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Abstract

Myelin transcription factor 1 (Myt1) is a zinc-finger DNA binding protein that influences developing
oligodendrocyte progenitor (OP) cell proliferation, differentiation, and myelin gene transcription in
vitro. The potential of Myt1 to play a role in OP responses leading to remyelination was examined
using murine hepatitis virus strain A59 (MHV) to induce spinal cord demyelination and potential
relevance to human pathology was evaluated in multiple sclerosis (MS) lesions. In MHV-infected
mice, the density of Myt1 expressing cells markedly increased in lesioned areas of spinal cord white
matter. Mytl expressing cells proliferated most extensively during active demyelination and
subsequently accumulated to maximal levels during early remyelination. Cells with nuclear Myt1
immunoreactivity were mainly OP cells, identified by co-localization with platelet-derived growth
factor alpha receptor, with additional phenotypes being either oligodendrocytes or neural stem cells,
identified by CC1 antigen and Musashil, respectively. The density of OP cells expressing Myt1 was
significantly increased in white matter of MHV-infected mice during demyelination and early
remyelination then as remyelination advanced the values returned to levels comparable to PBS-
injected control mice. In MHV lesions, Myt1 was not expressed in astrocytes, lymphocytes, or
macrophage/micro-glial cells. MS lesions demonstrated increased Myt1 expression in both the
periplague white matter adjacent to lesions and within early remyelinating lesions. These results
suggest a potential role for Myt1 in the regeneration of oligodendrocyte lineage cells in response to
demyelination.
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INTRODUCTION

Demyelination and oligodendrocyte loss in the CNS can result from multiple sclerosis (MS),
spinal cord injury, toxic insults, and neurodegenerative disorders. Demyelination leads to
slowing or blockade of action potential conduction. In addition, without the protective effect
of myelin, denuded axons are more vulnerable to transection that can lead to permanent
neurological impairment (Ferguson et al., 1997; Trapp et al., 1998).
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Spontaneous remyelination has been observed in MS lesions following initial episodes of
demyelination, yet the capacity for remyelination becomes limited with subsequent prolonged
or repeated episodes of demyelination (Bruck et al., 2003). Animal models have shown that
remyelination requires oligodendrocyte progenitor (OP) cells in the proximity of demyelinated
lesions to proliferate and then differentiate into mature oligodendrocytes that can then
myelinate denuded axons (Reynolds et al., 2001; Watanabe et al., 2002). This sequence of
cellular responses must be orchestrated through transcriptional control of the complex gene
expression patterns that regulate OP proliferation, differentiation, and eventual synthesis of
myelin components.

Several previous studies implicate myelin transcription factor 1 (Myt1) as potentially important
in regulating OP responses in the developing and adult CNS. Mytl is a zinc-finger DNA
binding protein that was originally identified based upon binding affinity within the promoter
region of the proteolipid (PLP) gene, the most abundantly transcribed CNS myelin gene (Kim
and Hudson, 1992). During development of the oligodendrocyte lineage, Mytl is localized
within nuclei of immature cells and then downregulated after terminal differentiation and
accumulation of myelin proteins in mature oligodendrocytes (Armstrong et al., 1995). Mytl
continues to be expressed in germinal zones of the adult CNS and is upregulated in gliomas
(Armstrong et al., 1997) and following spinal cord traumatic injury (Wrathall et al., 1998). In
vitro, expression of a dominant negative form of Myt1 showed that Myt1 can regulate a critical
transition in oligodendrocyte lineage cell development by modulating OP proliferation relative
to terminal differentiation and upregulation of myelin gene transcription (Nielsen et al.,
2004).

To examine the potential for Myt1 to play a role in regulating the OP responses required for
remyelination, the current study determines the expression of Myt1 relative to the proliferative
status and phenotype of cells in white matter during the progression of experimental
demyelination, followed by spontaneous remyelination. Murine hepatitis virus strain A59
(MHV) infection was used to induce focal demyelinated lesions of spinal cord white matter
from lytic infection of oligodendrocytes with subsequent lymphocytic infiltration and virus
clearance (Matthews et al., 2002; Redwine and Armstrong, 1998). Furthermore, MS lesions
were examined for Mytl immunoreactivity relative to stage of disease pathology and control
tissues to predict the potential for Mytl to have a role in human demyelinating disease.

MATERIALS AND METHODS

Animals

C57BI/6 mice (Jackson Laboratories, Bar Harbor, ME) were maintained in the Uniformed
Services University of the Health Sciences (USUHS) animal housing facility in accordance
with guidelines of the National Institutes of Health and the USUHS Institutional Animal Care
and Use Committee.

MHV Model of Spinal Cord Demyelination

As previously described (Armstrong et al., 2005; Redwine and Armstrong, 1998), 4-week-old
female C57BI/6 mice were anesthetized and injected intracranially with MHV diluted in sterile
PBS to 1,000 plaque forming units per 10 pL injection volume. Control animals were injected
with 10 pL of sterile PBS.

A hang time assay was used to quantify motor impairment and recovery of function that
corresponds with histopathological findings of demyelination and remyelination (Armstrong
et al., 2005; Frost et al., 2003; Redwine and Armstrong, 1998). Duration of hanging from a
cage top was recorded on days 0, 7, 10, 14, 17, 21, 24, 28, and then every 7 days for up to 8
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weeks post infection (wpi). On the same days a clinical score was assigned as follows: 0 for
no evidence of paresis/paralysis, 1-5 for paresis/ paralysis in 1-5 appendages, and 6 for
morbidity (Armstrong et al., 2005; Redwine and Armstrong, 1998). Each mouse used in the
study had a clinical score of 2 or greater, indicating impaired limb movement or strength, and
hang time values characteristic of severe disability, followed by spontaneous recovery (Frost
et al., 2003; Redwine and Armstrong, 1998).

At 2, 4, and 8 wpi, mice were perfused with 4% para-formaldehyde (Sigma, St. Louis, MO).
Spinal cords were postfixed in 4% paraformaldehyde at 4°C overnight and cryoprotected prior
to cutting as 15 um transverse sections and mounting onto Superfrost Plus slides (Fisher,
Pittsburgh, PA).

In Situ Hybridization of Mouse Tissue Sections

In situ hybridization and preparation of digoxigenin-labeled riboprobes were performed with
modifications of methods previously detailed (Redwine and Armstrong, 1998). The antisense
riboprobe to detect Mytl mRNA transcripts was synthesized from a cDNA template (gift from
Dr. Lynn Hudson; National Institutes of Health) by in vitro transcription to be complementary
to a 1.2 kb mRNA fragment encoding the 3’ untranslated region of murine Mytl (Kim et al.,
1997). Spinal cord cryosections were digested with 20 U/mL proteinase K (Sigma, St. Louis,
MO) at 37°C for 40 min prior to hybridization at 53°C overnight. Digoxigenin was detected
with an alkaline phosphatase-conjugated sheep anti-digoxigenin antibody (Roche,
Indianapolis, IN), followed by reaction with NBT/BCIP overnight (DAKO, Carpinteria, CA).

BrdU Incorporation and Detection in Mice

At 4 and 2 h prior to perfusion, mice were injected intraperitoneally with 200 mg/kg
bromodeoxyuridine (BrdU) (Sigma, St. Louis, MO)(Armstrong et al., 2002). Following in
situ hybridization detection of Myt1 transcripts, sections were immunostained with anti-BrdU
antibody directly conjugated with horseradish peroxidase (Roche, Indianapolis, IN) and
detected with DAB (Vector Labs, Burlingame, CA).

Immunohistochemistry of Mouse Tissue Sections

Mouse transverse spinal cord tissue sections were immunostained with aMyt1-His rabbit
polyclonal antibody (1:100; gift from Dr. Lynn Hudson; National Institutes of Health), which
has been characterized in a previous study (Armstrong et al., 1995). OP cells were
immunolabeled for platelet-derived growth factor alpha receptor (PDGFaR) antibody (APA5,
1:200; BD Biosciences Pharmingen, San Diego, CA) and mature oligodendrocytes were
labeled with CC1 monoclonal antibody (1:20; Oncogene Research Products, Cambridge, MA).
Neural stem cells were identified with a monoclonal antibody against Musashil (MsiZ, 1:2,000;
gift from Dr. Hideyuki Okano; Keio University School of Medicine, Tokyo, Japan; Kaneko et
al., 2000). Astrocytes were immunostained for glial fibrillary acidic protein (GFAP, 1:20;
Roche, Indianapolis, IN). Immune cells were identified with Ox-52 pan T-cell antibody
(1:1,000) and CD45R antibody for Bcells (1:25) (both from BD Biosciences Pharmingen, San
Diego, CA), and Mac 1 antibody for macrophages/microglia (1:100; Roche, Indianapolis, IN).

All secondary antibodies were purchased from Jackson Immunoresearch (West Grove, PA).
PDGFaR, Msil, Ox52, and Mac1 signals were amplified with fluorescein tyramide signal
amplification (Perkin Elmer Life Sciences, Boston, MA). Sections were incubated with DAPI
(Sigma, St. Louis, MO) to stain nuclei.
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Quantitative Analysis in Mouse Tissue Sections

Areas within transverse spinal cord sections were measured using Spot2 software and all
labeled cells within each area were counted with a 40x objective to determine cells per mm?.
For each condition and time point examined, at least three mice were analyzed with at least
three sections included for each mouse. To distinguish significant differences between groups,
unpaired Student’s t-tests were used for single time point comparisons and one-way analysis
of variance (ANOVA with Tukey’s post hoc test) was used between control mice and multiple
MHYV disease time points.

MS and Control Tissues

The pathological analysis of MS autopsy and biopsy samples was approved by the Mayo Clinic
Institutional Review Board (IRB No. 2067-99). Eight cases were selected from a larger series
of MS cases with detailed clinical follow up (n = 130) derived from the MS Lesion Project
cohort (Lucchinetti; NMSS grant RG 3185-A2; B3). Control tissue consisted of adult human
brain sub-cortical white matter areas chosen from autopsy cases with no known neurological
involvement. Two autopsy control cases were obtained from the Brain and Tissue Bank for
Developmental Disorders (Baltimore, MD) and one was obtained from the Mayo Clinic.

Histopathology and Staging of Demyelinating Activity in MS Tissues

Specimens were fixed in 4% paraformaldehyde and embedded in paraffin. Sections 4 um thick
were stained with haematoxylin and eosin, Luxol-fast blue, and periodic acid-Schiff as well as
Bielschowsky’s silver impregnation. Immunohistochemical staining was performed with a
biotin-avidin or an alkaline phosphatase/anti-alkaline phosphatase technique. The primary
antibodies used were anti-myelin basic protein (MBP, Boehringer Mannheim, Germany), anti-
CD3 (T cells, DAKO, Denmark), anti-CD8 (cytotoxic T cells, DAKO, Denmark), anti-CD20
(B cells, DAKO, Denmark), anti-KiM1P (macrophages/ microglial cells, Dr. Radzun,
University of Gottingen, Germany), and anti-MRP 14 (early activated macrophages, BMA
Biomedicals, Switzerland). The demyelinating activity was classified according to the presence
of minor myelin proteins (MOG, CNPase, MAG) in macrophages (early active lesions), the
presence of early remyelination, and the absence of both active demyelination and
remyelination (inactive demyelinated) (Briiuck et al., 1995). As white matter lesions might
show more than one of these features, a total number of 8 different lesion areas were
investigated (3 early active; 3 inactive; and 2 remyelinated).

Mytl Immunohistochemistry in Human Tissues

Immunostaining with aMyt1-His rabbit polyclonal antibody (1:50; see above) was detected
using the Elite ABC kit (Vector Labs; Burlingame, CA) with DAB as the substrate. The
specificity of aMyt1-His immunoreactivity in human tissues was characterized by pre-
absorption with excess antigen (Armstrong et al., 1997). As a further demonstration of
specificity of the immunostaining reaction, selected tissues were similarly immunostained with
the aMyt1L-His antibody that recognizes Myt1L, a Myt1 family member that is expressed in
neuronal populations but not in oligodendrocyte lineage cells (Kim et al., 1998). Sections were
counterstained with eosin.

In Situ Hybridization in Human Tissues

As previously described (Wong et al., 2000), sections processed for in situ hybridization with
digoxigenin-labeled riboprobes to detect mRNA transcripts. Antisense riboprobes for human
Mytl (Wrathall et al., 1998) and PLP (Hudson et al., 1987) were generated from plasmids
provided by Dr. Lynn Hudson (National Institutes of Health, Bethesda, MD). For combining
detection of PLP mRNA and Myt1 protein, sections were processed for PLP mRNA in situ

Glia. Author manuscript; available in PMC 2009 December 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vana et al. Page 5

hybridization, followed by immunostaining for Myt1, as described above, without eosin
counterstaining.

Human Tissue Analysis

All human tissue sections were analyzed qualitatively and tissues immunostained for Mytl
that exhibited specific and consistent immunoreactivity were also assessed quantitatively. Cells
were counted using a 100x oil objective and 10 fields were sampled within each tissue area
(i.e. active, remyelinated, or inactive lesion, adjacent periplaque white matter—PPWM, normal
white matter—NWM). Characteristics of cell morphology and anatomic localization were used
to exclude cells that were expected to be distinct from oligodendrocyte line-age cells, such as
lymphocytes, based on comparisons with immunostaining for myelin proteins.

Imaging of Mouse and Human Tissue Sections

All images were acquired with a Spot 2 digital camera mounted to an IX-70 microscope
(Olympus, Melville, NY) with narrow band pass and triple band pass filters for fluorescence
detection and co-localization studies. Images were prepared as panels using Adobe Photoshop
(Mountain View, CA).

RESULTS

Mytl Expressing Cells Proliferate in Lesions During Demyelination and Early Remyelination

MHYV infection in C57BI/6 mice induces focal areas of demyelination throughout the spinal
cord, with subsequent spontaneous remyelination (Frost et al., 2003; Redwine and Armstrong,
1998). To determine whether Myt1 expression was upregulated in correlation with a specific
stage of disease progression, cellular expression of Mytl mRNA transcripts was detected by
in situ hybridization in spinal cord sections (Fig. 1). In MHV-infected mice, the density of
Myt1 expressing cells in the white matter was increased during the demyelination phase
examined at 2 wpi, as compared with PBS-injected controls. This Myt1 expression peaked
during the active remyelination phase, which corresponded with 4 wpi in the MHV-infected
mice. By 8 wpi, as remyelination progressed in MHV-infected mice the density of cells
expressing Myt1 declined to near that of PBS-injected controls.

In models of experimental demyelination, proliferation of OP cells precedes the generation of
new oligodendrocytes and remyelination (Reynolds et al., 2001; Watanabe et al., 2002). To
evaluate a potential role of Myt1 in proliferation in response to demyelination, in situ
hybridization for Myt1 was combined with incorporation of BrdU (Fig. 1). Mice were
administered BrdU during the final 4 h before sacrifice, which allowed detection of a sufficient
proportion of cells undergoing DNA synthesis while minimizing the potential for
differentiation subsequent to BrdU incorporation. The density of cells double labeled for Myt1
mMRNA combined with BrdU immunohistochemistry is significantly increased during the
active demyelination phase at 2 wpi (Fig. 1B). By 4 wpi, the density of Myt1 and BrdU double
labeled cells declined slightly yet remained significantly increased over PBS-injected controls
(Fig. 1B). Incorporation of BrdU into cells without detectable Myt1 (Fig. 1B) may correspond
with proliferation of astrocytes in MHV lesions (see below; Redwine and Armstrong, 1998).
By 8 wpi, BrdU incorporation in sections from MHV-infected mice has declined to the levels
observed in sections from PBS-injected control mice (Fig. 1B).

Amplification of Myt1 expressing cells is specifically associated with MHV lesion areas (Fig.
1F). Lesions in spinal cord white matter were identified using dark field and phase contrast
microscopy to image areas of myelin loss and vacuolation (not shown; Armstrong,
2000;Redwine and Armstrong, 1998). The overall density of cells expressing Mytl mRNA is
greatly increased within lesions. In contrast, normal appearing white matter (NAWM) of MHV-
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infected mice had a relatively low density of cells expressing Myt1, which was similar to values
from the white matter of PBS-injected controls.

Mytl is Localized to the Nuclei of Immature Cell Types in MHV Lesions

Immunohistochemistry for Myt1 demonstrated that Myt1 protein was increased in cells
associated with white matter lesions of MHV-infected mice during demyelination (2 wpi) and
early remyelination (4 wpi) (Fig. 2). Double immunolabeling for cell type-specific antigens
was used to characterize cell types with Myt1 immunoreactivity (Fig. 2, Fig 3, and Fig 4). The
nuclear pattern of Mytl immunoreactivity was confirmed by co-localization with DAPI
staining of nuclei (data not shown). As expected during demyelination and early remyelination
in MHV-infected mice, the density of oligodendrocytes was significantly lower in lesioned
areas (Fig. 2B) and corresponded with a reduction in the density of CC1+ oligodendrocytes in
the total white matter area, as compared with PBS controls (Fig. 3C). Among the mature
oligodendrocytes immunolabeled with CC1 only a small proportion exhibited Myt1
immunoreactivity (Fig. 3C and Fig 4). The small proportion of Mytl+ CC1+ double labeled
cells is consistent with our previous study showing that during CNS development Myt1
immunoreactivity is downregulated after OP cells undergo terminal differentiation into mature
oligodendrocytes (Armstrong et al., 1995).

Our results correlating Myt1 transcript expression with a proliferative population of cells in
MHYV lesions (Fig. 1) indicated that immature cell types may be correlated with Mytl
expression in MHV lesions. Indeed, in spinal cord white matter, the majority of OP cells
identified by immunolabeling for PDGFaR; (Fig. 2D) exhibited nuclear Mytl
immunoreactivity (Fig. 3B; 85.2% in PBS WM; 77.4% in MHV WM). The density of cells
double immunolabeled for Mytl and PDGFaR was significantly increased in sections from
MHYV mice at 2 and 4 wpi, as compared to PBS-injected control mice (Fig. 4).

A substantial population of cells expressing Myt1 did not appear to be OP cells (i.e. Myt1+
PDGFaR-) yet could not be accounted for by the relatively few Myt1+ cells that had acquired
CC1 immunolabeling as oligodendrocytes (i.e. Mytl+ CC1+) (Fig. 3). Therefore, expression
of Myt1 ata more immature lineage stage was examined. Immunolabeling for Musashil (Msil)
was used as a marker of adult neural stem cells prior to the OP cell stage (Kaneko et al.,
2000;Pincus et al., 1998;Sakakibara and Okano, 1997). A population of cells with nuclear
immunoreactivity for Mytl was immunolabeled for Msil (Fig. 2, panel C). The cell density
of these Myt1+ Msil+ cells was increased in lesioned white matter, particularly early in the
disease progression (Fig. 4). Msil is known to be expressed in reactive astrocytes (Sakakibara
and Okano, 1997), which was confirmed in the MHV lesioned tissues using double
immunolabeling for glial fibrillary acidic protein (GFAP) to identify reactive astrocytes (data
not shown). However, reactive astrocytes did not exhibit Mytl immunoreactivity (data not
shown) and so did not complicate the interpretation of the Myt1+ Msil+ cells as neural stem
cells.

The overall population of Myt1 expressing cells can be appreciated from the cell densities
quantified for each cell type from white matter of MHV-infected mice throughout the disease
course as compared to PBS control white matter (Fig. 4). Mytl expression appears to begin
during the neural stem cell stage (Myt1+ Msil+) and continue throughout the OP cell stage
(Myt1+ PDGFaR+), which comprises the majority of cells with nuclear Myt1
immunoreactivity. In contrast, Myt is expressed in only a small proportion of the mature
oligodendrocyte population (Myt1+ CC1+), possibly reflecting expression during a transitional
stage of OP differentiation into mature oligodendrocyte with subsequent down regulation. The
combined densities of Myt1+ cells is lower than the density of oligodendrocytes in non-
lesioned tissue (Fig. 3C) but could be sufficient for regenerating the observed oligodendrocyte
population with proliferation in subsequent weeks.
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MHYV lesions also contain substantial populations of infiltrating and endogenous immune cells
(Matthews et al., 2002; Redwine and Armstrong, 1998). Mytl immunoreactivity was not
detected in Macl immunolabeled macrophage/microglial cells, or within lymphocytes
immunostained with either Ox-52 for T-cells or CD-45 receptor for B-cells (data not shown).

Mytl Expression in MS Lesions and Control Cases

MS lesions of differing stages of demyelinating activity (active, inactive, and remyelinated)
and control cases were analyzed by immunostaining and in situ hybridization to detect Myt1
expression (Fig. 5 and Table 1). In MS cases, Myt1 nuclear immunoreactivity was frequently
observed in cells located in the PPWM adjacent to active or inactive lesions, or within early
remyelinating lesions (Fig. 5A and Table 1). In control adult white matter, nuclear Myt1
immunostaining was much less frequently observed (Fig. 5B and Table 1), consistent with our
previous report (Armstrong et al., 1997). In a minority of lesions, nuclear Myt1
immunoreactivity was detected among infiltrating lymphocytes (data not shown) or reactive
astrocytes had cytoplasmic Mytl immunoreactivity (Fig. 5C). No immunostaining was
detected above background levels when the Myt1 primary antibody was omitted or was
replaced with an antibody against Myt1L, a closely related Myt1 family member that is not
expressed in oligodendrocytes (Kim et al., 1998 and data not shown). The increased frequency
of Mytl immunostaining in MS tissues was confirmed using in situ hybridization to detect
Mytl mRNA transcripts (Fig. 5D).

Mytl expression may activate transcription of myelin-specific genes as OP cells differentiate
into mature oligodendrocytes (Kim and Hudson, 1992; Nielsen et al., 2004). To identify cells
with nuclear Myt1 localization relative to myelin-specific gene transcription, immunostaining
for Myt1 was combined with in situ hybridization for PLP mRNA (Figs. 5E,F). In the combined
protocol, specific signal was maintained although the number of cells identified was reduced,
relative to the separate detection methods. Individual cells could be clearly identified as double
labeled for Mytl immunoreactivity and PLP mRNA transcripts in MS tissues (Fig. 5E and
inset), which was not observed in the white matter of control cases (Fig. 5F). A similar protocol
to double label OP cells for PDGFaR mRNA and Mytl was not feasible because of the low
abundance of PDGFaR transcripts per cell. Importantly, as in our mouse data of Mytl+ CC1
+ cells (Fig. 2-Fig 4), Mytl expression in a subset of oligodendrocytes identified by PLP
mRNA may indicate ongoing OP differentiation into mature oligodendrocytes and support a
potential role for Myt1 in oligodendrocyte regeneration in MS lesions.

DISCUSSION

In experimental and human demyelinating diseases, the CNS is capable of effective
oligodendrocyte regeneration, remyelination, and recovery of function in viable axons.
However, this capacity for repair becomes limited with repeated or chronic episodes of
demyelination. To better understand how successful remyelination can be accomplished, the
current study examines the cellular responses during spontaneous remyelination following
transient experimental demyelination. Recent studies have identified an emerging array of
transcription factors that are associated with OP proliferation, induction of differentiation
toward an oligodendrocyte phenotype, and elevated transcription of myelin-specific genes
during myelination (Gohkan et al., 2005; Ligon et al., 2006). Analysis of developmental
myelination has predicted specific transcription factors that have been shown to be involved
in oligodendrocyte lineage responses to demyelination (Arnett et al., 2004; Fancy et al.,
2004; Watanabe et al., 2004).

Myt1 warranted analysis as a transcription factor regulating oligodendrocyte regeneration and

remyelination based upon findings indicating a role in proliferation, differentiation, and
activation of myelin-specific gene transcription during the generation of oligodendrocytes in
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the developing CNS (Armstrong et al., 1995; Nielsen et al., 2004). A role for Myt1 in human
development has been predicted from the pattern of Myt1 expression in the developing human
brain and from correlation of Myt1 immunolabeling with the attempted regenerative response
of immature oligodendrocyte lineage cells in cases of periventricular leukomalacia (Hirayama
etal., 2003). In the adult human CNS, Myt1 is expressed in germinal zones and is upregulated
in gliomas, indicating potential function in immature proliferative cell types (Armstrong et al.,
1997).

We report increased expression of Myt1 as a local white matter response to demyelination. We
used the MHV model of experimental demyelination to assess the oligodendrocyte regenerative
response in the context of a complex lesion environment that includes gliosis, inflammation,
and breakdown of the blood-brain barrier to reflect the complex pathology of MS lesions
(Lucchinetti et al., 2005; Morales et al., 2006). Myt1 expression corresponded with
incorporation of BrdU, indicative of a proliferative phenotype. Consistent with this finding,
the majority of cells with nuclei immunolabeled for Myt1 were double immunolabeled for
PDGFaR, a marker of OP cells, with a substantial response also noted in cells immunolabeled
for Msil, a marker of neural stem cells. Furthermore, a role for Mytl in the oligodendrocyte
lineage response in human injury and disease is suggested by our observation of increased
expression of Mytl associated with MS lesions.

In the current study, a role for Myt1 in remyelination is supported by correlation with increased
expression of Myt in proliferating cells and localization of Myt1 in nuclei of neural stem cells
and OP cells. Interestingly, only nuclear immunoreactivity for Myt1 was observed in the adult
mouse tissues, even though a transition to cytoplasmic localization was observed in rat
developing oligodendrocytes (Armstrong et al., 1995). The present quantitative cellular
analysis demonstrating Myt1 expression in OP cells extends an earlier report of increased
abundance of mRNA transcripts for both Myt1 and PDGFaR during remyelination following
ethidium bromide induced demyelination in rats (Sim et al., 2002). In addition, similar to our
current quantification of Myt1 and BrdU incorporation, our previous MHV study demonstrated
that PDGFaR+ cell proliferation in response to demyelination was localized within and near
lesions (Redwine and Armstrong, 1998). However, Mytl is expressed in additional populations
of responding cells that were not identified by PDGFaR immunolabeling. We identified a
subset of Myt1 expressing cells by co-immunolabeling for Msil. Msil is an RNA-binding
protein that has been used as a marker of neural stem cells in the developing and adult CNS of
rodents and humans (Kaneko et al., 2000; Pincus et al., 1998; Sakakibara and Okano, 1997).
Therefore, the initial expression of Mytl in MHV lesions is expected to be in neural stem cells
that may represent a relatively small but potentially important population of cells that is
responsive to demyelination.

While the current analysis has not directly demonstrated a lineage progression for the
expression of Mytl during MHYV disease progression, a possible scenario from current data
and the available literature is that Myt1 is expressed in Msil+ neural stem cells that may
differentiate into PDGFaR+ OP cells then amplify in response to demyelination to generate
CC1+ oligodendrocytes to accomplish remyelination. Myt1 expression prior to the OP stage
has been shown with in vitro analysis of cultured neonatal cells (Armstrong et al., 1995). In
vitro, Myt1 continued to be expressed at the OP stage, followed by downregulation in mature
oligodendrocytes after accumulation of myelin proteins (Armstrong et al., 1995). In vivo, the
proliferative response during demyelination has been clearly associated with the OP stage in
MHYV lesions, other models of experimental demyelination, and MS lesions (Redwine and
Armstrong, 1998; Reynolds et al., 2001; Solanky et al., 2001; Watanabe et al., 2002). In this
MHYV model, cells that incorporated thymidine analogues, as indicators of proliferation, during
demyelination have been shown to express PDGFaR and then maintain labeling during the
transition into oligodendrocytes in the remyelination phase (Godfraind et al., 1989; Redwine
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and Armstrong, 1998). In the current MHV study, expression of Myt1 was observed mainly
in PDGFaR+ OP cells and in only a small proportion of CC1+ oligodendrocytes, which may
be cells that recently differentiated and had not yet downregulated Myt1.

The current finding that the increased density of Myt1 cells is specifically localized to areas
of white matter lesions is consistent with the local generation of oligodendrocytes reported in
several studies of remyelination. In focally demyelinated spinal cord, newly generated
remyelinating cells appeared to be generated from a local ring of normal tissue surrounding
the lesion (Franklin et al., 1997). Similarly, retroviral labeling of remyelinating cells indicated
recruitment from less than 500 um from the lesion site in adult rat corpus callosum (Gensert
and Goldman, 1997). A preliminary study of mice administered cuprizone indicated that Myt1
expression is upregulated during acute demyelination in the corpus callosum in areas of
increased OP proliferation (data not shown). This comparison indicates that increased Mytl
expression may occur during OP amplification in response to diverse demyelinating
pathologies.

Analysis of MS lesions demonstrated the highest density of Mytl expressing cells in early
remyelinating lesions, consistent with our findings in MHV and cuprizone. Furthermore, Myt1
expression was increased in PPWM relative to active or inactive lesion areas. The variability
of Myt1 expression in MS lesions may reflect the reported differences of immature OP
populations (Chang et al., 2002; Maeda et al., 2001). In contrast to MHV lesions, some MS
lesions exhibited Myt1l immunoreactivity in lymphocytes and astrocytes. In the unusual cases
in which astrocytes expressed Mytl, the immunoreactivity was localized in the cytoplasm.
Similarly, Mytl immunoreactivity in astrocyte cytoplasm was observed in highly reactive
astrocytes of epileptic foci in human temporal lobe tissue (Armstrong et al., 1997). It is not
clear whether this astrocytic expression of Myt1 is the result of a species difference or possibly
due to differences in the pathology of some MS lesions.

Further work is required to understand the regulation of Myt1 in development and pathology,
and the function of Myt1 in each context. Myt1 acted as a transcriptional activator to increase
luciferase levels from the promoter of a myelin-specific gene, 2',3'-cyclic nucleotide 3'-
phosphodiesterase, in transient transfection assays (Nielsen et al., 2004). However, Mytl may
act in concert with other transcription factors or co-factors that contribute to effects on
transcriptional controls (Koyano-Nakagawa et al., 1999; Schneider et al., 2001). In addition,
Myt1 may form complexes with Sin3B, a protein that mediates repression by recruiting histone
deacetylases (Romm et al., 2005). Therefore, the function of Myt1 may depend upon the levels
of other nuclear proteins that may be differentially regulated in cells relative to stage of
differentiation or environmental context. The current study documenting Myt1 expression
corresponding to regenerative responses of the oligodendrocyte line-age in animal models and
MS lesions suggests that Myt1l may have functional importance in remyelination.
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Fig. 1.

Mytl expression and BrdU incorporation in MHYV lesions during demyelination and
remyelination. Mice injected with MHV or PBS vehicle were perfused at 2 weeks postinjection
(wpi) (active demyelination), at 4 wpi (early remyelination), and at 8 wpi (advanced
remyelination). (A) Quantification of Mytl mRNA expression in white matter of cervical
transverse sections throughout MHV disease progression. In MHV-injected mice, as compared
to PBS control mice, the density of cells labeled by in situ hybridization for Mytl mRNA is
increased by 2 wpi (P = 0.0323), peaks at 4 wpi (P = 0.0020), and then declines by 8 wpi but
is still elevated from controls (P = 0.0297). (B) Quantification ofMyt1 mRNA expression
relative to BrdU incorporation throughout MHV disease progression. BrdU was administered
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during the final 4 h prior to sacrifice to identify actively proliferating cells (BrdU+) among the
population of cells expressing Mytl mRNA (Mytl+). The Myt1+ BrdU+ cell density peaks
during active demyelination (2 wpi; P = 0.016) then remains significantly increased at 4 wpi
(P =0.003), relative to the very low density (0.4 cells/mm?2) in PBS-injected mice. By 8 weeks,
Mytl+ BrdU+ cell density has returned to control levels (P = 0.0791). BrdU+ cells that do not
have detectable Mytl mRNA (Myt1-) are increased over control levels at 2 wpi (P = 0.016)
and at 4 wpi (P = 0.0007), but are still slightly elevated at 8 wks (P = 0.017). For panels A and
B: PBS, n =3 mice; MHV 2 wpi, n =4 mice; MHV 4 wpi, n = 6 mice; MHV 8 wpi, n = 4 mice.
(C) Representative image of dorsal column area (border denoted by black dashed line) in
transverse section of cervical spinal cord from an MHV-infected mouse at 4 wpi. In situ
hybridization showing Mytl mRNA transcripts (blue) combined with detection of BrdU
(brown) to assess proliferation. Increased BrdU incorporation in lesioned areas of the dorsal
columns (upper part of image) corresponds with an increased density of cells expressing Myt1,
compared to the normal appearing areas in the deep dorsal column white matter. GM = gray
matter. Scale bar 5 50 pum. (D) Enlargement of area boxed in panel (C). Cells with detectable
Mytl mRNA are small with an elongated cell body, characteristic of OP cells, and could be
found labeled with BrdU (Myt1+ BrdU+, black arrowheads) or may not have incorporated
BrdU during this 4-h terminal pulse (Myt1+ BrdU—, black arrows). BrdU labeled clls that do
not express Mytl (Mytl— BrdU+, brown arrowhead) are also common, such as the example
with a large oval nucleus that is characteristic of an astrocyte. Dorsal column border with gray
matter (GM) is denoted by black dash lines. Scale bar = 25 um. (E) Disease progression among
MHV-infected mice used in the data shown in panels (A) and (B). Motor impairment and
recovery was monitored with the hang time test of grip strength and coordination. Control mice
injected with PBS can readily hang from bars of a wire cage top for 60 s. Following MHV
injection, severely affected mice had significantly reduced hang times when tested on days 7—-
17. In the following weeks, the hang time scores improve gradually until reaching control
levels. ANOVA with repeated measures: **P < 0.01; *P < 0.05; days 7-14: n = 23 mice for
MHV, n =12 mice for PBS; days 17-28: n = 17 mice for MHV, n = 9 mice for PBS; days 35—
56: n = 9 mice for MHV, n = 6mice for PBS. (F) Quantification of Mytl mRNA expression
and BrdU incorporation within normal versus lesioned white matter areas. Within transverse
spinal cord sections, regions were demarcated as white matter areas of demyelination (MHV
lesioned WM), adjacent normal appearing white matter (MHV NAWM), or white matter of
PBS-injected controls (PBS WM). Mice were analyzed at 4 wpi after MHV or PBS injection.
An increased density of cells with detectable levels of Mytl mRNA transcripts is mainly
restricted to MHV lesion areas, which are significantly elevated compared with NAWM (P =
0.0005) or with PBS WM (P = 0.0081). Myt1+ BrdU+ proliferating cells are also significantly
increased specifically within lesion areas relative to NAWM (P = 0.0009) and PBS WM (P =
0.0003). Myt1- BrdU+ cells within MHV lesions are also significantly increased over both
NAWM (P =0.0002) and PBS WM (P = 0.0038). NAWM was not significantly different from
PBS WM for any of the values shown. PBS, n = 3 mice;MHV, n = 6 mice.
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Fig. 2.

Characterization of cell types expressing Myt1. Mytl immunodetection alone (A) and in
combination with immunostaining for CC1 to identify mature oligodendrocytes (B), Msil to
identify immature neural stem cells (C), and PDGFaR to identify OP cells (D). (A) Low power
of a transverse hemi-section of cervical spinal cord during the early remyelination stage at 4
wpi of MHV. The approximate boundary of the dorsal columns is denoted by white dash marks.
The density of Myt1 immunoreactive cells is highest in lesioned areas of the superficial dorsal
columns and the ventrolateral white matter. Scale bar = 100 pm. (B) In a higher magnification
of dorsal column white matter from a 2 wpi mouse, the dorsal column border with the gray
matter (GM) is noted by white dash marks. Normal CC1 immunolabeling (green) of
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oligodendrocytes is seen in the deep dorsal column white matter, which is not lesioned. In the
more superficial dorsal column region, the lesion area is evident by the lack of CC1
immunolabeled oligodendrocytes (top right of panel) where a high density of Mytl+ CC1-
cells (red) are present (examples at arrow-heads). Along the lesion border, CC1
immunoreactivity is detected in cells with nuclear Mytl (CC1+ Mytl+ examples at arrows).
Scale bar = 50 pum. The inset shows an enlarged view of several CC1+ cells and a pair of CC1
+ Mytl+ cells. Scale bar = 10 um. (C) Msil immunoreactivity (green) is increased in reactive
astrocytes and neural stem cells in the superficial part of the dorsal column white matter of a
2 wpi mouse. Cells expressing Mytl (red; arrowheads) are more prevalent in the lesion area
than in the nonlesioned deep dorsal column white matter. Reactive astrocytes express Msil
(detected with immunostaining for glial fibrillary acidic protein; data not shown). However,
Msil+ Mytl+ cells (examples at arrows) are likely to be neural stem cells since in these tissues
Myt1 was not co-expressed in astrocytes (data not shown). Scale bar = 50 pm. The inset shows
an enlarged view of two cells with cytoplasmic Msil and nuclear Myt1 as well as three cells
with only nuclear Mytl immunoreactivity. Scale bar = 10 pm. (D) The density of OP cells
expressing PDGFaR (green) is increased in the lesioned area of the superficial dorsal column
in a 4 wpi mouse. The density of cells with nuclear Mytl immunoreactivity (red) is also
increased in the lesion area. Examples of cells double labeled for PDGFaR and Myt1 are
indicated by arrows while PDGFa R-Myt1+ cells are shown by arrowheads. Scale bar = 50
pm. The inset shows a pair of PDGFaR1 cells with nuclear Myt1 immunoreactivity. Scale bar
=10 pm.
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Fig. 3.

Quantitative analysis of Myt1 expression relative to cell type specific markers. At 4 wpi with
MHYV or PBS vehicle, mice were sacrificed and the white matter (WM) of transverse cervical
sections was analyzed to determine the density of Mytl immunolabeled cells in combination
with cell type-specific markers. (A) Mytl expressing immature neural stem cells were detected
with Musashil (Mytl+ Msil+). Astrocytes express Msil but not Mytl (i.e. Mytl— Msi+) and
so can be distinguished from neural stem cells (see text). (B) The majority of OP cells
expressing PDGFaR are mostly also immunolabeled for Mytl (i.e. Mytl+ PDGFaR+ relative
to Mytl- PDGFaR+). (C) The density of mature oligodendrocytes, identified by CC1
immunolabeling, is very high in PBS WM but greatly reduced in MHV WM. Relatively few
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mature oligodendrocytes have detectable Myt1 expression (i.e. Mytl+ CC1+ relative to Mytl
— CC1+). PBS, n = 3 mice; MHV, n = 3 mice.
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Comparison among cell types exhibiting nuclear Mytl immunoreactivity in PBS control mice
and MHV mice throughout disease progression. OP cells immunolabeled with PDGFaR were
the principal cell type that expressed Myt1. In addition, the population of Mytl+ PDGFaR+
OP cells increased significantly at 2 wpi (P < 0.001) and 4 wpi (P < 0.001) before returning
to PBS control levels at 8 wpi (p > 0.05). Musashil (Msil) neural stem cell marker detected a
smaller population of Mytl expressing cells that was greatest at 2 wpi. Relatively few cells
continued to exhibit nuclear Mytl immunoreactivity after differentiating into mature
oligodendrocytes, as indicated by CC1 immunolabeling. PBS, n = 3 mice; MHV, n = 3 mice.
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Fig. 5.

Myt1 expression in multiple sclerosis (MS) and control cases. Representative results are shown
from adult human brain sections that were immunostained for Myt1 (A—C), processed for in
situ hybridization for Mytl mRNA (D), or analyzed by immunostaining for Myt1 combined
with in situ hybridization for proteolipid protein (PLP) mRNA as a marker of oligodendrocytes
(E,F). Nuclear immunostaining for Myt1 (brown DAB with pink eosin tissue counter stain)
was seen in small round cells in the periplague white matter (PPWM) adjacent to MS lesions
(A, PPWM; case 9, Table 1), at an increased density relative to white matter control areas (B;
case 2, Table 1). In some MS lesions (C, lesion area; case 6, Table 1), reactive astrocytes
exhibited cytoplasmic immunoreactivity for Myt1 (brown DAB with pink eosin tissue counter
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stain), which was never seen in control cases. In situ hybridization for Mytl mRNA (D, lesion
edge; dark blue; case 4, Table 1) in MS lesions indicated expression of Myt1 in a pattern similar
to Mytl immunoreactivity (A). Within MS lesions, some cells with nuclear Myt1 expressed
PLP mRNA transcripts (E, lesion; Myt1 brown, PLP dark blue; case 10, Table 1). Co-labeling
for Myt1 among oligodendrocytes expressing PLP mRNA was generally not observed in adult
human control white matter (F; case 3, Table 1). Scale bars = 50 pm for (A-F), as shown in
(F). (A-F) Arrows indicate examples of cells expressing Myt1 protein (A-C,E) or mMRNA
transcripts (D). Arrowheads (B,E,F) indicate examples of cells that are not expressing Myt1.
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Density of Cells with Myt1 Nuclear Immunoreactivity in White Matter of Human Controls and MS Lesions

CaseL esion stage

Lesion cells (mm?)

PPWM cells (mmz)

NWM cells (mmz)

1Control

2Control

3Control
4Demyelinated inactive
5Demyelinated inactive
6Demyelinated inactive
TEarly active

8Early active

9Early active

10Early remyelination

101
113

57
193
113

38
536

321
284
309
371
365
309
n/a

15
101
86

PPWM, periplague white matter adjacent to lesions in MS tissues. NWM, normal white matter in non-neurological controls. n/a, samples are each from

a biopsy of the lesion area so PPWM tissue is not available.
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