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Neurobiology of Disease

Myelin Loss Does Not Lead to Axonal Degeneration in a
Long-Lived Model of Chronic Demyelination

Chelsey M. Smith, Elizabeth Cooksey, and Ian D. Duncan

University of Wisconsin-Madison, School of Veterinary Medicine, Madison, Wisconsin 53706

Current dogma suggests that chronically demyelinated axons are at risk for degeneration, with axonal loss resulting in permanent
disability in myelin disease. However, the trophic role of the myelin sheath in long-term axonal survival is incompletely understood.
Previous observations of the effect of dysmyelination or demyelination on axonal survival in the myelin mutants has been limited because
of their short life span. In this study, we used the Long-Evans shaker (les) rat, which can live up to 9 months, to study axonal health and
survival after chronic demyelination. At 2 weeks, ~29% of medium and ~47% of large fiber axons are myelinated in les spinal cord.
However, by 3 months, no medium and ~<1% of large-diameter axons retain myelin. After demyelination, axons have a reduced-
caliber, abnormal neurofilament distribution and an increase in mitochondrial number. However, there are no signs of axonal degener-
ation in Jes rats up to 9 months. Instead, there is a profound increase in oligodendrocytes, which were found to express BDNF, NT-3, and
IGF-1. Importantly, this study provides in vivo evidence that mature glial cells produce various neurotrophic factors that may aid in the

survival of axons after chronic demyelination.

Introduction

In multiple sclerosis (MS), a demyelinating disorder of the CNS,
axonal loss correlates with functional impairments (De Stefano et
al., 2001; Tallantyre et al., 2010) and is responsible for permanent
disability (Ferguson et al., 1997). Axonal loss occurs in the early as
well as the late-chronic phase of MS (De Stefano et al., 2001;
Schirmer et al., 2011). Axonal degeneration during the chronic,
noninflammatory phase of MS is thought to result from a loss of
trophic support (Bjartmar et al., 2003; Hagemeier et al., 2012).
However, the role myelin plays in the long-term survival of axons
is not fully understood.

Axonal abnormalities occur in animal models of dysmyelina-
tion. For example, in the shiverer (shi) mouse, an MBP mutant
that lacks compact CNS myelin (Rosenbluth, 1980; Roach et al.,
1985), axons have increased slow axonal transport, an immature
cytoskeleton composition (Brady et al., 1999), and metabolic ab-
normalities (Andrews et al., 2006). Despite these abnormalities,
there is no axonal loss reported in shi (Rosenbluth, 1980; Inoue et
al., 1981; Nixon, 1982; Griffiths et al., 1998). However, the short
life span of shi mice (~100 d) greatly limits these findings, al-

Received Sept. 26, 2012; revised Nov. 13, 2012; accepted Dec. 12, 2012.

Author contributions: CM.S. and I.D.D. designed research; C.M.S. and E.C. performed research; CM.S. and E.C.
analyzed data; C.M.S. and 1.D.D. wrote the paper.

This work was supported by an NSF Graduate Research Fellowship, Training Grant T32-GM007507 from the
University of Wisconsin Neuroscience Training Program, and the University of Wisconsin Graduate School Fall Com-
petition award. We thank Drs. lan Griffiths, John Svaren, Albee Messing, Ronald Kalil, and Zsusanna Fabry for their
comments on this manuscript as well as Loklan Sherrington and Craig Radi for technical assistance with electron
microscopy.

The authors declare no competing financial interests.

Correspondence should be addressed to either Dr. lan D. Duncan or Dr. Chelsey M. Smith, University of
Wisconsin-Madison, School of Veterinary Medicine, 2015 Linden Drive, Madison, WI 53706, E-mail:
duncani@svm.vetmed.wisc.edu or cmsmith26@wisc.edu.

DOI:10.1523/INEUR0SCI.4627-12.2013
Copyright © 2013 the authors  0270-6474/13/332718-11515.00/0

though it has been predicted that shi axons may degenerate at
later time points (Andrews et al., 2006). In the taiep rat, a model
of demyelination, which can live up to 18—20 months (Duncan et
al., 1992), axonal pathology and degeneration occur after chronic
CNS demyelination (Wilkins et al., 2010). However, only small-
diameter axons are affected (Song et al., 2001), and oligodendro-
cyte dysfunction may also play a role in degeneration (Song et al.,
2003). Axonal degeneration can also be independent of myelin
loss (Nave, 2010a). In mice deficient in proteolipid protein (PLP)
or 2',3'-cyclic nucleotide 3’-phosphodiesterase (CNP), axons
degenerate in the presence of compact myelin (Griffiths et al.,
1998; Garbern et al., 2002; Lappe-Siefke et al., 2003). Therefore,
longer-lived models of demyelination are required to fully eluci-
date the role of the myelin sheath in axonal development and
survival.

The Long—Evans shaker (les) rat (Delaney et al., 1995) lacks
CNS myelin beyond early development because of a mutation
in the MBP gene (O’Connor et al., 1999) and can live up to 9
months, making it an ideal model to study axonal develop-
ment, integrity, and survival after chronic dysmyelination.
Here, we show that, although les axons have reduced axon
caliber, abnormal neurofilament distribution, and increased
mitochondria after dysmyelination, there are no signs of ax-
onal degeneration in les spinal cords up to 9 months. Instead,
there is an increase in les oligodendrocytes, which were found to
express neurotrophin-3 (NT-3), brain derived neurotrophic factor
(BDNF), and insulin-like growth factor 1 (IGF-1) that likely
aid in axonal survival after chronic demyelination. Overall,
these results show that abnormal myelin development and loss
alone do not directly lead to degeneration in this model.
Moreover, we provide direct in vivo evidence that mature glial
cells produce various trophic factors that may aid in axonal
survival after myelin loss.
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A, Electron micrographs of the spinal cord from 2 week, 4 week, 3 month, and 9 month control and /es animals. At 2 weeks, control rats begin to develop myelin sheaths that persist as

the animal ages (a—d). In contrast, at 2 weeks, les animals develop thin, uncompact myelin sheaths (e). However, most of this attempt at myelination is lost by 4 weeks (f), and at later ages there
is practically no myelin in the CNS (g— h). Scale bar, 1 um. B, Enlarged inset illustrating an example of a myelinated axon in /es. Although it is uncompact, the membrane sheaths in /es form an
organized multilamellar structure that s characteristic of a myelin sheath. *Glial processes. Scale bar, 1 um. The total proportion of myelinated axons were grouped by diameter into large (>5 m;
triangle), medium (2.5-5 wm; square), and small axons (=2.5 wm; diamond) and graphed over time in fes (gray) and control (black) spinal cord sections (C). All of the large-diameter axons in
control spinal cords are myelinated by 2 weeks, whereas 77 = 3% of medium and 12 == 3% of small fibers are myelinated. In fes, 43 == 13% of large, 28 == 9% of medium, and no small fibers are
myelinated. By 3 months, <<1% of large-diameter axons retain myelin in fes. Error bars indicate SEM; n = 3 per time point.

Materials and Methods

Experimental animals. Control and les rats were housed and main-
tained according to the guidelines of the University of Wisconsin-
Madison School of Veterinary Medicine. For this study, rats of either
sex were killed at 2, 3, 4, and 8 weeks as well as 3, 6, and 9 months of
age. Control and les rats were generated by breeding carrier pairs and
identified at postnatal day 5 by the detection of the mutated MBP
sequence using PCR as previously described (O’Connor et al., 1999).
Control and les animals were housed in identical conditions, except
with modifications found to enhance the survival of the mutant ani-
mals. les rats develop whole-body tremors at 2 weeks of age followed
by seizures at 1 month. Some les rats can also develop progressive
ataxia, hindlimb paresis, and incontinence (Delaney et al., 1995).
Therefore, les rats were weaned a week later than control littermates
to ensure proper growth and development. Once weaned, les rats were
given a gelatin block of rodent diet supplemented with phenobarbital
(0.175 g of phenobarbitol, 4 g of sugar, 4 g of powdered milk, 61 g of
ground Harlan rodent diet) 3 times per week to control seizures. In
addition, apples were placed on the floor of the cage to aid in caloric
intake and hydration.

EM. For EM, control and les rats were perfused with PBS (0.1 mm PBS,
pH 7.4) followed by weak (1% PFA and 1.25% gluteraldehyde, pH 7.3)
and strong (4% PFA and 5% gluteraldehyde. pH 7.3) Karnovsky’s fixa-
tive or perfused with 4% PFA followed by immersion fixation in buffered
2.5% gluteraldehyde. For resin embedding, tissue was washed in phos-
phate buffer (0.1 mm PB) followed by fixation in 1% osmium tetraoxide.
Tissue was dehydrated in a series of ethanol concentrations, and propyl-
ene oxide was used as a transitional fluid for resin infiltration. Ultrathin
sections were mounted on copper grids (Electron Microscopy Sciences)
and stained with uranyl acetate followed by lead citrate. Images were
captured on a Hitachi 7600 transmission electron microscope housed
at the Wisconsin Veterinary Diagnostics Laboratory at University of
Wisconsin-Madison. Approximately 10 images were taken of each target
area at an original magnification of 2500.

Immunohistochemistry. Control and les rats were perfused with 0.1 mm
PBS followed by paraformaldehyde buffered in 0.1 mm PB (4% PFA).
After dissection, tissue was postfixed overnight in 4% PFA followed by
sucrose cryoprotection. Tissue was cut into 20 um free-floating sections
and incubated with the following antibodies: rabbit anti-GST-7 (1:
30,000, MBL), mouse anti-GFAP (1:30,000, Millipore), chicken anti3-IIT
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tubulin (1:10,000, Millipore), rabbit anti-APP (1:1000, Enzo Life Sci-
ences), mouse anti-SMI-32 (1:1000, Covance), and rabbit anti-NF-H
(1:1000, Millipore Bioscience Research Reagents). Immunolabeling was
performed according to standard protocols using AlexaFlour secondary
antibodies (1:2000, Invitrogen) to visualize protein expression. Images
were taken on a Nikon E800 microscope equipped with a SPOT RT
digital camera (Diagnostic Instruments) using MetaMorph software. In-
tegrated densities as a relative measure of expression were calculated
using Image] software.

In situ probe design. Probes were designed using mRNA sequences
from NCBI for IGF-1, BDNF, and NT-3. Primers were designed using
Pimer3 software (Rozen and Skaletsky, 2000) within exon sequences
identified using Ensembl (Hubbard et al., 2007). Primers are as follows:
IGF-1 (left, TTAAGCCGCTTCCTTCACAG; right, TGCTTTGCTTTC
TCCTTTCTC), BDNF (left, GGAAGCCTGAATGAATGGAG; right, CT
GCCAACAAGAGACCACAG), and NT-3 (left, CCGATGATTGCAAC
AGACAG; right, TTGACAAGGCACACACACAG). A 5 bp leader
sequence and a T7 polymerase recognition site were added to the right
primer of each set: CGATG TTAATACGACTCACTATAGGG. The
DNA template for each probe was amplified from genomic DNA with
PCR. The appropriate band was excised from the gel using a QIAquick
gel extraction kit (QIAGEN). Antisense, dioxygenin-labeled probes were
generated using the dioxygenin RNA labeling kit with T7 polymerase
(Roche).

In situ hybridization. For in situ hybridiza-
tion, 20 wm thoracic spinal sections were
mounted on Superfrost Plus slides (Fisher) and
allowed to dry. Tissue sections were washed in
PBS with 0.1% Tween 20 followed by incuba-
tion in proteinase K for 6 min at room temper-
ature. Tissue sections were then postfixed in
4% PFA, washed in PBS with 0.1% Tween 20,
and incubated in acetylation solution (0.1 M
triethanolamine, 0.078 M HCI, 0.25% acetic an-
hydride) for 10 min at room temperature. Af-
ter acetylation, sections were then incubated in
hybridization buffer (50% formamide, 5X
SSC, 10 ug/ml tRNA, 10 ug/ml heparin, HB)
for 3 h at 60.5°C and incubated with probe di-
luted (0.2 g of probe/ml) in HB overnight at
60.5°C. The following day, tissue sections were
washed with wash solution 1 (50% formamide,
5X SSC, 1% SDS) for 315 min at 60.5°C fol-
lowed by a 1:1 mix with solution 2 (10 mwm Tris-
HC], pH 7.5, 0.5 M NaCl, 0.1% Tween 20, 0.2
mM sodium azide) for 10 min 60.5°C. Slides
were then washed in solution two for 3X5 min
at room temperature followed by RNase treat-
ment at 37°C to remove unspecific binding.
The tissue sections were again washed with so- 3
lution 2 1X5 min followed by solution 3 (2X
SSC, 50% formamide) 2X20 min at 60.5°C.
Blocking was performed with absorption buf-
fer (1XTBS, 10% sheep serum, 1% blocking
reagent, 1% BSA) for 1 h at room temperature
followed by overnight incubation in antidioxy- b
genin antibody diluted in absorption buffer (1: £ 10000000
200). The following day, tissue was washed 2388888
with Tris-buffered saline with 0.1% Tween B read
plus 2 mm levamisole 6 X5 min. Probe detec- 0
tion was performed by incubating sections in
50% BM Purple (Roche) in NTMT + levami-
sole (100 mm Tris HCI, pH 9.5, 100 mm 5 M
NaCl, 50 mm MgCl, 0.2 mm sodium azide,
0.1% Tween 20, 2 mM levamisole) for up to 3 d
until the color reaction was complete. After
color detection, slides were washed with
NTMT + levamisole at room temperature and
mounted using 80% glycerol and PBS. For
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Figure2. Thetotal proportion of small-diameter (=2.5 um; diamond), medium-diameter

(2.5-5 um; square), and large-diameter (>5 wm; triangle) axons in fes (gray) and control
(black) spinal cords was graphed from 2 weeks until 9 months. Between 4 and 8 weeks, there is
asignificantincrease in the proportion of medium-and small-diameter axons. In addition, there
is a significant decrease in large-diameter axons at 8 weeks. From 3 to 9 months, there is no
difference in the proportion of axons grouped by diameter. Error bars indicate SEM; n = 3 per
time point. *p << 0.01, compared with control of the same axon size and time point (two-way
ANOVA followed by Bonferroni post hoc test). **p << 0.001, compared with control of the same
axon size and time point (two-way ANOVA followed by Bonferroni post hoc test).
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Representative images of control and /es longitudinal spinal cord sections at 3 and 9 months immunostained for NF-H
(red) and SMI-32 (green). A-C, H-1, In control sections, there is high NF-H expression and very little SMI-32 within axons. D-F,
J—-L, Between 3 and 9 months, fes axons express less NF-H, whereas there is an increase in SMI-32 expression. AExamples of axons
positive for SMI-32. Original magnifications 20X . The graphs below represent the relative integrated densities of NF-H and SMI-32
in les (white) compared with control (black). From 3 months to 9 months, there is a significant decrease in the relative expression
of NF-H and a significant increase in SMI-32 in /es. Error bars indicate SEM. *p << 0.05, fes and control at each time point (n = 3)
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Figure4. Representative electron micrographs of 9 month control and fes ventral spinal cord. A, B, Thereis a noticeable increase
in the number of mitochondria (+) in larger-diameter axons in Jes (4) compared with control (B). In addition, there is also an
obvious increase in glial cell processes n fes (¥). The average number of mitochondria per axon in /es and control was quantified and
graphed across time points. The number of mitochondria at each time point is grouped by axon diameter (small: = 2.5 wm;
medium: 2.5-5 m; and large: > 5 pum). From 4 weeks to 9 months, the number of mitochondria in large-diameter axons is
significantly higher in /es. In addition, the average number of mitochondria in medium axons is significantly higher from 8 weeks
until 9 months in /es. Error bars indicate SEM; n = 3 for each time point. *p << 0.05, compared with control of the same axon size
(two-way ANOVA followed by Bonferroni post hoc test). **p << 0.01, compared with control of the same axon size (two-way
ANOVA followed by Bonferroni post hoc test). ***p << 0.001, compared with control of the same axon size (two-way ANOVA

followed by Bonferroni post hoc test).
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Figure 5.  Representative images of spinal cord sections from 9 month control and /es animals. A—F, Sections are immuno-
stained for B-IIl tubulin (red), APP (green), and DAPI (blue). In control spinal cord sections, APP is not highly expressed in

B-lll-positive axons. G-L, Although fes lacks myelin by 3 months, there is no increase in APP up to 9 months asiillustrated by both
transverse (G—/) and longitudinal (J-L) images of /es spinal cord. Original magnification 20 X.
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double labeling, immunohistochemistry was
performed as described above after the in situ
color reaction.

Protein extraction and Western blot. Control
and les rats (n = 3 control and les for each time
point) were perfused with cold PBS. After per-
fusion, the spinal cord and optic nerve were
dissected and immediately flash frozen in lig-
uid nitrogen. The optic nerve was used as a
more pure measure of glial cell expression.
Protein extraction was performed using radio-
immunoprecipitation assay buffer (20 mm
Tris, 150 mMm NacCl, 0.1% SDS, 1% NP40, and
protease inhibiter complete; Roche). Protein
samples were quantified using the Quant-iT
protein detection kit and Qubit flourometer
according to manufacturer’s protocols (Invit-
rogen). A total of 20 ug of each sample was run
on a 12% acrylimide gel and blotted onto
Immobolin-P membranes (Millipore) using
the Mini-PROTEAN electrophoresis system
(Bio-Rad). After immunoblotting, membranes
were blocked for 1 h in 5% BSA in 20 mm Tris-
HCI buffer (TBS-T) (150 mm HCI and 0.05%
Tween 20, pH 7.6). After blocking, membranes
were incubated with primary antibodies: mouse
anti-BDNF (1:1000, Millipore), mouse anti-IGF
(1:1000, Millipore), and rabbit anti-NT-3 (1:
1000, Millipore). The membranes were reprobed
with B-actin (1:20,000, Sigma) to ensure loading
consistency. The integrated density of each band
was measured using Image] software. Values are
expressed as relative integrated densities normal-
ized to B-actin and averaged over three animals
per time point.

Quantification. Axon diameter, myelin
thickness, axonal density, and mitochondrial
number were quantified from electron mi-
crographs of les and control spinal cord using
Bioquant image analysis software. Approxi-
mately 3-5 images (~500 axons) were mea-
sured for each animal (n = 3 for les and
control animals) in the dorsal and ventral
column of the thoracic spinal cord. Images
were taken in the dorsal column in the gracile
fasciculus and in the ventral column in the
spinothalamic tract. Both areas were chosen
based on the observation that each area had a
variety of axon sizes. For the specific analysis
of axon populations over time, axons were
divided into three categories based on axon
diameter: small (=2.5 um), medium (2.5-5
pm), and large (>5 wm). The total number
of axons was reported as a proportion to ac-
count for the varying number of axons
counted at each time point. Axonal density
was calculated using the following calcula-
tion: total axon area/(total image area — to-
tal myelin area). Using this calculation, the
differences in myelin sheath thickness for
control and les animals were controlled. Ax-
onal density was measured for each image
and averaged across time points.

Statistical analysis. An ANOVA was per-
formed on each dataset followed by Bonferroni
post hoc tests between time points using Graph-
Pad Prism 4 software unless otherwise stated.
The error bars in subsequent figures represent
SEM. p values <0.05 were deemed significant.
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Results

les lack myelin beyond early development

Electron micrographs of spinal cord sections demonstrated that
les rats develop uncompact membrane sheaths during peak my-
elin development at 2 weeks as an attempt at myelination in the
absence of MBP (Fig. 1B, inset). However, most of this myelin
was lost by 4 weeks, and by 8 weeks little myelin was present
within the spinal cord of les rats (Fig. 1A). Although this has been
previously reported, the total myelin development and loss have
not been quantified. To quantify myelin development and loss in
les, axons were grouped by diameter into small (=2.5 wm), me-
dium (2.5-5 um), and large (>5 um) for analysis. Images were
sampled in the dorsal and ventral columns for each animal. In
control animals at 2 weeks, all (100 £ 0%) large-diameter axons,
77 * 3% of medium-caliber axons, and 12 = 3% of small-fiber
axons were myelinated. In addition, the proportion of myelin-
ated medium and small-fiber axons increased with age. In con-
trast, at 2 weeks 47 * 13% of large, 28 * 9% of medium, and no
small fibers were myelinated within the spinal cord of les rats.
However, at 8 weeks no medium and only 6 * 3% of large axons
retain myelin. By 3 months, <1% of large diameter axons were
myelinated in les spinal cords (Fig. 1B). Therefore, the les
mutant is an excellent long-lived model of chronic demyeli-
nation as les rats lack myelin beyond the initial stages of de-
velopment.

Neurofilament distribution and mitochondrial number are
altered in les axons

To determine whether loss of myelin had an impact on axon
diameter, the total proportion oflarge (>5 um), medium (2.5-5
um), and small (=2.5 wm) axons was quantified over time. In
control animals, the number (proportion) of small diameter
axons slightly decreased over time, whereas the number of
medium- and large-diameter axons increased as the animal aged
(Fig. 2). This trend was also observed in the les mutant. However,
there was a significant increase in the proportion of small-
diameter axons between 4 and 8 weeks in les compared with
control animals (p < 0.01 and p < 0.001, respectively). In addi-
tion, there was a significant decrease in the proportion of
medium-diameter axons between 4 and 8 weeks (p < 0.01 and
P <0.001, respectively) and large-diameter axons at 8 weeks (p <
0.01). Although there were initial differences in axonal caliber
in les, from 3 to 9 months les animals had the same proportion of
large-, medium-, and small-diameter axons compared with control
animals (Fig. 2).

To determine whether les axons are structurally normal, immu-
nohistochemical staining was performed for neurofilament heavy
chain (NF-H) and dephosphorylated neurofilament (SMI-32).
At early ages (2—4 weeks), the distribution of NF-H and SMI-32
was found to be similar between les and control axons. However,
beginning at 3 months, there was an abnormal increase of SM1-32
expression, whereas NF-H expression was reduced in les axons
compared with controls (Fig. 3).

It has been hypothesized that chronically demyelinated axons
have an increased energy need to maintain conduction velocity in
the absence of myelin (Black et al., 1990; Andrews et al., 2006). Thus,
mitochondrial activity increases within demyelinated axons to fulfill
this energy need. In electron micrographs of les spinal cord, it was
observed that larger-diameter axons appear to have a greater num-
ber of mitochondria compared with control axons (Fig. 4A). There-
fore, the total number of mitochondria was quantified for each axon
and averaged across various axon sizes. It was found that there was a
significant increase in mitochondria number in large-diameter ax-
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Figure 6.  The average axonal density of control and /s electron micrographs was graphed
from 2 weeks to 9 months. Quantification illustrates that there is no significant difference
between the average axonal density of /es spinal cord images (white) compared with controls
(black) between 2 and 8 weeks. However, there is a significant increase in axonal density
between 3 and 9 months in /es. Error bars indicate SEM; n = 3 at each time point. *p << 0.05,
compared with control at the same time point (two-way ANOVA followed by Bonferroni post hoc
test). ***p << 0.001, compared with control at the same time point (two-way ANOVA followed
by Bonferroni post hoc test).

ons from 4 weeks until 9 months and in medium-diameter axons
from 8 weeks until 9 months (Fig. 4B).

Axons do not degenerate after demyelination

despite abnormalities

Whole spinal cord grids were scanned for signs of axonal degen-
eration. However, no axonal swellings or spheroids were ob-
served in les spinal cord sections. To confirm the lack of axonal
degeneration in les rats, double immunolabeling for amyloid pre-
cursor protein (APP) and 3 III tubulin was performed on control
and les spinal cord sections. In les axons, there was not an increase
in APP expression compared with controls as late as 9 months
(Fig. 5).

To determine whether les rats lose axons after demyelination,
the axonal density was calculated from electron micrographs of
les and control spinal cords. There was no difference in axonal
density between controls and les animals at early ages (2-8
weeks). Interestingly, there was a significant increase in axonal
density in les between 3 and 9 months (Fig. 6).

Glial cells express neurotrophic factors that may aid in

axonal survival

To determine whether les spinal cords exhibit signs of gliosis,
immunohistochemistry was performed for oligodendrocyte
marker, GST-, and astrocyte marker, GFAP. There was an ob-
vious increase in the expression of GFAP staining, which is prob-
ably the result of an increase in astrocyte processes. In addition,
there is an increase in the number of oligodendrocytes beginning
at 4 weeks in Jes spinal cord, and by 3 months there was a marked
gliosis in the spinal cord of les mutants (Fig. 7).

In addition to producing myelin, glial cells are also thought to
have a trophic role in axonal survival. Therefore, to test whether
an increase in glial cells may be beneficial to les axons, in situ
hybridizations were performed using antisense probes against
IGF-1, BDNF, and NT-3 in les and control spinal cord sections.
An increase in the number of cells expressing these neurotrophic
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factors was found within the white matter of les spinal cords after
demyelination (Fig. 8A). In addition, immunolabeling with
GST-m and GFAP illustrates that these neurotrophic factors lo-
calized within les oligodendrocyte and astrocyte processes (Fig.
8B). Western blot was used to measure the total amounts of each
protein in tissue homogenates from optic nerve and spinal cords
of 3 month control and les rats. Optic nerves were used to repre-
sent a higher proportion of glial cells without neuronal cell bod-
ies. In les optic nerves, there was a significant increase in the
amount of BDNF (p < 0.03), IGF-1 (p < 0.04), and NT-3 (p <
0.05) (Fig. 9). In addition, there was an increase in neurotrophic
factors in les spinal cord homogenates compared with controls
for NT-3 (p < 0.05) and BDNF and IGF-1 that trended toward
significance (p < 0.06 and p < 0.1, respectively).

Discussion

Here, we show that axonal degeneration does not occur in a
long-lived model of dysmyelination. At 2 weeks, ~29% of
medium-diameter axons and ~47% of large-diameter axons
have myelin, yet by 3 months no medium-diameter axons and
~<1% of large-diameter axons are myelinated in les spinal cord.
Although we identified biochemical and metabolic abnormalities
after demyelination, we show that axonal loss does not occur in

A-P, Representative images ofimmunohistochemistry for GFAP and GST-rin the ventral column of 2 week, 4 week,
3month, and 9 month control (A—H) and les (I-P) spinal cord sections. At4 weeks, thereis an increase in glial cells in /es spinal cord
sections (K, L) compared with controls (C, D). By 3 months, there isamarked gliosisin /es (M, N') up to 9 months (0, P). Images were
taken at the same level in the thoracic spinal cord in the ventral column. Original magnification X 20. Graph of the total oligoden-
drocyte count (GST-7r-positive cells) of whole thoracic spinal cord sections from /es and control animals over time (below). fes
spinal cord sections have significantly more GST-7r-positive oligodendrocytes than controls from 3 weeks until 9 months. Error bars
indicate SEM. *p << 0.05, les versus control animals at each time point (n = 3) (two-tailed Student’s ¢ test).
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les spinal cords up to 9 months. Finally, we
illustrate an increase in mature oligoden-
drocytes and astrocytes that express neu-
rotrophic factors that may promote the
survival and sprouting of Jes axons.

Comparison of les with other

myelin mutants

Few myelin mutants allow the study of
chronically demyelinated or dysmyeli-
nated axons as most die prematurely.
Both the shi mouse and the les rat can live
longer. However, the shi mouse only sur-
vives up to 120 d, whereas the les rat can
live up to 9-12 months. Moreover, shi
mice gain myelin with time hence do not
provide a milieu to study the survival of
chronically demyelinated axons (Rosen-
bluth, 1980; Inoue et al., 1983). Although
the taiep rat can live up to 18—20 months,
only small-diameter axons are demyeli-
nated within the spinal cord and brain
(Songetal., 2001). Although the extended
life span of the les rat may not reflect the
prolonged demyelination in chronic MS,
the les rat is the longest-lived model of de-
myelination in which all axons lose
myelin.

Axonal abnormalities

after demyelination

At 4 weeks, les spinal cords have a signifi-
cant increase in small-caliber axons. A re-
duction in axonal diameter has been
reported in the shi mouse between 4 and 6
weeks, which was thought to be the result
of a lack of compact myelin (Brady et al,,
1999; Kirkpatrick et al., 2001). However,
in les rats, there is not an increase in small-
diameter axons from 3 to 9 months.
Therefore, the increase in small-diameter
axons may reflect axonal sprouting reported in the les optic nerve
between 16 and 20 weeks (Phokeo et al., 2002). This is also sup-
ported by the increase in axonal density in les spinal cords from 3
to 9 months.

It is hypothesized that demyelinated axons have increased en-
ergy needs to maintain conduction velocity (Black et al., 1990;
Andrews et al., 2006). In both the shi and les models, there is an
increase and abnormal distribution of ion channels in demyeli-
nated axons (Boiko et al., 2001; Eftekharpour et al., 2005). In
les, a decreased amplitude and an increase in the latency of
somatosensory-evoked potentials as well as a significant reduc-
tion in conduction velocity were found in 6-month-old les com-
pared with controls (Eftekharpour et al., 2005). Mitochondrial
number and activity are increased within shi axons (Andrews
et al., 2006) as well as in demyelinated axons in MS lesions that
correlates with increased oxidative stress (Witte et al., 2009).
Thus, it was predicted that shi axons would degenerate if shi mice
lived longer (Andrews et al., 2006). However, there is an increase
of mitochondria in les with no signs of axonal degeneration up to
9 months.

Although B-APP accumulation, SMI-32, and mitochondrial
abnormalities are often used as evidence of axonal pathology, this
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9 month les IGF-1/GFAP

Representative images of control and /es ventral spinal cord in situ hybridizations for NT-3, BDNF, and IGF-1 at 3 and 9 months. From 3 to 9 months, /es spinal cords show an increased

expression of mRNA for NT-3 (B, D), BDNF (F, H), and IGF (/, L) compared with controls (4, D, E, G, J, K). Images were taken of the ventral column at 20 <. Double labeling for GST-7r (green) and
GFAP (red) shows that the cells expressing mRNA for these growth factors in fes spinal cords are oligodendrocytes and astrocytes (arrowheads). a—d, NT-3 mRNA is expressed in both oligodendro-
cytes and astrocytes at 3— 6 months. e— h, Additionally, BDNF is expressed mostly in oligodendrocytes and some astrocytes at 3—9 months. i—1, IGF-1 s expressed highly in oligodendrocytes (i, k)
as well as some astrocytes (j, I). Images were taken at 60 <. Expression of growth factors in gray matter is similar in both control and /es (data not shown).

study illustrates that these markers are not necessarily indicative
of degeneration. In response to demyelination or the accumula-
tion of organelles in oligodendrocytes in les, there is marked mi-
croglial activation from 2 to 4 weeks and an increase in the
expression of the inflammatory cytokines TNF-q, IL-183, and
iNOS in les from 3 to 8 weeks of age (Zhang et al., 2001). In this
study, we detected an increase in the number of Ox-42-
expressing cells in the les spinal cord up to 9 months. It has been
suggested in the shi mouse thata “second hit” added to the myelin
absence, such as inflammation, might result in axonal degenera-
tion (Edgar et al., 2010). Although there was no infiltration of
blood-borne cells, such as lymphocytes (Zhang et al., 2001), data
from the les rat suggest that at least microglial activation does not
have this effect.

Trophic role of myelin and oligodendrocytes in

axonal survival

It has become increasingly apparent that oligodendrocytes and
myelin play important roles in axon health and survival through

glial-axonal signaling. Certain myelin proteins, such as PLP and
CNP, appear critical for axon survival. Thus, in both the PLP-null
mouse and in Pelizaecus—Merzbacher disease patients who lack
PLP, there is a length-dependent loss of axons in the spinal cord
(Griffiths et al., 1998; Garbern et al., 2002; Sima et al., 2009). The
importance of PLP was confirmed when PLP-null oligodendro-
cytes were transplanted into the shi mouse, resulting in swellings
and membranous organelle accumulation in axons with PLP-
negative myelin (Edgar et al., 2004). Point mutations in the PLP1
gene result in a moderate to severe dysmyelinating phenotype
and evidence of axonal degeneration, although it is not as severe
as in the PLP1 knock-out mice (Dentinger et al., 1982, 1985;
Duncan et al., 1995; Koeppen and Robitaille, 2002). In the CNP-
null mouse, although myelin appears normal except for abnormalities
in the nodal, inner-tongue processes of oligodendrocytes, there is no-
table axonal degeneration in early development (Lappe-Siefke et
al., 2003; Edgar et al., 2009). In addition, there are abnormalities
in paranodal proteins and a disruption of sodium channels before
degeneration, suggesting that a lack of CNP affects axon—glial
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directly promote the outgrowth and sur-
vival of neurons in vitro (Nonomura et al.,
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£ . optosis by inhibiting p38 activation as well
’ as increasing phosphorylated Akt
0.00 - (Wilkins and Compston, 2005; Kaspar et
BDNF IGF-1 NT-3 al., 2003). In addition, BDNF promotes
. o o o axonal survival in experimental autoim-
Figure 9. Representative image of Western blot used for quantification of NT-3, BDNF, IGF-1, and 3-actin in optic nerve (ON)

and spinal cord (SC) homogenates from 3-month-old control and /es rats. Quantification of optical densities illustrates that
homogenates from /es ON (white bars) have a significant increase in BONF, NT-3, and IGF-1 compared with controls (black bars). In
addition, extracts from fes SC (light gray bars) have a significant increase of NT-3 and are trending toward a significant increase of
BDNF compared with controls (dark gray bars). Integrated densities were adjusted to 3-actin levels as a loading control. Error bars
indicate SEM. *p < 0.05, les versus control animals from the same group (n = 4) (two-tailed Student’s ttest). p << 0.1, les versus

control animals from the same group (n = 4) (two-tailed Student’s ¢ test).

communication (Rasband et al., 2005). Recently, targeted abla-
tion of oligodendrocytes in mice has provided interesting but
variable results on axons (Traka et al., 2010; Ghosh et al., 2011;
Pohl et al., 2011; Oluich et al., 2012). In one of the first studies,
profound oligodendrocyte death resulted in demyelination with-
out axonal loss (Traka et al., 2010), although the other studies
reported axonal pathology. However, it will be important to dif-
ferentiate between axonal damage and axon loss. It has recently
been shown in cuprizone toxicity that at least some of the changes
in axons, such as interruption of axonal transport and neurofila-
ment dephosphorylation, which have been thought to predict
axon loss, are indeed reversible (Xie et al., 2010). EM examination
and quantification showed no significant degeneration or reduc-
tion in axonal number in the corpus callosum (Xie et al., 2010).
Thus, the finding of B-APP and SMI-32-positive swellings may
not always predicate axonal loss.

Although our understanding of the molecular basis for the
role of oligodendrocytes in axonal survival is incomplete, re-
cent studies show that oligodendrocytes metabolically support
axons through an MTC1-dependent transport of lactate, even
in the absence of mitochondrial respiration (Funfschilling et
al., 2012). Moreover, disruption of this transporter results in
axonal degeneration (Lee et al., 2012). les oligodendrocytes
lack MBP; however, the cytoplasmic expression of other my-
elin proteins, including PLP and CNP, is similar to controls
(O’Connor et al., 1999). In addition, there is an increase in les
oligodendrocytes in response to the absence of myelin
(Kwiecien et al., 1998) that also occurs in shi (Bu et al., 2004).
Here, we also show evidence that les oligodendrocytes and astro-
cytes express mRNA for BDNF, NT-3, and IGF-1. Although oli-
godendrocytes have been reported to express neurotrophic
factors during development (Dai et al., 2003), there is little evi-
dence that oligodendrocytes secrete trophic factors in the mature
CNS (Nave, 2010b).

The role of neurotrophins in the protection of

demyelinated axons

The neurotrophic factors identified in this study are important
for development (Hofer and Barde, 1988; Wozniak, 1993) and

mune encephalomyelitis (Makar et al.,
2009; Linker et al., 2010). BDNF and
NT-3 also support axonal sprouting after
spinal cord injury (von Meyenburg et al.,
1998; Tobias et al., 2003). Therefore, these
neurotrophic factors may promote axonal
survival after demyelination through anti-
inflammatory mechanisms and by pre-
venting neuronal apoptosis as well as axonal damage.
Furthermore, axonal sprouting promoted by neurotrophins may
decrease the energy needs of individual axons in the absence of
myelin.

In conclusion, we show that axons can survive for up to 9
months in the les rat after dysmyelination despite biochemical
and metabolic abnormalities. Support from an increase in oligo-
dendroyctes and astrocytes in les spinal cord that express BDNF,
NT-3, and IGF-1 likely enhances the survival and sprouting of
chronically demyelinated axons in les. Further studies are neces-
sary to elucidate the role of each neurotrophic factor in the sur-
vival of les axons. However, there are currently very few therapies
that prevent axonal loss or promote axonal regeneration in my-
elin disease. This work suggests that glial-derived trophic factors
may prove to be an effective strategy to prevent axonal degener-
ation and promote regeneration after demyelination.
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