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Traumatized axons possess an extremely limited ability to regenerate within the adult mammalian CNS. The myelin-derived axon
outgrowth inhibitors Nogo, oligodendrocyte-myelin glycoprotein, and myelin-associated glycoprotein, all bind to an axonal Nogo-66
receptor (NgR) and at least partially account for this lack of CNS repair. Although the intrathecal application of an NgR competitive
antagonist at the time of spinal cord hemisection induces significant regeneration of corticospinal axons, such immediate local therapy
may not be as clinically feasible for cases of spinal cord injury. Here, we consider whether this approach can be adapted to systemic
therapy in a postinjury therapeutic time window. Subcutaneous treatment with the NgR antagonist peptide NEP1– 40 (Nogo extracellular
peptide, residues 1– 40) results in extensive growth of corticospinal axons, sprouting of serotonergic fibers, upregulation of axonal
growth protein SPRR1A (small proline-rich repeat protein 1A), and synapse re-formation. Locomotor recovery after thoracic spinal cord
injury is enhanced. Furthermore, delaying the initiation of systemic NEP1– 40 administration for up to 1 week after cord lesions does not
limit the degree of axon sprouting and functional recovery. This indicates that the regenerative capacity of transected corticospinal tract
axons persists for weeks after injury. Systemic Nogo-66 receptor antagonists have therapeutic potential for subacute CNS axonal injuries
such as spinal cord trauma.
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Introduction
Adult mammalian CNS trauma interrupts axonal continuity and
results in persistent functional deficits. The success or failure of
axonal growth and reconnection with synaptic targets is a prin-
cipal determinant of recovery in conditions such as spinal cord
injury (SCI). CNS axonal regeneration is determined by both
cell-autonomous and cell-extrinsic factors. Adult retinal axons
can extend if provided with a favorable environment, but they do
so with less alacrity than embryonic or peripheral neurons (Gold-
berg et al., 2002). Rapid peripheral axon regeneration is sup-
ported by the induction of regeneration-associated genes such as
GAP-43 (Bomze et al., 2001) and SPRR1A (small proline-rich
repeat protein 1A) (Bonilla et al., 2002), which are not upregu-
lated after CNS axotomy. Changes in growth state may be medi-
ated by increased levels of cAMP (Neumann et al., 2002; Qiu et
al., 2002) and by the signal transducer and activator of transcrip-
tion signaling (Liu and Snider, 2001).

There is also clear evidence that the environment surrounding
CNS axons limits their growth. Although this may include a pau-
city of growth-promoting factors, such as neurotrophins (Schnell
et al., 1994; Coumans et al., 2001), the presence of CNS inhibitors
of axonal regeneration is now well documented. The glial scar

produced by astrocytes is laden with inhibitory chondroitin sul-
fate proteoglycans (CSPG) (Snow et al., 1990; Dou and Levine,
1994; Davies et al., 1999). The digestion of CSPGs can provide a
level of axon growth and recovery (Bradbury et al., 2002).

Several lines of evidence have identified CNS myelin compo-
nents as prominent inhibitors of adult axon regeneration. CNS
axons extend robustly into peripheral nerve grafts lacking oligo-
dendrocytes (Richardson et al., 1980) or into the myelin-free
CNS (Savio and Schwab, 1990). Three molecules of CNS myelin
have been identified as axon-regeneration inhibitors: Nogo
(Chen et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000),
myelin-associated glycoprotein (MAG) (Savio and Schwab, 1990;
McKerracher et al., 1994; Mukhopadhyay et al., 1994), and oligo-
dendrocyte myelin glycoprotein (Wang et al., 2002a). All three
purified proteins inhibit axon outgrowth from mature neurons
in vitro. Remarkably, a single neuronal protein, the Nogo-66 re-
ceptor (NgR) binds all three proteins and appears to be the pri-
mary mediator of their action (Fournier et al., 2001; Domeniconi
et al., 2002; Liu et al., 2002; Wang et al., 2002a). The p75 low-
affinity neurotrophic receptor protein has been implicated in
transducing a myelin/NgR signal to the axonal interior (Wang et
al., 2002b; Wong et al., 2002).

The presence of myelin-derived inhibitors suggests that
blocking their action might allow the intrinsic growth potential
of CNS axons to be unmasked, with resultant functional recovery
after adult CNS axotomy. Indeed, neutralizing Nogo A with IN-1
antibody can induce CNS axon regeneration and improve recov-
ery after various lesions (Bregman et al., 1995; Thallmair et al.,
1998). Genetic studies of MAG depletion have met with mixed
results (Bartsch et al., 1995; Schafer et al., 1996). Targeting the
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axonal NgR with a competitive antagonist compound has the
potential to block the action of the three known myelin inhibitors.
Indeed, intrathecal application of an NgR competitive antagonist,
NEP1–40 (Nogo extracellular peptide, residues 1–40), produces sig-
nificant axonal regrowth after spinal cord hemisection injury
(GrandPre et al., 2002). However, local drug delivery initiated at the
time of SCI may be logistically difficult for the treatment of many SCI
patients. In the present study, we also demonstrate the therapeutic
potential of an NgR antagonist peptide for SCI by systemic peptide
administration at a postinjury time window.

Materials and Methods
Spinal cord dorsal hemisection and corticospinal fiber tracing. All surgical pro-
cedures and postoperative care were performed in accordance with guide-
lines of the Yale Animal Care and Use Committee. Adult female C57BL/6
mice (8–10 weeks of age, Charles River, Wilmington, MA) were deeply
anesthetized with intramuscular ketamine (100 mg/kg) and intraperitoneal
xylazine (15 mg/kg). A complete laminectomy was performed, and the dor-
sal part of spinal cord was fully exposed at levels T6 and T7 (GrandPre et al.,
2002). A dorsal overhemisection was performed at T6 with a 30 gauge needle
and a pair of microscissors to completely sever the dorsal and dorsolateral
corticospinal tracts (CSTs). The depth of the lesion (1.0 mm) was ensured by
passing the marked needle several times across the dorsal part of the spinal
cord. The muscle layers over the laminectomies were sutured, and the skin
on the back was closed with surgical staples. To
trace the CSTs, a burr hole overlying the cerebral
cortex on the right side was made into the skull.
Biotin dextran amine [BDA; molecular weight
(MW), 10,000; 10% in PBS] (Molecular Probes,
Eugene, OR) was applied at four injection sites at
a depth of 0.7 mm from the cortical surface. For
the animals receiving treatment 7 d after SCI, the
BDA injection was conducted on day 28 after spi-
nal cord lesion.

NgR antagonist peptide administration. The
NgR antagonist NEP1– 40 peptide (acetyl-RI-
YKGVIQAIQKSDEGHPFRAYLESEVAISEEL-
VQKYSNS-amide) was synthesized (GrandPre
et al., 2002). We tested eight groups of animals
(10–12 animals per group): four groups with
subcutaneous injections starting at the time of
initial injury, two with intraperitoneal injections
given 3–4 hr after injury, and two with more de-
layed subcutaneous injections starting 7 d after
SCI. In the animals treated immediately after ini-
tial injury, an Alzet osmotic minipump (model
2002, Alza, Mountain View, CA) was implanted
after the hemisection of dorsal spinal cord and
positioned to deliver reagents to the subcutane-
ous space. The pump was filled with vehicle (83%
PBS plus 17% DMSO) or NEP1–40 in the vehi-
cle. The vehicle or NEP1–40 was delivered con-
tinuously at a rate of 0.6 �l/hr for 14 d. NEP1–40
was administered at doses of 1.2, 3.9, and 11.6
mg � kg�1 � d�1. For the animals receiving 3 hr
delayed treatment, the first injection of vehicle or
vehicle plus peptide (11.6 mg � kg�1 � d�1) was
administered intraperitoneally 3–4 hr after spinal
cord lesion, and the same dose of peptide was
given once daily for another 14 d. For the mice
receiving posttraumatic treatment that was fur-
ther delayed, the minipump (Alzet model 2002)
was implanted subcutaneously 7 d after hemisec-
tion to deliver vehicle or vehicle plus NEP1–40
(11.6 mg � kg�1 � d�1) continuously for 2 weeks.
In this study, 91 mice underwent the procedure:
34 received vehicle and 57 received NEP1–40.

The mortality rate was 19.8% during the first postoperative week and did not
differ significantly between groups.

Histology and behavioral analysis. Animals starting treatment at the time of
SCI or 3 hr after SCI were perfused transcardially 20 d after injury with PBS,
followed by 4% paraformaldehyde. For the animals receiving treatment 7 d
after SCI, the perfusion was performed on day 42 after the hemisection
injury. The spinal cord was postfixed overnight. The spinal cord 4 mm ros-
tral and 4 mm caudal to the lesion site (8 mm long) was embedded in a
glutaraldehyde-polymerized albumin matrix and cut parasagittally on a vi-
bratome (30 �m thick). Transverse sections (50 �m) were collected from the
spinal cord 5–7 mm rostral and 5–7 mm caudal to the injury site. The free-
floating sections were preincubated with 0.5% BSA/TBS for 1 hr and then
processed with avidin-HRP (Vector Laboratories, Burlingame, CA), fol-
lowed by a nickel-enhanced diaminobenzidine reaction (GrandPre et al.,
2002). To visualize the lesion area, some sections were double-stained with
antibodies directed against myelin basic protein (MBP; Sternberger Mono-
clonals, Lutherville, MD). The sections were mounted, dehydrated, and cov-
ered with mounting medium. Some transverse sections were immuno-
stained with antibodies against SPRR1A (Bonilla et al., 2002), and 5-HT
(Diasorin, Stillwater, MN). For other transverse sections 8–9 mm caudal to
the lesion, tracer BDA was visualized with a streptavidin-Alexa Fluor 594
conjugate (Molecular Probes), and these sections were double-stained with
primary antibodies against synaptophysin (Sigma, St. Louis, MO) or MBP.
Double-stained sections were analyzed by confocal microscopy. For axon
quantification, sections from the first five to seven animals processed were
analyzed for each treatment group.

Figure 1. Systemic NEP1– 40 promotes dCST sprouting in transverse sections rostral to the dorsal hemisection of the spinal cord. A, B,
The BDA-labeled dorsal CST is visualized in a transverse section 5–7 mm rostral to the hemisection as a discrete bundle in a vehicle-treated
animal. Several BDA-labeled fibers project into the gray matter area. Dorsal is up in this and all transverse sections. C, D, A transverse section
5–7 mm rostral to the hemisection from a NEP1– 40-treated animal (subcutaneous administration via minipump) exhibits a high density
of sprouts extending laterally into the gray matter, some of them into the white matter area. E, F, A transverse section 5–7 mm rostral to the
hemisection from an animal receiving NEP1– 40 treatment 7 d after hemisection (subcutaneous administration via minipump) exhibits an
identical dCST sprouting pattern as for immediate peptide treatment. B�, D�, and F� are shown at higher magnification in B, D, and F,
respectively. G, The sprouting density of BDA-labeled fibers outside of the dorsal CST is illustrated for several doses of immediate subcuta-
neous NEP1– 40 treatment mice. H, Bar graph indicates the sprouting density of BDA-labeled fibers outside of the dorsal CST from 3 hr
intraperitoneal delayed treatment in mice (gray bars) and 7 d subcutaneous delayed administration in mice (black bars). I, The number of
ectopic CST sprouts at the C2, C7, and T3 spinal levels from 3 hr intraperitoneal posttreatment animals. Means � SEM from seven mice in
each group are reported. Scale bar: (in A) A, C, E, 100�m; B, D, F, 25�m. The NEP1– 40 values are statistically different from control. *p�
0.05; **p � 0.01; Student’s t test.
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The Basso–Beattie–Bresnahan (BBB) locomotor rating scale (Basso et al.,
1996), footprint analysis, and inclined grid walking were tested by two indi-
viduals. For footprint analysis, the walking patterns of mouse hindpaws were
recorded with ink during a continuous locomotion across a 50 cm runway,
and stride length on each side and strike width were calculated (Metz et al.,
2000). For inclined grid walking, the mice were trained to climb a wire grid
(35 cm long with 2.54 cm squares) at a slope of 45°. The number of instances
in which the hindpaw dropped below the grid plane was scored for each
excursion from bottom to top. Throughout the surgery, behavioral testing,
and histologic analysis, researchers were unaware of the identity of the com-
pound in the minipump or syringe.

Results
Systemic NEP1– 40 results in extensive CST sprouting rostral
to SCI
Previous studies have indicated that the blood–brain barrier is ab-
sent for weeks to months in an area of spinal cord trauma (Schnell et
al., 1999). This suggested to us that systemic administration of the
NEP1–40 peptide (MW, 4625) might be as efficacious as intrathecal
treatment. We delivered NEP1–40 or vehicle subcutaneously to
mice with midthoracic dorsal hemisection via an osmotic
minipump implanted a few minutes after cord injury. Doses of 0,
1.2, 3.9, or 11.6 mg � kg�1 � d�1 were administered for the first 2
weeks of a 3 week survival period. These doses produced no evidence
of overt toxicity. The integrity of descending CST was assessed by
injecting BDA into the motor cortex on the right side. In the animals
receiving vehicle injection, the prominent dorsal CST (dCST) is
tightly bundled rostral to the lesion (Fig. 1A), and a few dorsolateral
fibers are visible at the ipsilateral site. A few BDA-labeled collateral
sprouts project into the gray matter, particularly in the ventral cord
(Fig. 1B), but the sprouting is confined to the side of the cord con-

tralateral to the tracer injection. In contrast,
sections from injured animals treated with
the NgR antagonist NEP1–40 exhibit an en-
tirely different BDA labeling pattern. Rostral
to the lesion site, a high density of fibers out-
side of the BDA-labeled dorsal CST (Fig.
1C,D) is present in all of the NEP1–40-
treated samples. Ectopic fibers extend
throughout the gray matter area, and some
fibers reach into the lateral and dorsolateral
white matter (Fig. 1C,D). A smaller number
of fibers (5–10 sprouts per transverse sec-
tion) are seen on the opposite side of the
spinal cord in the gray matter (ipsilateral to
the tracer injection site). The number of col-
lateral sprouts is increased 10-fold in the
NgR antagonist-treated animals at a dose of
11.6 mg � kg�1 � d�1 (Fig. 1G). The extent
of axon growth is dose-dependent, with sig-
nificant sprouting detectable at a dose of 1.2
mg � kg�1 � d�1. The degree of sprouting
rostral to the lesion in mice treated subcuta-
neously compares favorably with that ob-
served in rats treated intrathecally with
NEP1–40 (GrandPre et al., 2002).

Delayed NEP1– 40 induces extensive
axonal sprouting rostral to SCI
When subcutaneous infusions begin at
the time of lesion, it is probable that hours
to days elapse before peak intrathecal lev-
els are achieved. Thus, it seems plausible
that initiation of treatment during the
first few hours is not critical. Moreover,

the mechanism of NEP1– 40 is thought to be dependent on the
chronic blockade of axon growth inhibitors, and not on acute
neuroprotection. For these reasons, we considered whether the
peptide might promote axonal growth when administered in a
therapeutic rather than a prophylactic time frame. Systemic
NEP1– 40 administration was delayed for 3– 4 hr after the spinal
cord hemisection. To avoid a second period of anesthesia and
surgery, once-daily intraperitoneal injections of NEP1– 40 were
used rather than subcutaneous minipump infusion. This delayed
systemic treatment produced the same degree and pattern of CST
sprouting as did the immediate subcutaneous and intrathecal
infusions (Fig. 1H, gray bars).

To consider the extent of this window of NEP1– 40 respon-
siveness, we began vehicle or NgR antagonist peptide systemic
administration 7 d after trauma. Treatment with a full week delay
yielded a CST sprouting pattern at 42 d after injury that is re-
markably similar to the NEP1– 40 treatment immediately after
injury at 20 d (Fig. 1E,F). Quantification of these sprouts re-
vealed essentially equal degrees of BDA-labeled CST sprouting
(Fig. 1H, black bar).

Examination of parasagittal longitudinal sections from 1 to 4
mm rostral to the lesion reveals that dCST fibers exhibit a large
number of branching sprouts in the ventral gray matter area of
the NEP1– 40-treated animals (Fig. 2C–E) in contrast to the
vehicle-treated group (Fig. 2A,B). Counts of such fibers show a
�10-fold increase in sprouting density after peptide treatment
(Fig. 2F). Sections from animals receiving 7 d delayed systemic
NEP1– 40 display a similar degree and pattern of CST sprouting
(Fig. 2G–I ). These findings suggest that systemic NEP1– 40

Figure 2. Delayed systemic NEP1– 40 stimulates CST sprouting in rostral parasagittal sections. Sections 1– 4 mm rostral to the
dorsal hemisection of the spinal cord from the control group (A, B) reveal the longitudinal dCST ( A) and few BDA-labeled fibers in
the gray matter ( B). Many collateral sprouts with a branching pattern are seen in the sections receiving intraperitoneal NEP1– 40
treatment 3 hr after injury ( C–E). Quantification of sprouting from longitudinal sections 1– 4 mm rostral to spinal cord lesion
indicates that the sprouting density of dorsal CST in the animals receiving NEP1– 40 3 hr after treatment is more than 10 times
greater than that in the time-matched controls ( F). Longitudinal sections ( G–I) from mice receiving NEP1– 40 treatment 7 d after
hemisection illustrate a similar spouting pattern as for 3 hr delayed drug delivery. In all the sagittal sections rostral is to the left and
dorsal is up. B�, D�, E�, I�, and H� are shown at higher magnification in B, D, E, I, and H, respectively. Scale bar: (in A) A, C, G, 100 �m;
B, D, E, H, I, 25 �m. Means � SEM from seven mice in each group are reported. The NEP1– 40 values are statistically different from
control. **p � 0.01; Student’s t test.
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treatment several hours or several days
after injury induces almost the same
sprouting response as does treatment
immediately after injury.

Systemic NEP1– 40 is expected to ac-
cess the CNS and promote sprouting be-
cause of the increased permeability in and
around the SCI site. To assess the distribu-
tion of NEP1– 40 effects, we examined
sections ranging from the level of the in-
jury rostral to the cervicomedullary junc-
tion. The degree of ectopic sprouting is
graded along the neuraxis, with the great-
est sprouting closer to the lesion site (Fig.
1 I). It may be that this distribution is at-
tributable to increased NEP1– 40 access
near the injury and/or the proximity of
the site of sprouting to the axotomy itself.
Nonetheless, it is clear that the effects of
the systemic NEP1– 40 are significant �20
mm rostral to the injury itself.

CST axonal sprouting induced by
systemic NEP1– 40 crosses the lesion
site into the distal spinal cord
Delayed systemic injection of the NgR an-
tagonist peptide induces the rostral CST
sprouting. But do these fibers cross the
lesion site into the caudal spinal cord to
provide functional recovery? Parasagittal
sections from vehicle-treated mice show
no CST fibers extending beyond the in-
jury site (Fig. 3A,B). Similar sections from
delayed systemic NEP1– 40-treated mice
contain numerous CST fibers that cross
the lesion and project into the distal gray
and white matter areas in a highly
branched pattern (Fig. 3C–F). Immuno-
histochemical localization of MBP dem-
onstrates that the interruption of myelin-
ated tracts extends from the dorsal surface past the central canal
(Fig. 3C, inset). In the vicinity of the lesion, the course of these
fibers was typically tortuous (Fig. 3D–F, see Fig. 5B) and quite
distinct from the normal straight fibers in the rostral CST.
Collaterals and arborized fibers are most frequently seen in the
gray matter area. Reconstructions of consecutive sections as
camera lucida drawings display the overall distribution pat-
tern of the regenerating CST fibers several millimeters from
the lesion (Fig. 4). In control animals, no CST axons extend
past the lesion (Fig. 4 A). In the animals treated with systemic
NEP1– 40 after a 3 hr delay (Fig. 4B–D), some of the regener-
ating axons bypass the lesion site through remaining tissue
bridges of the ventral and ventrolateral gray and white matter,
whereas other CST fibers cross the transection area via the
lesioned dorsal and dorsolateral part of the spinal cord into
distal regions. Notably, in the mice treated with systemic
NEP1– 40 7 d after SCI, a similar regeneration pattern is seen
as in animals treated 3 hr after injury (Fig. 4 E).

The reconstructions demonstrate 9 –24 BDA-labeled regener-
ated fibers coursing in the rostrocaudal axis at any one level be-
tween 1 and 4 mm caudal to the lesion in each NEP1– 40-treated
mouse (Fig. 5C). These sections demonstrate that axons sprout
for millimeters beyond the lesion site in the presence of NEP1–

40. For transverse sections 5–7 mm below the injury site,
NEP1– 40 dose-dependently increases the number of CST fibers
(Fig. 5D–F). The fiber counts for the systemic NEP1– 40-treated
animals are approximately half of those at more proximal levels
in the sagittal sections. In the more delayed NEP1– 40-treated
mice (NEP1-40 delivery 7 d after injury), a similar pattern and
degree of CST regeneration is observed in sections 5–7 mm distal
to hemisection (Fig. 5G–I).

For regenerating CST fibers to contribute to functional recovery,
they must form synapses in the caudal spinal cord. Anatomically,
synapse formation by CST fibers can be assessed by examining the
colocalization of BDA-positive varicosities with synaptophysin. Al-
though ventral fibers are not severed in this model and might theo-
retically produce such labeling, no double-labeling was observed in
over 100 such lumbar sections from untreated SCI mice. This is
because of the extremely rare occurrence of ventral spared CST fibers
in this mouse model, as opposed to a rat model (Weidner et al.,
2001). It is most likely that the easily identified BDA/synaptophysin
double-labeling in the NEP1–40-treated samples (Fig. 6A) are asso-
ciated with fibers regenerating under the influence of the peptide
treatment and are consistent with synapse formation. Not surpris-
ingly, these caudal sprouting CST fibers are unmyelinated at this
point, 3 weeks after injury (Fig. 6B).

Figure 3. Systemic NEP1– 40 promotes dCST growth through the SCI site. A, B, A parasagittal section containing the transection
site (arrow) from a vehicle-treated animal demonstrates the transection of BDA-labeled dCST fibers at the injury site. No fibers
extend into the area of the trauma or beyond it. C, A section from an animal receiving intraperitoneal NEP1– 40 demonstrates a
similar degree of dorsal hemisection injury, but numerous branched, sprouting fibers are observed in the areas around the
transection site. The higher magnifications of these areas in D�–F� illustrate the meandering course of the regenerating CST fibers
in the NEP1– 40-treated animals ( D–F). The inset in C immunostained for MBP illustrates the disruption of staining in the hemisec-
tion site. Scale bars: (in C) A, C, 100 �m (A, C); (in F ) B, D–F, 25 �m; inset, 500 �m.
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NEP1– 40 induces SPRR1A expression and serotonergic fiber
sprouting after dorsal spinal cord hemisection
Evidence for axonal regeneration by systemic NEP1– 40 treat-
ment can be detected by molecular as well as anatomical meth-
ods. One molecular correlate of axonal regeneration is the induc-
tion of “growth-associated proteins,” such as SPRR1A (Bonilla et
al., 2002). Although peripheral nerve injury induces SPRR1A
dramatically, central injury such as SCI does not do so (Bonilla et
al., 2002). The combination of systemic NEP1– 40 treatment and
central axotomy leads to the induction of SPRR1A expression in
spinal interneurons and motoneurons both rostral and caudal to
the injury (Fig. 7A,B). Numerous SPRR1A-positive axons are also
detected in the NEP1– 40-treated injured spinal cords (data not
shown). In addition to providing additional evidence for NEP1–
40-induced axon regeneration, these data suggest that NgR acti-
vation may limit axon growth both by acute inhibitory effects on
axon growth and by chronic suppression of gene expression pat-
terns associated with successful regeneration. Because SPRR1A
expression was not apparent in the motor cortex or in CST fibers
(data not shown), this mechanism does not appear to be essential
for NEP1– 40-induced sprouting after axotomy.

Both descending raphespinal and CST fibers contribute to
locomotor function. Dorsal hemisection injures a majority of the

serotonergic fibers, decreasing the density
of these fibers by �75% in the ventral
horn in this mouse SCI model (Fig. 7D).
Systemic NEP1– 40 dose-dependently re-
stores serotonin fiber density in the ven-
tral horn of the caudal spinal cord to the
levels present before injury (Fig. 7C).
Thus, the growth-promoting effects of
NEP1– 40 treatment are not limited to
one axonal pathway.

Systemic treatment with NgR
antagonist peptide improves
locomotor function
Do mice treated with systemic NEP1– 40
walk better than control animals after in-
jury? A standardized rat locomotor scor-
ing system was used to assess outcome
(Basso et al., 1996). A dose-dependent
benefit of systemic NEP1– 40 treatment
was detectable by 17 d after injury (Fig.
8A). The intermediate dose was nearly as
effective as the maximal dose of 11.6
mg � kg�1 � d�1. Although less than half
of the vehicle-treated mice (4 of 9) were
capable of weight-bearing on the hind-
limbs at 17 d after injury, all (14 of 14) mice
treated with 3.9 or 11.6 mg � kg�1 � d�1

were weight-bearing at this stage. In con-
trast to rats treated intrathecally with NEP1–
40, no benefit of NEP1–40 was detectable at
the earliest stages after injury (GrandPre et
al., 2002). This may reflect a more delayed
time for systemic NEP1–40 to reach thera-
peutic levels in the spinal cord.

Our CST tracing experiments indicate
that the delayed blockade of NgR with sys-
temic NEP1– 40 1 week after axotomy
stimulates extensive anatomical regenera-
tion of injured spinal cord descending ax-

ons. To determine whether this therapeutic strategy benefits late
functional recovery, we examined a battery of behavioral tests.
The locomotor BBB score in control animals reaches a stable level
of 13 at 3 weeks after the hemisection (Fig. 8B). The slight differ-
ences of BBB recovery between these controls and the controls
receiving vehicle treatment at the time of injury (Fig. 8A) may be
attributable to the toxic effects of systemic DMSO (Cavaletti et
al., 2000). At 6 weeks after SCI, all the control mice have frequent,
consistent weight-supported plantar steps, but most of them (5 of
7) have only occasional forelimb– hindlimb coordination, with
rotation of the predominant paw position when making initial
contact with a surface. In contrast, the locomotor score of the
delayed systemic NEP1– 40-treated mice continues to increase
between 2 and 6 weeks after trauma. At 6 weeks after injury, most
of the delayed NEP1– 40-treated animals (8 of 9) have consistent
forelimb– hindlimb coordination and parallel paw position at
initial contact with the testing surface.

Two other behavioral tests were used to additionally charac-
terize the performance of the delayed systemic NEP1– 40-treated
mice. Analysis of hindpaw footprints in vehicle-treated mice
demonstrates that stride length is significantly decreased at 6
weeks after SCI, but the stance width is close to normal. For the
NEP1– 40 mice, the stride length at 6 weeks after injury is close to

Figure 4. Camera lucida reconstructions of consecutive parasagittal sections around the lesion site. The injury site is indicated
by an arrow. Control animals show no regenerative growth ( A). In contrast, NEP1– 40 treatment 3 hr ( B–D) or 7 d ( E) after trauma
induces a high density of sprouting of the lesioned dorsal CST fibers. Some of these regenerated fibers grow around and through the
lesion, and project into the distal spinal cord, particularly into the gray matter areas. Scale bar, 1 mm.
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that of uninjured mice (Fig. 8C,D). In a
second test, mice climbed a grid placed at
a 45° angle to vertical, and excursions of
the hindlimbs below the plane of the grid
were counted (Metz et al., 2000). Unin-
jured mice make no errors on this test
(data not shown). In control mice, there
are numerous errors, with only minimal
improvement between 2 and 6 weeks after
injury. In contrast, mice treated systemi-
cally with NgR antagonist peptide exhibit
a progressive improvement in grid climb-
ing during this period, with the majority
of the improvement occurring between 2
and 4 weeks after injury (Fig. 8E).

Discussion
Encouraging progress toward promoting
axonal regeneration in the damaged spi-
nal cord has been achieved recently by a
variety of methods. Suppression of the ac-
tion of myelin-derived growth inhibitors
(Bregman et al., 1995; Thallmair et al.,
1998; GrandPre et al., 2002), reduction of
the scar-issue barrier (Bradbury et al.,
2002), enhancement of the growth poten-
tial of neurons (Bomze et al., 2001;
Dergham et al., 2002; Neumann et al.,
2002; Qiu et al., 2002), replacement of
cells (Li et al., 1997; Ramon-Cueto et al.,
2000; Takami et al., 2002), and supple-
mentation with neurotrophic factors
(Schnell et al., 1994; Coumans et al., 2001)
have been shown to stimulate axonal re-
growth and/or functional recovery of in-
jured spinal cord. Nevertheless, these
therapies have been administered locally
and initiated at the time of spinal cord lesions in most instances.
From a clinical point of view, such immediate local therapy may
pose logistical problems for the treatment of most human SCIs.
In the present study, we show that subcutaneous or intraperito-
neal treatment with NgR antagonist peptide induces extensive
axonal sprouting and significantly improves locomotive func-
tional recovery. It is likely that NEP1– 40 enters the spinal cord
through a focally disrupted blood– brain barrier at the SCI site.
To our knowledge, this is the first report to describe a systemic
therapy to promote axonal regeneration after CNS trauma.

We also show that delayed NEP1– 40 treatment stimulates
axonal sprouting and promotes locomotor recovery. The thera-
peutic window for NgR antagonist treatment of subacute SCI is at
least 1 week in these studies. At this time point, there is no de-
crease in the degree of axonal sprouting compared with immedi-
ate therapy with NEP1– 40. Whether responsiveness declines af-
ter several weeks or months in chronic SCI remains to be
examined. It is clear that the inherent regenerative capacity of
lesioned cortical motor neurons persists at least into the subacute
stage of axotomy. In this regard, our results are consistent with
the previous reports showing axonal regrowth in chronic injury
treated with combinations of neurotrophic factors, fetal spinal
cord transplantation, and IN1 antibody (Ye and Houle, 1997; von
Meyenburg et al., 1998; Coumans et al., 2001). Our findings dem-
onstrate an extended therapeutic window for the systemic treat-
ment of SCI with Nogo receptor antagonists.

NEP1– 40 was identified as an NgR competitive antagonist
(GrandPre et al., 2002), and this antagonism is the most probable
in vivo mode of action. Several factors argue against an alternative
mechanism based on a beneficial immune response to NEP1– 40
administration resembling that described for anti-Nogo or anti-
myelin antibodies (Bregman et al., 1995; Thallmair et al., 1998;
Huang et al., 1999). First, the peptide was administered as a low-
molecular-weight soluble compound without adjuvant; there-
fore, it is highly unlikely to incite an antibody response. Second,
immunization studies with a glutathione S-transferase–Nogo-66
protein containing the NEP1– 40 sequence in the presence of
adjuvant yield no detectable antibody titer to Nogo and no en-
hanced axonal regenerative response after SCI (S. M. Strittmat-
ter, unpublished observation). Third, a much lower dose of in-
trathecal NEP1– 40 produces an outcome essentially identical to
that of systemic NEP1– 40 (GrandPre et al., 2002).

SCI is a relatively specific model for studying CNS axon regen-
eration because the majority of the SCI-related anatomical and
functional deficit is attributable to axonal interruption. Several
SCI models, including contusions, compressions, and transec-
tions (incomplete or complete), have been used for examining
experimental treatments. Contusion or compression injuries are
widely accepted because they resemble the complex lesions of
many clinical SCI cases. Because such models usually produce
central gray matter necrosis with variable white matter damage,
the discreteness of the anatomical result and its correlation with

Figure 5. Systemic NgR antagonist peptide induces numerous distal regenerating CST fibers. A, B, Parasagittal sections 1– 4
mm distal to the hemisection display the numerous branching fibers (arrowhead) in the peptide-treated mice (B), in contrast to no
fibers in the control sections ( A). C, Quantification of CST fibers is illustrated at various distances caudal to the injury site for the
group given treatment 3 hr after trauma. D, E, Transverse sections at a level 5–7 mm caudal to the lesion illustrate no fibers in the
gray matter of the dorsal spinal cord from the vehicle-treated animals ( D), but a large number of fibers with branching patterns in
the NEP1– 40 group are seen (arrowhead) ventral to dorsal CST ( E). F, CST fiber counts at a level of 5–7 mm caudal to the lesion
from transverse sections indicate a greater number in NEP1– 40-treated groups (subcutaneous application) than in the control
group. G, H, Transverse sections 5–7 mm caudal to the lesion show a number of BDA-labeled fibers (H, arrowhead) from mice
treated with NEP1– 40 7 d after SCI delivery, but no fibers in the sections from the time-matched vehicle-treated animals ( G). I,
Graph shows the number of BDA-labeled CST fibers 5–7 mm distal to hemisection from animals receiving NEP1-40 treatment 7 d
after injury. Scale bar, 25 �m. In all the graphs, means � SEM from seven mice in each group are reported. The NEP1– 40 values
are statistically different from the control. *p � 0.05; **p � 0.01; Student’s t test.
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physiological performance is limited. In contrast, incomplete spi-
nal cord transection, such as dorsal hemitransection, interrupts a
group of defined pathways, making it easier to investigate
regeneration-promoting therapy (Huang et al., 1999; Brosamle et
al., 2000; Coumans et al., 2001; Qiu et al., 2002). Moreover, this
model has been used frequently for studying the regeneration-
related behavioral alterations (Huang et al., 1999; Bradbury et al.,
2002; Dergham et al., 2002; Schucht et al., 2002). Such spinal
injuries produce less scar tissue and tissue cavitation in mice than
in larger mammals (Steward et al., 1999). Because the primary
target of NEP1– 40 treatment is myelin-derived inhibition rather
than scar-derived inhibition of axon regeneration, the benefits
may be more pronounced in mice than in other species. From the
current study, it is clear that systemic NEP1– 40 treatment in-
duces dramatic improvements in mouse locomotor scores. When

administered during the first 2 weeks, NgR antagonist treatment
induces a return to weight-bearing on the hindlimbs (BBB score,
�9) that is twice as rapid as in control mice. When the NgR
antagonist is administered during the 1–3 week period after SCI,
significant and persistent locomotor improvements in the 2– 6
week period are observed in several measures. Scores of hindlimb
coordination and placement are improved compared with
vehicle-treated animals (BBB score), stride length returns to that
of uninjured mice, and the ability to climb a grid is close to that of
uninjured animals.

After SCI, the extent of motor function improvement depends
on both the reorganization of segmental circuitry and the resto-
ration of supraspinal input. Our morphologic studies are consis-
tent with previous studies (Bregman et al., 1993) in demonstrat-
ing that segmental mechanisms play a major role in the
locomotor recovery of spinally injured rodents under control
conditions, because no CST regrowth is detected. In principle,
enhanced plasticity at the segmental level might contribute to
functional improvement in the NgR antagonist-treated mice.
However, we have no anatomical data to support this hypothesis.
There are several lines of evidence indicating that the restoration
of supraspinal input to the lumbar cord participates in the func-
tional improvement. First, BDA traces regenerated fibers across
the lesion site and into the caudal part of the spinal cord after NgR
antagonist treatment. For example, at 1– 4 mm caudal to the
transection site, 9 –24 regenerated fibers were seen in each NEP1–
40-treated mice. Near the lesion site, some regenerating dCST
fibers circumvent the lesion through the ventral part of gray or
white matter of the cord, whereas others course through the le-
sioned dorsal or lateral spinal cord. Even at 5–7 mm distal to SCI,
5–18 BDA-labeled fibers are detectable in transverse sections of
NEP1– 40-treated mice. The total number of regenerated axons
may be much greater than that observed here, because this an-
terograde BDA tracing method labels only a fraction of total CST
fibers (Brosamle and Schwab, 1997). Second, the synaptic marker
synaptophysin is localized to the varicosities of BDA-labeled ax-
ons at the lumbar levels of spinal cord, demonstrating anatomical
reconnection between sprouting CST fibers and distal spinal cord
neurons. On a numerical basis, the camera lucida reconstructions
suggest that a majority of such distal CST fibers in systemic
NEP1– 40-treated mice derive from sprouted dCST fibers. How-
ever, it remains plausible that distal sprouts from the rare ventral
CST (vCST) fibers are also involved in the synaptic reorganiza-
tion after NEP1– 40 application. Spontaneous structural plas-
ticity in vCST is known to correlate with rat functional recovery
after SCI (Weidner et al., 2001). Third, the serotonergic axon
growth induced by peptide NEP1– 40 demonstrates that NgR
antagonism can promote regeneration in multiple descending
pathways that may play a role in locomotor recovery. The wide-
spread neuronal distribution of the NgR (Wang et al., 2002c)
makes it likely that additional fiber systems are responsive to
NEP1– 40 and contribute to the improved performance of spinal
cord-injured mice after NEP1– 40 treatment. In particular, the
sprouting of injured rubrospinal fiber may also contribute to
functional improvements. Similarly, the reorganization of spared
pathways, such as descending ventrolateral fibers (Brustein and
Rossignol, 1998), may also contribute to functional recovery
(Raineteau et al., 2001). Together, the CST tracing, the 5-HT
staining and the BDA/synaptophysin colocalization indicate the
restoration of supraspinal inputs plays a significant role in the
pronounced functional recovery after systemic NgR antagonist
treatment.

The present study reveals that systemic NgR antagonist pep-

Figure 6. Synaptophysin and MBP distribution relative to caudal CST fibers in NEP1– 40-
treated mice. A, Confocal imaging displays the double-staining for BDA-labeled regenerating
CST fibers (red) and synaptophysin (green) in the ventral horn of transverse spinal cord at a level
of 8 –9 mm caudal to the lesion site from NEP1– 40-treated mice. Note the localization of
synaptophysin to varicosities (arrowheads) of BDA-positive fibers in the lumbar level of spinal
cord. B, Transverse section of ventral gray matter 8 –9 mm caudal to the hemisection stained for
BDA (red) and MBP (green) illustrates that NEP1– 40-induced CST fibers in the distal spinal cord
are not myelinated 20 d after SCI. Scale bars, 25 �m.

Figure 7. Systemic administration of NEP1– 40 induces an upregulation of SPRR1A and
distal serotonin fiber sprouting. A, A ventral horn transverse section from 5–7 mm caudal to the
lesion site displays the positive neurons (arrowhead) stained with regeneration-related protein
SPRR1A from NEP1– 40-treated animals. B, SPRR1A-positive neuronal counts at a level of 5–7
mm rostral or 5–7 mm caudal to the lesion demonstrate a significant increase in the number of
immunoreactive cells in the NEP1– 40-treated groups. C, A transverse section of ventral horn
5–7 mm distal to the hemisection illustrates the serotonin fibers stained with antibody against
5-HT (arrowhead). D, Immunoreactive serotonin fiber length in the ventral horn at a level of 5–7
mm rostral or 5–7 mm caudal to injury site was measured. The means � SEM from seven mice
in each group are reported. The NEP1– 40 values are statistically different from the control.
*p � 0.05; **p � 0.01; Student’s t test. Scale bar: (in A) A, C, 25 �m.
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tide stimulates anatomical sprouting
and caudal growth of both CST and ra-
phespinal fibers, and induces upregula-
tion of growth-associated proteins in
the spinal cord. Importantly, systemic
administration of NgR antagonist, even
applied in the subacute/chronic stage,
yields a concomitant improvement in
locomotor function. The ability of sys-
temic NEP1– 40 treatment in mice to
match intrathecal effects in rats sup-
ports the notion that the blood– brain
barrier breakdown after trauma pro-
vides a therapeutic window for the ad-
ministration of regeneration-promot-
ing reagents that might not otherwise
gain access to the CNS. It is clear that
subacute traumatic CNS axonal injuries
can be successfully treated in mice by
the delayed systemic administration of
an NgR antagonist. The NEP1– 40 pep-
tide selectively blocks Nogo-66 action
(GrandPre et al., 2002) but not myelin-
associated glycoprotein action (Liu et
al., 2002) at the NgR. Thus, more gen-
eral NgR antagonists might be even
more effective systemic therapeutics for
promoting recovery after adult CNS
axotomies such as SCI.
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