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ARTICLE INFO ABSTRACT

Glycolysis and mitochondrial respiration are essential for oligodendrocyte metabolism in both the developing
and adult CNS. Based on recent reports on the effects of the proinflammatory cytokine IFN-y on metabolism and
on oligodendrocytes, we addressed whether IFN-y may affect oligodendrocyte bioenergetics in ways relevant to
CNS disease. Oligodendrocytes of mice treated with IFN-y showed significant reductions in aerobic glycolysis
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I(\;llli};z?:g;:iria and mitochondrial respiration. As expected, IFN-y treatment led to the induction of STAT1 in oligodendrocytes
Metabolism indicating active signaling into these cells. To determine the direct effects of IFN-y on oligodendrocyte meta-

bolism, cultured oligodendrocytes were treated with IFN-y in vitro, which resulted in suppression of glycolysis
similar to oligodendrocytes of animals treated with IFN-y in vivo. Mice lacking SHP-1, a key regulator of IFN-y
and STAT1 signaling in CNS glia, had high constitutive levels of STAT1 and decreased aerobic glycolysis and
mitochondrial respiration rates relative to wild type mouse oligodendrocytes. Together, these data show that
IFN-y and SHP-1 control oligodendrocyte bioenergetics in ways that may relate to the role of this cytokine in CNS

disease.

1. Introduction

Oligodendrocyte bioenergetics is an area of active research, in
which abnormalities in glycolysis or oxidative phosphorylation
(OXPHOS) have been implicated in various processes associated with
oligodendrocyte and neuronal dysfunction (Amaral et al., 2013;
Funfschilling et al., 2012; Saab et al., 2013). The latter studies de-
monstrated that glial cells are highly glycolytic even under normoxic
conditions. In particular, oligodendrocytes, which make extensive
contact with axons to provide electrical insulation necessary for salta-
tory conduction, have been shown to provide lactate from glycolysis as
metabolic fuel for axonal mitochondria (Lee et al., 2012; Rinholm et al.,
2011).

In addition to maintaining the high-energy demands of axons, gly-
colysis and OXPHOS are required to meet the unique metabolic de-
mands of oligodendrocytes. When actively myelinating, oligoden-
drocytes have a high bioenergetic demand and require both
mitochondrial and glycolytic metabolism to allow for the synthesis of
the myelin sheathes (Funfschilling et al., 2012; Ziabreva et al., 2010).
Adequate mitochondrial function is particularly important during

myelination, and diminished oligodendrocyte mitochondrial function is
associated with hypomyelination and axonal degeneration (Andrews
et al., 2005; Bjartmar and Trapp, 2001; Mahad et al., 2009; Takikita
et al,, 2015). After myelination is complete, oligodendrocytes can
maintain myelin by utilizing glycolysis independently from mitochon-
drial respiration (Funfschilling et al., 2012). Recently, it has been re-
ported that downregulation of glycolysis in cultured primary oligo-
dendrocytes  triggers  process  withdrawal, a  mechanism
oligodendrocytes might utilize to conserve energy in an effort to pre-
vent apoptosis due to bioenergetics failure in vivo (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.

In the human demyelinating disease, multiple sclerosis (MS), oli-
godendrocytes may be direct targets for immune-mediated damage
leading to subsequent demyelination. In this regard, extensive research
has been conducted on the effects IFN-y on oligodendrocyte biology and
demyelination. IFN-vy is a proinflammatory cytokine that is relevant in
the context of inflammatory demyelination since IFN-y is produced by
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and mediates demyelinating activity by encephalitogenic T-cells in
autoimmune models of MS (Balabanov et al., 2007; Goverman, 2009;
Lees and Cross, 2007; Lin et al., 2007; Loda and Balabanov, 2012;
Renno et al., 1998) and is produced by anti-viral T cells important for
antiviral activities and cell death of oligodendrocytes in viral models of
demyelination(Bergmann et al., 2003; De-Simone et al., 2015; Gonzalez
et al., 2005; Parra et al., 2010; Schijns et al., 1991; Tsunoda et al.,
2006). An important aspect of these studies on IFN-y using these models
is that both detrimental and beneficial outcomes have been reported
which is not currently understood (Lin et al., 2006; Sosa et al., 2015;
Vartanian et al., 1995; Willenborg et al., 1996). In this regard, IFN-y
acts on oligodendrocytes to induce STAT1 homodimers, a major com-
ponent of proinflammatory, antiviral, and bioenergetic signaling
(Agresti et al., 1998; Boehm et al., 1997; Decker et al., 1997). We
propose that as found in other cells, that STAT1 acts to modulate
bioenergetics in oligodendrocytes and is critical to the activity of IFN-y
on oligodendrocytes.

There are multiple regulators of IFN-y signaling that are likely to
have profound effects on responsiveness in oligodendrocytes. One in
particular is the protein tyrosine phosphatase SHP-1, which has been
shown to negatively regulate IFN-y activity in multiple tissues and cell
types (Shuai and Liu, 2003; Starr and Hilton, 1999; Valentino and
Pierre, 2006). SHP-1 is a major regulator of IFN-y signaling in CNS glia
(Massa et al., 2000; Massa and Wu, 1996), however whether SHP-1
controls IFN-y 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 et al., 2001), consistent with a role for SHP-1, IFN-
vy, and STAT1 activity in oligodendrocyte biology (Gruber et al., 2015;
Massa et al., 2000). The main question in the present studies is whether
these responses to IFN-y may be coincident with alteration in oligo-
dendrocyte bioenergetics. Our findings suggest that IFN-y STAT1, and
SHP-1 signaling in oligodendrocytes induces metabolic alterations in
oligodendrocytes that are related to mechanisms of oligodendrocyte
pathology and demyelinating disease.

2. Materials & methods
2.1. Animals

SHP-1-deficient mice (motheaten locus, me/me) on a C3HeB/FeJLe-
a/a background (RRID:IMSR_JAX:000225) 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-Ptpnéme/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.

2.2. 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
100 uM 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) according to the
manufacturer's instructions, and oligodendrocytes were purified using
04 antibody conjugated to magnetic beads. The O4-positive oligoden-
drocytes were passed through a magnetic column on a QuadroMACS™
Separator (Miltenyi Biotec, San Diego, CA) to remove unlabeled glia
and neurons. Although the resulting O4-isolated population displayed
characteristic morphological criteria of oligodendrocytes by phase
contrast microscopy (rounded cell bodies with multiple fine caliber
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processes) (Massa et al., 2000), immunofluorescence staining of this
preparation for the oligodendrocyte marker myelin basic protein (MBP)
showed that only about half the cells were positive(Supplemental data,
Fig. 1). We concluded based on these observations that O4-positive cells
isolated from P7 animals represent a heterogeneous mixture of both
mature MBP + oligodendrocytes and less mature MBP-negative cells
that may be oligodendrocyte progenitor cells (OPC). However, we refer
to these preparations simply as oligodendrocytes.

2.3. 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 poly-
vinylidene difluoride membrane (Millipore, Billerica, MA). Membranes
were blocked with 5% bovine serum albumin for 1h, and then in-
cubated with one of the following primary antibodies: Y701-pSTAT1
(Cell Signaling Technology Cat# 9167S RRID:AB_561284), total STAT1
(Cell Signaling Technology Cat# 9172 RRID:AB_2198300), Y705-pST-
AT3 (Cell Signaling Technology Cat# 9145 also 9145S, 9145P, 9145L
RRID:AB_2491009), total STAT3 (Cell Signaling Technology Cat#
12640 also 12640S RRID:AB_2629499), GAPDH (Cell Signaling Tech-
nology Cat# 5174 also 5174P, 5174S RRID:AB_10622025), or actin
(Abcam Cat# ab3280 RRID:AB_303668), followed by HRP-conjugated
IgG secondary antibody (DAKO Corporation, Carpinteria, CA). En-
hanced 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).

2.4. In Vivo treatment of mice with cytokines

P6-8 wild type and motheaten mice were injected I.P. with 100 pL of
IFN-y (R&D Systems, Minneapolis, MN) in PBS with 0.5% BSA at a
concentration of 100 U/g body weight. PBS with 0.5% BSA was used as
a vehicle control and injected at a volume of 100 pL. After 24 h of cy-
tokine treatment, the brains and spinal cords were removed and the
04" oligodendrocytes were isolated and analyzed as outlined above.

2.5. In vivo metabolic analysis

Oligodendrocytes freshly isolated from wild type and motheaten
mouse brains and spinal cords were plated on Seahorse XF°96 cell
culture microplates (Agilent, Santa Clara, CA) that were pretreated for
20 min with Cell-Tak (Corning Inc., Corning, NY) at a concentration of
3.5 ug Cell-Tak/cm? of surface area. The oligodendrocytes were plated
at a density of 200,000 live cells per well and incubated in 175 pL of XF
Base media (Agilent, Santa Clara, CA) with 2 mM glutamate at a pH of
7.4 for analysis of glycolysis or in 175 uL of XF base media (Agilent,
Santa Clara, CA) with 25 mM glucose, 2 mM glutamate, and 1 mM
pyruvate at a pH of 7.4 for analysis of mitochondrial function. The cells
were incubated at 37°C for 1 h and were analyzed using the Seahorse
XF®96 Analyzer. Four cycles were performed which consisted of 3 min
of mixing followed by three minutes of measuring. For measuring gly-
colysis, the basal extracellular acidification rate (ECAR) was measured
in the first cycle. After the first cycle was completed, 25 uL of glucose
was injected so that the working concentration was 10 mM and the
second cycle measured the changes in ECAR after the introduction of
glucose. After the second cycle was completed, 25 uL of the ATPase
inhibitor oligomycin was injected (final concentration, 2 uM). Finally,
2-deoxy-p-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 in-
jection. A schematic diagram illustrating this analysis is shown in
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Supplementary Fig. 2.

For quantifying alterations in mitochondrial metabolism, the basal
oxygen consumption rate (OCR) was measured followed by a 25 pL
injection of oligomycin to give a final oligomycin concentration of
2uM, a second 25puL injection of carbonyl cyanide-4-(tri-
fluoromethoxy)phenylhydrazone (FCCP) (final concentration of 2 uM),
and a third 25 pL injection of rotenone/antimycin A to give a final
concentration of 0.5 uM. 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 consump-
tion 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. A schematic diagram
illustrating this analysis is shown in Supplementary Fig. 2. The meta-
bolic 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-y treatment and genotype did not have any significant effect on
oligodendrocyte GAPDH levels.

2.6. 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 XF°96
cell culture microplates (Agilent, Santa Clara, CA) that were pretreated
for 20 min with Cell-Tak (Corning Inc., Corning, NY) at a concentration
of 3.5ug Cell-Tak/cm? of surface area. The oligodendrocytes were
cultured for 24 h in complete culture medium containing Dulbecco's
modified Eagle's medium (DMEM, Gibco, Carlsbad, CA), 10% FBS
(Gibco, Carlsbad, CA), 100 U/mL of penicillin, 100 ug/mL of strepto-
mycin, and 0.5% BSA in PBS, 100 U/mL of IFN-y (R&D Systems,
Minneapolis, MN), or 100 U/mL of LIF R&D Systems, Minneapolis,
MN).

2.7. In vitro metabolic analysis

After 24 h in culture, the culture media was washed and replaced
with 175 pL of XF Base media (Agilent, Santa Clara, CA) with 10 mM
glucose and 2 mM glutamate at a pH of 7.4 for analysis of glycolysis or
in 175 L of XF base media (Agilent, Santa Clara, CA) with 25 mM
glucose, 2 mM glutamate, and 1 mM pyruvate at a pH of 7.4 for analysis
of mitochondrial function. The cells were incubated at 37C° for one
hour and were analyzed using the Seahorse XF°96 Analyzer as de-
scribed 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 sub-
tracting 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 re-
spiration 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 sub-
tracting the average basal oxygen consumption from the average
oxygen consumption after oligomycin treatment. Finally, the spare re-
spiratory 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). The cell loading was standardized using
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CyQUANT to account for alterations in cell viability.
2.8. 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 sig-
nificance was determined by an ANOVA. The particular test used for
each experiment is indicated in the figure legends. A p-value of < 0.05
was interpreted as statistically significant. All statistical analyses were
performed using Graphpad Prism (version 7).

3. Theory

The cytokine IFN-y has been shown to have multiple important
biological activities in oligodendrocytes ranging from increased ex-
pression of immune molecules, cell death induction, and anti-viral
state. Recently, the role of specific bioenergetic pathways in these IFN-y
responses has been discovered. Therefore, the role of IFN-y in altering
the bioenergetic state of oligodendrocytes may provide important me-
chanistic insights into how IFN-y acts on oligodendrocytes in health and
disease.

4. Results

4.1. Treatment of mice with IFN-y suppresses oligodendrocyte glycolytic and
mitochondrial metabolism

Previous studies have demonstrated that IFN-y regulates bioener-
getics in many cell types (Karhumaki and Helin, 1987; Su et al., 2015)
and IFN-y signaling is relevant to mechanisms of oligodendrocyte pa-
thology and inflammatory demyelination in MS. Of particular relevance
to oligodendrocyte viability and myelination is glycolytic and mi-
tochondrial respiration (Rone et al., 2016). To determine the effects of
IFN-y on wild type mouse oligodendrocyte bioenergetics in vivo, we
treated wild type mice with IFN-y for 24 h and conducted metabolic
studies on freshly isolated oligodendrocytes from brain and spinal cord.
Oligodendrocytes of mice treated with IFN-y for 24 h displayed both
decreased basal aerobic glycolysis and glycolytic capacity (Fig. 1A-C;
Supplementary Fig. 2). Moreover, oligodendrocytes from IFN-y-treated
wild type mice had significantly reduced parameters of mitochondrial
metabolism including basal mitochondrial oxygen consumption, max-
imal mitochondrial respiration, ATP production, and spare respiratory
capacity relative to untreated wild type mice (Fig. 1D-H, Supplemen-
tary Fig. 2). Trypan blue staining revealed no alterations in oligoden-
drocyte viability after in vivo IFN-y treatment relative to oligoden-
drocytes isolated from untreated animals (data not shown). Overall, we
demonstrated that IFN-y significantly reduced oligodendrocyte glyco-
lytic and mitochondrial metabolism.

4.2. Direct effects of IFN-y on oligodendrocyte metabolism

Based on the effects of IFN-y on oligodendrocyte bioenergetics in
vivo, we wanted to determine if IFN-y could act directly on oligoden-
drocyte bioenergetics. To determine the direct effects of IFN-y on oli-
godendrocyte metabolism, freshly isolated oligodendrocytes from brain
and spinal cord were cultured for 24 h in the presence of IFN-y prior to
metabolic analysis. IFN-y significantly reduced basal glycolysis and
glycolytic capacity (Fig. 2A-C), a finding that agreed with effects of in
vivo IFN-y treatment (Fig. 1A-C). However, in contrast to in vivo
treatment, in vitro treatment with IFN-y significantly increased basal
mitochondrial oxygen consumption (Fig. 2D,E) but had no effect on
maximal mitochondrial respiration, mitochondrial ATP production, or
spare respiratory capacity (Fig. 2D,F-H). This suggests that IFN-y
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Fig. 1. Constitutive and in vivo IFN-y treated wild type mouse oligodendrocyte metabolism. A) Seahorse extracellular flux analyzer graph depicting the change in extracellular acid-
ification (ECAR) over time for oligodendrocytes isolated from untreated wild type (WT) mice, and from mice injected IP with IFN-y for 24 h (WT n = 5, WT IFN-y n = 7). B & C) Scatter
plot graphs depicting B) basal glycolysis (p = 0.0013; WT n = 5, WT IFN-y n = 7) and C) glycolytic capacity (p = 0.0005; WT n = 5, WT IFN-y n = 7) of oligodendrocytes from
untreated WT mice and WT mice treated with IFN-y. D) Seahorse extracellular flux analyzer graph depicting the oxygen consumption rate (OCR) over time for oligodendrocytes isolated
from untreated WT mice and WT mice treated with IFN-y (WT n = 5, WT IFN-y n = 7). E-H) Scatter plot graphs depicting E) basal mitochondrial oxygen consumption (p = 0.0005; WT
n = 5, WT IFN-y n = 7), F) maximal mitochondrial respiration (p = 0.0012; WT n = 5, WT IFN-y n = 7), G) ATP production (p = 0.0044; WT n = 5, WT IFN-y n = 7), and H) spare
respiratory capacity (p = 0.0114; WT n = 5, WT IFN-y n = 7) of oligodendrocytes isolated from untreated and IFN-y treated mice. 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 < 0.05, **p < 0.01, ***p < 0.001). Glycolytic capacity is the maximal rate the cell can perform
glycolysis and is closely related to the expression level of glycolytic enzymes in the cell. This differs from basal glycolysis which is influenced by other factors, mainly mitochondrial ATP
production. Maximal mitochondrial respiration is the maximal rate the mitochondria can consume oxygen and is related to the expression and posttranslational modification of complexes
in the ETC in the oligodendrocytes. This differs from basal mitochondrial oxygen consumption which is regulated by various factors, mainly glycolytic ATP production. A description of
different Seahorse measurements and conditions under which measurements are made is shown in Supplementary Fig. 1.

directly impacts oligodendrocyte glycolysis, whereas the effects on
mitochondrial function on oligodendrocyte mitochondria may be in-
direct, potentially involving other factor(s)/cell type(s) present in vivo.

4.3. Activation of STAT1 in oligodendrocytes by IFN-y

To determine whether IFN-y treatment was signaling in oligoden-
drocytes, in vivo- and in vitro-treated oligodendrocytes were analyzed by
western immunoblot for STAT1, as IFN-y is a major stimulus of STAT1
phosphorylation, activation, and positive STAT1 gene autoregulation
(Boehm et al., 1997; Decker et al., 1997). Thus, IFN-y treatment of mice
and oligodendrocyte cultures led to a significant induction of STAT1
tyrosine phosphorylation (Fig. 3A,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-y
treatment by autoregulation (Fig. 3A,C). Since STAT3 activation is
known to elicit metabolic changes (Meier and Larner, 2014; Poli and
Camporeale, 2015; Sarafian et al., 2010; Wegrzyn et al., 2009), the
levels of Y705-pSTAT3 were quantified as a control for possible cross
talk between signal transduction pathways. IFN-y treatment in mice and
in oligodendrocyte cultures elicited no significant changes in the in-
duction of Y705-pSTAT3 or total STAT3 in oligodendrocytes
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(Fig. 3B,D). Taken together, these data show that both in vivo and in
vitro IFN-y treatment activated STAT1 but had no effects on STAT3
activation in oligodendrocytes.

4.4. Regulation of STAT1 by SHP-1 in oligodendrocytes

Since IFN-y activates STAT1 which may relate to changes in bioe-
nergetics, we quantified the constitutive and IFN-y-inducible activation
of STAT1 in wild type and SHP-1-deficient (motheaten, me/me) oli-
godendrocytes. Regulation of STAT1 activity by SHP-1 in oligoden-
drocytes would be consistent with the regulation of STAT1 activity
described in primary cultured astrocytes in response to IFN-y stimula-
tion (Massa and Wu, 1996). An additional rationale for this analysis was
based on previous reports of SHP-1 expression in oligodendrocytes and
oligodendrocyte pathology in me/me mice that might be related to
expected bioenergetic suppression (Massa et al., 2000; Massa et al.,
2004). As a measure of relative STAT1 activity between genotypes, we
analyzed the expression of total STAT1, as STAT1 levels reflect STAT1-
mediated transcriptional autoregulation (Boehm et al., 1997; Decker
et al., 1997; Wong et al., 2002). Oligodendrocytes isolated from SHP-1-
deficient mice constitutively expressed significantly more total STAT1
relative to oligodendrocytes of wild type mice indicating a significantly
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Fig. 2. Glycolytic and mitochondrial metabolism of wild type oligodendrocytes treated in vitro with IFN-y. 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-y for 24 h (WT n = 8, WT
IFN-y n = 9). B&C) Scatter plot graphs depicting B) basal glycolysis (p = 0.0016; WT n = 8, WT IFN-y n = 9) and C) glycolytic capacity (p = 0.0360; WT n = 8, WT IFN-y n = 9) of
oligodendrocytes from WT mice treated in vitro with PBS or IFN-y. D) Seahorse extracellular flux analyzer graph depicting the oxygen consumption rate (OCR) over time for oligo-
dendrocytes isolated from WT mice treated in vitro with either PBS (control) or IFN-y for 24 h (WT n = 4, WT IFN-y n = 4). E-H) Scatter plot graphs depicting E) basal mitochondrial
oxygen consumption (p = 0.0268; WT n = 5, WT IFN-y n = 5), F) maximal mitochondrial respiration (p = 0.1650; WT n = 4, WT IFN-y n = 5), G) ATP production (p = 0.2075; WT
n = 5, WT IFN-y n = 5), and H) spare respiratory capacity (p = 0.3299; WT n = 4, WT IFN-y n = 4) of oligodendrocytes isolated from WT mice treated in vitro with PBS or WT IFN-y.
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).

higher level of STAT1 activity (Fig. 4A). To the contrary, oligoden-
drocytes from SHP-1-deficient mice expressed similar amounts of Y705-
PSTAT3 and total STAT3 compared to wild type mice (Fig. 4B). To
demonstrate a role for SHP-1 as a negative regulator of IFN-y signaling
in oligodendrocytes, we quantified the induction of Y701-pSTAT1 and
total STAT1 after in vitro IFN-y treatment of wild type and SHP-1-de-
ficient oligodendrocytes. After 24 h of IFN-vy stimulation, both wild type
and motheaten mouse oligodendrocytes had a significant induction of
both Y701-pSTAT1 and total STAT1 (Fig. 4C-E), however IFN-y in-
duced significantly more Y701-pSTAT1 and total STAT1 in SHP-1-de-
ficient oligodendrocytes (Fig. 4C-E) demonstrating a direct role for
SHP-1 in the regulation of the STAT1 response to IFN-y. To show spe-
cificity of IFN-y-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)
which resulted in no observable induction of STAT1 in either wild type
or motheaten oligodendrocytes (Fig. 4E). In sum, our data indicate a
critical role for SHP-1 in controlling STAT1 activation in oligoden-
drocytes.

4.5. SHP-1 controls constitutive glycolytic and mitochondrial metabolism

After observing that IFN-y downregulated metabolism in oligoden-
drocytes of wild type mice, we wanted to determine if oligodendrocytes
of SHP-1-deficient mice displayed constitutively depressed bioener-
getics compared to wild type oligodendrocytes. We believed that this

50

was a distinct possibility as these SHP-1-deficient cells exhibited an
abnormally heightened STAT1 activation independently of IFN-y
(Fig. 4A) as previously seen in SHP-1-deficient macrophages (David
et al., 1995). As expected, oligodendrocytes isolated from SHP-1-defi-
cient mice had a significant reduction in both basal glycolysis and
glycolytic capacity relative to wild type oligodendrocytes (Fig. 5A-C).
As well, we observed a significant decrease in basal mitochondrial
oxygen consumption, maximal mitochondrial respiration, ATP pro-
duction, and spare respiratory capacity (Fig. 5D-H) consistent with data
obtained from oligodendrocytes of IFN-y-treated wild type mice
(Fig. 1A-H). It is important to note that there were no differences in
viability between wild type and SHP-1-deficient mouse oligoden-
drocytes as determined by trypan blue staining (data not shown). Taken
together, these data showed that loss of SHP-1 expression in oligo-
dendrocytes led to a loss in both glycolytic and mitochondrial meta-
bolism in oligodendrocytes. Therefore, SHP-1 expression in oligoden-
drocytes is critical for maintaining normal bioenergetics in
oligodendrocytes. Because 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 SHP-1-deficient mice with IFN-y for 24 h. After 24 h IFN-y
treatment, there was a significant yet subtle induction in total STAT1 in
the oligodendrocytes isolated from these mice (Fig. 6A) but no effects
on the induction of Y705-pSTAT3 (Fig. 6B). However, unlike the effects
of in vivo IFN-y treatment of wild type mice on downregulating
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oligodendrocyte metabolism (Fig. 1A-H), there were no effects of in
vivo IFN-y treatment on SHP-1-deficient oligodendrocytes for all para-
meters of glycolytic and mitochondrial metabolism (Fig. 7A-H). Based
on this outcome, it was concluded that constitutive STAT1 activation in
the absence of SHP-1 led to maximal suppression of oligodendrocyte
bioenergetics that could not be further suppressed with IFN-y. The
latter supported the hypothesis that SHP-1-deficient cells displayed a
constitutive STAT1 activation independent of IFN-y exposure (Fig. 4A)
consistent with constitutively suppressed bioenergetic activities
(Fig. 5).

5. Discussion

To our knowledge, we are the first to describe a role for IFN-y and
SHP-1 in the regulation of glycolytic and mitochondrial metabolism in
oligodendrocytes as schematically represented in Fig. 8. IFN-y is known
to induce STAT1 transcriptional activity, and relates to previous studies
showing that STAT1 impacts aerobic glycolytic and mitochondrial
metabolism in a cell type-specific manner that may be either inhibitory
or stimulatory (Avalle et al., 2012; Meier and Larner, 2014; Pitroda
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et al., 2009; Szczepanek et al., 2012; Wong et al., 2002). Here we show
that in vivo delivery of exogenous IFN-y impacts oligodendrocytes via
downregulation of various parameters of both glycolytic and mi-
tochondrial metabolism. We further corroborate this observation in
oligodendrocytes of SHP-1-deficient mice which exhibit a constitutive
“IFN-y like state” with increased STAT1 activity and altered bioener-
getics independent from exposure to IFN-y.

In this manuscript, we show a role for IFN-y in the regulation of
metabolism that may provide insight into a potential novel mechanism
for the impact of IFN-y on oligodendrocytes. Besides mature oligoden-
drocytes, we have considered the possibility that a large proportion of
O4-isolated cells from P7 animals may be oligodendrocyte progenitor
cells (OPC) and that OPC might contribute in a unique way to the ob-
served bioenergetics profiles in our preparations. As such, bioenergetics
measurements of these preparations may be an average between either
distinct or similar responses to the treatments. Future experiments will
be aimed at separating these populations to characterize their degree of
maturational differences with respect to both aerobic glycolysis and
mitochondrial respiration. Such differences might reflect on how IFN-y
may affect either maturation of OPC or mature oligodendrocyte



S.B. Minchenberg, P.T. Massa

Journal of Neuroimmunology 331 (2019) 46-57

A) Fig. 4. Constitutive and IFN-y-inducible STAT1 and Y705-
c STAT1-a. £ STAT1 'B PSTAT3 expression in wild type and SHP-1-deficient oli-
g &-’ godendrocytes. A) Bar graphs and representative western
o8 * o * blot showing STAT1a and STAT1 band density relative to
0 g WT me/me actin in wild type (WT) and oligodendrocytes from SHP-1
E 6 E STAT1a. deficient (motheaten, me/me) mice (STAT1a: p = 0.0306;
[) [0} - - 4 A . -
& 4 & STAT1 [3 - WT n = 4, me/me n = 4; STAT1f: p 0403091 WTn = 4,
> = me/me n = 4). B) Bar graph and representative western
g 2. 2 Actin blot depicting Y705-pSTAT3 band density relative to actin
8 8 — in oligodendrocytes isolated from WT and me/me mice
‘g 0 WT y T (p = 0.1157; WT n = 4, me/me n = 3). C&D) Bar graphs
g meme g and E) representative western blots showing inducible C)

Y701-pSTAT1 and D) total STAT1 relative to actin in WT

B) and me/me oligodendrocytes treated in vitro with either

< IFN-y or leukemia inhibitory factor (LIF) relative to un-

g Y705'pSTAT3 treated oligodendrocytes. Statistical significance was de-

215 WT me/me termined by Student's t-test or a one-way ANOVA with

[ Tukey's multiple comparisons test (*p < 0.05,

=

2., Y705-pSTAT3 . - e 0L e < 0001 e~ 0.0000)

2 1

14 o

205 Total STAT3 . S

% 0-

=

) .

S 00 At .

- 0. T

5 WT me/me

m

) Y701-pSTAT1 ) Total STAT1

Kk kdkk
faduid Fkkk
0.4 * 6 *k

0.3 *
0.2
0.1

==

|-

0.0+ T T T
WT  WTIFN-y me/me me/me IFN-y WT

Band Density Relative to Actin
Band Density Relative to Actin

WT IIFN-v me/me me/me IFN-y

E) WT  WT me/me me/me
701 WT ENy UF MeMe EnL  LF
PSTATY | Lo
Total
STAT1 _ -9
ACHN  ———————

functions.

As an approach to demonstrate the effect of IFN-y on glycolysis and
mitochondrial respiration, wild type mice were treated in vivo with IFN-
y. IFN-y specifically induced significant STAT1 activation in wild type
mouse oligodendrocytes (Fig. 3A) that was associated with a significant
decrease in all measures of oligodendrocyte bioenergetics (Fig. 1A-H).
In particular, oligodendrocytes isolated from IFN-y-treated mice had
significantly reduced basal glycolysis (Fig. 1B). Reduced oligoden-
drocyte basal glycolysis is thought to promote cell survival at the cost of
myelination as recently described by Antel and coworkers (Rone et al.,
2016). Therefore, in the context of neuroinflammation, IFN-y may be
acting via bioenergetic alterations to preserve oligodendrocyte survival
while inhibiting myelination until the inflammation has resolved.
Glycolytic capacity was also significantly reduced in oligodendrocytes
after IFN-y treatment (Fig. 1C) suggesting that IFN-y may be tran-
scriptionally downregulating glycolytic enzymes. Typically, when gly-
colysis is inhibited, mitochondrial metabolism will compensate for the
reduction in glycolytic metabolism (reverse Warburg effect), however
in vivo treatment of wild type mice with IFN-y also elicited a down-
regulation of all parameters of mitochondrial metabolism (Fig. 1D-H).
The IFN-y-induced reduction of basal mitochondrial oxygen
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consumption, maximal mitochondrial respiration, mitochondrial ATP
production, and spare mitochondrial respiratory capacity (Fig. 1D-H)
suggest pathways by which oligodendrocytes may cope with stressful
situations related to inflammation and/or remyelination. As the re-
duction of mitochondrial metabolism in the context of reduced glyco-
lysis was an unexpected result and we did not see this reduction in
isolated oligodendrocytes in vitro, we presumed that the in vivo effects
of IFN-y on mitochondrial function in oligodendrocytes could be in-
direct via the effect of IFN-y on other CNS cells (Cannella and Raine,
2004). We hypothesize that the reduction of mitochondrial metabolism
can be attributed to inducible nitric oxide synthase (iNOS) induced by
IFN-y in astrocytes and microglia (Tran et al., 2000) which would in-
crease nitric oxide (NO) levels in the CNS leading to nitrosylation and
inhibition of the electron transport chain (ETC) (Heales et al., 1999)
(Fig. 8). Since oligodendrocytes provide a major energy source to axons
in the form of lactate transferred via MCT channels (Funfschilling et al.,
2012), IFN-y downregulation of oligodendrocyte mitochondrial meta-
bolism in the context of reduced glycolysis may be a counteractive
mechanism to augment lactate levels for use in axonal metabolism
under stressful conditions. Our in vivo findings likely represent complex
interactions between multiple IFN-y-responsive cells in which the end
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Fig. 5. Constitutive wild type and SHP-1-deficient mouse oligodendrocyte 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. D) Seahorse extracellular flux analyzer graph depicting the oxygen consumption rate (OCR) over time for oligodendrocytes isolated from untreated WT mice and me/me
mice (WT n = 4, me/me n = 5). E-H) Scatter plot graphs depicting E) basal mitochondrial oxygen consumption (p = 0.0077; WT n = 5, me/me n = 6), F) maximal mitochondrial
respiration (p = 0.0043; WT'n = 5, WT IFN-y n = 6), G) ATP production (p = 0.0071; WT n = 5, WT IFN-y n = 6), and H) spare respiratory capacity (p = 0.0051; WT' n = 5, WT IFN-y
n = 6) of 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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Fig. 6. Total STAT1 and Y705-pSTAT3 expression in oligodendrocytes from SHP-1-defi-
cient mice treated in vivo with IFN-y. A) Bar graph and representative western blot
showing total STAT1 band density relative to GAPDH in oligodendrocytes isolated from
untreated and IFN-y treated SHP-1-deficient (motheaten, me/me) mice (p = 0.0284; me/
me n = 4, me/me IFN-y 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-y-treated me/me mice (p = 0.4489; me/me n = 5, me/me IFN-y n = 3).
Data points depict oligodendrocytes isolated from the brains and spinal cords of in-
dividual animals. Statistical significance was determined by unpaired one-tailed Student's
t-test (*p < 0.05).
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result on suppressed oligodendrocyte bioenergetics may not strictly
extend to whether IFN-y is either beneficial or detrimental to oligo-
dendrocytes in vivo but likely involves other factors including iNOS
induced by IFN-y in the CNS (Tran et al., 2000) (Fig. 8). Additionally,
the role of IFN-y on induction of antiviral state in oligodendrocytes has
been demonstrated which may be beneficial or detrimental in con-
trolling virus-induced demyelinating disease caused by oligoden-
drocyte-tropic viruses (Bergmann et al., 2003; De-Simone et al., 2015;
Gonzalez et al., 2005; Parra et al., 2010; Schijns et al., 1991; Tsunoda
et al., 2006). Of particular interest, the present studies may relate to a
novel mechanism of antiviral state induced by IFN-y in oligoden-
drocytes as numerous viruses rely on aerobic glycolysis for efficient
replication (Allonso et al., 2015; Findlay and Ulaeto, 2015; Fontaine
et al., 2015; Liu et al., 2015; Ma et al., 2015; Sanchez and Lagunoff,
2015).

Based on previous studies in our laboratory on the role of SHP-1 on
oligodendrocyte biology, we favor the possibility that increased IFN-y,
STAT1, and reduced bioenergetics especially in the context of SHP-1-
deficiency may be directly detrimental to oligodendrocytes by various
mechanisms including apoptosis. For instance, the induction of the
STAT1 responsive genes by IFN-y has also been shown to promote
apoptosis in both mature oligodendrocytes (Agresti et al., 1998;
Balabanov et al., 2006; Buntinx et al., 2004) and oligodendrocyte
progenitor cells (OPC) (Tirotta et al., 2011). We envision that severe
bioenergetics suppression may augment cytotoxic effects of IFN-y in
oligodendrocytes. Having stated this, the effect of IFN-y on oligoden-
droyctes is complex with regard to apoptosis and cell survival as IFN-y
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Fig. 8. Schematic diagram of potential pathways by which

IFN-y and SHP-1 regulate oligodendrocyte glycolytic and

mitochondrial metabolism. In vivo action of IFN-y or SHP-1

deficiency in oligodendrocytes leads to heightened STAT1

activity that correlates with reduced glycolysis. Reduced
glycolysis would reduce the amount of lactate produced,
however, mitochondrial metabolism is also reduced in oli-
godendrocytes thus sparing lactate for use in axonal mi-
tochondria metabolism via transfer through mono-
carboxylate transporters (MCT) MCT1 and MCT2 channels
located on the myelin membrane and axonal membrane
respectively (Funfschilling et al., 2012; Rinholm et al.,
2011). Direct signaling of IFN-y on oligodendrocytes in vitro
resulted in reduced glycolysis, however we propose that
mitochondrial metabolism is reduced by other pathways
stimulated by IFN-y in vivo. One likely indirect effect of IFN-
y on oligodendrocytes only seen in vivo is the induction of
inducible nitric oxide synthase (iNOS) by 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-y on glycolysis in
oligodendrocytes and preserve axonal function during in-
flammatory disease.
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has been shown to protect against oligodendrocyte apoptosis and de-
myelination in experimental autoimmune encephalitis in mice
(Balabanov et al., 2007) indicating that some degree of bioenergetics
suppression may be protective against oligodendrocyte toxicity and
dysfunction as proposed recently (Rone et al., 2016). As a possible
mechanism of IFN-y-induced apoptosis related to the present studies,
the reduced activity of aerobic glycolysis by IFN-y would affect both
ATP production and flux through the associated pentose phosphate
pathway (PPP) leading to a depletion of reduced glutathione (GSH) and
consequent oxidative damage to oligodendrocyte mitochondria. Such
damage and ATP depletion has been shown to cause cytochrome C
leakage into the cytoplasm and induction of the intrinsic apoptotic
pathway (Garcia-Perez et al., 2012; Garedew et al., 2010; Watanabe
et al., 2003).

To verify that IFN-y signaled into oligodendrocytes, STAT1 phos-
phorylation and expression were measured. STAT1 transcriptionally
autoregulates its own expression (Wong et al., 2002) and thus increased
total STAT1 in IFN-y treated wild type oligodendrocytes coincides with
increased Y701-pSTAT1 (Fig. 3A,C). Throughout this study, activated
STAT3 (Y705-pSTAT3) was used as a control since “cross-talk” between
IFN-y-induced STAT1 signaling may occur via SOCS3 mediated down-
regulation of Y705-STAT3. Thus, it was important to show specificity
for IFN-y signaling in oligodendrocytes, especially in the context of
SHP-1 deficiency. We observed a strong correlation between the in-
duction of STAT1 and metabolic alterations in oligodendrocytes.
Therefore, it is feasible that IFN-y may be exerting its effects on oli-
godendrocyte metabolism through STAT1 transcriptional activity. Me-
tabolic regulation by STAT1 has been previously described in other cell
types and it is possible that this may be the mechanism behind IFN-y
induced metabolic alterations of oligodendrocytes (David et al., 1995;
Hiroi et al., 2009; Pitroda et al., 2009; Ramana et al., 2000; Sisler et al.,
2015).

Oligodendrocytes from SHP-1-deficient (motheaten, me/me) mice
were analyzed since SHP-1 is a major negative regulator of IFN-y sig-
naling in CNS glia (Massa and Wu, 1996). Oligodendrocytes isolated
from SHP-1-deficient mice had significantly higher constitutive STAT1
activation (Fig. 4A), but no significant differences in STAT3 activation
compared to those of wild type mice (Fig. 4B). Previous research has
determined that SHP-1-deficient cells have deranged IFN signaling and
therefore respond to IFN-a and IFN-} the same way they respond to
IFN-y with increased STAT1 homodimer activation (David et al., 1995).
This makes it highly likely that the constitutively elevated STAT1 in
SHP-1-deficient oligodendrocytes represents STAT1 in an “IFN-y like
state”. Further, the induction of Y701-pSTAT1 and total STAT1 after
IFN-y treatment were significantly higher in SHP-1-deficient oligoden-
drocytes relative to IFN-y-treated wild type oligodendrocytes
(Fig. 4C-E), thus demonstrating a direct role for SHP-1 in controlling
IFN-y signaling in oligodendrocytes. High STAT1 correlated with re-
duced parameters of glycolytic and mitochondrial metabolism in SHP-
1-deficient oligodendrocytes (Fig. SA-H) and recapitulated the meta-
bolic alterations described in wild type oligodendrocytes treated with
IFN-y (Fig. 1A-H). Surprisingly, IFN-y did not have any effects on gly-
colytic or mitochondrial metabolism in oligodendrocytes isolated from
SHP-1-deficient mice (Fig. 7A-H) even though IFN-y significantly in-
creased total STAT1 expression (Fig. 6A). We attribute this unexpected
result to the constitutive “IFN-y like state” already established by the
significantly higher STAT1 levels in SHP-1-deficient oligodendrocytes
(Fig. 4A). Therefore, SHP-1-deficient oligodendrocytes may be maxi-
mally metabolically repressed rendering the excess total STAT1 induced
by IFN-y ineffective in further reducing metabolism.

Defects in glycolytic and mitochondrial metabolism can cause def-
icits 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 ab-
normalities (Massa et al., 2000; Massa et al., 2004). We propose that
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defects in SHP-1-deficient oligodendrocyte glycolytic and mitochon-
drial metabolism are major factors driving dysmyelination in these
mice. In support, oligodendrocytes are dependent on adequate meta-
bolic function to properly myelinate axons and maintain myelin
sheathes after myelination has occurred (Funfschilling et al., 2012). To
explain this dependence, mitochondrial respiration, glycolysis and the
associated PPP are critical in providing both large amounts of ATP and
metabolites for the proliferation of oligodendrocyte progenitors and the
synthesis of myelin lipids and proteins during active myelination
(Steiner et al., 2014; Sykes et al., 1986). Recent work has addressed
possible relevance of glycolysis in demyelinating disease in which
heightened glycolysis promoted process extension as a measure of
myelination and lowered aerobic glycolysis was shown to promote
process retraction and oligodendrocyte survival that may be relevant to
the human demyelinating disease multiple sclerosis (Rone et al., 2016).
The later may relate to circumstance where IFN-y has been shown to be
beneficial to oligodendrocytes in experimental autoimmune en-
cephalomyelitis, an important animal model for MS (Balabanov et al.,
2007). The authors also showed that aerobic glycolysis was especially
high in oligodendrocyte progenitors relative to mature oligoden-
drocytes indicating the importance of glycolysis in oligodendrocyte
proliferation and myelin membrane formation. Thus, the study of gly-
colytic and mitochondrial metabolism is relevant for a better under-
standing of demyelinating diseases. Further, adequate oligodendrocyte
glycolytic function is required to maintain axonal energy demands be-
cause lactate, a byproduct of glycolysis in oligodendrocytes, is neces-
sary to support axonal mitochondrial oxidative phosphorylation (Lee
et al., 2012). Therefore, oligodendrocyte metabolic dysfunction may
also contribute to axonal energy failure and eventually axonal degen-
eration. Understanding how SHP-1 regulates metabolic function in
oligodendrocytes may further explain how these metabolic derange-
ments occur.

6. Conclusions

Understanding how proinflammatory cytokines such as IFN-y
modulate metabolism is likely to be relevant to both autoimmune and
virus-induced oligodendrocyte pathology and demyelinating diseases.
Heretofore, IFN-y 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). It is plausible that IFN-y may act directly on oligoden-
drocytes to alter bioenergetics in way not compatible with their role in
both myelination and supportive functions for axons. Alternatively,
many groups have reported that IFN-y is protective in the context de-
myelinating processes such as EAE or virus-induced demyelination,
which may be attributed to the ability of IFN-y to downregulate oli-
godendrocyte metabolism in such a way as to maintain reduced virus
replication and/or promote oligodendrocyte survival (Rone et al., 2016;
Willenborg et al., 1996). Thus, the present observations suggest novel
ways by which IFN-y and SHP-1 may exert effects on CNS white matter
by altering oligodendrocyte bioenergetics that affect either oligoden-
drocyte viability or pathology in a context-specific manner.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jneuroim.2017.10.015.
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