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Abstract

Demyelination occurs in multiple inherited mitochondrial diseases. We studied which genes were
induced as a consequence of differentiation in rodent and human oligodendroglia. Cholesterol,
myelin and mitochondrial genes were significantly increased with oligodendroglial differentiation.
Mitochondrial DNA content per cell and acetyl CoA-related transcripts increased significantly;
thus, the large buildup of cholesterol necessary for myelination appears to require mitochondrial
production of acetyl-CoA. Oligodendroglia were treated with low doses of the mitochondrial
inhibitor rotenone to test the dependence of differentiation on mitochondrial function.
Undifferentiated cells were resistant to rotenone, whereas differentiating cells were much more
sensitive. Very low doses of rotenone that did not affect viability or ATP synthesis still inhibited
differentiation, as measured by reduced levels of the myelin transcripts 2',3'-Cyclic Nucleotide-3'-
Phosphodiesterase and Myelin Basic Protein. Thus, mitochondrial transcripts and mtDNA are
amplified during oligodendroglial differentiation, and differentiating oligodendroglia are
especially sensitive to mitochondrial inhibition, suggesting mechanisms for demyelination
observed in mitochondrial disease.
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1. Introduction

Oligodendrocytes are responsible for myelination of the axons in the Central Nervous
System (CNS). Axons are initially unmyelinated and become myelinated during
development. Myelination buffers the dissipation of the action potential along the axons, and
provides trophic support for neurons. Oligodendroglial precursor cells grow into immature/
galactosylceramide-positive oligodendrocytes, and finally into mature, myelin-producing
oligodendrocytes (Baumann and Pham-Dinh, 2001).
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Crosstalk between neurons, astrocytes and oligodendrocytes is necessary for proper
oligodendrocyte differentiation and myelination. Growth factors such as PDGF, FGF-2,
IGF-1, NT-3 and CNTF, released by neurons and astrocytes, function to promote
oligodendrocyte differentiation. Neuregulin promotes differentiation via interaction with the
ErbB receptor on oligodendrocytes (reviewed in (Simons and Trajkovic, 2006)). The
interaction between F3/contactin and notch also promotes oligodendrocyte maturation (Hu
et al., 2003). The electrical activity of neurons and the release of leukemia inhibitory factor
from astrocytes have been shown to be important for initiating myelination (Ishibashi et al.,
2006).

Demyelination occurs in multiple mitochondrial diseases, including Leber’s Hereditary
Optic Neuropathy (Kovacs et al., 2005), Friedreich’s ataxia (Carelli et al., 2002), MELAS
(Rusanen et al., 1995), Charcot-Marie Tooth 2a, caused by a defect in mitofusin 2 (Niemann
et al., 2006), and Dominant Optic Atrophy, caused by a defect in opal (Johnston et al.,
1979). Demyelination also occurs in Periventricular Leukomalacia (PVL), as a consequence
of hypoxia/ischemia (Volpe, 2008). Consistent with the observation of demyelination in the
mitochondrial genetic diseases named above, a recent microarray study of five
mitochondrial diseases produced the unexpected result of significant down-regulation of
several transcripts involved in myelination (Cortopassi et al., 2006). These results suggest
that mitochondrial functions might be required for proper oligodendrocyte differentiation
and myelination. To test this idea, we microarrayed undifferentiated and differentiated rat
and human oligodendroglia. We also tested the effects of mitochondrial inhibition on
oligodendroglial differentiation and found differentiating cells to be particularly sensitive to
rotenone.

2. Materials and methods

Biochemical reagents were purchased from Sigma (St. Louis, MO), Invitrogen (Carlsbad,
CA) or Bio-Rad (Hercules, CA). Micro-array chips and reagents were purchased from
Affymetrix (Santa Clara, CA).

2.1. Cell culture

Purified primary cultures of oligodendroglial lineage from 0 to 2 day-old rats were prepared
by serial immunopanning procedure as reported and characterized in detail elsewhere (Itoh
et al., 2002, 2009; Horiuchi et al., 2006). Briefly, purified oligodendroglial cultures
contained a more than 90% A2B5-positive O4-negative and glial fibrillary acidic protein-
negative cell population which corresponded to the developmental stage of OPC. More
importantly, the OPC cultures were virtually free of microglia as determined
immunocytochemically by expression of CD11b antigen. The OPC cultures were expanded
by up to four passages in the culture medium containing B104 neuroblastoma conditioned
medium, bovine FGF2, and human recombinant PDGFAA.

To induce differentiation of OPC to oligodendrocytes, the culture medium was switched to a
defined medium free of the mitogens and B104 neuroblastoma conditioned medium. Based
on the immunocytochemical data at 4 days after induction of differentiation, these
oligodendroglial cultures contained >80% cells positive for Myelin Basic Protein, and could
be used as cultures of mature oligodendrocytes.

HOG cells, an oligodendroglioma cell line (a kind gift from Dr. G. Dawson, University of
Chicago, Chicago, IL) and M03.13 cells, an oligodendrocyte — rhabdomyosarcoma line,
were grown in DMEM supplemented with 10% FBS. Differentiation into more mature
oligodendrocytes was performed as described (Buntinx et al., 2003). Briefly, cells were
allowed to sit overnight in growth media and replaced with differentiation media (DMEM,
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0.05% FBS, 30 nM triiodothyronine, 30 nM selenium, 0.5 pg/ml insulin, and 50 pg/ml
transferrin) the following day. Cells were differentiated for 10 days, replacing the
differentiation media every 3 days. Cell viability was determined by the trypan blue
exclusion method in the ViCell (Beckman-Coulter), a unit that objectively counts cells based
on 100 images. Student’s t-test was used to determine significance.

2.2. Microarray

Total RNA was extracted using RNeasy columns (Qiagen, Valencia, CA). Ten micrograms
of RNA was labeled for hybridization to the microarray chips according to the
manufacturer’s recommendations. Rat samples were analyzed using the Affymetrix
RAE230A arrays and human samples with U133A arrays.

Four sets of microarray data were compared, two from primary rat oligodendrocytes and two
from human oligodendroglial cell lines HOG and M0O3.13. Data set 1 was generated using
total RNA from three preparations of primary rat oligodendroglial precursors and
differentiated cells (seven chips) while data set 2 was previously published data from similar
cells (nine chips) (Nielsen et al., 2006). Data sets 3 and 4 were generated using total RNA
from undifferentiated and differentiated samples of Human HOG and MO3.13 cells,
respectively (four chips per cell line). Each of the four data sets was analyzed with dChip,
then filtered for transcripts altered at p < 0.10 and pCall > 0.

Data was analyzed individually for each sample type using dChip v2005 (Li and Hung
Wong, 2001). Within each group, samples were normalized to the median intensity chip and
fluorescence values generated using the perfect match/mismatch difference model. Probe
sets with a pCall > 0% and p < .10 were considered significantly altered. Comparisons were
made by comparing all undifferentiated to all differentiated and by parsing the group into
subsets.

Updated annotations and orthologs were obtained from the NetAffx database (Liu et al.,
2003) and multi-sample analysis performed by combining the dChip lists using Excel.
Significantly altered probesets present in three or more groups were categorized using Onto-
Express (Draghici et al., 2003). The false discovery rate method was used to correct for
errors generated by multiple t-tests.

2.3. Quantitative reverse transcriptase PCR (QRT-PCR)

Total RNA was extracted from cells and QRT-PCR performed as previously described (Tan
et al., 2001). The Roche Lightcycler 480 (Roche Diagnostics, Indianapolis, IN) was used to
amplify the genes of interest with the following conditions, initial denaturation at 94 °C for
5 min, followed by 40 cycles of denaturation at 94 °C for 10 s, annealing at 60 °C for 20 s
and extension at 72 °C for 5 s. The primer sequences for MBP and CNPase were obtained
from Buntinx et al., and the primer sequences for vimentin were as follows: forward, 5'-
GTCAGCAATATGAAAGTGTGGC-3', reverse, 5-GGTAGTTAGCAGCTTCAACGG-3;
a standard curve was amplified for each gene to quantify the samples. MBP and CNPase
transcripts were normalized to vimentin expression.

Rat samples were amplified on the Roche Lightcycler 1.2, with the following conditions: 40
cycles of denaturation at 94 °C for 0 s, annealing at 60 °C for 10 s and extension at 72 °C for
20 s. The primers used were as follows: GAPDH forward, 5'-
TCAAGAAGGTGGTGAAGCAGG-3, reverse, 5-GGTCTGGGATGGAATTGTGAG-3';
DHCR24 forward, 5-ATGCTGGTACCCATGAAATGC-3', reverse, 5'-
CGAGATCTTGTCATACACCTC-3’; HMGCS1 forward, 5'-
TCAAGGCTTGACTCAAGAACG-3, reverse, 5-GGAATATGCTCTGTAGCTGTG-3';
IDI1 forward, 5'-ACAGGTTCAGCTTCTAGCAGA-3', reverse, 5'-
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CCTTTAAGCGCTTCTGTGCTG-3'; PDK2 forward, 5'-
CATCAAAATGAGTGACCGAGG-3', reverse, 5-AGGCAGACTTGTTGTAGACAG-3';
SOD2 forward, 5'-CTCCCTGACCTGCCTTAC-3/, reverse, 5'-
CGACCTTGCTCCTTATTG-3’; and HADHSC forward, 5'-CACCAG
ACAAGACCGATTTGC-3, reverse, 5'-ATTCATGGAAGGACTGGGCTG-3'. Rat samples
were normalized to GAPDH, which was found to be unchanged between differentiated and
undifferentiated samples.

2.4. Mitochondrial/nuclear copy number analysis

Human mitochondrial and nuclear copy number analysis was performed as previously
described (Wong et al., 2002). Briefly, genomic DNA preparations (also containing
mitochondrial DNA) were quantitatively PCR’d in a Lightcycler using ND1 (mitochondrial)
and CFTR (nuclear) primers. Calculations assumed 300,000 mitochondrial copies and 150
nuclear copies per ng input DNA. ND2 and CFTR were used for rat mitochondrial and
nuclear copy number analysis, respectively. The primers used were: ND2 forward, 5'-
CTGAGGAGGACTTAACCAGAC-3, reverse, 5'-GTGATAGGAGGATGATGGATG-3'
and CFTR forward, 5-TGCTTTTAGTGCACGGATCTG-3/, reverse, 5'-
GGCTTCACATGTGATCATCA-3..

2.5. ATP synthesis assay

3. Results

ATP synthesis was measured as described by Atorino et al. (2003). Briefly, cells were
permeabilized with digitonin and incubated in buffer containing 0.25 M sucrose, 20 mM
MOPS, 1 mM EDTA, 5 mM inorganic phosphate, 0.1% BSA fatty acid free, and 1 mM
ADP, pH 7.4. To measure complexes |-V activity, 5 mM glutamate and 1 mM malate were
added to permeabilized cells. Oligomycin (10 pg/ml) was added to determine the amount of
non-mitochondrial ATP production in each sample. Non-mitochondrial ATP production was
subtracted from the overall production. Cellular ATP levels were determined by a
luminometric assay (Roche) following the manufacturer’s instructions and the ATP
synthesis rate determined by calculating the slope of ATP level over time. Student’s t-test
was performed to determine the significance values for untreated and treated cells.

3.1. Microarray analysis

We carried out four independent microarray comparisons of undifferentiated to
differentiated oligodendroglia, two from primary rat cells and two from human cells lines
(HOG and MQ3.13), using 4-9 chips per group. We then counted those genes that were
significantly altered in the same direction in at least three of the four groups. These included
559 activated and 535 inhibited genes. Thus, differentiation induced and inhibited similar
numbers of transcripts (Supplementary Fig. 1).

3.2. Oligodendroglial differentiation induces mitochondrial transcripts and inhibits cell
cycle transcripts

We carried out gene analysis of the 559 activated and 535 repressed genes to determine if
oligodendroglial differentiation engages different cellular compartments by using Onto-
Express (Draghici et al., 2003) (Table 1). The two most active cellular compartments with
oligodendroglial differentiation were the plasma membrane and Golgi, as expected of a cell
converting to massive secretion of cholesterol-containing membrane. Surprisingly,
transcripts assigned to the mitochondrial compartment were also significantly induced
(Table 1), including the categories mitochondrion, mitochondrial inner membrane, and
mitochondrial envelope, which are described in more detail below. Genes involved in cell
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cycle and sorting to the spindle and nuclear pore were the most significantly down-
regulated, as expected because differentiating oligodendroglia repress proliferation-specific
genes in order to stop division and in preparation for differentiation (Baumann and Pham-
Dinh, 2001).

3.3. Multiple mitochondrially-expressed genes are induced as a consequence of
oligodendroglial differentiation

The surprising result of the microarray was that so many mitochondrially-targeted genes
were induced as a consequence of oligodendroglial differentiation in both rat and human
oligodendroglia, with examples shown in Table 2. Several mitochondrial fatty acid oxidation
transcripts were activated (Echsl, Hadhsc, Hadh2, Hadha), as were mitochondrial electron
transport and ATP synthesis transcripts (Ndufs2, Ndufc2, Cox7a2, Cox4il, ATP5cl). The
mitochondrial morphology genes Opal and Fis1 were also induced, suggesting that
differentiated oligodendroglia require altered mitochondrial morphology. Two genes that
protect mitochondria specifically from oxidative stress, mitochondrial superoxide dismutase
(MnSOD) and mitochondrial rhodanese, which repairs oxidatively damaged iron—sulfur
clusters, were induced 3-fold and 2-fold, respectively with differentiation. Finally, multiple
apoptosis genes were induced (Bnip3, Bcl2l1, Mtch, Psenl), suggesting that the process of
differentiation produces a state of vulnerability, as explored further in following paragraphs.

3.4. Up-regulation of cholesterol biosynthesis requires mitochondrial beta-oxidation and
mitochondrial cholesterol transporters

We also used Onto Express to analyze differentiation-dependent biological processes in our
oligodendroglial samples (Table 3). Cholesterol metabolism and myelination categories
were very strongly induced, consistent with expectations of myelinating oligodendrocytes
(Nielsen et al., 2006; Saher et al., 2005). In addition to the very strong induction of genes
encoding cytoplasmic cholesterol, DBI, a mitochondrial cholesterol transporter, was also
induced.

The large induction of the cholesterol pathway in any cell type requires acetyl-CoA
generated in the mitochondria, which is produced by oxidation of fatty acids and then
transferred to the cytoplasm as citrate for cholesterol synthesis (Fig. 1) (Giudetti et al.,
2003). We observed the induction of multiple genes of mitochondrial fatty acid oxidation
necessary to support the intense cholesterologenic process of the oligodendrocyte (Table 2,
described above). Consistent with this mitochondrial result, cytoplasmic transcripts that
produce acetyl-CoA were also induced in all four experimental groups, including
acetoacetyl CoA synthetase and acyl-CoA synthetase long-chain family member 3
(Supplemental Fig. 1).

3.5. Mitochondrial copy number increases in differentiated oligodendroglia

Since oligodendroglial differentiation triggered transcription of several mitochondrial genes,
we investigated whether differentiation induces mitochondrial proliferation by assaying the
mtDNA/NDNA ratio. mtDNA/nDNA ratio number significantly increased in differentiated
oligodendroglia, by 4-fold in HOG cells (p < .0005) and by 1.6-fold in rat cells (p <.001,
Fig. 2). The results agreed in general with the 30-400% differentiation-dependent induction
of mitochondrial transcripts observed in Table 2.

3.6. QRT-PCR verification of microarray results

Transcript levels of several genes identified by microarray and categorized in the cholesterol
and mitochondrial categories were measured by quantitative RT-PCR using rat
oligodendroglial RNA. As predicted by the microarray, we observed that steady-state
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transcripts of the rate-limiting step of cholesterol biosynthesis HMGCSL1, as well as IDI1
and DHCR24 increased with oligodendroglial differentiation (Fig. 3A), as did the nuclear-
encoded mitochondrially-targeted transcripts SOD2, HADHSC, and PDK2 (Fig. 3B), at p <
0.05.

3.7. Differentiated and undifferentiated oligodendroglia are relatively resistant to
mitochondrial toxicity

We tested the effects of mitochondrial inhibition before, during and after the differentiation
process by treating the human oligodendroglial cells with rotenone for 24 h. Rotenone is a
specific inhibitor of mitochondrial complex I, the first step in the electron transport chain.
We found that 1 — 100 nM rotenone had little effect on cell viability in undifferentiated and
10 day-differentiated cells, in that their viability remained >80% (Fig. 4A). By contrast,
differentiating oligodendroglia treated with 10 and 100 nM rotenone for just 24 h were much
more sensitive to mitochondrial inhibition (Fig. 4A). Thus, differentiating oligodendroglial
cells were more sensitive to mitochondrial dysfunction than were undifferentiated and
differentiated oligodendroglia.

3.8. Differentiating oligodendroglia are especially sensitive to mitochondrial inhibition

Given that differentiating oligodendroglia were more rotenone-sensitive than
undifferentiated or differentiated oligodendroglia (Fig. 4A), we investigated the mechanism
of this sensitivity and whether inhibition of mitochondrial function would inhibit the
differentiation process itself. Human oligodendroglial cells differentiating in the presence of
10 nM rotenone demonstrated a 60% decrease in both ATP concentration (Fig. 4B) and ATP
synthesis rate (Fig. 4C), with a 40% decrease in cell viability at this same dose and no
change in viability at 1 nM rotenone (Fig. 4D). In comparison, undifferentiated cells
required 100 nM rotenone (i.e. 10-fold higher inhibition) before decreased ATP levels and
synthesis rate were observed (Fig. 4B and C) and required 1 uM rotenone (i.e. a 100-fold
higher dose) before a reduction in viability was observed (Silva et al., 2009). Thus,
differentiating oligodendroglial cells were more sensitive to lower doses of rotenone than
were undifferentiated cells, both in terms of viability, ATP levels and ATP synthesis.

The morphology of differentiating HOG cells was similar between untreated cells and cells
treated with 10 nM rotenone for 4 days (Fig. 5B and C). Cells treated with 100 nM rotenone,
however, did not have the elongated shape of a differentiated cell, were more rounded, and
dead cells could be seen (Fig. 5D).

3.9. Differentiation-dependent induction of MBP and CNPase transcripts is blocked by very
low doses of rotenone

Two myelination-specific markers, Myelin Basic Protein (MBP) and 2',3'-Cyclic
Nucleotide-3'-Phosphodiesterase (CNPase), are hugely increased by oligodendroglial
differentiation in vitro (Buntinx et al., 2003), and we investigated whether mitochondrial
inhibition with rotenone would affect these markers. Upon differentiation in the absence of
mitochondrial inhibitor, transcript levels of MBP and CNPase increased 8-fold and 11-fold
respectively, relative to undifferentiated human oligodendroglial cells. By contrast, all doses
of rotenone, including the 1 nM dose, which does not affect viability, completely blocked
the differentiation-specific induction of MBP and CNPase transcripts (Fig. 6A and B). Thus,
mild mitochondrial inhibition at levels that do not decrease viability blocks transcripts of
oligodendroglial differentiation.
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4. Discussion

4.1. Oligodendroglial differentiation induces cholesterologenic and mitochondrial

transcripts

We microarrayed and performed gene ontology analysis on oligodendroglial precursor cells
and differentiated oligodendroglia. A strong and significant induction of cholesterol-related,
mitochondrial and myelination transcripts was observed with differentiation, demonstrating
an intense activation of the cholesterol pathway and a requirement for mitochondrial
functions. In contrast, many important cell proliferation genes, including DNA ligase 1,
Cyclins B1 and D1 and cell division cycle 20 and 25 were significantly inhibited with
differentiation. Thus, the three major transcriptional features of oligodendroglial
differentiation we observed by microarray were the induction of cholesterologenic and
mitochondrial transcripts, and the inhibition of cell proliferation transcripts.

4.2. Intense cholesterol biosynthesis requires induction of mitochondrial functions

Cholesterol biosynthesis is required for myelination (Pleasure and Kim, 1976; Vance et al.,
2000). Nearly all oligodendrocytic cholesterol is self-generated rather than imported
(Bjorkhem and Meaney, 2004; Morell and Jurevics, 1996; Saher et al., 2005). In turn,
cholesterol biosynthesis requires a large amount of acetyl-CoA, which is provided by
mitochondrial beta-oxidation of fatty acids, as in Fig. 1 (Schulz, 1991). This explains why
there is induction of several transcripts of mitochondrial beta-oxidation (Echs1, Hadhsc,
Hadh2, Hadha) in a cell whose cytoplasm is actively synthesizing cholesterol lipid. The
mitochondrial acetyl-CoA produced by beta-oxidation is transported as citrate through
mitochondrial transporters to the cytosol, where it is cleaved into oxaloacetate and acetyl-
CoA, to be used for cholesterologenesis. This also explains the induction of the
mitochondrial cholesterol transporter DBI, and the induction of PDK2, which inhibits flux
through pyruvate dehydrogenase, because mitochondria have a very sufficient acetyl-CoA
source, i.e. from beta-oxidation. Presumably some of this acetyl-CoA also runs through the
Krebs cycle and electron transport chain as well, consistent with the induction of multiple
complexes | and IV electron transport chain transcripts observed (Ndufs2, Ndufc2, Cox7a2,
Cox4il, ATP5cl).

The need for mitochondrial antioxidant protection in oligodendrocytes is highlighted by the
3-fold induction of mitochondrial superoxide dismutase (MnSOD) which scavenges
superoxide, and the 2-fold induction of mitochondrial rhodanese, which repairs oxidant-
sensitive iron—sulfur clusters. A further demonstration of the relevance of mitochondrial
function in oligodendroglial differentiation is the strong and significant induction of
mitochondrial copy number with oligodendroglial differentiation.

4.3. A sublethal dose of mitochondrial inhibitor represses differentiation-specific

transcripts

We observed that differentiating oligodendrocytes were much more sensitive to
mitochondrial inhibition with rotenone than either undifferentiated or differentiated
oligodendroglia. Differentiating HOG cells exposed to rotenone for 10 days were sensitive
to 10 and 100 nM rotenone in terms of both viability and ATP synthesis. In contrast,
undifferentiated cells were resistant to 10 nM and 100 nM rotenone treatment in terms of
viability and required 100 nM rotenone before a decrease in ATP synthesis was observed.
This suggests that differentiating oligodendroglia have an altered mitochondrial structure
and/or are more vulnerable to mitochondrial inhibition.

With respect to this latter point, treatment with 1 nM rotenone, a dose at least 10-fold lower
than that which affects viability or ATP synthesis, completely abolished the differentiation-
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dependent induction of MBP and CNPase expression (p < 0.005). Thus, differentiating
oligodendroglia are much more sensitive to mitochondrial inhibition than undifferentiated or
differentiated oligodendrocytes, and very low doses of mitochondrial inhibition completely
abolish the differentiation program, in the absence of toxicity. This suggests that
differentiating oligodendroglia pass through a “‘window’ requiring high mitochondrial
function, and even slight inhibition of that function interrupts the differentiation program
completely.

These in vitro results are consistent with in vivo observations that formation of the myelin
sheath is reduced by mitochondrial inhibitors (Bizzozero et al., 1999). They are also
consistent with those of Ingram, who observed that a mitochondrial uncoupler selectively
inactivated myelin protein kinases (Luo and Ingram, 2001). Additionally, mitochondrial
inhibitors produce demyelination in the optic nerve (Hirano et al., 1967, 1968a,b; Lessell
and Kuwabara, 1974; Levine et al., 1967).

4.4. Demyelination in mitochondrial disease

The data presented here support the view that differentiating oligodendroglia are especially
sensitive to mitochondrial dysfunction, which could be relevant to demyelination in those
who inherit defects of mitochondrial function. Demyelination occurs in the mitochondrial
disease Leber’s Hereditary Optic Neuropathy (LHON), LHON patients have 100-fold
increased risk of developing multiple sclerosis (Harding, 1992; VVanopdenbosch, 2000).
Demyelination also occurs in the mitochondrial disease Friedreich’s ataxia (FRDA) (Al-
Mahdawi et al., 2006; Machkhas et al., 1998); in MELAS, caused by a mitochondrial tRNA
mutation (Ohara et al., 1988); in Charcot-Marie Tooth 2a and in Dominant Optic Atrophy,
caused by mutations in the mitofusins mitofusin 2 and Opal, respectively (Niemann et al.,
2006; Johnston et al., 1979).

Periventricular Leukomalacia (PVL) is caused by hypoxic-ischemic brain injury, primarily
affecting pre-oligodendrocytes in cerebral white matter (VVolpe, 2003, 2008; Deng et al.,
2008). These cells have been shown to be energy-sensitive, in that cultured pre-
oligodendrocytes are more sensitive to oxygen-glucose deprivation and glutamate-dependent
excitotoxic cell death (Deng et al., 2003). Additionally, this sensitivity can be enhanced in
the presence of mitochondrial toxins (Deng et al., 2006). Thus, mitochondrial dysfunction in
differentiating oligodendrocytes may play a role in the pathology of PVL.

We have demonstrated here that: (1) mitochondrial transcripts and copy number are induced
by oligodendroglial differentiation, (2) that slight mitochondrial inhibition inhibits
differentiation, and (3) stronger mitochondrial inhibition selectively decreases viability of
differentiating oligodendroglia but not undifferentiated cells. These results suggest that
oligodendroglial differentiation is a “‘window’ of selective vulnerability to mitochondrial
inhibition, and could be relevant to the mechanisms of demyelination in inherited
mitochondrial disease and in birth ischemia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Mitochondrial origin of acetyl-CoA for cholesterol synthesis in oligodendrocytes.
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Mitochondrial/nuclear copy number in undifferentiated and differentiated: (A) rat oligos and
(B) Human HOG cells. White bars = undifferentiated; black bars = differentiated; * =p <.
05; ** = p <.0005. Error bars indicate 2 SEM.
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Fig. 3.

Quantitative RT-PCR of cholesterol biosynthesis and mitochondrial genes in rat cells
confirms significant fold induction with differentiation. Four undifferentiated and 4
differentiated samples were tested in triplicate. (A) cholesterol synthesis genes; (B)
mitochondrially-targeted genes. Analysis with student’s t-test indicated up-regulation at p <
0.05 for all samples. Error bars = 2 SEM.
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Fig. 4.

(A) Differentiating Human HOG cells are more sensitive to rotenone than undifferentiated
and differentiated cells. Viability was measured in Human-ODCs (undifferentiated,
differentiating for 1 day and 10-day differentiated) treated with rotenone for 24 h. (B)
Differentiating Human HOG cells contain lower ATP levels than do undifferentiated cells.
Differentiating cells were exposed to rotenone for 10 days, undifferentiated cells for 4 h.
Total cellular ATP (umol/mg protein) was measured in 3 independent experiments, and
normalized to untreated cells. (C) Differentiating Human HOG cells have lower ATP
synthesis rates (complexes 1=V, umol/min/mg protein) than do undifferentiated cells (cells
were treated as in Fig. 4B). (D) One nM rotenone does not decrease viability in 10-day
rotenone-differentiation of oligodendrocytes, however 10-1000 nM produces a dose-
dependent decrease in viability. Means of three independent experiments are expressed as
viable cells/untreated. Error bars represent SEM, *p < 0.05, **p < 0.005.
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Fig. 5.

Differentiation of Human HOG cells after 4 days of rotenone treatment. Human-ODCs were
differentiated for 10 days in the absence (B) or presence of 10 or 100 nM rotenone (C and
D).

Mitochondrion. Author manuscript; available in PMC 2011 June 20.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schoenfeld et al.

Page 17
A 12-
b *%k
2 10-
=)
2 8-
o
m
= 6-
()
o)
g 4-
L
(&
S 2-
£ *% *% *% *% *%
()__-I 'il-l-lﬁl——_‘
Undiff  Diff 1 10 100 1000 10000
rotenone, nM
B
- 16 - _
2 141
=)
o 12
>
% 10-
a
Z 81
(&)
> 6
<
< 4 -
o
T 2-
o) *k *k *k *k *%k
L. 0__- T 1 — T ——— T t'_*ﬁ—|
Undiff  Diff 1 10 100 1000 10000
rotenone, nM
Fig. 6.

Differentiated Human HOG cells express more Myelin Basic Protein (MBP) and Cyclic
Nucleotide Phosphodiesterase CNPase transcript than undifferentiated cells, but not when
differentiated with >1 nM rotenone. Human HOG cells were differentiated for 10 days with
or without rotenone, transcript levels were examined by quantitative RT-PCR. Transcripts
were normalized to vimentin and expressed per undifferentiated or untreated samples. Error
bars represent SEM, **p < 0.005.
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Cell compartment analysis of 559 significantly activated and 535 inhibited genes altered transcripts, rank-
ordered by significant p-value. Genes assorting to membrane, secretory and mitochondrial compartments are

activated, whereas nuclear genes are inhibited after oligodendrocyte differentiation.

Cell compartments Genes  p-value
Up-regulated

Integral to membrane 100 1.E-05
Golgi apparatus 15 2.E-05
Mitochondrion 34 5.E-05
Cytoplasm 48 1.E-04
Mitochondrial inner membrane 15 5.E-04
Membrane 71 5.E-04
Late endosome 5 6.E-04
Mitochondrial envelope 5 6.E-04
Lysosome 10 1.E-03
Endoplasmic reticulum 22 3.E-03
Down-regulated

Nucleus 98 <1.E-10
Spindle 9 3.E-08
Nuclear pore 8 9.E-07
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Table 2

Mitochondrial transcripts significantly induced in three or more experiments after oligodendrocyte
differentiation.

Mitochondrially-targeted genes induced by Fold
differentiation Symbol Induction

Lipid oxidation/acetyl CoA/cholesterol production

Hydroxyacyl-coenzyme A dehydrogenase HADHA 1.4
L-3 hydroxyacyl-coenzyme A dehydrogenase, short chain HADHSC 1.7
Hydroxyacyl-coenzyme A dehydrogenase type Il HADH2 14
Enoyl coenzyme A hydratase ECHS1 25
Diazepam binding inhibitor/cholesterol transport protein DBI 1.4
Pyruvate dehydrogenase kinase, isoenzyme 2 PDK2 3.4
Electron transport/OXPHOS genes

NADH dehydrogenase (ubiquinone) Fe-S protein 2 NDUFS2 1.7
NADH dehydrogenase (ubiquinone) 1, 2 NDUFC2 1.3
Succinate dehydrogenase, subunit C SDHC 1.3
Cytochrome c oxidase, subunit Vlla 2 COX7A2 15
Cytochrome c oxidase, subunit IV isoform 1 COox4l1 14
ATP synthase ATP5C1 1.3
Myelination genes

Myelin-associated oligodendrocytic basic protein MOBP 4
Fyn proto-oncogene FYN 2.1
Mitochondrial morphology genes

Fission 1 FIS1 1.9
Optic atrophy 1 OPA1 1.4
Iron-sulfur and oxidative stress genes

Rhodanese TST 2.2
Superoxide dismutase 2, mitochondrial SOD2 2.9

Apoptosis-related genes

BCL2/adenovirus E1B interacting protein 3 BNIP3 4

Bcl2-like 1 BCL2L1 3.4
Mitochondrial carrier homolog 1/presenilin interactor MTCH1 2.4
Presenilin 1 PSEN1 13

Other genes

Dihydrolipoamide branched chain transacylase E2 DBT 2.3
Glycine amidinotransferase (-arginine:glycine amidinotransferase) GATM 1.9
Translocase of inner mitochondrial membrane TIMM8B 1.9
Adenine nucleotide translocator 4 SLC25A4 1.7
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Pathway analysis of significantly altered transcripts in the same direction in at least three of four groups by
oligodendrocytic differentiation. Transcripts involved in sterol and myelination metabolism are induced, those

involved in replication and cell cycle are inhibited.

Bioprocess Genes  p-value
Up-regulated

Cholesterol biosynthesis 11  1.E-10
Sterol biosynthesis 6 1.E-08
Adult locomotory behavior 5 9.E-06
Isoprenoid biosynthesis 4  3.E-05
Lipid metabolism 14 2.E-03
Proton transport 6 3.E-03
Protein transport 13  6.E-03
Steroid biosynthesis 4  8.E-03
Dendrite morphogenesis 4 B8.E-03
Myelination 4  8.E-03
Response to oxidative stress 5 2E-02
Down-regulated

DNA replication 13 8.E-10
Cell cycle 19 3.E-08
Mitosis 10 7.E-07
DNA repair 12 1.E-06
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