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Recovery and Plasticity After Spinal Cord Injury

in Mice
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Friedrich-Schiller-University Jena, Jena, Germany; *‘W.M. Keck Center for Collaborative Neuroscience and Department of Cell Biology and
Neuroscience, Rutgers University, Piscataway, New Jersey, USA; *Center for Neuroscience, Shantou University Medical College, Shantou, China

Regeneration after injury of the central nervous system
is poor due to the abundance of molecules inhibiting
axonal growth. Here we pursued to promote regen-
eration after thoracic spinal cord injury in young adult
C57BL/6] mice using peptides which functionally
mimic polysialic acid (PSA) and human natural killer
cell-1 (HNK-1) glycan, carbohydrate epitopes known
to promote neurite outgrowth in vitro. Subdural infu-
sions were performed with an osmotic pump, over
2 weeks. When applied immediately after injury, the
PSA mimetic and the combination of PSA and HNK-1
mimetics, but not the HNK-1 mimetic alone, improved
functional recovery as assessed by locomotor rating
and video-based motion analysis over a 6-week obser-
vation period. Better outcome in PSA mimetic-treated
mice was associated with higher, as compared with
control mice, numbers of cholinergic and glutamater-
gic terminals and monaminergic axons in the lumbar
spinal cord, and better axonal myelination proximal to
the injury site. In contrast to immediate post-traumatic
application, the PSA mimetic treatment was ineffec-
tive when initiated 3 weeks after spinal cord injury. Our
data suggest that PSA mimetic peptides can be efficient
therapeutic tools improving, by augmenting plasticity,
functional recovery when applied during the acute
phase of spinal cord injury.

Received 12 May 2009, accepted 14 September 2009, published online
13 October 2009. doi:10.1038/mt.2009.235

INTRODUCTION

Severed axons in the adult mammalian central nervous system
do not regenerate.! Regeneration failure is attributed to inhibitory
molecules generating a nonpermissive environment for axonal
regrowth and reshuffling of synaptic connections** and to a low
intrinsic capacity of neurons for axonal regrowth.” Overcoming the
inhibitory cues and enhancing the conducive ones is an important

aim in promoting functional recovery after spinal cord lesion in
adult mammals including humans.

An emerging approach to improve regeneration is the use of
carbohydrates or their mimetic peptides. Such carbohydrates, like
polysialic acid (PSA) and the human natural killer cell-1 (HNK-1)
cell carbohydrate are attached to cell adhesion and extracellular
matrix molecules and finely tune cell interactions in the nervous
system during development, regeneration and synaptic plastici-
ty.* PSA, a unique glycan associated with the neural cell adhe-
sion molecule (NCAM),”® is expressed most prominently during
development and is essential for neuronal and glial cell migration,
outgrowth of axons, axonal branching, and fasciculation.’ PSA is
upregulated after various types of central and peripheral nervous
system lesion,” and overexpression of PSA by lesion scar astrocytes
or transplantation of PSA-overexpressing Schwann cells improves
regeneration after spinal cord injury.'®'* And, as recently shown,
PSA glycomimetics improve functional recovery and remyelina-
tion after femoral nerve lesion in mice."

The HNK-1 carbohydrate is carried by or binds to different
neural recognition molecules among them the myelin-associated
glycoprotein, several laminin isoforms, amphoterin, NCAM, LI,
PO, and highly acidic glycolipids.® Interactions of the HNK-1
epitope with chondroitin sulfate proteoglycans enhance neuronal
cell adhesion and neurite outgrowth and HNK-1 glycomimet-
ics'® promote functional recovery after peripheral nerve injury in
adult mice."®

In this study we examined whether PSA and HNK-1 mimet-
ics, infused alone or in combination over 2 weeks by an osmotic
pump, would improve the outcome of spinal cord compression
injury in mice. We found beneficial effects when a PSA mimetic
was applied alone or in combination with a HNK-1 mimetic,
but no effect of HNK-1 mimetic alone when compared to con-
trol peptide (CON) treated mice. Importantly, the effect of the
PSA mimetic was present when it was applied immediately after
compression injury, i.e., during the acute phase of injury, but not
when infusion was initiated in the chronic phase, at 3 weeks after
injury.
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RESULTS

Delivery of peptides to the injured spinal cord

First, we analyzed the efficacy of peptide delivery to the injured
spinal cord via an Alzet osmotic pump. As glycomimetics cannot
be distinguished with antibodies from the endogenous epitopes
which they mimic, we infused an exogenous protein fragment,
human immunoglobulin Fc, which is not expressed in the mouse
spinal cord. Two weeks after compression of the thoracic spinal
cord and continuous infusion of 12.5ug/ml protein at the sacral
level over this period, the Fc fragment was well detectable by
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Figure 1 Efficacy of protein application to the acutely injured mouse
spinal cord. Western blot analysis of thoracic, lumbar, and sacral spi-
nal cord tissue homogenates after pump application of PBS (-) or of a
human Immunoglobulin G Fc fragment (+) into the cauda equina over
a 2-week period. (@) Homogenates from spinal cords which received
12.5pg/ml Fc, and (b) homogenates from spinal cords which received
200pug/ml Fc. Note that a high concentration is necessary for efficient
peptide delivery to the thoracic spinal cord where the lesion is per-
formed. Forty ug of protein were loaded into each lane.
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PSA Glycomimetic in Spinal Cord Injury

immunoblot analysis in the sacral segments of the spinal cord
(Figure la). At the lumbar level, Fc protein was less detectable,
and no Fc was detectable in the thoracic segments, i.e., at the site
of injury (Figure 1a). These observations indicated that high pro-
tein or peptide concentrations were necessary to create an efficient
diffusion gradient for its remote delivery. Indeed, infusion of the
Fc fragment at 200 pg/ml resulted in a more homogeneous distri-
bution of the protein in the caudo-rostral axis, with an efficient
delivery up to the thoracic spinal cord (Figure 1b). Considering
these results and aiming to deliver functionally most effective
amounts of peptides to the site of injury, we applied the PSA and
HNK-1 mimetics at 500 pug/ml, the highest concentration at which
the peptide solutions did not form precipitates, when kept at 37°C
under sterile conditions in vitro over a 2-week period during
which the osmotic pumps deliver peptides in vivo.

Improved motor recovery after immediate
post-traumatic administration of a PSA mimetic

We designed four experimental groups in which either CON, PSA
mimetic, HNK-1 mimetic, or combination of PSA plus HNK-1
mimetics were applied during the first 2 weeks after injury. Spinal
cord compression caused severe locomotor disabilities in all mice,
as assessed by the Basso Mouse Scale (BMS) scores'” at 1 week after
injury (Figure 2a). Between 1 and 6 weeks, the walking abilities
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Figure 2 Analysis of motor function. Time course and degree of recovery in mice treated with polysialic acid (PSA) mimetic, human natural killer
cell-1 (HNK-1) mimetic, HNK-1 + PSA, and control peptide (CON) after acute spinal cord injury. Shown are mean values + SEM of (a) Basso Mouse
Scale (BMS) scores, (b) foot-stepping angles, (c¢) rump-height indexes, and (d) extension-flexion ratios. Asterisks and hashes indicate values signifi-
cantly different from the CON and HNK-1 group values at a given period (P < 0.05, one-way analysis of variance for repeated measurements with
Tukey’s post hoc test; n = 7-8 mice per group), and e shows overall recovery indexes in individual mice at 6 weeks after injury. Horizontal lines in e
indicate group mean values. The recovery index is an individual animal estimate calculated in percent as [(X,, —X )/(X,=X))] x 100, where X , X, and
X, , are values prior to operation, 7 days after injury, and a time-point n days after the spinal cord injury, respectively. In simpler terms, this measure
estimates gain of function after the first week (X, X)) as a fraction of the functional loss (X —X,) induced by the operation. An overall recovery index
is the mean of the recovery indexes calculated for the parameters shown in a—d.
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Figure 3 Analysis of the monaminergic innervation of the lumbar
spinal cord after treatment with control peptide (CON) and poly-
sialic acid (PSA) or human natural killer cell-1 (HNK-1) mimetics of
the acutely injured mouse spinal cord. (a) Representative image of
tyrosine hydroxylase (TH) staining in the lumbar spinal cord 6 weeks
after injury. (b) Mean numbers of THY axons per section crossing an
arbitrary border 250 um caudally from the lesion site (vertical line in a)
6 weeks after lesion (**P < 0.01 compared with the CON and HNK-1
groups; N =5 mice per group; one-way analysis of variance with Tukey’s
post hoc test). Bar = 20 pm.

improved more in mice which received PSA and PSA/HNK-1
mimetics than in mice treated with CON or HNK-1 mimetic
(Figure 2a). In addition to the BMS, we analyzed the plantar step-
ping ability of the animals using our previously described param-
eter, the foot-stepping angle.'® This analysis revealed, in agreement
with the BMS, better recovery in the PSA and PSA/HNK-1
mimetic groups than in mice treated with HNK-1 mimetic or
CON at both 3 and 6 weeks after injury (Figure 2b). We further
evaluated more complex motor functions than plantar stepping.'®
Analysis of the rump-height index, a measure of the ability to
support body weight during ground locomotion, showed similar,
severe degree of disability at 1 week after injury and similar recov-
ery thereafter in all experimental groups (Figure 2c). However,
the ability of animals to perform voluntary movements without
body weight support, estimated by the extension-flexion ratio,
recovered significantly better with PSA and PSA/HNK-1 mimetic
treatment than with CON or HNK-1 mimetic (Figure 2d). Finally,
independent of treatment, numbers of correct steps made by the
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Figure 4 Analysis of cholinergic terminals and motoneuron numbers
in the lumbar spinal cord, i.e. caudal to the injury site, after treat-
ment with control peptide (CON) and PSA or HNK-1 mimetics of the
acutely injured mouse spinal cord. (a) Individual choline acetyltrans-
ferase (ChAT™) motoneurons in the lumbar spinal cord of mice treated
with polysialic acid (PSA) or human natural killer cell-1 (HNK-1) mimetics
(bar = 5um). Arrows point to ChAT™ perisomatic terminals. (b) Higher
numbers of cholinergic synapses were found around motoneurons of
mice treated with PSA glycomimetic compared to control and HNK-1
peptide 6 weeks after injury (*P < 0.05, one-way analysis of variance
(ANOVA) with Tukey’s post hoc test). The values for all groups of mice
with spinal cord injury (CON, PSA, HNK-1) were significantly smaller
that in uninjured (Intact) mice (**P < 0.05, one-way ANOVA with Tukey’s
post hoc test). Approximately 100 motoneurons were analyzed per
group (five animals). (c) No difference among the groups with spinal
cord injury was found for motoneuron density in the lumbar part of the
spinal cord 6 weeks after injury. Interestingly, motoneuron density in the
intact spinal cord is significantly higher compared with all other groups
(*P < 0.05, one-way ANOVA with Tukey’s post hoc test).

animals during inclined ladder climbing were reduced to almost
0 after 1 week of injury and did not significantly improve at 3 and
6 weeks (data not shown). We also calculated individual recovery
indexes (RI) (degree of return of function, 100% indicating com-
plete recovery) for each of the four parameters and mean of these
RI per animal designated overall recovery index. At 6 weeks after
injury, the overall RI of PSA and PSA/HNK-1 mimetic-treated
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Figure 5 Analysis of VGLUT1 terminal densities in the lumbar spinal
cord 6 weeks after injury and treatment with control peptide (CON)
and PSA or HNK-1 mimetics. (a) Representative image of a VGLUT1
stained spinal cord (bar = 200 um). (b) Density (means + SEM) of VGLUT1+
terminals in spinal cords of CON, polysialic acid (PSA), and human natu-
ral killer cell-1 (HNK-1) peptide treated spinal cord injured mice and
uninjured mice (Intact), measured in three different areas: Clarke’s col-
umn, lamina VIl and lamina IX (see a). Compared with the CON group,
more glutamatergic synapses were found in lamina VIl in both PSA and
HNK-1 treated mice, and in lamina IX after HNK-1 treatment. In the
intact spinal cord, glutamatergic terminal density is significantly higher
in Laminae VIl and IX, but not in the Clarke’s column, compared with all
other groups (*P < 0.05 and ***P < 0.001, one-way analysis of variance
with Tukey’s post hoc test). N =5 animals per group.

mice were significantly higher that in mice treated with CON or
HNK-1 mimetic (Figure 4e). In conclusion, these results show that
treatment with the PSA mimetic, alone or in combination with
the HNK-1 mimetic, but not HNK-1 mimetic alone, improves
the functional outcome of compression spinal cord injury com-
pared with the control treatment. Although this treatment does
not restore walking after severe spinal cord injury, considerably
improved stepping abilities and voluntary movements without
body weight support are of clinical relevance.

Both the BMS scores and the numerical parameters used for
our functional analysis strongly depend on the lesion severity.'®"
We thus estimated lesion scar volume in control mice, as well as
in mice treated with PSA and HNK-1 mimetics at 6 weeks after
injury. The mean volume of the lesion scar was similar in all three
groups of mice (0.14 £ 0.01, 0.15 £ 0.02, and 0.15 £ 0.02 mm?, in
phosphate-buffered saline (PBS), PSA and HNK-1 treated groups,
respectively; P > 0.05, analysis of variance with Tukey’s post hoc
test). We conclude that enhanced functional recovery after PSA
mimetic treatment is not related to attenuated tissue scarring.

Molecular Therapy vol. 18 no. 1 jan. 2010
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g-ratio

Figure 6 Analysis of axonal myelination proximal to the spinal cord
injury. (a) Representative images of axons from spinal cords of mice
treated with control peptide (CON), polysialic acid (PSA) mimetic,
human natural killer cell-1 (HNK-1) mimetic, as well as from intact mice
are shown (bar = 3um). (b) Frequency distributions of g-ratios in the
four groups. Animals treated with PSA and HNK-1 mimetics have signifi-
cantly better myelination compared with CON as shown by the shift to
lower g-ratio values (P < 0.05, Kolmogorov-Smirnov test). Five animals
and ~500 axons were analyzed per group.

We also considered the possibility that the infused peptides
might be immunogenic. To address this issue, we stained spinal
cord sections from animals treated with PSA mimetic, HNK-1
mimetic or CON with antibodies against CD4 and CD8, mark-
ers of T-helper and T-cytotoxic lymphocytes, respectively. At 6
weeks after injury and initiation of the 2-week peptide infusion,
we found only a few lymphocytes, often apparently located in
blood vessels, per spinal cord section in all groups (9.0 0.7, 9.5
1 0.8, and 8.7 £ 0.8 in CON, PSA mimetic and HNK-1 mimetic-
treated mice, respectively, P > 0.05, one-way analysis of variance
with Tukey’s post hoc test). This finding indicates that the infused
peptides do not cause inflammatory responses.

Enhanced catecholaminergic, cholinergic, and
glutamatergic innervation in the lumbar spinal cord
after PSA treatment

Recovery of locomotor abilities after spinal cord injury depends
on the extent of regrowth and/or sprouting of monaminergic
axons.”?? To assess whether improved motor functions in PSA
mimetic-treated mice were related to enhanced monoaminergic
innervation of the spinal cord caudal to the injury, we counted
numbers of catecholaminergic tyrosine hydroxylase-positive axons
projecting beyond an arbitrarily selected border 250 um caudally
to the lesion site in spaced serial (250 um apart) parasagittal sec-
tions 6 weeks after the injury (Figures 3a,b). The mean number
of tyrosine hydroxylase-positive axons per section in PSA mimet-
ic-treated mice was significantly higher than in CON or HNK-1
mimetic-treated animals (Figure 3b). This observation indicates a
more vigorous regenerative response, i.e., axonal regrowth and/or
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Figure 7 Analysis of motor functions after glycomimetic application
in chronically spinal cord injured mice. Time course and degree of
recovery in mice in which a 2-week treatment with phosphate-buffered
saline (PBS), control peptide (CON), human natural killer cell-1 (HNK-1),
or polysialic acid (PSA) mimetics was initiated at 3 weeks after injury.
Shown are mean + SEM values of (a) Basso Mouse Scale (BMS) scores,
(b) foot-stepping angles, (c) rump-height indexes, and (d) extension—
flexion ratios. No differences among the groups were found at any time
point studied (P > 0.05, one-way analysis of variance for repeated mea-
surements with Tukey’s post hoc test; n = 10 mice per group).

sprouting, of monoaminergic fibers in the injured spinal cord
upon application of PSA mimetic which is in agreement with bet-
ter recovery after PSA treatment.

We have previously reported, and confirmed here (Figure 4b),
that the density of large perisomatic cholinergic choline acetyl-
transferase (ChATY) boutons, known to form C-type synapses on
motoneurons associated with muscarinic type 2 receptors®2 is
strongly reduced in the lumbar spinal cord after thoracic spinal
cord compression in mice.'"®? Importantly, the locomotor perfor-
mance assessed by the BMS score or the foot-stepping angle posi-
tively correlated with the number of these terminals 6 weeks after
spinal cord injury.* We measured cholinergic synaptic coverage
of motoneuron cell bodies in PSA mimetic, HNK-1 mimetic and
CON treated animals (Figure 4a,b). Compared with CON, the
number of ChAT? terminals was significantly increased (+15 %)
in PSA, but not in HNK-1 mimetic-treated mice (Figure 4b). We
conclude that infusion of PSA mimetic partially prevents synap-
tic loss and/or promotes reestablishment of synaptic connections
to lumbar motoneurons after injury, thus positively influencing
recovery of motor functions.

To evaluate whether the glycomimetics used in this study
influence cell survival, we analyzed motoneuron densities in
the lumbar spinal cord and found no differences between mice
treated with PSA mimetic, HNK-1 mimetic or CON (Figure 4c).
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However there was a significant reduction of motoneuron density
in all groups compared with the intact spinal cord, indicating
motoneuron loss or reduction of ChAT expression after injury.
Also no effect of PSA or HNK-1 mimetics, as compared with
control treatment, on motoneuron soma size was found (data not
shown). These findings indicate that different outcomes of spinal
cord injury in PSA and HNK-1 mimetic-treated mice cannot be
related to different, positive or adverse, effects on motoneurons.

The degree of locomotor recovery after spinal cord injury is
largely determined by preservation and functionality of primary
afferent inputs.*?” We were, therefore, interested whether spinal
cord connectivity is altered in mimetic-treated mice compared
with controls at 6 weeks after injury. We analyzed VGLUT1"
synaptic terminals, which are derived from medium- to large-
sized neurons in the dorsal root ganglia and convey mechano-
and proprioceptive information to the spinal cord.”® We selected
three areas for analysis in which VGLUT1" terminal densities
were prominent: Clarke’s column which receives proprioceptive
information, an adjacent part of lamina VII, a lamina in the spi-
nal cord containing, among other neurons, last-order interneu-
rons, i.e., innervating motoneurons, and the motoneuron region,
lamina IX, where proprio- and mechanoreceptors form contacts
predominantly on motoneuron dendrites (Figure 5a). In mice
treated with control, PSA and HNK-1 peptides there was no dif-
ference in density of VGLUT1Y terminals in Clarke’s column, but
in lamina VII the density was increased after treatment with both
PSA and HNK-1 mimicking peptides compared with the control
animals (Figure 5b). Additionally, after treatment with HNK-1
peptide there was a small, but significant increase in the density
of VGLUT1" terminals in lamina IX, around motoneurons, com-
pared with both control and PSA mimetic-treated animals. This
treatment-related difference indicates that treatment with glyco-
mimetics results in an area-specific increase in afferent inputs to
the injured spinal cord. Interestingly, analysis of glutamatergic
terminal density in intact spinal cord show that spinal cord injury
leads to a significant loss of glutamatergic synapses in laminae VII
and IX but not in the Clarke’s column (Figure 5b).

PSA treatment enhances axonal myelination rostral
to the site of injury

PSA plays an important role in primary myelination and
remyelination.'>***° Also the PSA mimetic used here has a ben-
eficial effect on axonal remyelination as recently shown in a
peripheral nerve lesion model in mice."”® As spinal cord injury
is associated with considerable demyelination, we hypothesized
that the beneficial effect of the PSA mimetic on motor recovery
after spinal cord injury could be mediated by promotion of cen-
tral nervous system myelination. We stained serial horizontal sec-
tions of spinal cords treated with PSA mimetic, HNK-1 mimetic
and CON with luxol fast blue. Analysis of the areas occupied by
luxol fast blue-positive structures within the borders 5 mm ros-
tral to 5 mm caudal from the lesion site was similar in the three
experimental groups (data not shown), indicating that superior
functional recovery was not related to better remyelination or
reduced demyelination in the PSA mimetic-treated group. In
accordance with this notion, a more refined analysis of the degree
of axonal myelination by measuring g-ratios (axon-to-fiber
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diameters of individual axons) in semi-thin sections from the
ventral white matter in the lumbar spinal cord revealed no dif-
ferences among the animal groups (data not shown). However,
the PSA mimetic showed a considerable effect on the relative
degree of myelination rostral to the injury site. Although the
g-ratios in CON treated mice were increased (indicating worse
myelination) compared with uninjured mice, the frequency
distribution of the g-ratios were near-normal in PSA mimetic
and, interestingly, also in HNK-1 mimetic-treated animals
(Figure 6). The overall results do not allow the conclusion that
the PSA mimetic has a direct effect on axonal myelination. The
improvement observed most distally to the site of PSA mimetic
application, i.e., rostral to the injury site at mid-thoracic level,
might be a secondary phenomenon related to better preserva-
tion and/or regeneration of axons above the lesion site, which
would then be more prone to myelination. Nevertheless, better
axonal myelination may contribute to better functional recovery
after PSA mimetic application.

The therapeutic time window of the PSA mimetic

is limited to acute spinal cord injury

Considering that application of PSA mimetic immediately after
injury over a period of 2 weeks leads to enhanced recovery of loco-
motor function, we tested whether a similar beneficial outcome
of the 2-week treatment could be achieved when PSA application
was initiated 3 weeks after spinal cord injury. At this time point the
cellular consequences of injury, such as scar formation, and most
of the spontaneous locomotor recovery in C57BL/6] mice have
been reached,''®* but in the lumbar spinal cord caudal from the
lesion site some tissue remodeling is still active.® No differences
among the groups were found for any of the parameters measured
during the 9-week observation period after injury (Figures 7a-d).
This finding suggests that PSA mimetic treatment is effective only
when initiated during the acute phase of spinal cord injury.

DISCUSSION

This study demonstrates the feasibility, safety and efficacy of a PSA
glycomimetic as a therapeutic means for spinal cord injury in an
animal model. We also show that, the therapeutic time window
of this treatment is limited to the acute post-traumatic phase. The
positive functional effects of the mimetic appear to be achieved by
endorsement of plasticity in the spinal cord.

Improved functional outcome after PSA

mimetic treatment

Previous studies have shown that exogenous PSA is beneficial
for spinal cord regeneration. Viral-mediated overexpression of
PSA enhances the regrowth of severed corticospinal and sensory
axons.'”"? Grafting of Schwann cells engineered to overexpress
PSA in the injured spinal cord promotes functional recovery."
The use of peptides that mimic PSA, as evaluated in this study,
offers a more direct, clinically feasible opportunity than gene- and
cell-based approaches. Large amounts of peptide can readily be
synthesized and subdural chronic application in humans is practi-
cable. The application of peptides appears safe as no chronic T cell
responses were observed and motoneuron numbers, tissue scar-
ring and demyelination were not negatively affected.

Molecular Therapy vol. 18 no. 1 jan. 2010
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PSA glycomimetic application improved two aspects of motor
performance in injured mice: walking and voluntary movements
without body weight support. The latter finding is of special inter-
est from a clinical point of view. Walking is controlled in a highly
automated way by the spinal cord via central pattern generators
and local reflex pathways. After injury, even with a complete
transection, high levels of functional recovery of stepping can be
achieved in adult mammals by training the autonomic functions
of the spinal cord.*** In contrast, functionally meaningful volun-
tary movements, for example target-oriented limb movements, are
primarily under supraspinal control and the extent of trainability
of the neuronal circuitries controlling such motor skills remains
to be further exploited.***

At the cellular level, we found several effects of the PSA
mimetic which can explain the enhanced functional outcome.
As compared with CON, more perisomatic cholinergic terminals
were preserved on lumbar motoneurons, higher numbers of glu-
tamatergic terminals were present in lamina VII of the spinal gray
matter, and the monaminergic innervation of the lumbar spinal
cord was enhanced after PSA glycomimetic treatment. These phe-
nomena can be interpreted as signs of enhanced axonal sprouting
and synaptic maintenance/reshuflling, i.e., augmented structural
plasticity in the injured spinal cord. This notion is consistent with
the view that plasticity of neuronal circuitries determines the out-
come of spinal cord injury*>* and with the plasticity-promoting
properties of PSA.*® PSA is a cell-surface glycan with a large
hydration volume that modulates the distance, and thus contacts
between cells. This regulation in a “slippery eel,” nonreceptor
fashion, influences different developmental mechanisms includ-
ing growth and targeting of axons. Endogenous PSA is carried by
the membrane-associated and soluble forms of the NCAM,*” as
well as by neuropilin-2 (ref. 39) which limits its actions to cells
expressing these molecules. In contrast, application of a soluble
exogenous PSA, or its functional mimetic, is not prone to this lim-
itation and more widespread effects can be expected. In addition
to a receptor independent mode of action, the PSA mimetic may
be effective by influencing its endogenous carrier, NCAM. PSA is
a positive modulator of NCAM function since its removal from
NCAM is associated with an inhibition of NCAM functions like
enhancement of long-term potentiation, axonal growth, synaptic
plasticity, and learning and memory.*-** Interactions of the PSA
mimetic with PSA-NCAM may stimulate regeneration-promoting
NCAM functions and/or disrupt inhibitory PSA-NCAM/recep-
tor interactions. In support of this notion is our recent finding
that the PSA mimetic influences elongation of Schwann cell pro-
cesses via an NCAM/fibroblast growth factor receptor-mediated
mechanism."

Lack of functional effects after HNK-1 glycomimetic
application

We have previously observed that both the HNK-1 and the PSA
mimetics used in this study efficiently promote recovery of func-
tion after peripheral nerve injury.'*'¢ In light of these observations
and the positive effects of the PSA mimetic reported here, the lack
of an effect of the HNK-1 mimetic on locomotor function was
unexpected. HNK-1, similar to PSA, promotes synaptic plastic-
ity in the central nervous system®* and here we found evidence
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for a positive influence of the HNK-1 mimetic on glutamatergic
synapses. Similar to the PSA mimetic, the HNK-1 mimetic also
improved myelination in the proximal part of the lesioned spi-
nal cord. However, other important PSA mimetic effects like
enhancement of the monaminergic innervation in the lumbar spi-
nal cord and the cholinergic synaptic coverage of motoneurons,
previously found to be associated with better recovery,'** were
not observed. Therefore, we must assume that the ineflicacy of
the HNK-1 mimetic, as revealed by our functional tests, is related
to its inability to influence the cholinergic and monoaminergic
axons caudal to the lesion site. In addition to this simple notion,
however, we have to consider that the HNK-1 epitope is carried
by a larger number, as compared with PSA, of molecules such
as myelin-associated glycoprotein, L1, amphoterin, NCAM, PO,
glycolipids.® It is possible that HNK-1 mimetic interactions with
different molecules have different molecular and cellular conse-
quences, both positive and negative, which are counterbalanced
in a way to produce no effect in the parameters measured in this
study. However, a more detailed survey of histological and func-
tional parameters other than the ones used in this study could
reveal effects that we have not been able to detect in the present
study. It is noteworthy in this context that we found no adverse
effects of the HNK-1 mimetic and testing of its efficacy in other
injury paradigms is warranted.

Therapeutic time window of the PSA glycomimetic

Based on our morphological evidence, we propose that enhanced
plasticity underlies better functional outcome after PSA mimetic
application in the acute phase of spinal cord injury. However,
plasticity in both humans and laboratory animals is not restricted
to the acute phase.* For example, using the same paradigm, we
recently showed that spontaneous functional recovery and altera-
tions in motoneuron connectivity and excitability occur to a high
degree between the 6th and 12th week after injury.* Therefore, it
appears surprising that we found no effect when the PSA mimetic
was applied after the third postoperative week. One explanation is
that, despite long-term progression, most of the spontaneous and
crucial functional recovery in mice occurs within the first 3 weeks
after spinal cord compression.'*?>*! Thus, drug-induced positive
functional effects at later stages of spinal cord regeneration might
be difficult to measure. In addition, it is possible that a longer obser-
vation period after pump application is required to observe PSA
effects 3 weeks after injury. This notion and the fact that spontane-
ous recovery in larger mammals and humans is slower than in the
mouse, make us believe that application of PSA at a chronic stage
in other injury paradigms or clinical settings could be effective.

In conclusion, our results warrant further experiments with
PSA and HNK-1 mimetics, for example in larger laboratory ani-
mals, aiming to translate this approach into clinical practice. This
notion is strongly encouraged by positive results achieved in an
independent study using a different PSA mimetic and a different
injury paradigm (dorsal hemisection) in mice.*

MATERIALS AND METHODS

Animals. Three- to four-month-old female C57BL/6] mice were obtained
from the central animal facility of the Universititsklinikkum Hamburg-
Eppendorf. All experiments were conducted in accordance with the
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German and European Community laws on the protection of experimental
animals. The procedures used were approved by the responsible committee
of the State of Hamburg. The animals were kept under standard laboratory
conditions. Numbers of animals studied in different experimental groups
and at different periods after surgery are given in the text and figures. All
animal treatments, data acquisition and analyses were performed in a
blinded fashion.

Antibodies. The following antibodies were used: goat anti-ChAT antibody
(1:100; Chemicon, Hotheim, Germany), rabbit anti-tyrosine hydroxy-
lase (1:800; Chemicon), and rabbit anti-vesicular glutamate transporter 1
(1:1,000; Synaptic Systems, G6ttingen, Germany), and Cy3-conjugated goat
anti-rabbit and donkey anti-goat antibodies (Jackson ImmunoResearch
Laboratories, Dianova, Hamburg, Germany).

Surgical procedures. For surgery, mice were anesthetized by intraperitoneal
injections of ketamin and xylazin (100mg Ketanest, Parke-Davis/Pfizer,
Karlsruhe, Germany, and 5 mg Rompun, Bayer, Leverkusen, Germany, per
kg body weight). Laminectomy was performed at the T7-T9 level with
mouse laminectomy forceps (Fine Science Tools, Heidelberg, Germany).
A mouse spinal cord compression device was used to elicit compression
injury.* Compression force (degree of closure of the forceps) and dura-
tion were controlled by an electromagnetic device: the spinal cord was
maximally compressed (100%, according to the operational definition of
Curtis et al.*®) for 1 second by a time-controlled current flow through the
electromagnetic device. Muscles and skin were then closed using 6-0 nylon
stitches (Ethicon, Norderstedt, Germany). After the operation, mice were
kept in a heated room (37°C) for several hours to prevent hypothermia
and thereafter singly housed in a temperature-controlled (22°C) room
with water and standard food provided ad libitum. During the postopera-
tive period the bladders of the animals were manually voided twice daily.

Osmotic pump implantation. Alzet osmotic pumps (model 1002, 14 days
infusion, Durect, Cupertino, CA) were filled with PBS alone or peptides
(see below). Each pump was connected to a vinyl catheter (Durect). The
distal tip of the catheter was stretched by hand upon fire to fit its diameter
to the subdural space (<0.4mm). For subdural insertion of the catheter,
the lumbar vertebral column was exposed and a hole between vertebrae
L4-L5 was made using a needle with a 0.4mm outer diameter. Leakage
of the cerebrospinal fluid was taken as proof for penetration of the dura.
The catheter was then inserted into the hole and fixed to the surrounding
tissue with a 6-0 filament (Ethicon). The pump was placed subcutaneously
on the left side of the back over the thorax and the skin was closed with 6-0
nylon sutures. In pilot experiments, proper placement of the catheter in
the subdural space was confirmed in four mice without spinal cord injury
using magnetic resonance imaging (data not shown). After sacrifice of
these animals 6 weeks after pump implantation, the appropriate catheter
position was confirmed by macroscopic examination. During the 6-week
observation period, no adverse effects of the pump implantation, such as
infections, paralyses, or aberrant behavior, were observed.

Glycomimetic peptides. The following peptides were infused: a linear
PSA mimetic (sequence H-NTHTDPYIYPID-OH,"” a CON (sequence
H-DSPLVPFIDFHPC-OH) and a cyclic HNK-1 mimetic (sequence
c-(RTLPES).*>!¢ The linear peptide H-NTHTDPYIYPID-OH was discov-
ered in a phage display study as a functional mimetic of the PSA glycan.”
The cyclic hexapeptide c-(RTLPES) is derived from the peptide sequence
TFQLSTRTLPFES discovered in phage display studies as a functional
mimetic of the HNK-1 oligosaccharide.”*” This cyclic hexapeptide shows
a higher binding affinity to the HNK-1 specific antibody 412 when com-
pared to the original linear peptide and is also a functional mimetic of the
HNK-1 oligosaccharide.'>'¢

Infusion of human Fc fragment and western blot analysis. The efficacy of
the osmotic pumps was tested by infusion of the 50 kd human Fc fragment
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(Jackson ImmunoResearch Laboratories). Two different concentrations
were tested: 12.5 and 200 pg/ml. After 2 weeks of infusion, spinal cords were
isolated and three 5mm-long segments from each injured spinal cord were
dissected: a segment at the thoracic level with the lesion scar in the center and
two segments caudally, a lumbar and a sacral one. The samples were homog-
enized in ice-cold buffer containing 5mmol/l Tris-HCI (pH 7.5), 0.32mol/l
sucrose, 1 mmol/l MgClz, 1 mmol/l CaClz, 1 mmol/l NaHCOl and protease
inhibitor cocktail (Roche Applied Science, Indianapolis, IN). Proteins dena-
tured under nonreducing conditions were subjected to sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis and transferred onto nitrocellulose
membrane (Protran, Schleicher & Schuell, Dassel, Germany). Following
pretreatment in 5% nonfat dry milk powder in 0.1% Tween-20 in PBS,
pH 7.5 PBS, the membranes were incubated in 5% nonfat dry milk pow-
der in PBS containing horseradish peroxidase-conjugated anti-human Fc
(1:10,000; Sigma-Aldrich, St Louis, MO). After washing in 0.1% Tween-20
in PBS, immunoreactivity was detected by enhanced chemiluminescene
(ECL kit; Amersham Biosciences, Piscataway, NJ) on Kodak Biomax X-ray
film (Sigma-Aldrich) according to the manufacturer’s instructions.

Analysis of motor function. The recovery of ground locomotion was evalu-
ated using BMS." In addition, we used a more complex and more objective
assessment of locomotion, single-frame motion analysis."® This approach
includes evaluation of four parameters in three different tests: beam walk-
ing (foot-stepping angle, rump-height index), voluntary movements with-
out body weight support (extension-flexion ratio) and inclined ladder
climbing (number of correct steps).'® The foot-stepping angle is defined by
a line parallel to the dorsal surface of the hindpaw and the horizontal line.
The angle is measured with respect to the posterior aspect at the beginning
of the stance phase. In intact mice, this phase is well defined and the angle
is around 20°. After spinal cord injury and severe loss of locomotor abili-
ties, the mice drag behind their hindlimbs with dorsal paw surfaces facing
the beam surface. The angle is increased to >150°. The second parameter,
the rump-height index, was estimated from the recordings used for mea-
surements of the foot-stepping angle. The parameter is defined as height of
the rump, i.e., the vertical distance from the dorsal aspect of the animal’s
tail base to the beam, normalized to the thickness of the beam measured
along the same vertical line. The third parameter, the limb extension—
flexion ratio, was evaluated from video recordings of voluntary movements
of the mice. An intact mouse, when held by its tail and allowed to grasp a
pencil with its forepaws, tries to catch the object with its hindpaws and
performs cycling flexion-extension movements with the hindlimbs. The
extension-flexion ratio is a numerical estimate of the animal’s ability to ini-
tiate and perform voluntary, nonweight bearing movements. Such move-
ments require connectivity of the spinal cord to supraspinal motor control
centers but, in the form evaluated here, no coordination or precision.
Assessment was performed before and at 1, 3, and 6 weeks after the
injury. Values for the left and right extremities were averaged. RI were
used as a measure of functional recovery at the individual animal level.’®
The RI is calculated (percentage) as follows: RI = [(X,  -X)/(X~X))] x
100, where X, X_,and X_ _ are values before operation, 7 days after injury,
and a time point n days after the spinal cord injury, respectively. In simpler
terms, this measure estimates gain of function (X, —-X)) as a fraction
of the functional loss (X,~X.) induced by the operation. It may attain 0
or negative values if no improvement or additional impairment occurs
during the observation period. The index cannot be calculated only if the
operation causes no change in the value (X ~X, = 0). The recovery index is
a meaningful and comprehensive parameter allowing better comparisons
within one investigation and between results of different laboratories.
Calculation of RI is absolutely necessary if a parameter is prone to
variability as a result of individual animal variability in body constitution
and behavioral traits. An example is the rump-height index defined above.
The index values are influenced not only by functional impairment but
also by the animal’s body size and the beam thickness. Overall RI were
calculated, on an individual animal basis, as means of RI for the four
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parameters: BMS, foot-stepping angle, rump-height index and extension/
flexion ratio. The overall index is an estimate of the general condition of
the treated animals based on individual objective measures. It is taken as a
“clinical score” for individual mice similar to the BMS, which is based on
assessment of different aspects of locomotion.

Tissue fixation and sectioning. Mice were anaesthetized with a 16% solu-
tion of sodium pentobarbital (Narcoren, Merial, Hallbergmoos, Germany,
5ul/g body weight). The animals were transcardially perfused with fixative
consisting of 4% formaldehyde and 0.1% CaCl, in 0.1 mol/l cacodylate buf-
fer, pH 7.3, for 15 minutes at room temperature (RT). Following perfusion,
the spinal cords were left in situ for 2 hours at RT, after which they were
dissected out and postfixed overnight (18-22 hours) at 4°C in the same
solution used for perfusion. Tissue was then immersed into a 15% sucrose
solution in 0.1 mol/l cacodylate buffer, pH 7.3, for 2 days at 4°C, embedded
in Tissue Tek (Sakura Finetek, Zoeterwoude, NL), and frozen by a 2 min-
ute immersion into 2-methyl-butane (isopentane) precooled to —80°C.
Serial transverse or parasagittal sections were cut in a cryostat (Leica
CM3050, Leica Instruments, Nussloch, Germany). Sections, 25 um-thick,
were collected on SuperFrost Plus glass slides (Roth, Karlsruhe, Germany).
Sampling of sections was always done in a standard sequence so that six
sections 250 pm apart were present on each slide.

Immunohistochemistry. Procedures for immunohistochemistry have been
described.” Water bath antigen de-masking was performed in 0.01 mol/l
sodium citrate solution, pH 9.0, for 30 minutes at 80°C for all antigens.
Nonspecific binding was blocked using 5% normal serum from the spe-
cies in which the secondary antibody was produced, dissolved in PBS and
supplemented with 0.2% Triton X-100, 0.02% sodium azide for 1 hour
at RT. Incubation with the primary antibody (anti-ChAT, anti-VGLUT1
or anti-tyrosine hydroxylase), diluted in PBS containing 0.5% lambda-
carrageenan (Sigma) and 0.02% sodium azide, was carried out for 3 days at
4°C. After washing in PBS (3 x 15 minutes at RT), the appropriate second-
ary antibody, diluted 1:200 in PBS-carrageenan solution, was applied for
2 hours at RT. After a subsequent wash in PBS, cell nuclei were stained for
10 minutes at RT with bis-benzimide solution (Hoechst 33258 dye, 5 ug/ml
in PBS, Sigma). Finally, the sections were washed again, mounted in anti-
quenching medium (Fluoromount G; Southern Biotechnology Associates,
Biozol, Eching, Germany) and stored in the dark at 4°C. Photographic
documentation was made on an LSM 510 confocal microscope (Zeiss,
Oberkochen, Germany) or an Axiophot two microscope equipped with a
digital camera AxioCam HRc and AxioVision software (Zeiss). The images
were processed using Adobe Photoshop 7.0 software (Adobe Systems,
San Jose, CA).

Quantification of motoneuron numbers in the lumbar spinal cord.
Motoneuron counts were performed using the optical dissector method
on an Axioskop microscope (Zeiss) equipped with a motorized stage and
Neurolucida software-controlled computer system (MicroBrightField,
Colchester, VT).*** For each animal, eight equidistant (250 pum apart)
transverse sections from the lumbar spinal cord stained for ChAT and
nuclei were analyzed. Using the nuclear staining, the ventral horn areas
on both sides of each section were outlined with the cursor of the soft-
ware under low-power magnification (x10 objective). All ChAT-positive
motoneurons in the ventral horn motor nuclei (Rexed laminae VIII and
IX) with nuclei appearing in focus within 2-12 um from the top of the sec-
tion were counted using a Plan-Neofluar x40/0.75 objective. Cell densi-
ties were calculated by dividing the cell number by the reference volume
(ventral horn area x 10 um) and averaged per animal.

Motoneuron soma size and quantification of perisomatic terminals.
Estimations of motoneuron soma areas and perisomatic terminals were
performed as described.’® Transverse spinal cord sections stained for
ChAT or VGLUT1 were examined under a fluorescence microscope to
select sections that contained motoneuron cell bodies for a distance of at
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least 500 um distal from the lesion scar. Stacks of 1 um-thick images were
obtained on the LSM 510 confocal microscope using a 63 x 1.5 oil immer-
sion objective and digital resolution of 512 x 512 pixels. One image (optical
slice) per cell at the level of the largest cell body cross-sectional area was
used to measure soma area, perimeter and number of perisomatic termi-
nals. Areas and perimeters were measured using the Image Tool 2.0 soft-
ware program (University of Texas, San Antonio, TX). Density of ChAT*
terminals was calculated as number of perisomatic terminals per unit
length of the cell surface. For VGLUT1" terminals, densities per area in
the Clarke’s column, Lamina VII and ventral horns were measured using
the Image J software (http://rsbweb.nih.gov/ij/download.html).

Estimation of lesion scar volume and myelin volume. Spaced serial
25 um-thick transverse sections 250 um apart were stained with Cresyl
Violet/luxol fast blue and used for estimations of the scar volume and
myelin volume using the Cavalieri principle. Area measurements required
for volume estimation were done directly under the microscope using the
Neurolucida software (MicroBrightField).

Analyses of axonal myelination. Spinal cords were dissected from ani-
mals fixed by perfusion with formaldehyde (see above). From each speci-
men, 0.6cm-long segments were cut from the lumbar and thoracic part
of the spinal cord at distances of ~5mm distal and proximal to the center
of the lesion, respectively. Tissue was postfixed in 1% osmium tetroxide
in 0.1mol/l sodium cacodylate buffer, pH 7.3, for 1 hour at RT, dehy-
drated and embedded in resin according to standard protocols. Transverse
1 um-thick sections were cut (Ultramicrotome, Leica) and stained with 1%
toluidine blue/ 1% borax in distilled water. Axonal and nerve fiber diam-
eters in the ventral funiculus were measured in a random sample using the
%100 oil objective of the Axioskop microscope (Zeiss) and the Neurolucida
software (MicroBrightField). For sampling, a grid with line spacing of
30 um was projected into the microscope visual field using the Neurolucida
software (MicroBrightField). Selection of the reference point (zero coor-
dinates) of the grid was random. For all myelinated axons crossed by or
attaching to the vertical grid lines through the sections, mean orthogonal
diameters of the axon (inside the myelin sheath) and of the nerve fiber
(including the myelin sheath) were measured. The mean orthogonal diam-
eter is calculated as a mean of the line connecting the two most distal
points of the profile (longest axis) and the line passing through the middle
of the longest axis at right angle.” The degree of myelination was estimated
by the ratio of axon-to-fiber diameter (g-ratio).

Statistical analysis. All numerical data are presented as group mean values
with SEM. Parametric or nonparametric tests were used for comparisons,
as indicated in the text and figure legends. Analyses were performed using
the SYSTAT 9 software package (SPSS, Chicago, IL). The threshold value
for acceptance of differences was 5%.
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