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Brief Communications
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The myelin-derived neurite growth inhibitor Nogo has been proposed to play a major role in blocking axon regeneration in the CNS
after injuries. However, past studies have produced mixed results regarding the regenerative phenotype of various Nogo-deficient
mouse lines after experimental spinal cord injury. Two lines did not display enhanced corticospinal tract (CST) regeneration, and
one displayed modest regeneration. A fourth line, a Nogo-A,B gene-trap mutant, was instead reported to exhibit extensive CST
regeneration, but the results were later found to be inadvertently confounded with an axon labeling artifact. Of the four Nogo
mutant lines studied so far, three continue to express some isoform(s) of Nogo, leaving open the question whether any remaining
Nogo protein contributes to the modest regenerative phenotype reported in some. The remaining Nogo mutant line studied was
confounded by the unexplained rescue of embryonic lethality associated with this mutation. To gain a better understanding of the
contribution of Nogo as an inhibitor of regeneration of CNS axons, and particularly CST axons, we reanalyzed the Nogo-A,B
gene-trap mutant line and analyzed a novel, fully viable Nogo deletion mutant line that is null for all known isoforms of Nogo. Our
analyses failed to reveal any enhanced CST regeneration after experimental spinal cord injury in either line. These results indicate
that Nogo alone does not account for lack of CST regeneration and have implications for current therapeutic development for
spinal cord injury in humans by targeting Nogo.

Introduction
The limited ability of CNS axons to regenerate after injury has
been partially attributed to inhibitors of axon regeneration in
CNS myelin (Yiu and He, 2006). Of the three extensively characterized myelin-derived axon growth inhibitors [Nogo, myelinassociated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp)], Nogo has received the most attention as a
therapeutic target for spinal cord injury (Gonzenbach and
Schwab, 2008). Treatment with antibody IN-1 has been reported
to promote corticospinal tract (CST) regeneration in rodents
(Schnell and Schwab, 1990; Brösamle et al., 2000), but this antibody is not specific to Nogo (Caroni and Schwab, 1988a,b). More
selective antibodies promote more limited regeneration in rats
(Liebscher et al., 2005), and the statistical significance of their
reported effect on regeneration in primates (Freund et al., 2006)
has been questioned (Ho and Tessier-Lavigne, 2006). A peptide
that disrupts the interaction between Nogo and Nogo receptor
(NgR1) promoted CST regeneration in some experiments
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(GrandPré et al., 2002; Li and Strittmatter, 2003) but not in others (Steward et al., 2008).
Genetic studies in mice have been used to interrogate Nogo
function more decisively but have produced mixed results
(Zheng et al., 2006). Three groups collectively reported a
broad, puzzling spectrum of CST regeneration phenotypes in
four Nogo mutant lines. A first group did not observe any
enhanced CST regeneration in a Nogo-A,B targeted mutant or
a C-terminal targeted mutant that is null for Nogo-C and
severely hypomorphic for Nogo-A,B (Zheng et al., 2003).
However, all viable C-terminal mutants analyzed had been
derived from a single, rare escaper mutant mouse that spontaneously arose in an otherwise homozygous lethal line. It is
not known how the reversal of the lethality occurred and
whether it was associated with any confounding compensatory mechanism pertinent to axon regeneration.
The second group reported a trend for enhanced CST regeneration beyond the lesion site in a Nogo-A targeted mutant, but
this trend did not reach statistical significance (Simonen et al.,
2003). The lack of robust regeneration in this mutant has been
attributed to two confounding factors: the mixed genetic background originally analyzed (Dimou et al., 2006) and the marked,
unintended upregulation of Nogo-B in this mutant (Simonen et
al., 2003).
The third group initially reported massive CST regeneration
in a Nogo-A,B gene-trap mutant as evidenced by the presence of
extensive ectopic fibers in the lateral and ventral white matter
both above and below the level of injury (Kim et al., 2003). However, this evidence was later explained by a labeling artifact that

8650 • J. Neurosci., July 8, 2009 • 29(27):8649 – 8654

Lee et al. • Nogo in Corticospinal Tract Regeneration

occurs when the tracer is injected too deep
into the brain and leaks into the ventricles
(Steward et al., 2007).
To minimize confounding factors in
previous Nogo mutant studies and to clarify the role of Nogo in CST regeneration,
we reanalyzed the Nogo-A,B gene-trap
mutant in the absence of artifactual labeling, and we analyzed a novel, fully viable
Nogo deletion mutant that lacks all known
isoforms of Nogo. We found that neither
the Nogo-A,B gene-trap mutant nor the
Nogo deletion mutant exhibits enhanced
CST regeneration after spinal cord injury.

Materials and Methods
Both the Nogo-A,B gene-trap mutation (Kim et
al., 2003) and the Nogo deletion mutation (this
study; for details, see Results) were made in
mouse embryonic stem cells of the 129/
SvEvBrd genetic background. The Nogo-A,B
gene-trap mutation has been backcrossed to
C57BL/6 three to six times (Kim et al., 2003).
The Nogo deletion mutation was bred to an
Actin–Cre deleter line of the FVB background Figure 1. Analysis of Nogo-A,B gene-trap mutant mice for CST regeneration and locomotor recovery. A, B, Representative
(Lewandoski et al., 1997) and backcrossed to sagittal spinal cord sections showing the labeled main CST tract approaching but not passing through the injury site (arrow).
C57BL/6 three times. All experimental proce- Rostral is to the left. Het, Heterozygous; KO, knock-out (mutant). Scale bar, 500 m. C, Quantification of CST axons along the
dures, including surgery, behavioral observa- rostrocaudal axis on sagittal sections did not reveal any significant differences between the two genotypes. D, Locomotor recovery
tion, and axon quantification, were done in a as assessed by a modified BBB open-field score did not show any significant differences between the two genotypes.
blind manner. Female mice (8 –10 weeks) were
used for surgery. The surgical procedure were as
org as supplemental material). In contrast, the pattern of artifacdescribed previously (Zheng et al., 2003) with minor modifications (suptual, ectopic fibers can be reproducibly obtained by injecting the
plemental data, available at www.jneurosci.org as supplemental matetracer deliberately deep into the brain (supplemental Fig. 2, availrial). All procedures were approved by the Institutional Animals Care
and Use Committee at University of California, San Diego.
able at www.jneurosci.org as supplemental material). These artiAntibodies used for Western blot analysis include the following: rabbit
factually labeled axons tend to appear much thicker than the
anti-Nogo-A at 1:500 (Zheng et al., 2003); goat anti-NgR1 (R & D Sysgenuinely labeled CST axons (supplemental Fig. 2, available at
tems); goat anti-MAG at 1:1000 (R & D Systems); rat anti-OMgp at
www.jneurosci.org as supplemental material; compare B, E with
1:1000 (R & D Systems); and mouse anti-␣-tubulin at 1:1000 (Sigma).
C,D). Thus, we concluded that our experimental protocol reliHistology and quantification were performed as described previously
ably detects CST axons without any detectable level of labeling
(Zheng et al., 2003) with minor modifications (supplemental data, availartifact. We chose a 3-week survival time to allow for a direct
able at www.jneurosci.org as supplemental material).

Results
Analysis of Nogo-A,B gene-trap mutant mice
We subjected Nogo-A,B gene-trap mutants (Kim et al., 2003)
together with heterozygous littermates to a T8 dorsal hemisection
model of spinal cord injury and traced the CST unilaterally with
biotinylated dextran amine (BDA) as described previously
(Zheng et al., 2003) (supplemental data, available at www.
jneurosci.org as supplemental material). To avoid the labeling
artifacts described previously (Steward et al., 2007), we injected
the BDA tracer with care, so as not to accidentally penetrate the
cortex with the injection needle, with one important difference:
in the current study, we lowered the injection needle directly 0.6
mm into the cortex, whereas in the previous study (Steward et al.,
2007), the needle was first lowered below 0.5 mm and then withdrawn back to the final position at 0.5 mm. Although the previous protocol gave rise to labeling artifacts in a subset of animals,
as evidenced by ectopic labeled fibers with a hollow appearance in
the lateral and ventral white matter above and below the level of
injury (Steward et al., 2007), our current protocol avoided the
artifactual labeling. This is evidenced by the lack of “ectopic,”
hollow axons on transverse sections 4 mm above and 4 mm below
the injury site (supplemental Fig. 1, available at www.jneurosci.

comparison with the published reports in which CST regeneration was detected (Kim et al., 2003; Cafferty et al., 2007).
In both Nogo-A,B gene-trap mutants and heterozygous control mice, the main CST tract containing numerous retraction
bulbs approached the injury site with a few axons extending
closer but rarely beyond the injury site (Fig. 1 A, B). This is typical
of the behavior of CST axons after a dorsal hemisection injury in
mice. We used a quantification scheme on sagittal sections described previously (Simonen et al., 2003; Zheng et al., 2003).
Briefly, labeled CST axons at different distances rostral and caudal to the injury on the sagittal sections were counted and averaged over multiple sections around the main CST; these numbers
were then normalized against the total axons labeled in the medulla. This analysis did not reveal any significant differences between Nogo-A,B gene-trap mutants and heterozygous littermates
in areas caudal as well as rostral to the injury site (Fig. 1C). Thus,
under conditions in which artifactual labeling is avoided, enhanced CST regeneration is not readily detected in the Nogo-A,B
gene-trap mutant in a dorsal hemisection model of spinal cord
injury.
Throughout the testing period, both Nogo-A,B gene-trap mutants and heterozygous control mice displayed a similar degree of
locomotor recovery as measured by a modified Basso-Beattie-
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Alternative promoter usage and the size
of the Nogo gene made it impossible to
generate a clean Nogo deletion allele with a
single round of conventional gene targeting. Using two targeting vectors that we
used previously to generate the Nogo
C-terminal mutant and the Nogo-A,B targeted mutant (i.e., the Nogo N-terminal
mutant), respectively (Zheng et al., 2003),
we generated an N-terminal and
C-terminal double-targeted mutant by
consecutive targeting in the same mouse
embryonic stem cell line (Fig. 2). The
double-targeted allele was transmitted
through the germ line and bred to a Cre
deleter mouse (Lewandoski et al., 1997) to
obtain the Nogo deletion allele (Fig. 2 A).
When bred to homozygosity, the Nogo deletion mutants were viable and obtained in
a Mendelian ratio (10 wild-type, 13 heterozygous, and 9 homozygous mutants)
from intercrosses between heterozygous
mice, demonstrating that Nogo is not required for viability. The Nogo deletion
mutants were fertile and morphologically
Figure 2. Generation and molecular characterization of the Nogo deletion mutant. A, The strategy to obtain the Nogo deletion indistinguishable from their wild-type or
allele via two consecutive gene targeting steps followed by Cre-mediated excision. A, B, C above the exons (black bars) refer to heterozygous littermates.
Nogo isoforms. Dotted lines, Splicing pattern for the Nogo-C transcript; Neo, neomycin resistance gene; Hprt, hypoxanthine
To confirm that the Nogo deletion muphosphoribosyltransferase gene; IRES, internal ribosomal entry site; GFPLacZ, green fluorescent protein and ␤-galactosidase tant is null for Nogo-A,B,C, we performed
fusion gene; small arrows, primers used to analyze the Nogo-C transcript by RT-PCR. Two Frt sites flanking Hprt are omitted for
Northern blot, reverse transcription (RT)simplicity. B, Northern blot with a C-terminal common probe. Nogo-A,B,C transcripts run at 4.7, 2.6, and 1.7 kb, respectively.
Arrowheads indicate a slightly shorter, mutated form of Nogo-C transcript. WT, Wild type. C, RT-PCR to confirm the absence of PCR, and Western blot analyses on adult
Nogo-C transcript in the Nogo deletion mutant. D, Western blot analysis on Nogo-A, NgR1, MAG, and OMgp in Nogo-A,B gene-trap brain samples. As expected, Northern blot
analysis with a common C-terminal probe
and Nogo deletion mutants. ␣-tub, ␣-Tubulin.
detected all three major Nogo transcripts
in the wild-type controls, only the Nogo-C
Bresnahan (BBB) locomotor score (Basso et al., 1995; Zheng et
transcript in the N-terminal mutant, a residual amount of a
al., 2003). One day after injury, mice of both genotypes displayed,
slightly shorter form of Nogo-C transcript in the C-terminal muon average, slight movement of all three joints, which improved
tant and the double-targeted mutant, and no detectable Nogo
to consistent plantar stepping with frequent coordination of the
transcript of any size in the Nogo deletion mutant (Fig. 2 B). This
forelimbs and hindlimbs by 7 d after injury (Fig. 1 D). This level of
result was confirmed with RT-PCR using a Nogo-C-specific
locomotor recovery was maintained until the end of the experiprimer pair. As expected, we detected a product of normal size in
ment, comparable with what was observed previously in this inthe wild-type control, one of reduced size in the C-terminal tarjury model (Zheng et al., 2003).
geted mutant and the double-targeted mutant, and no product in
the Nogo deletion mutant (Fig. 2C). In addition, a highly specific
Generation and analysis of Nogo deletion mutant mice
Nogo-A antibody (Zheng et al., 2003) did not detect any Nogo-A
All previous Nogo mutant studies were confounded by either an
protein in the Nogo deletion mutant (Fig. 2 D). These results
incomplete knock-out of all isoforms or an unexplained rescue of
indicate that the Nogo deletion mutant is null for all known Nogo
embryonic lethality associated with the mutation. In particular,
isoforms. Similar to the Nogo-A,B gene-trap mutant, the expresthe presence of Nogo-C in the Nogo-A,B targeted mutant (Zheng
sion of other components implicated in the myelin inhibition
et al., 2003), the Nogo-A,B gene-trap mutant (Kim et al., 2003),
pathway, such as NgR1, MAG, and OMgp, was not altered in the
and the Nogo-A targeted mutant (Simonen et al., 2003) could
Nogo deletion mutant (Fig. 2 D).
explain a lack of more extensive CST regeneration in these muAfter a dorsal hemisection, CST axons in both the Nogo deletants. The only Nogo mutant analyzed in which all three main
tion mutants and age and genetic background-matched wildisoforms (Nogo-A,B,C) are disrupted (either null or hypotype controls displayed typical retraction bulbs just rostral to the
morph), the Nogo C-terminal mutant, was derived from a rare
injury site with a few axons that approached but rarely passed the
survivor of an otherwise lethal line (Zheng et al., 2003). This
injury site (Fig. 3 A, B). Interestingly, quantification of CST axons
raised the question whether any compensatory mechanisms that
in the rostral region showed significantly fewer CST axons
were responsible for the rescue of the lethality in this mutant may
present in the Nogo deletion mice compared with wild-type conhave also contributed to masking a regenerative phenotype. To
trols. A similar trend has also been observed in two previous
address these concerns, we generated and analyzed a Nogo deleNogo mutant studies (Simonen et al., 2003; Zheng et al., 2003). It
tion mutant that lacks all known Nogo isoforms (including
is not known whether this trend represents a true decrease in
Nogo-A,B,C), is fully viable, and is therefore not complicated by
rostral sprouting in Nogo mutants or simply reflects the high
any associated embryonic lethality.
variability of axonal counts rostral to the injury site. Nevertheless,
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devoid of any CST axons in both the white and gray matter (supplemental Fig. 1, available at www.jneurosci.org as supplemental
material).

Discussion

Figure 3. Analysis of Nogo deletion mutant mice for CST regeneration. A, B, Representative
sagittal spinal cord sections showing the labeled main CST tract approaching but not passing
through the injury site (arrow). ND, Nogo deletion; WT, wild type; KO, knock-out. Rostral is to
the left. Scale bar, 500 m. C, Quantification of CST axons caudal to the injury site did not
indicate any significant differences between the two genotypes, but wild-type mice showed
significantly more axons at two distance points rostral to the injury site. *p ⬍ 0.05 two-way
repeated measures ANOVA with Bonferroni’s post hoc test.

there is no significant difference at or below the level of injury
between the two genotypes. Serial sagittal sections of the injury
site rarely showed any CST axons caudal to the injury site in either
the Nogo deletion mutant or wild-type mice. This was also apparent in transverse sections of the caudal spinal cord, which was

Inconsistencies in the results from three initial studies on CST
regeneration in various Nogo mutant lines (Kim et al., 2003;
Simonen et al., 2003; Zheng et al., 2003) raised intriguing questions of how loss-of-function mutations in the same gene could
lead to such varying phenotypes and whether Nogo indeed plays
a major role in inhibiting CNS axon regeneration (Woolf, 2003).
Variabilities in experimental techniques, the nature of the mutation(s) studied, and the genetic background analyzed were considered as potential explanations for the discrepancies. Previous
attempts to address these discrepancies have implicated a genetic
background effect (Dimou et al., 2006) and an unexpected axon
labeling artifact (Steward et al., 2007). To clarify the role of Nogo
in CST regeneration, we asked whether the Nogo-A,B gene-trap
mutant line displays enhanced CST regeneration under conditions that avoid artifactual labeling. In addition, we analyzed a
novel, fully viable Nogo deletion mutant that lacks all known
Nogo isoforms to eliminate the confounding factors of all previous Nogo mutants analyzed. Our results indicate that neither
Nogo mutant line exhibits significantly enhanced CST regeneration beyond the injury site in a well established dorsal hemisection model of spinal cord injury.
The presence of extensive ectopic fibers in the lateral and
ventral white matter above and below the level of injury was a
hallmark phenotype in the initial study supporting robust CST
regeneration in the Nogo-A,B gene-trap mutant (Kim et al.,
2003). The term ectopic refers to the fact that they were observed at locations unusual for CST axons. The presence of
traced axons that take an unusual course or are present at
unusual locations constitutes one criterion for regenerated
axons (Steward et al., 2003). In mice, a small number of CST
axons (⬃1–2%) course down the spinal cord in the dorsolateral white matter (Steward et al., 2004), and occasionally one
may detect an even smaller number of CST axons in the ventral
white matter along the ventral median fissure (our unpublished observation). However, the ectopic fibers observed in
the Nogo-A,B gene-trap mutant were far greater in number
(up to ⬎1000 axons, which is comparable with the total number of the main CST axons labeled) and formed a pattern that
is uncharacteristic for CST axons (Kim et al., 2003).
In fact, this phenotype of ectopic fibers presented the most
striking contrast when compared with the lack of enhanced CST
regeneration observed in the Nogo-A,B targeted mutant line
(Zheng et al., 2003). Differences in lesion severity, mutations, and
genetic background were considered as potential causes for the
divergent results. Genetic background was unlikely to underlie
the striking phenotypic difference, given that both mutants were
made with mouse embryonic stem cells of the 129/SvEvBrd strain
origin and had been backcrossed to C57BL/6 a few times. Lesion
severity or any other variables in spinal surgery were excluded
because the lack of regeneration phenotype in the Nogo-A,B targeted mutant was reproduced by the group that initially observed
extensive CST regeneration in the Nogo-A,B gene-trap mutant
(Kim et al., 2003; Zheng et al., 2003). In terms of the nature of the
mutations, both mutant lines lack Nogo-A,B but retain Nogo-C
expression. Thus, although the two mutations were made with
different approaches (gene trapping vs gene targeting), they appear to have the same effect on the Nogo proteins. If there is any
difference, the Nogo-A,B targeted mutant is null for Nogo-A,B
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(Zheng et al., 2003), whereas the Nogo-A,B gene-trap mutant
may still express a residual amount of a peptide consisting of the
first 309 amino acid residues of Nogo-A, albeit at too low a level to
be detected by Western blot, although the transcript encoding
this peptide is readily detected by Northern blot (Kim et al.,
2003).
A recent study raised a methodological concern regarding
the original Nogo-A,B gene-trap mutant study by showing
that such a pattern of ectopic fibers can be recapitulated in
mice in which BDA is inadvertently injected too deep into the
brain and consequently leaks into the ventricles below the
cortex (Steward et al., 2007). The tracer then presumably travels to the injury site via CSF and is taken up by the damaged or
compromised axons at the injury site, leading to artifactual
labeling of non-CST axons. This phenomenon is independent
of the genotype, i.e., either a gene-trap mutant or a heterozygous control mouse can exhibit this phenomenon. Even wildtype mice can exhibit the same pattern of ectopic fibers when
the tracer is deliberately injected deep into the brain (Steward
et al., 2007). In fact, we confirmed that this labeling artifact is
rather reproducible in our hands (supplemental Fig. 2, available at www.jneurosci.org as supplemental material). However, neither the study describing the labeling artifact (Steward et al., 2007) nor a reanalysis of the data from the initial
Nogo-A,B gene-trap mutant study (Cafferty et al., 2007) addressed whether this mutant displays enhanced CST regeneration under conditions that avoid artifactual axon labeling.
To address this confounding factor, we reanalyzed the genetrap mutant while being attentive to the BDA methodological
concerns. By carefully positioning the injection needle, we practically avoided any labeling artifacts (i.e., the hollow, ectopic fibers in the lateral and ventral white matter), even when the injection is performed immediately after spinal cord injury. Our data
failed to detect any significant increase in CST axons caudal to the
injury site in the mutants. In addition, we did not observe any
enhancement in behavioral recovery in the mutants as assessed by
an open-field locomotion test. Thus, we were not able to reproduce the results previously reported in these mice and conclude
that the Nogo-A,B gene-trap mutant does not exhibit enhanced
CST regeneration.
Another confounding factor in previous Nogo mutant
studies is that all previous mutants studied either still express
one or more Nogo isoforms or is complicated by the unexplained rescue of lethality caused by the mutation, which
could be associated with compensatory mechanisms pertinent
to axon regeneration. We therefore generated a Nogo deletion
mutant line via Cre-loxP-mediated recombination after two
consecutive steps of gene targeting. This Nogo deletion line is
confirmed to be a complete Nogo null allele, lacking the expression of all known Nogo isoforms. It is fully viable, thus not
complicated by any associated embryonic lethality. Nevertheless, even this line does not exhibit detectable enhancement of
CST regeneration after spinal cord injury. Although this report focuses on axon regeneration, in an open-field study, we
did not detect improved locomotion in this mutant compared
with controls (data not shown).
In summary, our data indicate that deleting Nogo isoforms,
even all isoforms together, does not elicit enhanced CST regeneration beyond the lesion site in mice. Thus, it appears that
genetic studies in Nogo mutant mice collectively fail to recapitulate the positive effects reported with anti-Nogo antibodies (Liebscher et al., 2005; Freund et al., 2006). Whether the
difference between genetic knock-out experiments and anti-
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Nogo antibody treatment is attributable to chronic versus
acute disruption of gene function remains unknown. Alternatively, Nogo antibody treatment may not promote functional
recovery or axon regeneration simply by neutralizing Nogo;
for instance, antibodies might recruit immune effector cells.
With the caveat that germ-line mutations may cause developmental compensation (although we did not find evidence for
this so far based on our limited assays), we conclude that Nogo
alone cannot account for the poor CST regeneration after injury. It should be noted that our analysis focused on axon
regeneration rather than sprouting or plasticity that may also
contribute to behavioral recovery (Cafferty et al., 2008). Nevertheless, the data presented here illustrate our still limited
understanding of the contribution of a major myelin-derived
axon growth inhibitor in a well defined experimental paradigm and has important implications for ongoing clinical trials using Nogo-A antibodies to treat spinal cord injury in
humans.
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