half-time of 0.25 ms. The maximum excitatory conductance was Gg max = 1.5nS. All

2 X 24 excitatory and 24 inhibitory pre-synaptic inputs were generated independently by
an auditory nerve model® that produced about 160 spikes in response to the 1-s-tone-
burst stimulus when the tone’s frequency equals the best frequency. The contralateral
inhibition led the excitation from either side by 0.2 ms. For simplicity, the simulations of
cochlear nucleus neurons and inhibitory interneurons in the trapezoid body were omitted.
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Myelin-derived axon outgrowth inhibitors, such as Nogo, may
account for the lack of axonal regeneration in the central nervous
system (CNS) after trauma in adult mammals. A 66-residue
domain of Nogo (Nogo-66) is expressed on the surface of
oligodendrocytes' and can inhibit axonal outgrowth through
an axonal Nogo-66 receptor (NgR)>. The IN-1 monoclonal anti-
body recognizes Nogo-A and promotes corticospinal tract regen-
eration and locomotor recovery’; however, the undefined
nature of the IN-1 epitope in Nogo, the limited specificity of
IN-1 for Nogo, and nonspecific anti-myelin effects have pre-
vented a firm conclusion about the role of Nogo-66 or NgR. Here,
we identify competitive antagonists of NgR derived from amino-
terminal peptide fragments of Nogo-66. The Nogo-66(1-40)
antagonist peptide (NEP1-40) blocks Nogo-66 or CNS myelin
inhibition of axonal outgrowth in vitro, demonstrating that NgR
mediates a significant portion of axonal outgrowth inhibition by
myelin. Intrathecal administration of NEP1-40 to rats with mid-
thoracic spinal cord hemisection results in significant axon
growth of the corticospinal tract, and improves functional
recovery. Thus, Nogo-66 and NgR have central roles in limiting
axonal regeneration after CNS injury, and NEP1-40 provides a
potential therapeutic agent.

Previously, we sought to determine which residues within the
Nogo-66 domain are responsible for inhibition of axon outgrowth'.
Five 25-residue peptides, consisting of overlapping segments of the
Nogo-66 sequence, were assessed in axonal outgrowth assays. Only
the peptide consisting of residues 31-55 is inhibitory, demonstrat-
ing the role of these residues in receptor activation. However, the
inhibitory potency of this peptide is three orders of magnitude less
than the entire 66-residue fragment, suggesting that regions other
than residues 31-55 contribute to high-affinity binding of Nogo-66
to its receptor. To determine which Nogo-66 residues are required
for high-affinity binding, we produced fusion proteins of placental
alkaline phosphatase (AP) and various fragments of Nogo-66.
Several of the Nogo-66 deletion mutants bind as avidly as Nogo-
66 to COS7 cells expressing NgR (Fig. 1a). Notably, the deletion of
residues 34-66, encompassing half of the Nogo-66 sequence, does
not prevent high-affinity binding by the Nogo-66(1-33) fusion
protein. Binding of the Nogo-66(1-31) fusion protein is slightly
reduced (dissociation constant, K4 = 24 = 11 nM; Fig. 1a and data
not shown) compared with the Nogo-66(1-33) and longer fusion
proteins (K4 values = 11-14 = 3 nM). Additional deletions from
the carboxyl end of Nogo-66 markedly reduce NgR binding, such
that proteins containing fewer than the 31 N-terminal residues of
Nogo-66 exhibit no binding to NgR under these conditions. The
necessity of residues at the N terminus was tested in the setting of
the Nogo-66(1-40) fusion protein. Deletion of five N-terminal
residues in the Nogo-66(6—40) protein significantly reduces bind-
ing, and deletion of ten residues (Nogo-66(11-40) protein)
abolishes binding. Thus, residues 1-31 seem to be sufficient for
high-affinity binding to NgR. Within the N-terminal portion of
Nogo-66, at least some of the first ten residues (RIYKGVIQA) and
residues in the 30-33 region (SEEL) are necessary for maximal
binding. The necessity of specific residues from 11-30 for high-
affinity binding is not tested here.
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As the minimal high-affinity binding domain has little overlap
with the 31-55-residue peptide, which exhibits weak agonist
activity, we considered the possibility that the N-terminal segment
of Nogo-66 might bind to, but not activate, NgR in neurons.
Although the full AP-Nogo-66 domain is a potent growth-cone-
collapsing agent, the truncated AP-Nogo fusion proteins do not
induce growth-cone collapse in embryonic day 12 (E12) chick
dorsal root ganglion (DRG) explant cultures (Fig. 1b). Thus,
high-affinity binding to NgR can be dissociated from activation of
an inhibitory signal through NgR.

The characteristics of the C-terminal-deleted Nogo-66 deriva-
tives suggest that they might function competitively as NgR antago-
nists. A synthetic Nogo-66(1-40) peptide (Nogo extracellular
peptide, residues 1-40, NEP1-40) does not collapse E12 chick DRG
growth cones, even at 1 pM concentrations, consistent with the fusion
protein results (Fig. 1d, e). To test for receptor antagonist activity,
NEP1-40 was added to E12 chick DRG explant cultures in conjunc-
tion with the NgR agonists glutathione S-transferase (GST)-Nogo-66
and AP-Nogo-66. NEP1-40 blocks both AP-Nogo-66 binding
(Fig. 1c) and GST-Nogo-66-induced growth-cone collapse
(Fig. 1d), as expected for a competitive NgR antagonist. This effect
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Figure 1 NEP1-40 is a competitive antagonist of Nogo-66. a, Conditioned medium
containing the indicated Nogo-66-derived AP fusion proteins (28 nM) was applied to
COS7 cells expressing NgR. b, E12 chick DRG growth-cone morphology after a 30-min
exposure to 20 nM AP fusion protein. ¢, Binding of 5 nM AP—Nogo-66 or 5nM AP to E13
chick DRG axons guantified in the presence or absence of 1 uM NEP1-40 or scrambled
NEP1-40. Ng, Nogo. d, e, Growth-cone collapse measured in cultures pre-treated with
either 1 wM NEP1-40 or buffer before a 30-min exposure to various concentrations of
GST-Nogo-66 (d), or Sema3A (e). f, Neurite outgrowth is reported for dissociated E12
chick DRG neurons grown for 5—7 h on bound substrate coating (GST-Nogo-66 (7.5 ng),
Amino-Nogo (N-Nogo; 7.5 ng) or PBS) after treatment with 1 uM NEP1-40, a scrambled
version of NEP1-40, or buffer. Data are the means + s.e.m. from 5-6 determinations.
Those values statistically different from control are indicated with an asterisk (P < 0.05,
Student’s -test).
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is specific for NgR in that growth-cone collapse by semaphorin 3A
(Sema3A) and phorbol ester are not altered by NEP1-40 (Fig. le
and data not shown). We also assessed the ability of NEP1-40 to
neutralize Nogo-66-induced inhibition of neurite outgrowth
(Fig. 1f). Soluble NEP1-40 alone has no observable effect on neurite
outgrowth from these cells, but it reverses the inhibitory effect of
bound GST-Nogo-66. A scrambled sequence version of NEP1-40
does not possess NgR antagonist activity. A second domain of
Nogo-A, Amino-Nogo, seems to inhibit outgrowth by a mechanism
independent of NgR**, and is not blocked by NEP1-40 (Fig. 1f).
Taken together, these studies demonstrate that NEP1-40 is a potent
NgR competitive antagonist in vitro.

The identification of NEP1-40 as a selective NgR antagonist
allows an assessment of the relative contribution of NgR ligands to
the inhibitory quality of CNS myelin on axon outgrowth. When
applied to E12 chick DRG explant cultures, purified CNS myelin
potently collapses growth cones and inhibits axonal extension. The
presence of NEP1-40 attenuates outgrowth inhibition by CNS
myelin, demonstrating that NgR is a significant mediator of
inhibition under these conditions (Fig. 2). The potency of NEP1—
40 in reversing myelin inhibition is characterized by an effector
concentration for half-maximum response (ECsg) of 50 nM peptide
(Fig. 2b), quite similar to the K4 of AP-Nogo-66(1-40) for NgR
(Fig. 1). Myelin inhibition of axon growth is not completely blocked
by NEP1-40 even at high peptide concentrations (Fig. 2¢). This
NEP1-40-insensitive axon outgrowth inhibition by CNS myelin is
probably attributable to molecules other than Nogo-66, such as
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Figure 2 NEP1-40 partially blocks inhibitory activity of CNS myelin. a, Dissociated E12
chick DRG cultures grown on a bound substrate coating (CNS myelin or PBS) with 1 pM
soluble NEP1-40, a scrambled version of NEP1-40, or buffer. Scale bar, 75 um. b, E12
chick DRG neurons were cultured on a substrate coated with 20 ng myelin protein per

3-pl spot in the presence of the indicated concentrations of NEP1-40. Outgrowth in the
absence of CNS myelin is 100%. ¢, Neurite outgrowth from E12 chick dissociated DRGs
as in a was measured. Cultures were grown 5—7 h on a bound substrate coating (CNS

myelin or PBS) with soluble NEP1-40, scrambled NEP1-40, or buffer. Means + s.e.m.
from 4-9 experiments are reported. The NEP1-40 values are statistically different from
the corresponding control (asterisk, P < 0.05, Student’s t-test).
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Amino-Nogo (Fig. 1)*, myelin-associated glyroprotein (MAG)”® or
chondroitin sulphate proteoglycans’.

To the extent that NgR is responsible for limiting axonal regen-
eration in vivo after trauma, NgR antagonism by the NEP1-40
peptide should stimulate regeneration after CNS injury. We deliv-
ered the peptide or vehicle intrathecally to rats at the site of a mid-
thoracic dorsal hemisection injury through an osmotic minipump.
A dose of 75ug NEP1-40 per kg body weight per day was
administered for four weeks in this protocol. The integrity of the
descending corticospinal tract (CST) was traced by injection of
biotin dextran amine (BDA) into the motor cortex. In rats receiving
the vehicle control, the prominent dorsal CST (DCST) is tightly
bundled above the lesion site (Fig. 3) and stops abruptly at the
transection site. Fewer fibres are observed in the ventral CST
(VCST) and only a few dorsolateral CST fibres are detectable
(Fig. 3a—c). This pattern is consistent with published reports'.
Below the level of the lesion, a small number of fibres are present but
these are confined to the position of the uninjured VCST (Fig. 4e—g).

Samples from injured rats treated with NEP1-40 exhibit an
entirely different pattern of labelling. Rostral to the lesion, numer-
ous ectopic fibres sprouting from the labelled CST are observed (Fig.
3b, ¢). In some cases, projections cross from the DCST near the
midline to the circumference of the cord, becoming intermingled
with the dorsolateral CST. The sprouting axons extend through grey
matter to a greater extent than white matter. A measure of ectopic
sprouting adjacent to the DCST reveals a greater than tenfold
increase in the peptide-treated animals (Fig. 3b, c¢). Multiple fibres
of this type were seen in every injured animal that had been treated
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with the peptide. This cannot be attributed to different degrees of
BDA uptake, as the total number of fibres in the dorsal and ventral
CSTs above the lesion is indistinguishable between peptide and
control sections (Fig. 3a). The sprouting response is due to a
combination of NEP1-40 plus axotomy, as no such change is
observed in the CST of uninjured rats treated with intrathecal
NEP1-40 (Fig. 3b). Similarly, no collateral sprouts from the unin-
jured VCST of hemisected rats treated with NEP1-40 are observed
rostral to the lesion (data not shown).

Longitudinal sections across the lesion site in both groups of rats
reveal scarring and cavity formation extending from the dorsal
surface to, or slightly beyond, the central canal (Fig. 3d-f). The
linear projection of the DCST ends at or immediately above the
injury site in all animals. In sections from the control group of
animals, only occasional fibres in the VCST extend rostral to caudal
in a linear fashion, consistent with the labelling of the uninjured
VCST. In the NEP1-40 group, a plexus of convoluted fibres crosses
from the rostral to caudal cord primarily within the ventral half of
the cord (Fig. 3e, f).

Multiple ectopic CST fibres are present throughout the grey and
white matter of the lower thoracic spinal cord of the NEP1-40-
treated rats (Fig. 4b, d). Even at distances of 11-15 mm caudal to the
lesion site, 20—-30 CST fibres are observed in each section from these
animals, as compared with 0-2 fibres in vehicle-treated rats (Fig. 4e,
f). Most of these fibres do not possess the linear trajectory of
uninjured fibres but follow branching and tortuous courses. A
significant fraction of the fibres are located in the dorsal half of
the cord, and some are present in the white matter of the dorsal
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Figure 3 NEP1-40 promotes dorsal CST sprouting rostral to mid-thoracic dorsal
hemisection. a, Number of BDA-labelled fibres within the DCST or VCST from vehicle
(Veh.) and NEP1-40-treated rats in transverse sections 11—15mm above the lesion. b,
Number of BDA-labelled fibres outside of the DCST and longer than 200 wm in the
transverse plane from transverse sections. ¢, The total number of ectopic fibres in all
consecutive saggital sections lateral to the DCST and 1-10 mm rostral to the lesion site.
Only those fibres with a dorsoventral projection of at least 200 p.m are scored in order to
exclude longitudinally projecting fibres. SCI, spinal cord injury. d, Parasaggital section
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containing the site of the transection (arrow) from a NEP1-40-treated rat demonstrates
numerous labelled fibres in the DCST ending at the injury site. Numerous branched,
sprouting fibres are seen in the ventral half of the cord in the two boxed areas. Higher
magnification views of these areas in e (left box) and f (right box) illustrate the meandering
course of the regenerating fibres in the NEP1—-40-treated rats. A few VCST fibres are seen
in the lower half of the figure. Scale bar, 100 wm (d); 25 um (e, f). Means + s.e.m. from
six rats in each group are reported. The NEP1-40 values are statistically different from
control (asterisk, P < 0.05, Student’s t-test).
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Figure 4 Numerous regenerating CST fibres caudal to a mid-thoracic dorsal hemisection.
a—d, Transverse sections of dorsal white matter (WM; a, b) or dorsal grey matter (GM; ¢,
d) at a level 14 mm caudal to the hemisection reveal no CST fibres in sections from

vehicle-treated animals (a, ¢), but numerous CST axons (arrows) in the peptide-treated
animals (b, d). e, Number of fibres outside of the ventral CST in all consecutive saggital
sections from the tissue of single rats at a level 1—10 mm caudal to the lesion site.

f, Number of BDA-labelled fibres per section, as in a—d, measured in transverse sections
11-15mm caudal to the lesion. Means + s.e.m. from six rats in each group are reported.
g, h, Locations of labelled fibres in transverse sections at a level 11-15 mm below the

column, the site of the injured DCST (Fig. 4h). Several factors make
it unlikely that collateral sprouting from uninjured VCST fibres
accounts for a significant fraction of the caudal CST fibres in rats
with spinal-cord injury treated with NEP1-40. NEP1-40 does not
induce collateral sprouting from the DCST in the upper thoracic
cord of uninjured rats (Fig. 3b) or the upper thoracic VCST of
injured rats. The number of fibres in any one section (approximately
25, Fig. 4e, f) is much greater than the average number in the control
VCST caudal to the lesion (about 1, Fig. 4f). Therefore, the
numerous regenerating CST fibres in the spinal cord caudal to the
injury probably derive from long-distance growth of the numerous
ectopic DCST sprouts identified above the lesion site. High magni-
fication views of CST fibres in the lower thoracic ventral horn of rats
with spinal cord injury treated with NEP1-40 demonstrate mor-
phology consistent with synaptic boutons, suggesting that func-
tional connections are formed by these regenerating fibres (Fig. 4i).

The dorsal hemisection severs a fraction of serotonin-containing
raphespinal fibres. Four weeks after injury, the lower thoracic ventral

550

%4 © 2002 Nature Publishing Group

. Dorsal Ventral Total
half of half of
cord cord
il
L
P
e, 73]
.\:‘*s
e e "‘7-.1
- —‘-- =
8.5 o Control
ey m NEP1-40

-2

5-HT fibre length =
(um mm

Caudal

Rostral

lesion site illustrated as a dot for one section from each of five rats (vehicle, g; NEP1-40,
h). The diagram reflects the total number of fibres from five rats. i, CST fibres in the ventral
horn of an injured rat treated with NEP1-40 exhibit specilizations (arrows) consistent with
synaptic boutons. j, k, Serotonin immunoreactivity in the ventral horn (VH) 18 mm below
the dorsal hemisection is greater for NEP1-40-treated rats (k) than for vehicle-treated
animals (j). I, Serotonin fibre density in the ventral horn was measured 20 mm rostral or
20 mm caudal to a hemisection in control or NEP1-40-treated rats. Scale bars, 25 um.
Means + s.e.m. from six rats in each group are reported. Where indicated, the NEP1-40
values are statistically different from control (asterisk, P << 0.01, Student’s -test).

horn of control rats exhibits a 40% reduction in the density of 5-
hydroxytryptamine (5-HT)-positive fibres compared with sections
rostral to the spinal cord injury (Fig. 4j-1). In samples from injured
rats treated with NEP1-40, the density of 5-HT-positive fibres from
the lower thoracic ventral horn is nearly identical to control values in
rostral sections. Thus, NEP1-40 treatment promotes the regener-
ation of both corticospinal and raphespinal axons. The regeneration
of 5-HT fibre density may be due to a combination of collateral
sprouting in the caudal spinal cord and long distance axonal growth
from severed serotonin-containing axons.

A standardized BBB locomotor score'' (0-21, with 21 being
normal function) was used to assess the degree of functional
recovery after dorsal hemisection of the spinal cord with or without
NEP1-40 treatment (Fig. 5). Those animals receiving NEP1-40
have significantly higher BBB scores by 14 days after spinal cord
injury, and this improvement with NEP1-40 persists through 28
days. At the time points of two and seven days, but not at the 4-h time
point, there is a lesser degree of improvement in the NEP1-40 group.
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Figure 5 NEP1-40 promotes locomotor recovery after spinal cord injury. The BBB score
was determined at the indicated times after mid-thoracic dorsal hemisection in vehicle-
treated or NEP1-40-treated rats. The first time point is 4 h after injury when the effects of
anaesthetic are nil. Mean + s.e.m. from 6 or 7 rats in each group. Where indicated, the
NEP1-40 values are statistically different from control for each day (asterisk, P < 0.05;
double asterisk, P < 0.01, Student’s t-test).

It may be that functional improvements in the first several days relate
to increased collateral sprouting from uninjured axons in the caudal
spinal cord, whereas the more significant improvements at later times
are dependent on long-distance axonal growth from severed axons.
The principal findings of this study are the identification of a NgR
antagonist peptide and the demonstration that a selective NgR
antagonist promotes axonal regeneration in rats with spinal cord
injury. These data establish a role for Nogo-66 and NgR in limiting
axonal regeneration in vivo. Analysis of ligand binding to the NgR
reveals that a high-affinity binding domain is largely separable from
the amino acid residues involved in activating NgR signalling in
neurons. As the NEP1-40 peptide is a competitive antagonist of the
NgR, its ability to attenuate CNS myelin inhibition of axonal growth
demonstrates that the NgR mediates a significant fraction of this
inhibition. Local administration of the NgR antagonist peptide to
animals after mid-thoracic dorsal spinal cord hemisection elicits a
clear axon sprouting response and significant functional recovery.
The number of CST fibres at a location over 1cm caudal to the
lesion is about 10% of the total labelled fibres above the lesion. The
high potency, selectivity and efficacy of NEP1-40 raises the possi-
bility that a NgR antagonist might be an effective therapeutic agent
in clinical conditions characterized by a failure of axonal regener-
ation, including spinal cord injury, brain trauma, white matter
stroke and chronic progressive multiple sclerosis. 0

Methods
Nogo-66-derived AP fusion proteins and NEP1-40 synthesis

To generate AP fusion proteins, the relevant regions of human Nogo-A complementary
DNA were amplified by polymerase chain reaction and ligated into the pcAP-6 vector as
described for AP-Nogo-66 (ref. 2). Binding of AP-Nogo fusion proteins to COS7 cells
expressing wild-type NgR and to chick E12 DRG neurons has been described”. The NEP1—-
40 peptide (acetyl-RIYKGVIQAIQKSDEGHPFRAYLESEVAISEELVQKYSNS-amide) was
synthesized using tBOC chemistry at the W. M. Keck Biotechnology Center of Yale
University. After preparative reverse phase high-performance liquid chromatography
purification, a purity greater than 98% was verified by electrospray ionization spray mass
spectrometry. Preparation of GST-Nogo-66 (ref. 1), AP-Nogo-66 (ref. 2), Amino-Nogo?,
Sema3A (ref. 12) and CNS myelin'® were as described.

Growth-cone collapse and neurite outgrowth

E12 chick DRG growth-cone collapse and neurite outgrowth assays have been described'.
For antagonism assays of growth-cone collapse, NEP1-40 was added 10 min before
collapsing agent. For assays of neurite outgrowth, plastic chamber slides were coated with
100 pgml ™" poly-L-lysine, washed, and dried. Three-microlitre drops of PBS containing
GST-Nogo-66, Amino-Nogo or CNS myelin were spotted and dried. Slides were then
rinsed and coated with 10 pg ml ™ laminin before addition of dissociated E12 chick DRGs.
We added NEP1-40, or a scrambled version of NEP1-40, at the time of cell plating. We
incubated cultures for 5-7 h before assessing neurite outgrowth.
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Spinal cord transection and axonal tracing

Female Sprague—Dawley rats (175-250 g) were deeply anaesthetized with ketamine (60 mg
per kg) and xylazine (10 mg per kg). Laminectomy was conducted at spinal levels of T6 and
T7, and the spinal cord was exposed. The dorsal half of the spinal cord was cut with a pair
of microscissors to sever the dorsal parts of the corticospinal tracts, and the depth of lesion
(approximately 1.8 mm) was assured by passing the sharp part of a number 11 blade across
the dorsal half of the cord. An osmotic minipump (Alzet 2004, ~240 pl volume,

0.30 p1h ™, 28 day delivery), which was filled with 97.5% PBS plus 2.5% DMSO or 500 pM
NEP1-40 in 97.5% PBS plus 2.5% DMSO, was sutured to muscles under the skin on the
back of the animals. A catheter connected to the outlet of the minipump was inserted into
the intrathecal space of the spinal cord at the T7 level through a small hole in the dura. For
those rats receiving NEP1-40 without spinal cord injury, the laminectomy and minipump
placement were accomplished in the same fashion. Two weeks after lesion, a burr hole was
made on each side of the skull overlying the sensorimotor cortex of the lower limbs. The
anterograde neuronal tracer biotin dextran amine (BDA, 10% in PBS, 3.5 ul per cortex)
was applied at seven injection sites at a depth of 1.5 mm from the cortical surface on each
side. Two weeks after BDA injection, the animals were killed by perfusion with PBS,
followed by 4% paraformadehyde. The spinal cord extending from 10 mm rostral to

10 mm caudal from the lesion site was cut parasaggitally (50 pm) on a vibrating
microtome. Transverse sections were collected from the spinal cord 11-16 mm rostral to
and 11-16 mm caudal to the injury site. The sections were incubated with avidin-biotin-
peroxidase complex and the BDA tracer was visualized by nickel-enhanced
diaminobenzidine HRP reaction'!. Some sections were processed for serotonin
immunohistochemistry (anti-5-HT antibody; Instar) by indirect immunofluoresence. We
processed confocal images using NIH Image software.

Throughout the surgery, post-operative care, behavioural observation and histological
analysis, researchers were blind to the identity of the compound in the minipump. A total
of 50 rats underwent the full procedure, 23 receiving vehicle and 27 receiving NEP1-40.
During the first nine days after spinal cord injury, 30% of the control group and 33% of the
NEP1-40 group died or were killed owing to poor general health. Thus, 16 control and 18
NEP1-40-treated animals completed the study. One rat was excluded from the anatomical
analysis owing to an incomplete lesion documented by numerous uninjured dorsal CST
fibres at four weeks, and a lack of disability (BBB score of 14) at two days after injury. For
axon counts, sections from the first six rats processed were scored for each treatment group.
In axon counts, a cluster of branched and connected fibres was counted as one; only labelled
fibres separated by more than 50 p.m were counted separately. For behavioural analysis, six
vehicle-treated and seven NEP1-40-treated rats were compared using the BBB scale''.
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