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The hypothesis that Nogo-A (Reticulon 4A) and Nogo-66 receptor (NgR1) limit adult CNS axonal growth after injury is supported by both
in vitro experiments and in vivo pharmacological studies. However, genetic assessment of the role of Nogo-A in corticospinal tract (CST)
axons after spinal cord dorsal hemisection has yielded conflicting results. CST regeneration is detected in homozygous nogo-abtrap/trap

mice, but not in nogo-abatg/atg mice. CST regeneration is also present after pharmacological NgR blockade, but not in ngr1 � / � mice. To
assess the nogo-abatg and ngr1-null alleles for other axon growth phenotypes, we created unilateral pyramidotomies and monitored the
uninjured CST. There is robust pyramidotomy-induced growth of nogo-abatg/atg and ngr1�/� CST axons into denervated cervical gray
matter. This fiber growth correlates with recovery of fine motor skill in the affected forelimb. Thus nogo-ab and ngr1 play a modulated role
in limiting CNS axonal growth across a spectrum of different tracts in various lesion models.
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Introduction
Axons extend over long distances during development to wire the
nervous system. As the brain and spinal cord mature, axonal
growth in the mammalian brain is refined by experience and then
severely restricted in the adult. Although stability of axonal con-
nections may facilitate complex brain function, lack of axonal
growth limits brain and spinal cord repair after acquired neuro-
logical injury. The extension of adult CNS axons for long dis-
tances in vivo through peripheral nerve grafts has led to the hy-
pothesis that CNS glial cells present proteins inhibitory for
axonal growth (David and Aguayo, 1981; Benfey and Aguayo,
1982). Four proteins have been identified as myelin-associated
inhibitors: Nogo (Chen et al., 2000; GrandPre et al., 2000; Prinjha
et al., 2000), myelin-associated glycoprotein (MAG) (McKer-
racher et al., 1994; Mukhopadhyay et al., 1994), oligodendrocyte
myelin glycoprotein (OMgp) (K. Wang et al., 2002), and eph-
rinB3 (Benson et al., 2005). Three of these myelin ligands bind
with high affinity to the Nogo-66 receptor (NgR) (Fournier et al.,
2001; Liu et al., 2002; K. Wang et al., 2002; Venkatesh et al., 2005).
Here we use the term NgR1 for NgR to distinguish it from two
related proteins, NgR2 and NgR3 (Barton et al., 2003), the former
of which can function as an alternative MAG receptor (Venkatesh
et al., 2005).

Nogo is a member of the Reticulon family (Rtn-4) and exists
in A, B, and C isoforms. In the adult CNS Nogo-A is enriched in
oligodendrocytes and myelin, whereas Nogo-C is expressed by
neurons and Nogo-B is much less abundant. Each isoform con-

centrates in the endoplasmic reticulum, but Nogo-A reaches the
surface of oligodendrocytes and Nogo-B that of endothelial cells
in significant amounts (GrandPre et al., 2000; Acevedo et al.,
2004; Dodd et al., 2005; Voeltz et al., 2006). Oligodendrocyte
Nogo-A juxtaposed to axonal NgR (X. Wang et al., 2002) pro-
vides bipartite activation of NgR to inhibit axonal growth (Hu et
al., 2005). Nogo-A has additional inhibitory actions via receptors
not shared with Nogo-B or Nogo-C (Fournier et al., 2001; Oertle
et al., 2003; Acevedo et al., 2004; Miao et al., 2006).

Pharmacological studies have demonstrated benefit from in-
terfering with Nogo/NgR function on axonal regeneration and
functional recovery after spinal cord injury (SCI) (Schnell and
Schwab, 1990; Bregman et al., 1995; GrandPre et al., 2002; Li et
al., 2004). Similar benefits are noted for stroke recovery (Papado-
poulos et al., 2002; Lee et al., 2004; Seymour et al., 2005). Genetic
analysis has proven less clear (Woolf, 2003). Three laboratories
have generated Nogo-A knock-out mice, two of which, termed
nogo-abtrap/trap (Kim et al., 2003) and nogo-aEIII/EIII (Simonen et
al., 2003; Dimou et al., 2006) in this publication, showed en-
hanced growth of corticospinal tract (CST) axons after spinal
hemisection. In contrast, one mouse, termed nogo-abatg/atg here,
failed to show an enhanced regenerative phenotype (Zheng et al.,
2003). In our laboratory a direct comparison of dorsal hemisec-
tion in littermate-matched, strain-identical nogo-abtrap/trap versus
nogo-abatg/atg mice confirms a phenotypic difference between
these alleles, with clear long-distance CST regeneration in the
mice carrying the trap allele, but not the atg allele (our unpub-
lished studies).

The confusion from divergent nogo genetic studies has been
compounded by the observation that mutant mice lacking NgR1
do not show an enhanced CST regenerative phenotype after dor-
sal hemisection (Kim et al., 2004; Zheng et al., 2005). However,
the ngr1�/� phenotype is complex in that these mice do recover
hindlimb function after spinal injury and show regeneration of
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rubrospinal and raphespinal axons (Kim et al., 2004). Against this
background of consistently positive pharmacological studies but
varied genetic results, we have undertaken a more complete anal-
ysis of the seemingly nonregenerative CST in ngr�/� mice (Kim et
al., 2004) and nogo-abatg/atg mice (Zheng et al., 2003). We find
that the lack of a CST growth phenotype is relative, and not
absolute, in nogo-abatg/atg and ngr�/� mice. In a selective pyra-
midotomy paradigm there is pronounced collateral sprouting of
intact CST fibers across the midline and into denervated spinal
cord, with a return of preferred forelimb usage in both ngr1�/�

and nogo-abatg/atg mice. These data con-
firm a role for Nogo-A and NgR1 in limit-
ing functional recovery from SCI via a
spectrum of axonal growth within the
damaged CNS.

Materials and Methods
Mice. Nogo-abatg/atg mice were a gift from Marc
Tessier-Lavigne (Zheng et al., 2003). Ngr�/�

mice have been described (Kim et al., 2004).
Both lines were back-crossed with C57/BlK6 for
more than six generations, and mice were 7–9
weeks of age at surgery. Wild-type littermates
were used as controls.

Surgery. Animals were anesthetized deeply
with ketamine (100 mg/kg)/xylazine (15 mg/
kg) [n � 50 (15 � ngr1�/�, 10 � ngr1�/�, 15 �
nogo-abatg/atg, and 10 � nogo-ab�/�)] and
placed in a supine position; an incision was
made left of the trachea. Blunt dissection was
performed to expose the skull base, and a cra-
niotomy in the occipital bone allowed for ac-
cess to the medullary pyramids. The dura ma-
ter overlaying the pyramids was pierced with
a 32-gauge hypodermic needle, and the left or
right pyramid was cut with fine iridectomy
scissors medially up to the basilar artery
(Thallmair et al., 1998; Benowitz et al., 1999).
The wound was closed in layers with 5.0 Vic-
ryl. Then 4 weeks later the intact CST was
traced with biotinylated dextran amine
(BDA; 1.5 �l total) infused into the sensori-
motor cortex at four sites (coordinates from
bregma: 1.0 mm anterior/1.0 mm lateral, 1.0
mm anterior/0.5 mm lateral, 1.0 mm posteri-
or/1.0 mm lateral, and 1.0 mm posterior/0.5
mm lateral, all at a depth of 0.8 mm into cor-
tex). Animals received postoperative ampicil-
lin twice a day for 3 d. The surgeon was blind
to mouse genotype at surgery. All surgical
procedures and postoperative care were per-
formed in accordance with guidelines of the
Yale Animal Care and Use Committee.

Behavior. Fine motor skill was assessed in an-
imals that underwent unilateral pyramidotomy
by using a modified food pellet retrieval task
(Thallmair et al., 1998). Animals were trained
daily for 2 weeks before pyramidotomy to re-
trieve and consume 10 food pellets from a
smooth surface through a small window dis-
placed to one side of a transparent plastic box.
Pellet retrieval was judged as successful if the
animal clearly extended its forelimb through
the window, grasped the pellet after paw prona-
tion, retrieved the pellet after paw supination,
and consumed it. Pellets swept into the testing
box were not counted. The biased location of
the aperture in the box resulted in animals pref-

erentially and consistently using one forelimb to retrieve food pellets.
Ngr1�/� and ngr1�/� mice were trained to retrieve food pellets with their
left forelimbs and subsequently underwent ablation of the right pyrami-
dal tract. The nogo-abatg/atg mice and their wild-type littermates were
trained to retrieve food pellets with their right forelimbs and subse-
quently underwent a left pyramid ablation. The choice of a right-sided
versus left-sided focus in the two experiments was arbitrary. Animals in
all groups displayed clear unilateral limb paresis immediately after recov-
ering from anesthesia. Therefore, within the first day after surgery the
mice were unable to perform the food pellet retrieval, regardless of

Figure 1. PyX ablates corticospinal input along one side of the spinal cord. Schematic of brain and spinal cord illustrating
mature termination pattern of the adult CST (A) and location of lesion and predicted sprouting response from intact CST (B) into
deafferented side (stippled line). Photomicrographs C, E, and G show brainstem, cervical, and lumbar spinal cord, respectively,
from intact wild-type animals and D, F, and H from pyramidotomized wild-type animals. Anti-GFAP-reactive astrocytes demar-
cate the lesion (D), but no astrocytic response is evident in sham-lesioned animals (C). Scale bar, 200 �m. Sections from C7 spinal
cord of naive (E) and PyX wild-type (F ) animals illustrate an identical termination pattern of BDA � CST axons (red) and myelin
compaction (green). Scale bar, 200 �m. Inspection of L4 spinal cord shows bilateral PKC� immunoreactivity in the ventrodorsal
columns of intact mice (G) and unilateral PKC� immunoreactivity in PyX mice (H ). Scale bar, 200 �m.
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genotype. By 28 d after lesion all animals were
capable of retrieving 10 food pellets within a 5
min time span. However, they tended to avoid
use of the lesioned paw, instead reaching across
with the intact paw. The fraction of 10 pellets
successfully retrieved by the lesion-affected paw
was scored by an observer unaware of mouse
genotype.

Histology. Animals were perfused transcardi-
ally with PBS, followed by 4% paraformalde-
hyde/PBS. Spinal cords were dissected, post-
fixed overnight at 4°C, and embedded for
vibratome sectioning. Transverse sections of
cervical cord (25–30 �m) were processed for
BDA with streptavidin secondary antibodies
(Invitrogen, Eugene, OR) and tyramide signal
amplification (PerkinElmer Life Sciences, Em-
eryville, CA). Immunofluorescence of brain-
stem and spinal cord sections used primary an-
tibodies directed to 5-hydroxytryptamine
(5-HT; 1:15,000; ImmunoStar, Hudson, WI),
glial fibrillary acidic protein (GFAP; 1:10,000;
Invitrogen), myelin basic protein (MBP;
1:5000; Invitrogen), protein kinase C� (PKC�;
1:1000; Santa Cruz Biotechnology, Santa Cruz,
CA), and calcitonin gene-related peptide
(CGRP; 1:8000; Sigma, St. Louis, MO) with Al-
exa Fluor 350, 488, and 568 (1:500; Invitrogen)
secondary antibodies.

The extent of CST fiber innervation was de-
termined by using NIH ImageJ, version 1.62
(National Institutes of Health, Bethesda, MD).
The optical density of BDA reactivity was mea-
sured from the pial surface ventrally through
transverse spinal cord sections. Alternatively,
labeled fibers were selected by thresholding,
and fiber length within gray matter from each
side of each section (five sections/mouse) was
measured after the skeletonize function was
used.

Results
Unilateral pyramidotomy ablates CST
input contralaterally in the
spinal cord
The absence of long-distance CST regen-
eration after dorsal hemisection in the
nogo-abatg/atg and ngr1�/� mice begs the
question as to whether there is a total ab-
sence of an enhanced CST axonal growth
phenotype in these animals. We turned to
another lesion paradigm that would re-
duce nonmyelin inhibition by astrocytic
scars and would entail behavioral recovery
more closely linked to CST function. Uni-
lateral lesions of the medullary pyramid
(pyramidotomy, PyX) (Fig. 1A,B) deaffer-
ent the contralateral spinal cord of CST input (Thallmair et al.,
1998; Benowitz et al., 1999; Starkey et al., 2005). There is a dis-
crete astrocytic response restricted to one side of the ventral me-
dulla (Fig. 1C,D, GFAP-immunoreactive), but there is no change
in myelin or astrocytic staining in the cervical spinal cord (Fig. 1,
compare E, F). PyX eliminates PKC� immunoreactivity in the
CST on the lesioned side but does not alter the projection of the
uninjured CST revealed by either PKC� staining or BDA tracing
from cortical injections (Fig. 1E–H).

PyX-induced sprouting of intact CST fibers in ngr1 �/� mice
Using the PyX model, we examined injury-induced axon growth
in mice lacking the high-affinity receptor for Nogo-A, NgR1
(Kim et al., 2004). Sprouting of intact CST axons was assessed via
cortical tracing with BDA injection into the intact cortex 4 weeks
after injury. Intact ngr1�/� (Fig. 1E) and ngr1�/� (Fig. 2A) mice
show normal termination of corticospinal collaterals that branch
unilaterally from the main dorsal CST into all lamina of the gray
matter. PyX of ngr1�/� mice causes an insignificant change in the

Figure 2. PyX-induced sprouting of intact CST fibers in ngr1�/� mice. Photomicrographs A–C illustrate C7 transverse sections
of spinal cord from ngr1�/� sham, ngr1�/� PyX, and ngr1�/� PyX-lesioned animals. Fasciculated BDA � axons can be seen in
the left ventrodorsal column (A) from which CST collaterals project unilaterally into both dorsal and ventral horns in sham-lesioned
ngr1�/� (A) and PyX ngr1�/� mice (B). PyX ngr1�/� mice illustrate robust sprouting of intact BDA � CST axons into the
deafferented side of the spinal cord (C). Scale bar, 100 �m. The optical density of BDA � axons from the pial surface into gray
matter was assessed in zones I–VI (A). Quantification of zones IV–VI is shown in D–F. The integrated CST density (area under the
curve) of ngr1�/� animals is significantly greater in zones IV and V than in sham-lesioned or PyX ngr1�/� mice (*p � 0.05,
ANOVA). G, H, As another measure of CST innervation, fiber length per cross-sectional area was measured throughout the spinal
cord gray matter. Fiber length was not significantly different on the intact side between ngr1�/� and ngr1�/� mice after sham
or PyX lesion (G); however, CST fiber length was significantly greater on the injured side of ngr1�/� mice (H ) compared with
ngr1�/� PyX, ngr1�/� sham, and ngr1�/� sham-lesioned mice (*p � 0.001, ANOVA). For G and H, data are the mean � SEM
for n � 7–10 mice.

12244 • J. Neurosci., November 22, 2006 • 26(47):12242–12250 Cafferty and Strittmatter • Nogo and a Spectrum of Axon Growth



termination pattern of BDA-labeled CST collaterals, with most
axons remaining ipsilateral to the lesion (Fig. 2B). In marked
contrast, PyX in ngr1�/� mice results in substantial sprouting of
BDA-labeled CST collaterals across the midline and into the de-
nervated side of the spinal cord (Fig. 2C). The reproducibility of
this phenotype is illustrated in supplemental Figure S1 (available
at www.jneurosci.org as supplemental material). To quantify this
sprouting response, we split the spinal cord into zones I–VI (Fig.
2A) and measured the optical density of BDA reactivity in a ver-
tical plane from the pial surface to the ventral aspect of the spinal
cord. CST axon density for the denervated zones IV–VI (Fig.
2D–F) clearly illustrates the large increase in BDA-labeled axons
in the denervated spinal cord after PyX in ngr1�/� mice, but not
in ngr1�/� mice. Measurement of CST axonal length in the trans-
verse plane yields similar evidence for injury-induced axonal
growth into the denervated side of the spinal cord of ngr1�/�

mice (Fig. 2H). In fact, this growth reconstitutes 25% of normal
innervation density (Fig. 2, compare G, H). We directly counted
the number of CST fibers crossing from the intact side of the
spinal cord to the denervated side within midcervical transverse
sections. Animals lacking ngr1 exhibit a fivefold increase in the
absolute incidence of such crossing CST axons (Fig. 3).

Given the extensive growth from uninjured CST fibers into
denervated spinal cord, an improved recovery of the fine motor
function may be expected in ngr1�/� mice if fibers from the
ipsilateral, “wrong,” cortex can contribute to functional recovery.
Adult ngr1�/�and ngr1�/� mice were trained to retrieve food
pellets through a small window in transparent plastic box, with
the window displaced to one wall of the box such that animals
were biased to use one paw to retrieve food. The mice then un-
derwent unilateral PyX to deafferent the spinal cord on the side of
the pretrained forelimb. In the first day after surgery the affected
forelimb was paretic and mice were not subjected to the food
pellet retrieval test. Animals recovered function over 4 weeks, at
which time their preference for retrieving food pellets with their
injury-affected versus unaffected forelimbs was reassessed. The
control ngr1�/� mice were able to retrieve food pellets at 4 weeks
after PyX, but they did so almost exclusively by reaching across
with the unaffected forelimb and made little use of the previously
trained limb (see Fig. 6). In stark contrast, the ngr1�/� mice fully
regained the preferential use of the affected forelimb and were
indistinguishable from sham-lesioned animals at the end of the
recovery period. Thus the adult ngr1�/� mice are capable of CST
growth to an extent that wild-type mice are not. Moreover, this
CST growth appears to be capable of promoting functionally
relevant behaviors.

PyX-induced sprouting of intact CST fibers in
nogo-ab atg/atg mice
We also assessed the response of nogo-abatg/atg mice to PyX.
Sprouting of intact CST axons was monitored by BDA tracing in
lesioned adult nogo-ab�/� and nogo-abatg/atg mice. Sham-
lesioned nogo-abatg/atg mice have normal CST terminals in con-
tralateral gray matter (Fig. 4A). As expected, PyX in nogo-ab�/�

mice does not alter the spatial location of CST terminals signifi-
cantly (Fig. 4B). In contrast, pyramid lesion in nogo-abatg/atg mice
results in the sprouting of substantial numbers of CST axons
from the intact to the denervated side (Fig. 4C). This pattern was
observed consistently (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). Quantification of CST
axon density in the dorsoventral plane in zones I–VI (Fig. 4A)
reveals nogo-abatg/atg mice to have significantly more BDA-
labeled fibers present in all denervated zones (Fig. 4D–F). CST

Figure 3. CST fibers crossing the midline of the spinal cord. A–C, Photomicrographs illus-
trate significant numbers of BDA-immunoreactive CST axons sprouting across the midline in
ngr1�/� mice after PyX compared with ngr1�/� sham and ngr1�/� PyX-lesioned mice. Scale
bar, 100 �m. D, The average number of CST fibers crossing the midline of the cervical spinal per
transverse section is significantly greater in ngr1�/� mice compared with ngr1�/� PyX,
ngr1�/� sham, and ngr1�/� sham-lesioned mice (*p � 0.001, ANOVA). Data are the
mean � SEM for n � 7–10 mice.
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axonal arbor length is increased selectively
on the denervated side (Fig. 4G,H ), and
CST midline crossings are much more
numerous in cervical spinal cord sec-
tions from nogo-abatg/atg mice (Fig. 5).

The adult nogo-ab�/� and nogo-abatg/atg

mice had been trained in the food pellet
retrieval task for 2 weeks before PyX. At 4
weeks after surgery their preference for re-
trieving food pellets with their affected
forelimb was assessed. Control nogo-
ab�/� mice did not use their injured fore-
limbs to retrieve food pellets at the end of
the testing period. The nogo-abatg/atg mice
fully recovered preferential use of the deaf-
ferented forelimb by 4 weeks after lesion
and were indistinguishable from sham
surgery mice (Fig. 6B).

PyX does not alter primary afferent
terminals or descending
raphespinal axons
The preceding PyX studies demonstrate
robust sprouting of uninjured ngr1�/�

and nogo-abatg/atg CST axons adjacent to a
denervated contralateral spinal cord. On
the one hand, this growth may reflect a
focal and selectively beneficial responsive-
ness of spared CST fibers. Alternatively,
the PyX may release the growth of multiple
fiber systems in the cervical spinal cord
without respect to functional conse-
quence. Consistent with the latter notion,
previous reports have shown that unilat-
eral PyX results in the dysregulation of a
number of genes within the denervated
side of the spinal cord (Bareyre et al.,
2002), including an upregulation of brain-
derived neurotrophic factor (BDNF) that
may have pleiotropic axonal growth ef-
fects. To assess the specificity of PyX-
induced axonal growth in the ngr1�/� and
nogo-abatg/atg mice, we investigated two
other fiber systems: primary afferent noci-
ceptors (expressing CGRP) and raphespi-
nal fibers. CGRP-immunoreactive sensory
neurons terminate in lamina II of spinal
gray matter on the intact and pyramidoto-
mized side in ngr1�/� and nogo-ab�/�

mice (Fig. 7A,H, left side intact). CGRP
nociceptors have a normal termination
pattern on the intact side of ngr1�/� and
nogo-abatg/atg mice, and the pattern of
CGRP-immunoreactive terminals is un-
changed by PyX in ngr1�/� or nogo-abatg/atg

mice (Fig. 7B,I, left side intact). Quantification of axon density
shows there is no significant difference between ngr1�/� and
ngr1�/� mice and nogo-ab�/� and nogo-abatg/atg mice on the in-
tact side (Fig. 7C,J) or the pyramidotomized side (Fig. 7D,K).

Raphespinal axons terminate in a diffuse manner throughout
the ventral horn and are concentrated in superficial lamina in the
dorsal horn in the cervical spinal cord. 5-HT-immunoreactive
raphespinal terminals are bilaterally symmetrical after PyX in the

dorsal horn (data not shown) and ventral horn in ngr1�/� and
nogo-ab�/� mice (Fig. 7E,L, left side intact). 5-HT-
immunoreactive terminals normally are distributed in the dorsal
horn (data not shown) and ventral horn on the intact side in
ngr1�/� and nogo-abatg/atg mice and appear to be unchanged after
PyX (Fig. 7F,M, left side intact). Quantification of the average
total length of 5-HT fibers present in the dorsal horn and ventral
horn shows that there is no significant difference between

Figure 4. PyX-induced sprouting of intact CST fibers in nogo-abatg/atg mice. Photomicrographs A–C illustrate C7 transverse
section of spinal cord from nogo-abatg/atg sham, nogo-ab�/� PyX, and nogo-abatg/atg PyX-lesioned animals, respectively. Fascic-
ulated BDA � axons can be seen in the left ventrodorsal column (A) from which CST collaterals project unilaterally into both dorsal
and ventral horns in sham-lesioned nogo-abatg/atg (A) and PyX nogo-ab�/� mice (B). PyX nogo-abatg/atg mice illustrated in-
creased sprouting of intact BDA � CST axons into the deafferented side of the spinal cord (C). Scale bar, 200 �m. The optical
density of BDA reactivity from the pial surface into gray matter was assessed in zones I–VI (A). Quantification of zones IV–VI is
shown in D–F. Assessment of the integrated axonal density (area under the curve) revealed that nogo-abatg/atg animals have
significantly more BDA reactivity in zones IV and V in comparison to sham-lesioned and PyX nogo-ab�/� mice (*p � 0.05,
ANOVA). G, H, The absolute length of CST axon per cross-sectional area was measured throughout the spinal cord gray matter for
each condition. Fiber length was not significantly different on the intact side between nogo-ab�/� sham and nogo-ab�/�

PyX-lesioned mice (G). However, PyX-lesioned ngr1�/� mice had significantly greater CST length compared with nogo-abatg/atg

sham-lesioned mice (*p � 0.05, ANOVA). CST fiber length was also significantly greater on the injured side of nogo-abatg/atg mice
(H ) compared with nogo-ab�/� PyX, nogo-abatg/atg sham, and nogo-ab�/� sham-lesioned mice (*p � 0.001, ANOVA). For G,
H, data are the mean � SEM for n � 7–10 mice.
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ngr1�/� and ngr1� / � mice or between nogo-ab�/� and nogo-
abatg/atg mice, clearly illustrating that intact peptidergic sensory
neurons and raphespinal axons are insensitive to the lack of
Nogo-A or NgR1 after PyX.

Discussion
The present analysis of PyX lesions in nogo-ab and ngr1 mutant
mice permits several conclusions. First, both Nogo-A and NgR

4

Figure 5. Increased numbers of nogo-abatg/atg CST fibers crossing the midline of the spinal
cord after PyX. A–C, Photomicrographs illustrate significant numbers of BDA-immunoreactive
CST axons sprouting across the midline in nogo-abatg/atg mice after PyX compared with
nogo-abatg/atg sham and nogo-ab�/� PyX-lesioned mice. Scale bar, 100 �m. CC, Central canal.
D, The average number of CST fibers crossing the midline of the cervical spinal per transverse
section was significantly greater in nogo-abatg/atg mice compared with nogo-ab�/� PyX,
nogo-abatg/atg sham, and nogo-ab�/� sham-lesioned mice (*p � 0.001, ANOVA). Data are the
mean � SEM for n � 7–10 mice.

Figure 6. Pyridotomized ngr1�/� and nogo-abatg/atg mice recover fine forelimb function.
A, ngr1�/� and ngr1�/� mice were trained to retrieve food pellets through an aperture
displaced to one side of a transparent plastic box. Ipsilateral paw usage was identical between
genotypes during presurgical training. At 4 weeks after PyX, the ngr1�/� illustrated a signifi-
cant inability to retrieve food with their ipsilateral paws (*p � 0.001, ANOVA). ngr1�/� mice
recovered the ability to use their ipsilateral paws and were not significantly different from
sham-lesioned controls. B, Ipsilateral paw usage was identical between nogo-ab�/� and
nogo-abatg/atg mice during presurgical training. At 28 d after PyX, the nogo-ab�/� showed a
significant inability to retrieve food with the ipsilateral forepaw (*p � 0.001, ANOVA). In
contrast, nogo-abatg/atg mice fully recovered the ability to use their ipsilateral paws and were
not significantly different from sham-lesioned controls.
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play a genetically confirmed role in limit-
ing injury-induced CST axon growth in
vivo. Second, injury-induced adult axonal
growth is a graded phenomenon that var-
ies between fiber tract and lesion paradigm
and occurs in several forms ranging from
collateral sprouting to long-distance re-
generation. Third, the penetrance of the
nogo-ab null-enhanced growth phenotype
is modifiable not only by age (Kim et al.,
2003), specific nogo-ab mutant allele
(Zheng et al., 2003) (our unpublished
studies), and background strain (Dimou et
al., 2006) but also by the nature of the CNS
lesion.

A spectrum of injury-induced
axonal growth
Both nogo-abatg/atg mice and ngr1�/� mice
exhibit significant sprouting of intact cor-
ticospinal axons into denervated spinal
cord after unilateral PyX, despite the ab-
sence of long-distance CST regeneration
after dorsal hemisection. Injury-induced
axonal growth can be classified both by an-
atomical tract and by the type of growth.
Descending fiber tracts participating in
motor control include CST, raphespinal,
rubrospinal, and reticulospinal. Studies
with various manipulations of the NgR
system indicate that the serotonergic ra-
phespinal fibers are most capable of
injury-induced growth, rubrospinal axons
are intermediate, and the CST system is
least capable of growth after injury. This
relative growth scale may be specific to
conditions reducing Nogo/NgR function
or may reflect the intrinsic growth state of
these different neuronal populations.

Several modes of injury-induced ax-
onal growth can occur. In a regenerative
mode the growth extends from severed fi-
bers into distal territory. In collateral
sprouting the fibers branch from existing
intact tracts, commonly into a territory de-
nervated by axotomy. Regenerative
sprouting describes growth from axoto-
mized axons that remain proximal to a le-
sion site. If we use these terms, the growth
of CST fibers in nogo-abtrap/trap mice in-
cludes regenerative growth and regenera-
tive sprouting (Kim et al., 2004). The CST fibers of nogo-abatg/atg

mice exhibit collateral sprouting not found in wild-type mice
(Figs. 4, 5), but there is not regenerative CST growth (Zheng et al.,
2003) (our unpublished studies). In ngr1�/� mice there is regen-
erative growth of raphespinal and rubrospinal fibers, whereas
CST fibers exhibit collateral sprouting (Figs. 2, 3) and no regen-
erative growth (Kim et al., 2004). Pharmacological studies with
anti-Nogo antibodies, the Nogo extracellular peptide residues
1– 40 (NEP1– 40) antagonist peptide, and soluble NgR(310)
ectodomain-Fc protein have each demonstrated regenerative
growth, collateral sprouting, and regenerative sprouting of corti-

cofugal fibers and raphespinal systems (Schnell and Schwab,
1990; GrandPre et al., 2002; Li and Strittmatter, 2003). It is critical
that genetic studies of other components of the Nogo/NgR sys-
tem and of other pathways be extended across this spectrum of
growth. Caution in extrapolating from any one model must be
exercised (Woolf, 2003).

PyX-induced sprouting of the CST
The growth of CST axons in nogo-abatg/atg and ngr1�/� mice after
PyX, but not after dorsal hemisection, is striking. The difference
between models may relate to the relative role played by astro-
cytic scars. At a hemisection extensive astrocytic hypertrophy,

Figure 7. PyX fails to influence wiring of primary afferent terminals or descending raphe axons. Photomicrographs show
transverse sections of C7 spinal cord (dorsal horn) immunostained for CGRP from ngr1�/� (A) and ngr1�/� (B) mice after PyX
(left side intact). Scale bar, 200 �m. Assessment of CGRP axon density illustrates normal termination pattern (lamina II) in
ngr1�/� (C) and ngr1�/� (D) mice. PyX does not result in primary afferent reorganization in ngr1�/� or ngr1�/� mice. Also
shown are photomicrographs of C7 spinal cord (ventral horn) immunostained for 5-HT from ngr1�/� (E) and ngr1�/� (F ) mice
after PyX (left side intact). No significant difference is found in 5-HT-immunoreactive spatial axon density in dorsal or ventral horn
of ngr1�/� or ngr1�/� mice after PyX (G). Photomicrographs show transverse sections of C7 spinal cord (dorsal horn) immuno-
stained for CGRP from nogo-ab�/� (H ) and nogo-abatg/atg (I ) mice after PyX (left side intact). Assessment of CGRP axon density
illustrates normal termination pattern (lamina II) in nogo-ab�/� (J ) and nogo-abatg/atg (K ) mice. PyX does not result in primary
afferent reorganization in nogo-ab�/� or nogo-abatg/atg. Also shown are photomicrographs of C7 spinal cord (ventral horn)
immunostained for 5-HT from nogo-ab�/� (L) and nogo-abatg/atg (M ) mice after PyX (left side intact). No significant difference is
found in 5-HT-immunoreactive axon density in dorsal or ventral horn of nogo-ab�/� or nogo-abatg/atg mice after PyX (N ). Scale
bar, 200 �m.
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proliferation, and deposition of chondroitin sulfate proteogly-
cans occur. In contrast, the cervical spinal cord through which
collateral CST sprouts grow after PyX exhibits no reactive astro-
gliosis; however, myelin persists. Thus this model more specifi-
cally may isolate oligodendrocyte- from astrocyte-mediated in-
hibition of adult axonal growth.

Another issue in the PyX model is the nature of the signal that
leads to CST collateral growth. There is selectivity in the response
because CST axons, but not raphespinal fibers or CGRP-
immunoreactive primary afferents, exhibit sprouting. Because
the sprouting occurs at a site distant from the lesion, the most
proximate potential signal for growth is a ventral horn dener-
vated of descending CST input. How contralateral CST axons
might sense an altered electrophysiological or biochemical state
within the segmental spinal cord remains an open question. A
previous analysis of PyX-induced gene dysregulation revealed
that a number of growth-related proteins, growth factors, and
guidance molecules are upregulated in the denervated spinal cord
(Bareyre et al., 2002).

When CST fibers exhibit collateral sprouts, there is a recovery
of paw preference in the food pellet retrieval task. To the extent
that the midline-crossing anatomical sprouts contribute to func-
tional improvement, the cerebral cortex ipsilateral to the affected
forelimb is implicated in motor recovery. However, the mecha-
nism for the behavioral recovery in ngr1� / � and nogo-ab atg/atg

mice also may lie in plastic changes reported in the lesioned CST.
Previous studies have illustrated that novel connections arise
from the damaged CST to the red nucleus and pontomedullary
formation after PyX and IN-1 treatment (Thallmair et al., 1998).
Although these connections allow lesioned CST fibers access to
the denervated spinal cord, it seems that these connections fail to
impact the recovery of function, because re-lesioning the dam-
aged CST proximal to the original lesion site failed to diminish
the recovery observed in the food pellet retrieval in mice that had
received IN-1 after PyX (Thallmair et al., 1998). Therefore, al-
though we cannot rule out the possibility that corticofugal reor-
ganization can contribute to behavioral recovery in PyX ngr1�/�

and nogo-abatg/atg mice, our current data correlate contralateral
corticospinal sprouting with recovery of motor function. This is
consistent with human stroke cases in which recovered function
can be redistributed to new alternate pathways, as demonstrated
by functional magnetic resonance imaging. For example, partial
recovery from the contralateral hemiparesis associated with a
motor cortex stroke can involve activation of regions in the op-
posite, undamaged hemisphere (Pineiro et al., 2001; Feydy et al.,
2002; Foltys et al., 2003; Zemke et al., 2003). In conclusion, these
data confirm a key role the Nogo/NgR axis in limiting axonal
growth after CNS injury.
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