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

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Mol Cell Neurosci. 2008 October ; 39(2): 258-267. doi:10.1016/j.mcn.2008.07.004.

Assessment of functional recovery and axonal sprouting in
oligodendrocyte-myelin glycoprotein (OMgp) null mice after
spinal cord injury

Benxiu Ji&L, Lauren C. CaseP:1, Kai LiuC, Zhaohui Shao?, Xinhua Lee?, Zhongshu Yang?,
Joy Wang?, Tim Tiani, Svetlana Shulga-Morskaya?, Martin Scott2, Zhigang He®, Jane K.
Relton?, and Sha Mi&:

aDepartment of Discovery Biology, Biogen Idec Inc., 14 Cambridge Center, Cambridge MA, 02142,
USA

bGraduate Program in Neurosciences, Stanford University, Stanford, CA 94305, USA
¢Division of Neuroscience, Children’s Hospital, Harvard Medical School, Boston, MA 02115, USA

Abstract

Oligodendrocyte-myelin glycoprotein (OMgp) is a myelin component that has been shown in vitro
to inhibit neurite outgrowth by binding to the Nogo-66 receptor (NgR1)/Lingo-1/Taj (TROY)/p75
receptor complex to activate the RhoA pathway. To investigate the effects of OMgp on axon
regeneration in vivo, OMgp™~ mice on a mixed 129/Sv/C57BL/6 (129BL6) or a C57BL/6 (BL6)
genetic background were tested in two spinal cord injury (SCI) models — a severe complete
transection or a milder dorsal hemisection. OMgp~- mice on the mixed 129BL6 genetic background
showed greater functional improvement compared to OMgp*/* littermates, with increased numbers
of cholera toxin B-labeled ascending sensory axons and 5-HT* descending axons and less RhoA
activation after spinal cord injury. Myelin isolated from OMgp™- mice (129BL6) was significantly
less inhibitory to neurite outgrowth than wild-type (wt) myelin in vitro. However, OMgp™~ mice on
a BL/6 genetic background showed neither statistically significant functional recovery nor axonal
sprouting following dorsal hemisection.
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Introduction

Axonal regeneration in the adult spinal cord is thought to be at least partially blocked after
injury by inhibitory myelin components (Filbin, 2003; Yiu and He, 2006), including Nogo
(Chen et al., 2000; Grandpré et al., 2000), myelin-associated glycoprotein (MAG)
(McKerracher et al., 1994; Mukhopadhyay et al., 1994) and oligodendrocyte-myelin
glycoprotein (OMgp) (Wang et al., 2002a; Voure’h and Andres, 2004). These components
share a common receptor complex, Nogo-66 (NgR1)/p75/Troy/LINGO-1 (Mi et al., 2004;
Park et al., 2005; Shao et al., 2005; Wang et al., 2002b), which activates RhoA to block axonal
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regeneration (Dubreuil et al., 2003; Fournier et al., 2003; Mi et al., 2004). Inhibition of
Nogo-66, MAG or OMgp using soluble NgR1 receptor ectodomain, soluble LINGO-1 or
peptide inhibitor (NEP1-40) or RhoA inhibitors in models of spinal cord injury results in
enhanced motor function recovery and axonal sprouting of some axonal tracts such as
raphespinal and corticospinal tract (CST) fibers (Dubreuil et al., 2003, Li and Strittmatter,
2003; Li et al., 2004, 2005; Ji et al., 2005, 2006).

The individual contribution of myelin inhibitory proteins to inhibit axonal regeneration in
vivo has been investigated in spinal cord injury models using genetically mutated mice. In the
absence of MAG, mutant animals do not exhibit enhanced regeneration (Bartsch et al., 1995).
Mutations in Nogo-A and Nogo-A/B/C have been reported to result in limited or no sprouting/
regeneration of corticospinal axons (Kim et al., 2003; Simonen et al., 2003; Zheng et al.,
2003). Mice deficient in NgR1 exhibit limited raphespinal and rubrospinal fiber regeneration
but no CST regeneration (Kim et al., 2004; Zheng et al., 2005). These variable outcomes have
been attributed in part to genetic background, age, severity of injury, and differential growth
capacity of axon tracts (Dimou et al., 2006; Cafferty and Strittmatter, 2006). Deletion of
p75NTR did not result in regeneration of either ascending or descending pathways in spinal
cord (Song et al., 2004), however, the limited expression of this protein in spinal cord axons
(Song et al., 2004) and the finding that Troy can substitute for p75 in the Nogo-66 receptor
complex in vitro (Shao et al., 2005; Park et al., 2005) leaves open the question of a role for
Troy or other TNF receptor members in regenerative processes.

The role of the myelin inhibitory component OMgp has heretofore remained unexplored in
vivo. Here we demonstrate enhanced functional recovery, axon regeneration and less RhoA-
GTP activation on a mixed 129/Sv/C57BL/6 (129BL6) genetic background OMgp™- mice, but
not on a C57BL/6 (BL6) genetic background OMgp™~ mice after spinal cord injury (SCI).

Generation of OMgp™ null mice

Fig. 1A illustrates the construct used to target the OMgp locus and to replace the entire exon
encoding OMgp (Mikol et al., 1993) with eGFP and NEO genes immediately following the
ATG start codon. The chimeric founder mice were backcrossed to BL6 strain for 2 generations
to produce OMgp™~ mice and OMgp*/* littermates on a mixed 129BL6 background. Additional
backcrosses were performed for more than 10 generations to produce OMgp™- mice and
OMgp*/* littermates on the BL6 background. The genotype of the OMgp locus was determined
by PCR using tail DNA (data not shown). Loss of OMgp transcripts and protein expression in
OMgp brain and spinal cord tissues were confirmed by RT-PCR (Fig. 1B) and Western Blot
analysis (Fig. 1C). OMgp™- mice were viable and fertile and did not differ phenotypically from
their heterozygote or wild-type littermates observed in the open-field test prior to experimental
SCI.

Assessing functional recovery after SCl in OMgp™ mice

To determine whether a lack of OMgp improves functional recovery after SCI, OMgp™~ and
OMgp*/* mice were tested in two spinal cord injury models, and hindlimb locomotor function
was assessed using the Basso Mouse Scale (BMS; Basso and Fisher, 2003; Basso et al.,
2006) 1 day and 3 days after SCI and weekly thereafter for 6 weeks.

Complete transection of the spinal cord was first performed in the 129BL6 background mice.
All mice received a score of 0 on day 1 after SCI, confirming the hindlimb paralysis associated
with a complete lesion (Fig. 2A). To further confirm that all spinal cords had been completely
transected in the mice, all cords were sectioned and immunostained for GFAP. No intact tissue

Mol Cell Neurosci. Author manuscript; available in PMC 2009 October 1.



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

1duasnuey Joyiny vd-HIN

Jietal

Page 3

bridges were found between the two transected stumps in any of the injured animals (Fig. 2B).
Two weeks after injury, OMgp™- mice showed increased BMS scores compared to OMgp*/*
mice with continuous improvement for 6 weeks. These BMS scores reached a statistically
significant difference in the OMgp”~ mice from 4 weeks onwards (Fig. 2A). Because of the
severe nature of the complete transection injury model, the BMS scores were low overall and
no plantar stepping capability was observed in any mice from the OMgp*/* group. In contrast,
some OMgp™~ mice demonstrated extensive ankle movements and some animals performed
plantar placements or occasional dorsal-steps, whereas most OMgp*/* mice displayed slight
ankle movement. This result suggests that blocking OMgp promotes functional recovery after
SCI.

We next evaluated OMgp function using a milder injury paradigm in the129BL6 background
mice. Following dorsal hemisection, locomotor function was assessed using the BMS rating
system in combination with subscoring based on assessing fine locomotor functions including
stepping capability, paw positioning, and trunk and tail stabilities (Basso et al., 2006). BMS
scores in the OMgp™~ group were lower than the OMgp*/* group 1 day after dorsal hemisection
(Table 1), suggesting the OMgp™~ group started out more severely injured than did the
OMgp*'* group. Due to the functional impairments initially observed between the two groups,
the BMS scores were normalized as BMS value change relative to day 1 score to achieve a
better comparison of recovery rates between the two groups (personal communication with
Michele Basso). Fig. 3A shows that change in BMS in OMgp™~ mice quickly increased over
OMgp** mice 7 days after injury (P<0.05), indicating that the loss of OMgp may lead to a
better recovery in the early functional improvement on the lower scale of the BMS after SCI.
Seven through 42 days after injury, BMS scores for OMgp™~ mice remained higher compared
to OMgp*/* mice despite the fact that recovery rates for the two groups were similar (Fig. 3A),
indicating that OMgp has less impact on the late functional recovery on the high scale of the
BMS. To further confirm this early functional recovery observed in the OMgp™- group, we
used another analysis of linear regressions to compare recovery rates between the two groups
from day 1-7 post-injury. Linear regression demonstrated that the slope of recovery of the
OMgp~ group was 3-fold steeper than the OMgp*/* group in the first week (Supplemental
Fig. 1A), demonstrating that a greater functional improvement occurred within the first week
in the OMgp™- group. A repeated ANOVA also confirmed statistically significant differences
3 and 7 days after injury (P<0.01, Supplemental Fig. 1B) between wt and OMgp™~ mice 1-7
days post-injury. Since the BMS subscore is better for discriminating the differences in the
fine details of the locomation that may not be differentiated by BMS (Basso et al., 2006), the
subscore was used to determine whether OMgp is involved in late locomotor recovery when
animals have attained frequent plantar stepping (BMS > 5). Similar to the BMS, the initial
impairments in locomotion were observed in both groups (Table 2), the normalized BMS
subscores were expressed as change in BMS subscores. As Fig. 3B illustrates, the subscore
value change in OMgp™ group greatly increased over OMgp*/* group 1 week and onwards
(P<0.05). Linear regression analysis demonstrated that the recovery rate was overall faster in
the OMgp™ group (slope=0.13, r2=0.8) than in OMgp*/* group (slope=0.04, r2=0.7) after
injury (Supplemental Fig. 2A). Using linear regression analyzing from day 1-7 post-injury, the
slope of OMgp™~ group (slope=0.44, ,2=0.9) increased 4-fold over the OMgp*/* group
(slope=0.11, ,2=0.6) in the first week of recovery (Supplemental Fig. 2B). The slope of the
OMgp~ group (slope=0.08, ;2=0.7) continued to rise and reached a 2-fold increase above the
OMgp*'* group (slope=0.04, 2=0.6) from days 7 to 42 after SCI (Supplemental Fig. 2C),
suggesting that OMgp may not only contribute to early functional recovery on the lower scale
of the BMS but may also be involved in late detailed locomotor improvement as well.

To further confirm if loss of OMgp leads to functional recovery, we tested OMgp null and
wild-type mice on a BL6 genetic background using a milder dorsal-hemisection model.
OMgp™- mice were again observed a slightly lower BMS scores than OMgp*/* mice 1 day
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after SCI (Table 3). However, the normalized change in BMS and BMS subscores (data not
shown) revealed no statistically significant in OMgp null mice (P>0.05, Fig. 3C).

Assessing axonal regeneration after SCl in OMgp™- mice

To examine whether functional recovery is correlated with axonal regeneration after SCI in
OMgp™- mice on a 129BL6 background, we focused on examining the regeneration of several
descending axon tracts including both corticospinal and serotonergic (5-HT*) raphespinal
systems, and ascending sensory tract after complete or partial transection of the spinal cord.

The descending serotonergic (5-HT™) raphespinal system, which contributes to locomotor
function in the spinal cord (Kim et al., 2004), was assessed by immunostaining for 5HT* axons
following a complete transection of the spinal cord. As expected, abundant 5HT* axons were
observed in the intermediolateral column around the central canal and in the ventral gray matter
in transverse sections rostral to the lesion (Fig. 4A). In sagittal sections, most 5-HT* axons in
both experimental groups stopped at the proximal border of the lesion (Fig. 4B). Numerous
outgrowths of 5SHT* axons were observed in the gray matter caudal to the lesion in OMgp™-
mice (Figs. 4C and D), suggesting enhanced sprouting of 5-HT* fibers in OMgp™~ mice.
Quantification of 5-HT* axons revealed a 3-fold increase in 5SHT* axons in injured spinal cord
0-2.5 mm caudal to the lesion in OMgp™~ mice compared to OMgp*/* mice (Fig. 4E). Further
from the lesion, (2.5-5 mm), 5-fold more 5HT* axons were observed in OMgp™" relative to
OMgp** mice (Fig. 4E).

To assess axon regeneration in ascending sensory tracts, L5 DRG were injected with Cholera
Toxin B conjugated with Alexa 488 6 weeks after complete transection of the spinal cord. All
cords displayed strong and uniform labeling in the nerve root surrounding the injected dorsal
root ganglion (DRG) 1 week after the tracer was injected (Fig. 5A). Sections were
immunostained with an anti-Alexa 488 antibody to enhance visualization, thereby revealing
retrogradely labeled motorneurons and afferent axons in the dorsal gray matter caudal to the
lesion (Fig. 5B). While the retrogradely labeled axons in both groups mostly stopped at the
distal border of the lesion (Fig. 5C), outgrowths of sensory axons were observed in the spinal
cord below the lesion in OMgp™~ mice (Figs. 5C-E) and some labeled axons were seen in the
gray matter rostral to the lesion (Fig. 5F), suggesting enhanced sensory fibers in OMgp™- mice.
To quantify axons that had grown beyond the lesion, ascending axons were counted 0-5 mm
rostral to the injury in sagittal sections under the microscope. A 2-fold increase in the number
of ascending axons was observed in OMgp~~ versus wild-type sections (Fig. 5G). Enhanced
functional recovery in the OMgp™- mice is therefore associated with improved axon
regeneration. To examine the role of OMgp in CST axon regeneration and sprouting, mice
underwent dorsal hemisection at T10 to disrupt the main CST in the dorsal column and the
minor CST component in the dorsolateral funiculus. Six weeks after the injury, the CST axons
were traced with BDA from sensorimotor cortex. The animals were then allowed to survive
for another two weeks, and the regenerative and sprouting CST axons were examined at 5 mm
caudal to the lesion. Fig. 6 illustrates that most CST axons were detected rostral to the lesion
from both transverse (Fig. 6A) and sagittal sections (Fig. 6B). However, very few axons were
observed caudal to the lesion from both wild-type and mutant mice (Fig. 6C). No statistical
difference was seen between the wild-type and the mutant mice (P>0.05, Fig. 6C).

Rho inactivation after SCI in OMgp™~ mice

Since Rho activation by myelin inhibitors prevents axonal regeneration, and blocking Rho
activation promotes regeneration after SCI (Dergham et al., 2002; Dubreuil et al., 2003; Yiu
and He, 2006), we measured RhoA-GTP levels in spinal cord homogenates prepared from the
transection injury site of both OMgp™~ and OMgp*/* mice on the 129BL6 background (Fig.
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7A). A two-fold increase in RhoA-GTP levels was seen 3 days after SCI in OMgp*/* mice,
while no significant change was observed in OMgp™~ mice (Fig. 7B).

Reduced inhibition of neurite outgrowth by myelin isolated from OMgp”- mice

Myelin components are potent inhibitors of neurite outgrowth (Wang et al., 2002a), so the
deletion of OMgp has the potential to lessen its inhibitory function. To test this hypothesis,
myelin from OMgp™- and wild-type mice on a 129BL6 background was isolated and assayed
at various concentrations for neurite outgrowth inhibition using postnatal day 6 DRG neurons.
Neurons were fixed and stained with anti-p111 tubulin antibody after 16 h in culture. Neurite
length was significantly longer at 0.5 pg OMgp™~ myelin compared to wild-type myelin (Figs.
8A, B). At higher concentrations (1 or 2 pg) of OMGP”~ myelin, no difference in neurite length
was observed in comparison to wild-type myelin (Figs. 8A, B). Increased inhibition of neurite
outgrowth was observed when purified OMgp protein (1 pg/ml) was spiked into myelin isolated
from OMgp™~ or wild-type mice (Figs. 8A, B). This suggests that, at low concentrations, OMgp
null myelin is less growth-inhibitory, whereas at higher concentrations, other inhibitory myelin
components (MAG, Sema4D and Nogo-A) may substitute for OMgp to inhibit neurite
outgrowth.

Discussion

Our data demonstrate that deletion of the OMgp gene from mice improved functional recovery,
especially early functional recovery, in two spinal cord injury models (complete transection
and hemitransection) in OMgp null mice on a 129BL6 background. This may be in part
explained by the enhanced 5-HT* fiber sprouting observed after complete transection.
Mechanistically, we observed reduced RhoA activation in the lesion site and reduced inhibitory
activity of CNS myelin from OMgp™- mice, providing in vivo support for the in vitro evidence
that OMgp is an inhibitory molecule for axon regrowth after injury.

Our in vivo studies have been performed double blind as a collaboration among three different
institutions. In the complete transection study, OMgp™~ mice exhibited statistically significant
functional recovery on the lower BMS scale when compared to OMgp*/* mice 4 weeks after
SCI. Similarly, in the milder SCI dorsal-hemisection study, OMgp~- mice showed marked
functional improvement on the higher BMS scale when compared to OMgp*/* mice 1 week
after SCI. The OMgp™~ group had a more severe initial deficits than the OMgp*/* group
(possibly due to the defect in the node of Ranvier as described by Huang et al., 2005).
Nevertheless, the OMgp™~ mice quickly recovered function after injury and change from
baseline BMS scores rose quickly and exceeded those of OMgp** mice 1 week after injury.
Once most animals in both genotypes achieved a threshold (score of 5) of frequent plantar
stepping 1 week after injury, OMgp™~ mice continued to show greater functional recovery in
the fine detailed locomotion tests represented by change in BMS subscores. We also
demonstrated a correlation between improved functional recovery with enhanced axonal
regeneration after SCI in OMgp™- mice. Western blot analysis showed that Nogo-A protein
level, but not MAG (data not shown) and RhoA, dramatically increased in OMgp*/* mice and
no changes were observed in OMgp™~ mice after injury (data not shown), suggesting that loss
of OMgp may decrease the expression of other inhibitory myelin components and RhoA
activation for promoting functional recovery and axon regeneration on a 129BL6 background
after spinal cord injury.

In our studies, behavioral improvements and enhanced axonal regeneration were only
demonstrated in the OMgp mutant mice from a mixed 129BL6 background. We did not see a
statistically significant difference in functional recovery following dorsal hemisection between
OMgp mutants and wild-type mice on the BL6 background. This strain-specific difference
resulting in differences in axonal regeneration and functional recovery after SCI was also
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reported by others (Dimou et al., 2006; Cafferty et al., 2007; Basso et al., 2006). More
pronounced axonal regeneration in vivo and in vitro has been reported in 129/Sv strain than
BL6 strain (Dimou et al., 2006). This may be explained by a reduced inflammatory/immune
response to the injury via reduced microglia/macrophage activation (Ma et al., 2004; Dimou
etal., 2006) and less neutrophil infiltration (Robson et al., 2003) into the lesion vicinity, altering
cytokine production and reducing complement activation (Robson et al., 2003). Less
chondroitin sulfate proteoglycans have also been reported in the 129/Sv strain than the BL6
strain (Dimou et al., 2006). The diminished early inflammatory response and scar formation
could protect intact tissue from further damage via immune cell infiltration and lead to
enhanced axonal regeneration resulting in functional recovery. It also may be partly due to
lower endogenous myelin inhibitors like significantly lower Nogo-A protein expression in the
129/Sv strain compared to the BL6 strain (Dimou et al., 2006).

We observed that OMgp null mice had more severe injury at earlier stages after the SCI
operation than did wild-type littermate controls although there are no differences in locomation
between the lines in uninjured animals. Recent studies describe that the anatomical distribution
of OMgp is enriched at the node of Ranvier (Huang et al., 2005; Nie et al., 2006) and an
abnormal node structure in the OMgp null mice. The abnormal node structure could be the
cause of the severe injury after the initial injury operation.

In our study, we did not observe any CST axon regeneration after dorsal hemisection from
either OMgp™~ mutants or OMgp*/* mice. It is possible that OMgp is not involved in CST
regeneration or that it works together with other inhibitors to block in vivo regeneration
blockade in this tract. Alternatively, this tract may be more sensitive to the severity of the lesion
paradigm or to scar characteristics related to genetic background (Dimou et al., 2006; Cafferty
and Strittmatter, 2006). Since only a few CST axons were detected below the lesion in both
groups, it is also possible that the sensitivity of the current tract-tracing methodology may limit
our ability to detect thin-diameter sprouts emanating from CST axons (Bareyre et al., 2005;
Zhang et al., 2006).

In conclusion, loss of OMgp has been shown to promote functional recovery through axonal
regeneration and reduction in RhoA activation in 129BL6 mice after spinal cord injury. This
study furthers our understanding of how myelin inhibitors contribute to blockade of axonal
regeneration in the central nervous system after spinal cord injury.

Experimental methods

OMgp targeting strategy and generation of null mice

To create an OMgp targeting construct, mouse genomic 129/Sv DNA was isolated from a
lambda genomic library (Stratagene # 946313; Stratagene, LaJolla, CA); a 9.9 kb Notl-EcoRV
fragment was subcloned into pBSK+, then targeted by homologous recombination in bacteria
(Zhang et al., 2000) to insert a fusion reporter gene of eGFP and NEO at the initiating ATG.
The final construct deleted the entire 1-1299 nt single exon of coding sequence of OMgp
(Mikol et al., 1993) and was used to target the OMgp locus in V6.5 embryonic stem (ES) cells
(obtained from R. Jaenisch) and injected into BL6 blastocysts to generate chimeric mice.
Correctly targeted cells were identified by Southern blotting of Xbal-digested ES cell DNA.
The chimeras were then backcrossed to BL6 strain mice resulting in a mixed background of
129BL6. The genotypes of wild-type, heterozygous and mutant mice were determined by three-
primer PCR using tail DNA. The forward primer 5'-CCGAATGCTAACTGACCCATGC and
the two reverse primers 5-GAACAGTCCACATGCCTGTGCC and 5'-
GATGCCCTTCAGCTCGATGCG yielded 207 bp wild-type and 496 bp mutant allele
products in a 35-cycle reaction (94 °C for 20's, 65 °C for 30's, 72 °C for 30 s). Further genotype
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confirmation was determined in mRNA and protein levels by RT-PCR and Western blot
analysis from brain and spinal cord tissues.

Spinal cord injury

All experiments were performed in 8-week-old female mice. All procedures were performed
in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were
approved by the Biogen ldec Institutional Animal Care and Use Committee.

Mice were anesthetized by injection with ketamine mixed with xylazine (90 mg ketamine/9.9
mg xylazine /kg, i.p.). The hair on the back was shaved and wiped with betadine and a 70%
ethanol swab. A drape was used to cover the animal and a midline incision was made over the
thoracic vertebrae. The paravertebral muscles were separated from the vertebral column and
retracted, and a dorsal laminectomy was performed at T10. Surgeons were blinded to the mouse
genotypes.

For the complete transection model, the vertebral column was stabilized using a pair of forceps,
and a micro-scalpel was inserted into the midline of the spinal cord. The spinal cord was then
cut from the dorsal to the ventral surface back and forth until clear separation was noted between
the rostral and caudal stumps of the spinal cord (Inman and Steward, 2003; Spinal cord injury
research techniques, Reeve-Irvine Research Center, UCI, 2003). A small piece of gelfoam was
placed over the transected site.

For the dorsal-hemisection model, the spinal cord dura was punctured with a 30 gauge needle
bilaterally to ensure a subsequent clean cut. Surgical micro-scissors were lowered to a depth
of 0.8 mm and a cut lesion was made to the spinal cord. In order to further standardize the
injury and to ensure that the dorsal components of the corticospinal tract were completely
severed, a micro-scalpel was then inserted into the midline of the spinal cord at a depth of 0.8
mm below the dorsal surface and cut toward the lateral marker. The micro-scalpel cut was then
repeated in the opposite direction. The paravertebral muscles were then closed with two sutures
and the skin was closed with wound clips.

All procedures were performed under a surgical microscope. Animals were allowed to recover
from anesthesia in a heating chamber. Buprenorphine (0.1 mg/kg, twice a day, sc) was
administered for two days. Baytril (Enrofloxacin 2.5 mg/kg, twice a day, sc) was administered
for 14 days. The initial doses of Buprenorphine and Baytril were administered pre-operatively.
Bladders were expressed twice a day until bladder function returned.

Behavioral analysis

After spinal cord transection, animals were scored using the openfield BMS scoring system
which is a 9-point scale designed specifically for evaluating locomotor function in mice. This
measurement enables assessment of hindlimb function ranging from complete paralysis to
normal locomotion (Basso and Fisher, 2003). Mice that had undergone a dorsal-hemisection
lesion were also scored using the BMS subscoring system which is a 15-point scale designed
for measuring more detailed fine locomotion ranging from frequent plantar steps to normal
posture and tail stability at high levels of locomotor recovery (Basso et al., 2006). Each mouse
was assessed for 4 min in the open field by two examiners blinded to the mouse genotypes.
Average scores were calculated when left and right legs were different. The lower score was
adopted if a discrepancy occurred between the two examiners. BMS scores and subscores were
assessed on days1 and 3 after injury and weekly thereafter for 6 weeks. For the
dorsalhemisection lesion paradigm, BMS and subscore results were expressed as a change from
baseline for each animal.
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Axon labeling

For axonal retrograde labeling of ascending sensory axons, six weeks after a complete
transection of the spinal cord, mice were anesthetized as described above. The L5 nerve root
near the DRG was exposed and 2 pl of 1% Cholera Toxin B conjugated with Alexa 488
(Molecular Probes) was slowly injected by using a 10-ul Hamilton microsyringe fitted with a
glass micropipette (Inman and Steward, 2003; Spinal cord injury research techniques, Reeve-
Irvine Research Center, UCI, 2003). After the injection was completed, the muscles overlying
the nerve root were sutured with 5-0 silk and the skin was closed with wound clips.

For axonal anterograde labeling of CST, six weeks after dorsal hemisection of the spinal cord,
mice were anesthetized as described above and a mixture of 10% rhodamine- and biotin-
conjugated dextran amine (10,000 MW, Molecular Probes) in PBS was injected into the
sensorimotor cortex using a glass micropipette fitted to a nanoliter injector (World Precision
Instruments) in conjunction with an infusion pump (World Precision Instruments). The
infusion rate of the tracer was 5 nl/s Three injection sites (0.4 ul each) were made 1.0 mm
lateral to the midline, 0.5 mm anterior, 0.5 mm posterior, and 1.0 mm posterior to bregma, at
a depth of 0.6 mm from the cortical surface (Zhang et al., 2003; Inman and Steward, 2003). At
each location, the needle was left in position for additional 1 min before withdrawal. After the
injections were completed, the skin overlying the skull was closed with wound clips.

Immunohistochemistry

Seven weeks after complete transection of the spinal cord or 8 weeks after dorsal hemisection
of the spinal cord, animals were anesthetized with a lethal dose of ketamine/xylazine and
perfused trans-cardially with heparin (10 iu/ml) in saline followed by 4% PFA in PBS. Spinal
cords were removed and post-fixed in PFA overnight then cryopreserved in 30% sucrose
overnight. The spinal cords were cut into 3 segments: 1) a segment of spinal cord containing
5 mm above to 5 mm below the lesion. This segment, containing the lesion, was sectioned into
sagittal sections for evaluation of axons. 2) A segment of the spinal cord rostral to 1) above.
This segment was cut into transverse sections. 3) A segment of the spinal cord caudal to 1)
above. This segment was cut into transverse sections. Three tissue segments were embedded
in OCT in one block, and cut into 20 um sections. Every section was collected serially and
mounted on gelatin-coated slides for histological analysis.

Primary antibodies used for immunofluorescent staining were rabbit polyclonal antibodies to
Alexa 488 (1:2000, Molecular Probes) and Serotonin (5-HT) (1:10,000, Sigma). Rabbit
polyclonal antibody to I tubulin (TUJ1, 1:500; Covance) was used to detect neurons in
neurite outgrowth assay. The secondary antibody conjugated to either Alexa 594 or Alexa 488
was obtained from Molecular Probes (1:800).

Frozen tissue sections were permeabilized with 0.3% Triton X-100 (Sigma) in PBS, and
blocked for 1 h at room temperature in a blocking solution consisting of PBS, 3% normal goat
serum, 3% BSA and 0.3% Triton X-100. Primary antibodies were incubated overnight in a
humidifying chamber at 4 °C. After washing 3 times with PBS plus 0.3% Triton X-100,tissue
sections were incubated with corresponding secondary antibodies for 1 h at room temperature.
Sections were then washed with PBS plus 0.3% Triton X-100 twice, washed once with PBS
and mounted in Prolong Antifade Kit (Molecular Probes) and examined using a Leica
fluorescent microscope.

Axonal quantification

Ascending sensory axons traced by Cholera Toxin B conjugated with Alexa 488 were
visualized by immunostaining with anti-Alexa 488 antibody. All axons >100 um in length were
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included in the counts on sagittal sections 0-5 mm rostral to the lesion. Four to five sections,
180 um apart, from each animal were examined using a Leica DM microscope.

Immuno-labeled 5-HT* axons were counted on sagittal sections 0-2.5 and 2.5-5 mm caudal to
the lesion. Four to five sections, 180 uM apart, from each animal were analyzed using a Leica
DM microscope. BDA-labeled CST axons were examined 5 mm caudal to the lesion on every
sagittal section for every animal.

RhoA assay and Western blot

All mice were subjected to a complete transection of the spinal cord. Three days after injury,
animals were sacrificed by COsinhalation. A 1 cm segment of spinal cord centered around the
lesion site was harvested. Injured and uninjured spinal cords were homogenized and lysed in
50 mM Tris-HCI, pH 7.5, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mM
NaCl, 10 mM MgCly, plus protease inhibitors, and processed as described previously (Ren et
al., 1999). GTP-bound and total RhoA proteins were detected by Western blotting using an
anti-RhoA mAb (Santa Cruz).

Neurite outgrowth assay

Primary dorsal root ganglion (DRG) neurons were prepared as described previously (Mi et al.,
2004, Shao et al., 2005). Briefly, eight well chamber slides (Labtek, Rochester, NY) were
coated with 0.1 mg/ml poly-o-lysine (Sigma) before spotting with 3 pl of 0 pug, 0.5 ug, 1 pg or
2 pug myelin extract from either wild-type or OMgp knockout mice with or without 1 pg/ml of
AP-OMgp for 2 h at 37 °C. The slides were then coated with 10 ug/ml laminin (Invitrogen)
for 1 h at 37 °C. DRG neurons (5000 cells/well) from P6 rats were dissociated, seeded onto
the slides, and incubated at 37 °C in 5% CO», for 16 h. The slides were fixed in 4%
paraformaldehyde/20% sucrose/PBS and immunostained with anti-pl11 tubulin antibody.
Neurite length was quantified by measuring the lengths of individual neurites (200 to 400
neurons per treatment condition) using OpenLab software (Improvision).

Statistical analysis

Two-way repeated measures analysis of variance (ANOVA) and Tukey post hoc analysis were
used for BMS and subscore analyses. Unpaired Student’s t-test was used to compare the two
groups. One-way ANOVA and Tukey post hoc analysis were used to compare multiple groups
for the neurite outgrowth analyses. Linear regression was analyzed by SAS to compare slopes
between two groups assessing the rate of functional recovery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Deletion of the OMgp gene to create OMgp™™ mice. (A) Targeting strategy for deletion of the
OMgp gene and replacement with eGFP and NEO genes after the starting code ATG. (B)
mRNA expression levels from OMgp*/* brain (lane 1), OMgp*/* spinal cord (lane 2),
OMgp™" brain (lane 3) and OMgp™" spinal cord tissues (lane 4) dissected from 8-week-old
mice. (C) Western blot analysis of OMgp protein levels from spinal cord homogenates from 3
OMgp*/* and 3 OMgp™- mice. Two bands of OMgp protein were present in wild-type mice, a
membrane-bound version ~120 kDa as well as a soluble form of OMgp ~100 kDa.
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Fig. 2.

Assessment of functional recovery in OMgp™- mice after complete transection of the spinal
cord. (A) Evaluation of open-field locomotor function in OMgp*/* (n=15) and OMgp™- (n=13)
mice. All data are represented as mean+SEM, * = P<0.05, ** = P<0.01, two-way repeated
measures ANOVA. (B) GFAP immunofluorescence staining of sagittal spinal cord sections
from injured animals verified complete separation (arrowhead) between rostral and caudal
stumps (arrows). Rostral is to the left and dorsal is up in all the sections. Each section depicts
an individual animal. Scale bar, 150 um.
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Assessment of functional recovery after dorsal-hemisection spinal cord lesion in OMgp~~ mice.
Changes in (A) BMS score and (B) BMS subscore in OMgp*/* (n=11) and OMgp™~ (n=12)
mice on a mixed 129BL6 background. (C) Changes in BMS score in OMgp*/* (n=8) and
OMgp™ (n=9) mice on BL6 background. All data are represented as mean+SEM, * = P<0.05,
** = P<0.01, two-way repeated measures ANOVA.
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Fig. 4.

Descending 5-HT™* axon regeneration caudal to lesion in OMgp™~ mice 7 weeks after complete
transection lesion. (A) Transverse-section view of 5-HT* immunostained axons rostral to the
lesion. Scale bar 120 pm. (B) 5-HT* immunostained axons (arrows) in sagittal sections from
OMgp** and OMgp™~ mice 7 weeks after complete transection. Rostral is to the left, caudal
is to the right of the lesion (asterisk) and dorsal is up. Scale bar, 150 um. (C and D) Higher
magnification of 5-HT* axons (arrows) from boxes in (B) of OMgp™- mice. Scale bar, 15 um.
(E) The average number of 5-HT* axons per sagittal section was quantified 0-2.5 mm and
2.5-5.0 mm caudal to the lesion in OMgp*/* (n=14) and OMgp™- (n=11) mice. Data are
presented as mean+SEM. ** P<0.01, unpaired Student’s t-test.
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Fig. 5.

Axonal regeneration from ascending fibers of the spinal cord in OMgp™- mice 7 weeks after
complete transection lesion. (A) Fluorescent visualization of retrograde-labeled with Cholera
Toxin B conjugated with Alexa 488 in the spinal cord, and in the L5 nerve root around DRG
1 week after injection. (B) Anti-Alexa 488 immunostaining for retrogradely labeled axons in
a transverse section of the lumbar region of spinal cord. (C) Retrogradely labeled axons
(arrows) stained with anti-Alexa 488 in sagittal sections from OMgp*/* and OMgp~~ mice 7
weeks after SCI. Rostral is to the left, caudal is to the right of the lesion (asterisk) and dorsal
is up. Scale bar, 100 um. (D and E) Higher magnification of axons (arrows) from boxes in (C)
of OMgp™- mice. CTB* axons are located in the spinal cord, rostral to the lesion. Scale bar, 15
um. (F) Cross-sectional view of axons (arrows) in dorsal GM 5 mm rostral to the lesion. Scale
bar, 25 um. (G) The average number of retrogradely labeled axons per sagittal section counted
from 0-5 mm rostral to the lesion in OMgp*/* (n=14) and OMgp™- (n=11) mice. All data are
represented as mean=SEM. * P<0.05, unpaired Student’s t-test.
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Fig. 6.

No detectable CST axon regeneration or sprouting after SCI in OMgp~~ mice. (A) Transverse-
and (B) sagittal-section view of BDA-labeled CST axons (white arrows) rostral to the lesion
from wild-type and OMgp mutant mice, verifying labeling technique. The injury site (black
arrow) indicated that after a dorsal-hemisection lesion both the main CST and the minor
dorsolateral CST component were completely disrupted. (C) Average number of axons per
animal in OMgp*/* (n=6) and OMgp~ (n=10) mice that traversed the lesion. Data are presented
as mean+SEM.
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Fig. 7.

Lack of RhoA activation after SCI in OMgp™~ mice. (A) Active GTP-bound RhoA (RhoA-
GTP) in spinal cord homogenates of OMgp*/* and OMgp™- mice before and after SCI by pull-
down assay. RhoA-GTP and total RhoA detected by Western blotting to anti-RhoA monoclonal
antibody. (B) Quantification of relative RhoA-GTP density percentage of OMgp*/* and
OMgp™~ mice before and after SCI. Data are presented as mean+SEM. * = P<0.05, unpaired
Student’s t-test.
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Fig. 8.

OMgp™~ myelin is less inhibitory. P6 rat DRG neurons were plated on myelin extracted from
OMgp™~ or WT 129BL6 mice with or without AP-OMgp. Neurons were then cultured for 16
h prior to fixation and immunocytochemically labeled with anti-gl11 tubulin antibody. (A)
Examples of DRG neurons cultured in various concentrations of myelin substrates. (B)
Quantification of the average neurite length of DRG neurons cultured on various substrates
and concentrations. Data are presented as mean+SEM from 200 to 400 neurons analyzed by
one-way ANOVA followed by Tukey’s post-test comparing all unpaired data sets. * = P<0.05,
** = P<0.01.
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