1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

NATIG,

o
HE

s sy,
Y

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Exp Neurol. 2013 September ; 247: 615-622. doi:10.1016/j.expneurol.2013.02.014.

Functional consequences of ethidium bromide demyelination of
the mouse ventral spinal cord

Nicholas J. Kuypers&P, Kurtis T. James2d, Gaby U. Enzmann&¢€, David S.K.
Magnuson@P:¢ and Scott R. WhittemoreaP.

aKentucky Spinal Cord Injury Research Center, University of Louisville School of Medicine,
Louisville, KY 40292 "Department of Anatomical Sciences & Neurobiology, University of Louisville
School of Medicine, Louisville, KY 40292 ¢Department of Neurological Surgery, University of
Louisville School of Medicine, Louisville, KY 40292 9Department of Biomedical Engineering,
Speed School of Engineering, University of Louisville, Louisville, KY 40292 ¢Theodor Kocher
Institute, University of Freiestrasse, 3012 Bern, Switzerland

Abstract

Ethidium bromide (EB) has been extensively used in the rat as a model of spinal cord
demyelination. However, this lesion has not been addressed in the adult mouse, a model with
unlimited genetic potential. Here we characterize behavioral function, inflammation, myelin status
and axonal viability following bilateral injection of 0.20 mg/mL ethidium bromide or saline into
the ventral white matter (VWM) of female C57BI/6 mice. EB-induced VWM demyelination
significantly reduced spared VWM and Basso Mouse Scale (BMS) scores persisting out to 2
months. Chronic hindlimb dysfunction was accompanied by a persistent inflammatory response
(demonstrated by CD45" immunofluorescence) and axonal loss (demonstrated by NF-M
immunofluorescence and electron microscopy; EM). These cellular responses differ from the rat
where inflammation resolves by 3-4 weeks and axon loss is minimal following EB demyelination.
As these data suggest that EB-injection in the mouse spinal cord is a non-remyelinating lesion, we
sought to ask whether wheel running could promote recovery by enhancing plasticity of local
lumbar circuitry independent of remyelination. This did not occur as BMS and Treadscan®
assessment revealed no significant effect of wheel running on recovery. However, this study
defines the importance of descending ventral motor pathways to locomotor function in the mouse
as VWM loss results in a chronic hindlimb deficit.
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INTRODUCTION

EB? has been used extensively in the rat as a demyelinating model to assess endogenous
remyelination (Blakemore & Franklin, 2008), remyelination by engrafted cells (Tetzlaff et
al., 2011; Enzmann et al., 2006) and to identify white matter tracts responsible for
locomotion (Loy et al., 2002a,b). Both oligodendrocyte and astrocyte loss are hallmarks
within the epicenter of an EB lesion while axons remain unaffected (Blakemore, 2005). The
mechanism of selective glial death has been suggested to occur through EB’s action as a
minor-groove DNA intercalator (Blakemore, 1982; 1984). However, other evidence
suggests that while EB does intercalate both chromosomal and mtDNAZ, it only affects
transcription of mtDNA (Hayakawa et al., 1979; Desjardins et al., 1985; Hayashi et al.,
1990). Therefore, it is likely that EB injection into white matter compromises mtDNA
transcription in all cells local to the lesion with neurons and endothelial cells being
preferentially less sensitive than glia in rat models.

Past literature has reported the acute use of EB into the dorsal columns of the adult mouse,
but the EB concentrations were low and no chronic time-points were used to assess
remyelination status (Fushimi & Shirabe, 2002; 2004). Considering the potential of genetic
mouse models in assessing mechanism(s) of remyelination, we set out to characterize the
cellular and behavioral responses to EB injection into the adult mouse spinal cord. To
understand how ventral motor pathways modulate/control hindlimb locomotion in the
mouse, demyelination was targeted to the VLF3 and VC4, together referred to as VWM®. In
the rat, multiple ventral and dorsal pathways contain descending information involved in
locomotion and functional deficits are only observed when more than one pathway is lost
(Jordan, 1986; Jordan, 1991; Loy et al., 2002a,b; Schucht et al., 2002; Noga et al., 1991;
Steeves and Jordan, 1980). Here, we additionally asked whether the organization of ventral
motor pathways in the mouse is similar to the rat.

MATERIALS AND METHODS

Animals

Surgery

All animal procedures were performed in strict accordance with the Public Health Service
Policy on Humane Care and Use of Laboratory Animals, Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources, National Research Council,
1996), and with the approval of the University of Louisville Institutional Animal Care and
Use Committee. A total of 116 female C57BI/6 mice 6—8 weeks of age were used for all
experiments (Charles River; Wilmington, MA). For the initial injection parameter pilot
experiment, each group contained 4 mice (0.15 mg/mL EB, 0.20 mg/mL EB, 0.25 mg/mL
EB and saline). To characterize the effect of 0.20 mg/mL EB or saline, a total of 48 mice
were used and allowed to recover for 2 weeks (n=11 EB, n=9 saline) or 8 weeks post-
injection (n=16 EB, n=12 saline). A total of 10 mice were used for EM imaging (n=2/group;
saline or 1, 2, 3, 4 or 6 weeks post 0.20 mg/mL EB).

Mice were anaesthetized with 2.0% avertin (2,2,2-tribromoethenol in 1.25% 2-methyl-2-
butanol in saline), treated with 1 cc sterile saline (s.c.) and lacrilube for the eyes. All surgery
and post-op procedures were performed on a 37°C heating pad. Injections were performed

1EB: ethidium bromide,

2mtDNA: mitochondrial DNA,
VLF: ventrolateral funiculus,
VC: ventral column,

SVWM: ventral white matter,
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using a 45° beveled glass micropipette (internal diameter ~25 pm) driven by a Parker |1
picospritzer (Pine Brook, NJ). After a laminectomy and durectomy at the T10 vertebral
level, mice were placed in a stereotaxic device and two 0.25 I boluses of either EB (at
concentrations of 0.15 mg/mL, 0.20 mg/mL, 0.25 mg/mL EB in saline) or saline spaced 1
minute apart were injected into 2 locations separated by 1.5 mm rostro-caudally within the
laminectomy. Injections were bilateral, approached at an 18° angle to a depth of 1.1 mm and
centered 0.45 mm lateral from midline Following injections, the needle was left in place for
3 minutes to allow the EB or saline to diffuse. Following post-op suturing and care, mice
were treated prophylactically with gentamycin and a second 1 cc bolus of sterile saline (s.c.)
and placed in heated recovery cages with alpha-dry bedding. Buprenorphine (0.05 mg/kg)
was administered twice daily for 48 hours and bladders were expressed as needed (up to 2-3
times/day). All mice experienced identical housing and recovery conditions prior to and 1
week following EB.

Characterization of behavioral and cellular responses to EB

BMS’

Treadscan®

Previous studies showed the medial VLF carries signals important for locomotion in the rat
spinal cord (Loy et al., 2002a,b; Cao et al., 2009). Pilot studies revealed a steep does-
response curve for axon sensitivity to EB in mouse VWM as 0.25 mg/mL EB completely
destroy axons 2 weeks post-injection whereas spinal cords injected with 0.15 mg/mL display
little to no demyelination (data not shown). 0.20 mg/mL EB consistently destroyed glia
within the lesion epicenter while leaving axons apparently intact at 2 weeks (Fig. 1C). To
confirm accuracy of the injections, serial cross sections throughout the lesion were stained
with EC8 to visualize myelinated and demyelinated areas (Fig. 1B).

The BMS (Basso et al., 2006; Engesser-Cesar et al., 2005) was used to assess hindlimb
function at baseline, and weekly for 5 weeks following EB injection. Mice were scored by
two raters (trained by Dr. Basso and colleagues at the Ohio State University) blinded to the
experimental condition.

We utilized the Treadscan® system (Clever Sys Inc., Reston, VA) to assess gait,
coordination and paw rotation during forced locomotion (Beare et al., 2009; Saraswat Ohri
etal., 2011). Treadscan® related measures analyzed were: run speed, hindlimb rotation, RIS,
total coupling and body rotation. Run speed was the maximum speed mice were able to
maintain optimally coordinated locomotion. Hindlimb rotation and body rotation were
calculated as absolute degrees from midline. Total coupling was calculated as follows: the
percent deviation (absolute value) from naive mice from homolateral, homologous and
diagonal coupling measures summed together. Hindlimb rotation, body rotation and RI
values were obtained manually. Treadscan® analysis was performed terminally,
immediately prior to tissue processing.

Tissue Processing

Mice were sacrificed with an overdose of avertin (2.0%) and transcardially perfused first
with cold PBS® until the liver was clear and subsequently with cold 4% PFAL0 in PBS.
Spinal cords were dissected and allowed to post-fix for 24 hours in 4% PFA in PBS, then

BEC: iron eriochrome cyanine,
BMS: Basso mouse scale,
RI: regularity index,

9pBsS: phosphate buffered saline,
OpFA: paraformaldehyde,
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cryoprotected in 30% sucrose in PBS for 72 hours, both at 4°C. Spinal cords were blocked
in tissue freezing medium (Triangle Biomedical Sciences, Durham, NC) and frozen at
—20°C prior to sectioning with a Leica cryostat (Buffalo Grove, IL) at 20 um. Sections were
transferred to coated slides and stored at —20°C.

Tissue sections were stained with EC to distinguish myelinated from unmyelinated spinal
cord axons. The percentage of SWM1 surface area from an entire cross-section at the level
of injection from EB injected mice relative to saline injected control mice was calculated as
described previously (Magnuson et al., 2005; Cao et al., 2010; Saraswat Ohri et al., 2011).
Brightfield images were captured with a Nikon Eclipse TE 300 inverted microscope and a
spot CCD camera. White matter was traced with Nikon Elements software and epicenters
were defined as the segment(s) with the least SWM. Percent SWM was calculated by
comparing these numbers to identically processed control spinal cord at the identical spinal
level. For ventral SWM analysis, ROIs12 were defined as the ventral half of the cord with
the equatorial line centered on the central canal (Fig. 2B).

To characterize the cellular effect of EB or saline injections following 2 or 8 weeks of
recovery, animals were sacrificed, perfused, fixed and spinal cord tissue processed as
described above. To determine the extent of inflammation within the lesion epicenter, IHC
against the common leukocyte antigen CD45 was used at 2 weeks (n=11 EB, n=9 saline)
and 8 weeks (n=9 EB, n=8 saline). Hoechst™" was used to identify nuclei. To determine the
epicenter ROI on IHC sections, an adjacent EC stained section (<100 .M away) was
superimposed over the IHC section in Photoshop™ and made partially transparent so the EC
epicenter ROI could be traced over the appropriate area. To determine the effect of 0.20 mg/
mL EB on axonal patency, sections were stained with primary antibodies against NF-M to
assess axon number and diameter within the epicenter. Staining protocols were as follows:
tissue sections were blocked with 5% BSA14, 10% NDS®, and 0.1% Triton-X-100 in
TBS16 for 1 h at room temperature. Primary polyclonal antibodies NF-M17 (rabbit, 1:250,
Millipore; Billerica, MA), GFAP18 (rabbit, 1:500, Dako; Carpinteria, CA), CD45 (rat,
1:500, Millipore) and MBP1® (rat, 1:250, Millipore) were incubated for 24 hrs at 4°C with
5% BSA, 5% NDS, and 0.1% Triton-X-100 in TBS. Sections were then washed at room
temperature (x 3) with TBS and incubated with fluorescein (FITC; 1:200) and rhodamine
(TRITC; 1:200)-conjugated F(ab”)2 secondary antibodies (donkey, Jackson
ImmunoResearch; West Grove, PA) for 1 h at room temperature. Species-specific 19G
isotype controls were used to account for any non-specific binding or other cellular protein
interactions. IHC imaging was done on a Nikon Eclipse TE 300 inverted microscope with a
spot CCD camera. Exposure times remained identical across all images. To define the EB
lesion epicenter ROl on IHC sections, an adjacent EC stained section (<100 .M away) was
superimposed over the IHC section in PhotoshopTM and made partially transparent so that
both the EC and IHC images could be visualized simultaneously to accurately line up the
sections. Using the EC section as a guide, epicenter ROIs were traced and ROls saved.

swm: spared white matter,
ROI: regions of interest,
3IHC: Immunohistochemistry,
14BsA: bovine serum albumin,
SNDS: normal donkey serum,
16TBS: tris buffered saline,
TNF-M: neurofilament M,
18GFAP: glial fibrilary acidic protein,
MBP: myelin basic protein,
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Finally, the traced ROI file was opened along with its respective IHC image to allow for
area and intensity analysis. A subset of mice at the 8 week time-point were sacrificed and
total RNA from the epicenter collected (n=7 EB, n=4 saline).

Tissue was fixed in buffered 2% glutaraldehyde followed by 1% buffered osmium oxide,
dehydrated in ethanol and embedded in LX 112 (Ladd Research Industries, Williston, VT).
Appropriate areas were selected for examination and thin sectioned for EM. Thin sections
were stained with uranyl acetate and lead citrate for viewing under a Philips CM-12
transmission electron.

Total RNA was extracted from whole spinal cord epicenters of EB mice (n=7) and saline
mice (n=4) at 8 weeks post injection with the RNeasy Mini-Kit (Qiagen; Valencia, CA)
according to manufacturer’s protocol. Extracted RNA was quantified with a Thermo
Scientific NanoDrop 2000 (Cole-Parmer, Vernon Hills, IL) and cDNA was synthesized with
1 pg of total RNA (RT2 First-Strand Kit, SA Biosciences; Valencia, CA) and used as a
template on an ABI 7900HT real-time PCR instrument (Applied Biosystems; Foster City,
CA) using a RT2Sybr® Green/Rox gPCR Mastermix (SA Biosciences) in technical
replicates of 4. Target and reference gene amplification was performed separately using RT2
gPCR Primer Assays (Qiagen) as follows: Fn122 (Mm.193099) and Gapdh23 (Mm.343110).
The RNA levels were quantified using the AACT method. Expression values obtained Fnl
primer assays were normalized to Gapdh expression values. Transcript levels are expressed
as fold change respective to saline injected controls.

Spontaneous wheel running has been demonstrated to improve outcome following contusive
thoracic SCI2° (Engesser-Cesar et al., 2005; 2007). To assess potential segmental lumbar
plasticity, EB-injected mice were allowed free access to a running wheel for 5 weeks post-
EB. Mice were initially exposed to the wheel for 3 days and returned to non-RW cages for 1
week prior to baseline testing to allow any pre-lesion treatment effects from the RW to
dissipate. All EB-injected mice received identical post-operative care and housing
conditions for 1 week of recovery at which point they were randomly assigned to one of 3
groups: EB with a RW provided ad libitum (EB+RW; n=12), EB no RW single housed (EB
single; n=9) and EB no RW multiple housed (EB multiple; n=10). The EB single group was
included to control for potential effects of housing condition on recovery as EB+RW mice
were individually housed. Saline treated mice were multiple housed throughout the
experiment (n=7). Wheel turns were magnetically monitored and a digital counter recorded
data using a VitalView acquisition system and ER4000 Transponders (MiniMitter; Bend,
OR) and data exported to a spreadsheet where total distance per unit time per mouse were
calculated. The inside of the wheels were modified with clear vinyl (Home Depot) to
provide a flat running surface and attached with two bolts. This modification is necessary to
ensure that the rungs on the wheel do not exacerbate post-injury dysfunction (Engesser-
Cesar et al., 2005).

20EM: electron microscopy,
2 gRT-PCR: quantitative real-time polymerase chain reaction,
2Fn1: fibronectin 1,
23Gapdh: glyceraldehyde 3-phosphate dehydrogenase,
RW: running wheel,
25gc: spinal cord injury,
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Left-right side differences were analyzed using paired t-tests where appropriate before
proceeding with further statistical analyses with the right-left mean values. A repeated
measures ANOVA with the group factor on averaged right-left values was employed for
BMS and modified BMS subscore data across time. All significant group effects were
followed by Tukey HSD post-hoc t-tests. For all other statistical analyses, a one-way
ANOVA was used followed by Tukey HSD post-hoc t-tests where appropriate. Correlations
were calculated with Pearson’s coefficient.

EB Dose Response

At 2 weeks post injection, EC staining of longitudinal sections revealed that 0.20 mg/mL EB
was the optimal dose for demyelination. The 0.15 mg/mL EB dose exhibited little to no
demyelination and the 0.25 mg/mL dose severely damaged axons (data not shown). GFAP
immunoreactivity at 2 weeks is restricted to the perimeter of the lesion (Figs. 1A-C) while
EC stained cross sections confirmed the accuracy of the injections into the VWM (Figs. 1D-
G). EM images reveal demyelinated axons which appear intact 2 weeks post-injection (Figs.
1H-J).

Behavioral response to 0.20 mg/mL EB injection into the adult mouse VWM

Bilateral injections of 0.20 mg/mL EB into the mouse VWM induces a chronic hindlimb
deficit observed as a significant reduction in BMS scores compared to controls (Fig. 2A). At
1 week post-EB, scores centered around 4 to 5, indicating the ability to plantar step with
little to no coordination. This deficit recovered slightly until week 3 when BMS scores
plateaued at approximately 6, indicating hindlimb coordination during overground
locomotion. Subscores of all mice achieving a BMS score of 5 or above were also
significantly lower in EB-injected mice as compared to controls (data not shown). EC
staining revealed that at 2 weeks and 8 weeks post-EB, SWM at the lesion epicenter was
28.00% and 24.12% of saline injected mice, respectively. Terminal BMS scores plotted
against SWM (% of saline) at the epicenter for animals receiving 0.15 (n=6), 0.20 (n=11) or
0.25 mg/mL (n=5) EB showed a positive correlation (R?=0.7674; p< 0.001, n=22).
However, BMS scores and total SWM for the animals that received 0.2 mg/ml EB showed
no correlation due to the narrow range of BMS scores represented. Previous work in the rat
has shown that demyelination within the VWM (VLF+VC) induces a chronic hindlimb
impairment despite recovery of the ability to consistently weight support whereas complete
loss of ventral white matter results in flaccid paralysis of the hindlimbs (Loy et al., 2002a,b).
To specifically assess the role of ventral white matter in the mouse (Fig. 2B), regression
analyses of all 0.20 mg/mL EB injected mice revealed a significant positive correlation
between terminal BMS scores and spared VWM (R? = 0.2521, p < 0.05, n=19; Fig. 2C).

Inflammatory responses within the EB-lesioned VWM

At 8 weeks post-injection, there was a significant increase in epicenter inflammatory cells as
compared to saline, suggesting that EB induces a chronic inflammatory response that
remains unresolved for at least 2 months (Figs. 3A-C). This was accompanied by a
significant 4.2-fold increase in epicenter Fnl mRNA transcript levels at 8 weeks as
compared to saline injected VWM (Fig. 3D).

Chronic axonal patency after EB lesions in the VWM

NF-M immunoreactivity of cross-sections was performed to quantify axon number and
diameter at the injury epicenter. At 8 weeks there was a significant reduction in the number
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of axons/mm?2 within the VWM to approximately 36% of saline controls (Figs. 4A—C). The
mean equivalent diameters of the remaining NF-M labeled axons were significantly larger in
EB-injected epicenters suggesting a preferential sparing of larger diameter axons (Fig. 4D).
However, ultrastructural analysis of the lesion epicenter revealed that surviving axons were
severely swollen at 6 weeks post-EB suggesting that swelling, as opposed to preferential
sparing of large diameter axons, is a more likely interpretation of why the remaining axons
appear larger (Figs. 4E-G). These data suggest that in the mouse, remyelination does not
occur as a majority of axons are lost with remaining axons appearing swollen.

Effect of spontaneous wheel running on hindlimb function post-EB

Both saline and EB-injected mice averaged approximately 2.4 miles/day on the running
wheel and this was no different from the average daily distance run during the pre-injury
habituation period which is similar to the 2.4-3.8 miles/day previously reported (Adlard et
al., 2005). There were also no differences in weight gained/lost or SWM with running (data
not shown). The BMS scores at 1 week post-injection for EB+RW mice were higher than
either the EB single or multiple housed mice indicating that the EB+RW group received a
less severe lesion (Fig. 5A). Therefore, we determined the change in BMS scores between
week 1 and week 5 (BMS difference score), which revealed no significant difference
between groups (Fig. 5B). Moreover, Treadscan® analysis revealed no significant RW-
induced recovery. These data suggest that spontaneous wheel running does not improve
functional outcome following chronic VWM demyelination in the mouse.

DISCUSSION

EB-injection into the adult mouse VWM resulted in persistent inflammation and
demyelination concomitant with axonal loss resulting in hindlimb dysfunction. RW-induced
hindlimb recovery was not observed. Although the inflammatory response and axonal loss
differ in the rat and mouse, the mouse is similar to other mammals in the functional
redundancy of descending locomotor pathways.

EB lesions in the mouse exhibit a much steeper dose-response curve as there is only a 0.1
mg/mL difference in concentration between little to no demyelination (0.15 mg/mL) and
complete axon loss (0.25 mg/mL), whereas the rat exhibits a much wider range of
concentrations between little demyelination and axon loss (Yajima and Suzuki, 1979; Graca
and Blakemore, 1986; Crang and Blakemore, 1991; Penderis et al., 2003). In the rat, EB
demyelination of the VLF induced no behavioral deficits detectable using the BBB26 Scale
(Loy et al., 2002a). However, when VLF demyelination was combined with either dorsal
column/corticospinal tract, ventral column or dorsolateral funiculus demyelination, mean
BBB scores dropped to 15.9, 12.7 and 11.1, respectively. Consistent with those data, in the
mouse, a significant reduction in BMS scores was observed 1 week post VWM EB-injection
(VLF+VC) and this deficit persisted out to at least 2 months (Fig. 2A). Talbott et al. (2005)
found that the epicenter of a rat VLF EB-lesion exhibited a transient inflammatory response
that was completely resolved by 1 month. In contrast, the current study found increased
CD45 immunofluorescence (Figs. 3A-C), increased Fnl mRNA levels (Fig. 3D) and
increased CD11b immunofluorescence (data not shown) at the EB lesion epicenter in mice
out to at least 2 months suggesting a persistent inflammatory response. This Is a phenotypic
characteristic of fibrocytes, blood-borne immune cells which express CD45, CD11b and
FN1 while lacking other lymphocyte specific markers (Sroga et al., 2003; Chesney and
Bucala, 1997). Although differences in the inflammatory response between rats and mice

26ppp: Basso, Beattie, and Bresnahan,
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have been previously suggested following spinal cord contusion (Sroga et al., 2003), this is
the first evidence of this following EB-injection.

In the rat, there is no evidence of axon loss following dorsal column EB-injection at
concentrations appropriate for demyelination, despite repeated episodes of focal
demyelination (Franklin and Blakemore, 2008; Penderis et al., 2003). However, NF-M
immunofluorescence, as well as ultrastructural analysis of epicenter cross sections confirms
that EB induces axon loss in the mouse VWM (Fig. 3A) and without remaining axons,
remyelination ultimately fails. Axon loss is due to one of two possibilities. The first is that
EB directly affected axons resulting in axonal death and subsequent inflammation
independent of EB-induced oligodendrocyte loss. The second possibility is that EB-induced
glial loss resulted in inflammation which, in combination with loss of glial-derived axonal
support, resulted in axonal loss. It is likely that both possibilities contribute to axonal loss in
a reciprocal manner, but these data do not provide insight into which situation arises first. A
better understanding of why axonal loss occurs would aid in explaining why this
phenomenon is not seen in rats following VWM demyelination. Taken together, our findings
of a chronic inflammatory response, axon loss and the lack of a SWM difference between 2
and 8 weeks post-injection suggests that EB lesions in the mouse VWM are non-
remyelinating. It cannot be determined if remyelination would have still failed without axon
loss. However, this scenario is unlikely using this model considering the steep dose-response
curve for EB in the mouse. Henceforth, establishing a demyelinating lesion which
consistently eliminates glia without damaging axons may not be possible in the mouse using
EB.

Engesser-Cesar et al. (2005) demonstrated that spontaneous wheel running resulted in
significant improvements in BMS scores following a dorsal thoracic spinal contusion. Given
the permanent loss of descending ventral motor pathways and its concomitant behavioral
deficit in the mouse, we hypothesized that spontaneous wheel running might partially restore
hindlimb function of EB-injected mice by enhancing plasticity of intrinsic lumbar circuitry
independent of remyelination. This was not observed in either the BMS or Treadscan®
which is more sensitive to milder injuries (Beare et al., 2009) suggesting differences in
recovery between contusive SCI and VWM demyelination. The lack of additional
improvement in the RW group may be due to inherent differences in the injury model
(dorsal contusion vs ventral demyelination) and/or there may be a ceiling effect rendering
RW training unable to provide recovery additional to the recovery provided by in-cage
activity alone (Fouad et al., 2000; Kuerzi et al., 2010). If the latter explanation is correct,
this suggests that the greater initial (i.e. 1 week) hindlimb function in EB lesioned mice
allowed for high levels of in-cage activity regardless of RW status. Taken together, these
data suggest two interpretations. The RW does not facilitate recovery in mice following EB-
induced VWM demyelination. Alternatively, the RW is unable to improve hindlimb
dysfunction in mice beyond what in-cage training alone achieves following ventral lesions
which do not limit the initial capacity for extensive in-cage activity. A similar ceiling for in-
cage training in the rat has been suggested with multiple additional training regimens (Fouad
et al., 2000; Magnuson et al., 2009; Alluin et al., 2011; Kuerzi et al., 2010).

These data suggest that mice are similar to the rat and cat in the anatomical distribution and
functional redundancy of descending locomotor pathways. There are two main polysynaptic
pathways regulating the initiation of locomotion. The primary locomotor pathway originates
in the MLR?, projects to the MedRF28 and subsequently descends through the VVLF where
it terminates at the spinal locomotor centers (Noga et al., 1991; Noga et al., 2003; Jordan et

2TMLR: mesencephalic locomotor region,
MedRF: pontomedullary reticular formation,
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al., 2008). The second originates in the PLR2% and is suggested to integrate sensory
trigeminal information from the propriospinal system with the spinal locomotor system
(Noga et al., 1991). The PLR projects to the spinal locomotor centers either by converging
with the MedRF-VLF pathway or via the DLF30 (Noga et al., 1991; Noga et al., 2003). The
work by Loy et al. (2002a) also suggests a role for the VC in locomotion as combined VLF-
VVC demyelination induced a significant behavioral deficit in rats which was greater than that
seen following VLF demyelination alone, potentially by disrupting long propriospinal
interneurons. Those data are consistent with the VWM lesions described here which resulted
in chronic behavioral deficits suggesting that multiple locomotor pathways have been lost.
Moreover, once BMS scores plateaued at approximately week 3 (Fig. 2A), locomotion was
mostly coordinated (as defined by BMS and Treadscan® analysis) suggesting the presence
of secondary / tertiary locomotor pathways located within the dorsal and dorsolateral region
of the spinal cord.

Therefore, as in the rat and cat, the mouse has functionally redundant locomotor pathways
able to compensate when other locomotor pathways are lost. However, as more descending
motor pathways are lost, compensation becomes limited and locomotor impairments are
observed. This is not surprising considering the conservation of these pathways across
mammals and in birds (Jordan et al., 2008; Noga et al., 1991; Loy et al., 2002a; Vilensky et
al., 1992; Schucht et al., 2002; Sholomenko and Steeves, 1987) and supports the importance
of ventral pathways to locomotion suggesting that at least some VWM must be spared for
compensation to occur. To our knowledge, this is the first description of ventral locomotor
pathway function in mice. Given that infarction to the ventral portion of the cord (ACS31) is
far more common than infarction to the dorsal portion of the cord (PCS32) following human
SCI (Fehlings et al., 2012; Fulk et al., 2007; Schneider et al., 2010), the functional deficits
observed with this VWM lesion may better-reflect what is observed clinically. Moreover,
recovery from PCS is common while ACS related deficits are chronic as patients experience
little recovery (Fehlings et al., 2012; Kirshblum and O’Conner, 1998; McKinley et al.,
2007). Although these data support the use of vental lesions in modeling human SCI, EB-
induced VWM demyelination in the mouse may not be the most optimal model to achieve
this.
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Figure 1.

(A-C) Longitudinal sections stained with Hoechst and GFAP to identify cell nuclei (A) and
astrocytes (B), respectively, display GFAP immunoreactivity restricted to the perimeter of
the lesion at 2 weeks post-0.20 mg/mL EB into the mouse VWM (C). Hoechst staining
reveals a large number of nuclei within the lesion epicenter (A), which were later confirmed
to be infiltrating inflammatory cells (Fig. 3). (D-G) EC stained cross sections at the level of
injection: Saline (D) and 0.20 mg/mL EB -1 mm (E), at the epicenter (F) and +1 mm (G).
(H-J) EM images of (H) naive axons which display thick compact myelin sheaths and 0.20
mg/mL EB-injected VWM which reveal spared, demyelinated axons at 1 (1) and 2 (J) weeks
post-injection. Scale bars in C and J = 1000 m and 10 pm, respectively.
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Figure2.

A

Functional and histological consequences of EB lesions. (A) BMS scores reveal a significant
hindlimb dysfunction which persists chronically following injection of 0.20 mg/mL EB into
the mouse VWM (saline n=9; 0.20 mg/mL EB n=11). (B,C) A positive correlation
(C;R?=0.2591; p<0.05; n=19) exists when terminal BMS scores were plotted against ventral
spared VWM (B) highlighting the importance of ventral white matter to hindlimb function
following injection of 0.20 mg/mL EB (C). Data in A are means = SD; *p < 0.05, **p <

0.01.
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Figure 3.

Chronic inflammatory response following EB lesions. (A—C) There was a significant
increase in CD45* expression within the EB-injected epicenter (A) as compared to saline
(B) suggesting that EB induces a chronic inflammatory response that persists for at least 2
months post-injection (saline n=8, 0.20 mg/mL EB n=9; C). (D) This was accompanied by a
significant 4.29-fold increase in epicenter Fn1 mRNA levels (normalized to Gapdh) at 8
weeks as compared to saline injected VWM (saline n=4, 0.20 mg/mL EB n=7). Adjacent EC
images (upper right corner of A and B) were used to select ROIs within the VWM for CD45
IHC (A and B). Data in C and D are mean + SD; *p < 0.05; **p < 0.01. Scale bar in B =50

pm
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Figure4.

Chronic axonal integrity following VWM EB lesions. (A—-C) NF-M expression at 8 weeks
revealed a significant reduction in axons/mm?2 within the VWM to approximately 36% of
saline controls (saline n=8, 0.20 mg/mL EB n=9). (D) Of the remaining NF-M labeled
axons, mean equivalent diameters were significantly larger in EB-injected epicenters. (E-G)
Ultrastructural analysis revealed that compared to (E) saline-injected epicenters surviving
axons after EB were severely swollen and much of the remaining myelin disorganized at
both (F) 3 and (G) 6 weeks post-EB, accounting for the significant increase in spared axon
diameter observed in D. Data in C and D are mean + SD; *p < 0.05. Scale bars in B and G =
50 wm and 10 pm, respectively.
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Figureb5.

Neither spontaneous wheel running nor group housing improves hindlimb function
following injections of 0.20 mg/mL EB (). (A) EB+RW mice displayed less severe deficits
prior to assignment to experimental condition (i.e. EB+RW, single or multiple housed). (B)
Difference scores (absolute value of week 1 BMS score — week 5 BMS score) similarly
revealed no hindlimb recovery between EB-injected groups (B). Data are means + SD, EB
+RW, n=12; EB single, n=9; EB multiple, n=10; Saline, n=7.
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