γ. In chapter 2, we also determined that 

there is a 6-fold increase in IFN-γ RNA levels in the CNS of me/me mice. This lead us to 

conclude it is highly likely that oligodendrocytes are being constantly exposed to IFN-γ in 

the CNS of motheaten mice which may be driving the metabolic defects resulting in 

substantial dysmyelination. 

 

SHP-1 regulation of macrophage metabolism 

 After we demonstrated a role for SHP-1 in the regulation of oligodendrocyte 

metabolism and determined that STAT1 activation via IFN-γ may drive metabolic defects 

in oligodendrocytes, we became interested in the role of SHP-1 in leukocyte metabolism, 

as higher glycolytic flux is associated with increased leukocyte activation and cytokine 

secretion. Previously, we demonstrated that macrophages are essential to drive TMEV 
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induced demyelination of me/me mice (Christophi et al., 2009b). In that study, 

macrophages in me/me mice were depleted with clodronate liposomes preventing TMEV 

induced demyelination in me/me mice (Christophi et al., 2009b). This demonstrated a 

direct role for macrophages in the pathogenesis of acute TMEV mediated demyelination 

(Christophi et al., 2009b). Furthermore, macrophages differentiated from peripheral 

monocytes of MS patients had a significant reduction in SHP-1 that was associated with 

increased tyrosine phosphorylation of tyrosine phosphorylated STAT1 and STAT6 as 

well as increased STAT1 and STAT6 responsive genes (Christophi et al., 2009a). MS 

patients’ macrophages also exhibited increased NF-κB DNA-binding activity as well as 

increased TNF-α and IL-6 secretion relative to controls (Christophi et al., 2009a). Since 

the findings described above were primarily correlative, control macrophages were 

transfected with siRNA to SHP-1 that resulted in an enhanced inflammatory profile 

(Christophi et al., 2009a).  

 Based on the macrophage-mediated demyelination induced by TMEV in the 

absence of SHP-1 and the increased markers of macrophage activation that correlated 

with reduced SHP-1 in macrophages from MS patients, we hypothesized that SHP-1 

deficiency enhances macrophage metabolism leading to the activation of macrophages 

and increased secretion of proinflammatory cytokines. We based this hypothesis on the 

negative regulation of JAK/STAT signaling by SHP-1 leading to activation of STATs in 

SHP-1 deficient macrophages (Christophi et al., 2009a; Xu and Qu, 2008). Enhanced 

STAT3 activation in particular is associated with enhanced glycolysis via transcriptional 

upregulation of HIF-1α and c-Myc, two transcription factors that drive the expression of 

glycolytic enzymes (Jung et al., 2008; Pawlus et al., 2014; Semenza, 2003; Yeung et al., 

2008; Xu et al., 2005; Li et al., 2005; Morrish et al., 2008; Morrish and Hockenbery, 

2014; Kiuchi et al., 1999). There is an extensive body of literature showing that 
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enhanced glycolysis drives a proinflammatory macrophage phenotype (M1-like) where 

enhanced oxidative metabolism is associated with, and drives anti-inflammatory 

macrophage phenotypes (M2-like) (O'Neill et al., 2016; Kelly and O'neill, 2015; O'Neill 

and Pearce, 2016). On this basis we analyzed the glycolytic and metabolic profiles of 

SHP-1-deficient mouse macrophages. We were initially surprised to find no constitutive 

changes in GM-CSF- or M-CSF-differentiated SHP-1 deficient macrophage glycolysis in 

contrast to differences seen in wild type macrophages, which showed an increase. 

However, GM-CSF-differentiated SHP-1 deficient macrophages had significantly 

increased parameters of mitochondrial metabolism compared to M-CSF-differentiated 

macrophages. These unexpected results indicated that GM-CSF-differentiated SHP-1 

deficient macrophages might be more M2-like or that M-CSF-differentiated SHP-1-

deficient macrophages may be more M1-like than the expected. Based on this 

observation we hypothesized that for SHP-1 to function fully in GM-CSF-differentiated 

macrophages, an added input must be present (i.e. a proinflammatory stimulus) and 

under those conditions the macrophages will respond with an increase in glycolytic 

metabolism. To test this hypothesis, we infected macrophages with TMEV to determine 

if TMEV can enhance macrophage metabolism in an SHP-1 dependent manner. After 24 

hours, TMEV specifically upregulated GM-CSF-differentiated SHP-1 deficient 

macrophage glycolysis and glycolytic capacity most likely representing a shift towards 

M1 activation. This finding was enlightening as it demonstrated a role for SHP-1 in the 

regulation of viral induced macrophage metabolism and provided insight into why me/me 

mice are highly susceptible to TMEV induced macrophage-mediated demyelination. We 

also took note that TMEV significantly increased WT GM-CSF-differentiated 

macrophage mitochondrial metabolism, suggestive of a shift towards an M2-like 

phenotype.  
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After we discovered that TMEV regulates macrophage metabolism in an SHP-1 

dependent manner, we sought to investigate signaling pathways that are activated after 

viral infection in macrophages. TMEV viral infection of macrophages induces 

proinflammatory cytokines that may act indirectly to enhance macrophage metabolism. 

We focused on a possible role for SHP-1 in TLR3 activation because it is known to 

induce glycolytic metabolism in macrophages (Pantel et al., 2014), and on IFN-γ as it is 

an important cytokine produced in the context of viral infections and macrophage 

metabolism (Su et al., 2015).  After 24 treatment of WT and SHP-1 deficient 

macrophages with the TLR3 ligand, poly I:C, we determined that metabolism was greatly 

upregulated, but that SHP-1 does not control poly I:C induction of glycolysis and 

reduction of mitochondrial metabolism. It is well established that poly I:C upregulates 

type I IFNs via activation of NF-kB and IRF-3. A recent study showed that type I IFNs 

are responsible for the upregulation of macrophage metabolism after poly I:C treatment 

(Pantel et al., 2014) leading us to our proposed pathway for macrophage metabolic 

changes after poly I:C treatment. Even though poly I:C-upregulated glycolysis was not 

dependent on SHP-1 expression, it still may be considered in a pathway that TMEV uses 

to upregulate glycolysis in GM-CSF-differentiated SHP-1 deficient macrophages. 

To explore IFN-γ as another mechanism for TMEV induced metabolic changes in 

GM-CSF-differentiated macrophages deficient in SHP-1, we initially hypothesized that 

IFN-γ expression in macrophages would enhance macrophage glycolytic metabolism 

based on a study by Su et al., where they described a role for downregulation of 

mTORC1 activity by IFN-γ (Su et al., 2015). A study by He et al., demonstrated that 

rapamycin (mTOR inhibitor) treatment of CD8+ T cells increased glycolysis (He et al., 

2011). This led to our hypothesis that IFN-γ enhances macrophage metabolism via in 

inhibition of mTORC1. However, when we treated macrophages with IFN-γ, only GM-



	 186	

CSF-differentiated macrophages responded with reduced maximal and spare 

mitochondrial respiration. Since this finding was specific to GM-CSF-differentiated 

macrophages, we concluded that the TMEV mediated metabolic alterations on 

macrophages are not solely dependent on IFN-γ, and we came up with the following 

pathway for the effects of INF-γ on macrophage metabolism in the context of GM-CSF. 

Since M-CSF-differentiated macrophages did not substantially respond to IFN-γ we 

proposed that IFN-γ was increasing iNOS leading NO production that was nitrosylating 

and downregulating maximal and spare mitochondrial metabolism in our cultures. This 

was specific to GM-CSF-differentiated macrophages as M-CSF-differentiated 

macrophages have high levels of arginase that would redirect arginine away from NO 

production via conversion to ornithine (Hesse et al., 2001).  

 The failure of poly I:C and IFN-γ to recapitulate the SHP-1 dependent effects of 

TMEV infection led us to two pathways that may be mediating the effects we observed: 

1) TMEV is acting through an MDA5 dependent signaling pathway and 2), The effects of 

TMEV are due to multiple proinflammatory cytokines acting together to drive the unique 

metabolic profile. A study by Hedl et al. linked IRF5 signaling to increased glycolysis via 

AKT2 (Hedl et al., 2016). As IRF5 is specifically upregulated by GM-CSF in 

macrophages, this signaling pathway is enabled in GM-CSF- but not in M-CSF-

differentiated macrophages (Krausgruber et al., 2011; Weiss et al., 2013). Based on the 

metabolic profile of SHP-1 deficient macrophages relative to WT macrophages after 

TMEV infection, we hypothesized that SHP-1 is a negative regulator of MDA5 activity. If 

so, this would be the first study to describe such a role for SHP-1. To determine if other 

proinflammatory cytokines upregulate glycolytic metabolism, we looked at two major 

cytokines produced by activated macrophages, IL-6 and TNF-α. In WT GM-CSF-derived 

macrophages, IL-6 and TNF-α significantly upregulated glycolytic metabolism and the 
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combination of both had an additive effect on GM-CSF-derived macrophage glycolysis 

while shutting down mitochondrial function (Chapter 4, Supplemental Figure 1A-C). In 

WT M-CSF-derived macrophages, only the combination of IL-6 and TNF-α elicited a 

significant induction of metabolism (Chapter 4, Supplemental Figure 1D-F). This 

suggests that GM-CSF-derived macrophages are primed to respond to IL-6 or TNF-α 

whereas M-CSF-derived macrophages require both signals to become activated. When 

we looked into JAK/STAT signaling in these cells, we could not correlate changes in 

STAT activation with alterations in macrophage metabolism (Chapter 4, Supplemental 

Figure 2) and we concluded that other pathways such as PI3K/AKT/mTOR might be 

mediating the effects of cytokines on macrophages. Further work needs to be conducted 

in SHP-1 deficient macrophages to determine if SHP-1 controls the PI3K signaling 

pathway and bioenergetics. 

In MS, monocytes are recruited to demyelinating lesions and are thought to 

function as both neuroprotective and neurotoxic to oligodendrocytes and myelin (Bogie 

et al., 2014). Many studies have demonstrated a role for Ly6Chi inflammatory monocytes 

recruited into the CNS to promote neuroinflammation and destruction of myelin as they 

are phagocytic, proteolytic, and proinflammatory (Bogie et al., 2014). Ly6Clo
 monocytes 

typically act to enhance healing and recovery via the secretion of anti-inflammatory 

molecules (Bogie et al., 2014). In EAE, Ly6Clo monocytes present at low levels and 

Ly6Chi monocytes are present at high levels in the CNS during the demyelinating phase 

(Saederup et al., 2010). Another study showed that enrichment of Ly6Chi monocytes 

enhances the severity of EAE (Mildner et al., 2009). As an application to the metabolic 

results described above combined with what is currently known about the connection 

between leukocyte metabolism and inflammation; we propose that a therapeutic 

liposome delivered 2-deoxyglucose (2-DG) could be used to downregulate glycolytic 
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pathways while simultaneously upregulating mitochondrial metabolism resulting in 

conversion of these cells towards an anti-inflammatory phenotype that may mitigate the 

inflammatory demyelination in MS. 

 

Relevance of metabolic changes for oligodendrocyte and macrophage function 

Are these metabolic changes biologically relevant? 

 When conducting studies in biomedical research, investigators will report 

significant changes, but throughout the process of conducting research, a key question 

must be addressed to justify the vast expense of perusing or even discussing a 

particular finding; are these significant changes biologically relevant? In this section I will 

attempt to address that question in the context of the metabolic studies conducted on 

oligodendrocytes and macrophages. 

 First, it is important to mention that during the course of all of these studies 

including ours, the oligodendrocytes in the culture conditions were not exposed to 

physiologic levels of glucose or oxygen. In our study, we cultured oligodendrocytes with 

10-25mM glucose in 21% oxygen. In the CNS, oxygen levels range from 0.5% to >7% 

and glucose levels are around 2-3mM (Hutchinson and O’Phelan, 2014; Rostami and 

Bellander, 2011). An important study on the effects of glycolysis on oligodendrocyte 

metabolism by Rone et al. examines the effects of glycolysis on oligodendrocytes 

demonstrating that glycolysis can directly impact oligodendrocyte function (Rone et al., 

2016). Furthermore, the oligodendrocytes are in constant contact with other glia/neurons 

in vivo and are metabolically linked with astrocytes and neurons (Lee et al., 2012). When 

purified human oligodendrocytes were placed in low glucose conditions, they 

experienced a 3-fold reduction in ECAR related to glycolysis (Rone et al., 2016). The 

reduction in glycolysis resulted in significant oligodendrocyte process retraction after 48 

hours and was associated with minimal change in oligodendrocyte viability. However, 
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after 6 days there was a significant increase in apoptosis. Our results show a 2-fold 

reduction in oligodendrocyte glycolysis after IFN-γ treatment in SHP-1 deficient 

oligodendrocytes. We believe that the metabolic changes we are seeing are biologically 

relevant in the context of IFN-γ and SHP-1 deficiency as a three-fold change reported 

above is in the margin of error, and the oligodendrocytes in SHP-1 deficient mice have 

chronically downregulated metabolism that can incur a buildup of dysfunction over time. 

 In a study by Na et al., the investigators looked at proinflammatory cytokine 

expression in LPS treated macrophages (control) vs macrophages primed with GM-CSF 

for 24 hours prior to LPS treatment (Na et al., 2016). In this study, 24 hour priming with 

GM-CSF before LPS treatment induced a significant increase in glycolysis (approx. 2.5-

fold) that was associated with a significant induction of TNF-α (increase of 10,000 

pg/mL, 2-foldd), IL-1β (increase of 800 pg/mL, 2-fold), IL-6 (increase of 3,000 pg/mL, 

1.75-fold) and IL-12p70 (increase of 2,000 pg/mL, 10-fold) relative to control. They 

demonstrated that these changes were dependent on an increase in glycolysis as 

inhibition with 2-DG decreased those proinflammatory cytokines to levels similar to 

controls. In our SHP-1 deficient GM-CSF-differentiated macrophages infected with 

TMEV, we observed a 2.25-fold increase in glycolytic metabolism relative to control. As 

this is within the margin of error of the 2.5-fold changes in glycolytic metabolism 

associated with increased cytokine production as described above, we are confident that 

the metabolic changes we described in TMEV infected SHP-1 deficient macrophages 

will be associated with enhanced inflammation due to increased proinflammatory 

cytokine production.  
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Future research directions 

 Throughout this dissertation we demonstrated a novel role for SHP-1 in the 

regulation of oligodendrocyte and macrophage metabolism. As a result, there are many 

new pathways and questions to explore related to the findings from these studies. 

 Our observations related to downregulation of oligodendrocyte metabolism by 

loss of SHP-1 were strongly correlated with STAT1 as both IFN-γ treatment and SHP-1 

deficiency resulted in increased STAT1 in the context of reduced glycolytic and 

mitochondria metabolism. To determine if the downregulation of metabolism is 

dependent on activation of STAT1, a STAT1 knockout mouse can be utilized and the 

metabolic parameters due to SHP-1 deficiency or treatment with IFN-γ can be assessed. 

If changes in metabolism are still observed, it is highly likely that other pathways 

including the PI3K/AKT/mTOR may be responsible for the metabolic alterations we 

described. The mitochondrial metabolic defects can be further characterized for changes 

in potential, mass, and morphology as this may provide insight into a mechanism for 

mitochondrial dysfunction in our model. Thus far, we have not investigated if there is a 

disease phenotype associated with the exposure of oligodendrocytes to IFN-γ. To test 

this, we can look for process withdrawal and apoptosis after a time course of IFN-γ 

treatment of oligodendrocytes. We are also unsure what effects associated with SHP-1 

deficiency in oligodendrocytes are direct and which are indirect. Therefore, all of the 

studies conducted in this thesis could be performed on mice that have a specific 

knockout of SHP-1 in oligodendrocytes (Olig2-cre x SHP-1 floxed mice). Finally, to 

further elucidate the regulation of metabolism by SHP-1, isolated oligodendrocytes from 

WT and me/me mice should have their metabolites extracted and the relative quantities 

of metabolites can be analyzed with mass spectrometry to establish a metabolome. This 
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method will allow for a more focused approach to metabolic pathways altered by SHP-1 

and IFN-g in oligodendrocytes. 

 When we analyzed the regulation of macrophage metabolism by SHP-1, we did 

not observe any major constitutive differences related to SHP-1 expression. We did 

however determine that TMEV mediated metabolism alterations were dependent on 

SHP-1 expression as TMEV significantly increased metabolism in GM-CSF-

differentiated SHP-1 deficient macrophages. So far, we have no evidence for how TMEV 

upregulates macrophage metabolism and the effects of TMEV upregulation of 

macrophage metabolism in our model of TMEV mediated inflammatory demyelination. In 

an attempt to elucidate this mechanism, we treated macrophages with various cytokines 

and TLR agonists but were unable to recapitulate the effects of TMEV. Furthermore, 

analysis of known signaling pathways that impact metabolism showed no correlation 

with metabolic alterations after various treatments. However, the role of the TMEV-

induced MDA5/IRF-5 signaling axis in promoting glycolysis in macrophages is currently 

under investigation. Other signal transduction pathways that are known to impact 

metabolism should also be considered, such as the regulation of PI3K/AKT/mTOR and 

AMPK by SHP-1 and downstream mediators of metabolism such as c-Myc and HIF-1α 

expression via probing for their expression in western blots of macrophages. It is also 

important to characterize differences in surface markers for activation as well as 

proinflammatory cytokine production in SHP-1 deficient and WT macrophages infected 

with TMEV as this may provide insight into why TMEV mediates demyelination in me/me 

mice. To determine the role that macrophage glycolysis plays in TMEV mediated 

demyelination, mice infected with TMEV can be treated with either free 2-DG or 

liposomes containing 2-DG to specifically target macrophage glycolysis. If the latter 

approach is effective, reduction of demyelination would demonstrate a direct role for 

macrophage glycolysis in TMEV mediated demyelination.  
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TMEV mediated demyelination in motheaten mice: a biochemist’s perspective 

 When this project was initially started, the idea of applying biochemical principles 

to oligodendrocytes was in its infancy. There were very few studies investigating 

oligodendrocyte metabolism and we were the first to propose a link between 

neuroinflammation and oligodendrocyte metabolism. By applying basic biochemical 

principles as a way to characterize the overall “health” and “function” of oligodendrocytes 

and macrophages as we did throughout these chapters, we developed further insight 

into TMEV induced acute demyelination in the absence of SHP-1. Figure 1 depicts our 

proposed model for TMEV mediated demyelination, which considers “metabolic 

crosstalk” as a novel means of interaction between oligodendrocytes and macrophages. 

 When SHP-1 deficient mice are inoculated with TMEV, they experience a rapid 

acute demyelinating disease within 4 days of post inoculation, characterized by 

inflammatory induced demyelination in the white matter tracts of the CNS. Due to the 

rapid onset of the disease, adaptive immune responses do not contribute to 

demyelination (Christophi et al., 2009b). Thus, we demonstrated that macrophages are 

essential for TMEV induced demyelination in me/me mice as depletion of macrophages 

resulted in no demyelination. Until these studies were conducted, we hypothesized that 

SHP-1 functioned in the following ways to block rapid acute TMEV mediated 

demyelination: 1) SHP-1 blocked excessive inflammation by TMEV in macrophages via 

downregulation of proinflammatory pathways such as JAK/STAT signaling and NF-κB, 

and 2), SHP-1 reduced oligodendrocyte susceptibility to cell pathology via prevention of 

ROS production and myelin damage. Based on the data presented regarding the control 

of SHP-1 and metabolism we propose the following model for TMEV induced 

demyelination. Upon intracranial inoculation of TMEV into SHP-1 deficient mice, the 

infection takes hold in oligodendrocytes inducing the recruitment of peripheral 

mononuclear cells to the white matter. Many of these mononuclear cells will come into 
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contact with viral antigens and pathogen associated molecular patterns (PAMPS) and 

may become infected with TMEV. Upon exposure to the virus, macrophages will become 

“over-activated” due to loss of metabolic control in the absence of SHP-1. This induction 

of glycolysis will promote viral replication while enhancing proinflammatory cytokine 

production (IFN-γ, TNF-α, IL-1, and IL-6) and the neurotoxic effects of the infiltrating 

macrophages. These cytokines in particular can act on oligodendrocytes and, in the 

absence of SHP-1, their signal transduction pathways will not be properly regulated. 

SHP-1 deficient oligodendrocytes will be highly susceptible to macrophage mediated 

demyelination as they have higher ROS/oxidative damage and defective metabolism 

that would severely impede the ability to maintain their myelin and handle high levels of 

oxidative stress, particularly in the context of severe CNS inflammation. 

 Upon completion of this work, we discovered a novel role for SHP-1 in the 

metabolic regulation of oligodendrocytes and macrophages in the context of TMEV 

mediated demyelination. Therefore, we would adjust our current model/hypothesis to 

induce the following: 1) SHP-1 prevents TMEV mediated demyelination by regulating 

macrophage metabolic responses, thus preventing excessive viral replication and 

inflammation, and 2), SHP-1 functions to maintain adequate metabolism in 

oligodendrocytes which may increase resistance to TMEV induced demyelination 

through the proper maintenance of myelination and enhanced production of reducing 

agents to detoxify ROS.  
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Figure 1 

 
 
 
Figure 1: Proposed model for TMEV mediated demyelination. Upon infection, TMEV is 
able to enter the CNS as the blood brain barrier (BBB) is not fully formed yet. Once in 
the CNS, TMEV will infect and replicate in oligodendrocytes resulting in recruitment of 
peripheral monocytes. Oligodendrocytes can contribute to the activation and 
differentiation of monocytes to macrophages via the production of ROS and TMEV. ROS 
production can directly damage myelin resulting in phagocytosis of damaged myelin by 
macrophages. ROS can also act to enhance proinflammatory-signaling pathways while 
TMEV enhances macrophage glycolytic metabolism resulting in excessive activation and 
proinflammatory cytokines production. The proinflammatory cytokines produced by 
macrophages may act on the oligodendrocytes to reduce metabolism via direct 
activation of their corresponding receptors on the oligodendrocytes, or via the production 
of NO via the induction of iNOS in astrocytes, microglia, or macrophages. 
Oligodendrocyte metabolic deficits induced by proinflammatory cytokines will further 
increase their susceptibility to bioenergetic failure resulting in demyelination and axonal 
degeneration. 
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