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Ji-Eun Kim, Betty P. Liu, James H. Park,
and Stephen M. Strittmatter*

Departments of Neurology and Neurobiology
Yale University School of Medicine

New Haven, Connecticut 06510

Summary

Axon regeneration after injury to the adult mammalian
CNS is limited in part by three inhibitory proteins in
CNS myelin: Nogo-A, MAG, and OMgp. All three of
these proteins bind to a Nogo-66 receptor (NgR) to
inhibit axonal outgrowth in vitro. To explore the neces-
sity of NgR for responses to myelin inhibitors and for
restriction of axonal growth in the adult CNS, we gen-
erated ngr~’/~ mice. Mice lacking NgR are viable but
display hypoactivity and motor impairment. DRG neu-
rons lacking NgR do not bind Nogo-66, and their
growth cones are not collapsed by Nogo-66. Recovery
of motor function after dorsal hemisection or complete
transection of the spinal cord is improved in the ngr-/~
mice. While corticospinal fibers do not regenerate in
mice lacking NgR, regeneration of some raphespinal
and rubrospinal fibers does occur. Thus, NgR is par-
tially responsible for limiting the regeneration of cer-
tain fiber systems in the adult CNS.

Introduction

The regeneration of axons is profoundly restricted in the
central nervous system of adult mammals. Failed axon
growth has been ascribed both to glial scar components
containing chondroitin sulfate proteoglycans and to the
presence of myelin-associated inhibitory molecules.
Three protein constituents of oligodendrocytes have
been implicated in the inhibitory properties of CNS my-
elin: Nogo-A, myelin-associated glycoprotein (MAG),
and oligodendrocyte-myelin glycoprotein (OMgp) (McGee
and Strittmatter, 2003). Nogo-A appears to have two
inhibitory domains, an amino terminal domain that acts
on many cell types (Amino-Nogo) and an extracellular
domain flanked by two hydrophobic segments, termed
Nogo-66, that selectively inhibits postnatal axon growth
(Fournier et al., 2001b; GrandPre et al., 2000). The Nogo-
66 domain binds with high affinity to a GPIl-anchored
Nogo-66 receptor (NgR) protein found on neuronal
membranes (Fournier et al., 2001b). NgR expression can
render cells Nogo-66 responsive in vitro. The Amino-
Nogo domain functions through unknown NgR-indepen-
dent mechanisms. The two other myelin-derived axon
growth inhibitors, MAG and OMgp, also bind to NgR
despite their lack of sequence similarity with Nogo-66
(Domeniconi et al., 2002; Fournier et al., 2001a; Liu et
al.,, 2002; Wang et al., 2002a). Thus, three of the four
known axon inhibitors in CNS myelin appear to utilize
one receptor system.

*Correspondence: stephen.strittmatter@yale.edu

The relative importance of these myelin inhibitory pro-
tein domains has been probed in various experiments
in vivo, especially after spinal cord injury (SCI). Antibod-
ies directed against Nogo-A promote regeneration and
collateral sprouting from corticospinal (CST) fibers and
serotonergic fibers with improved locomotor function
after SCI (Bregman et al., 1995). Genetic deletion of
Nogo-A allows CST fiber regeneration after SCI to a
variable extent in some but not all studies (Kim et al.,
2003b; Simonen et al., 2003; Zheng et al., 2003). The
basis for this phenotypic variation is not clear but might
relate to strain background, specific targeting events,
age, or unidentified factors (Woolf, 2003). Mice lacking
MAG have not shown CST regeneration after SCI
(Bartsch et al., 1995). A peptide derived from Nogo-66
(NEP1-40) functions as a selective antagonist of Nogo-
66 stimulation of the NgR but does not antagonize MAG
or OMgp action. This peptide, delivered locally or sys-
temically, promotes both CST and raphespinal sprouting
even when administered 1 week after SCI (GrandPre
et al.,, 2002; Li and Strittmatter, 2003). The improved
locomotion of NEP1-40-treated rodents indicates that
Nogo-66 plays a role in limiting regeneration and recov-
ery after injury. Furthermore, a soluble dominant-nega-
tive NgR protein pumped intrathecally or overexpressed
in transgenic animals is able to promote axonal regener-
ation and functional recovery following partial SCI (S.
Li, B.P.L., and S.M.S., unpublished data).

Despite these studies, a physiologic role for NgR in
directly limiting CNS axonal regeneration has not been
examined with genetic methods. It is noteworthy that
the two proteins most closely related to NgR, namely
NgR2 and NgR3, do not bind Nogo-66, MAG, or OMgp
in vitro (Barton et al., 2003). Thus, null mutations of the
ngr gene may be predicted to delineate the role of all
three myelin inhibitors separately from Amino-Nogo.
Here, we have characterized mice lacking NgR protein
and subjected them to SCI. Our findings point to a role
for NgR in signaling pathways limiting axonal growth
after injury in the adult CNS.

Results

Mice Lacking NgR Are Viable

Embryonic stem cells electroporated with a ngr-tar-
geting vector (Figure 1A) were screened using positive
(neof) and negative (hsv-tk) selection markers. A single
clone with the correct homologous recombination pat-
tern was identified by Southern blotting (Figure 1B). A
mouse strain established from this clone by blastocyst
injection is viable in the homozygous state and selec-
tively disrupts ngr expression (Figures 1D and 1E). The
expression of nogo-a and nogo-c mRNA (Figure 1D)
and Nogo-A protein (data not shown) is upregulated in
postnatal day 6 (P6) brains from ngr~’- mice. Immu-
noblots for Nogo-A in ngr~'~ adult spinal cord demon-
strate persistence upregulation of protein levels (Figures
1F and 1G). The expression of other myelin proteins,
including a second NgR ligand, MAG, is not altered in


https://core.ac.uk/display/82659089?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Neuron
440

A 14.6
I 1
Xba | Nhe | 7.2 |

!

X M P

] I A

— l_NL.RJ' —
I—' 4.8
e - A
+/+ +/- -/-
B Nhel Xbal D E i i :
4 - [+ H]- ++ +[- f- ++ +[- o[- -y bl
. anti-NgR

| F o4+ +/- -

" " r . anti-Nogo-A
. ' . ew e
T anti-MAG

C o anti-MBP

++ +[- -f-

~ =~ N
anti-Actin

—
=
[01)
o
; l

Figure 1. Deletion of Exon 2 of the Mouse ngr
Gene by Targeted Homologous Recombi-
nation

(A) Diagram of the targeting vector and pre-
dicted recombination event. A restriction map
illustrates the native exons of the mouse ngr
gene and introduction of new Nhel and Xbal
restriction sites.

(B) Southern blot analysis of Nhel- and Xbal-
digested genomic DNA from electroporated
ES cells. Hybridization with PCR-amplified
probe fragments (shown in [A]) yields a 7.2
or 14.6 kb wild-type band and a shorter 4.8
or 9.6 kb fragment from the disrupted gene
after Nhel or Xbal digestion, respectively.
(C) Typical genotyping PCR bands using exon
2- and Neof-specific primers.

(D) Northern blot analysis of ngr mRNA using
a ngr exon 2 probe and of nogo mRNA using
anogo 3' probe in the brains of postnatal day
6 (P6) ngr*'*, ngr*’-, and ngr~’~ mice.

(E) Western blot analysis for NgR protein ex-
pression in adult brain lysates of ngrt/+,
ngr*’-, and ngr~’- mice. Liver lysate (L) is in-
cluded as a negative control.

(F) Western blot analysis for Nogo-A, MAG,
MBP, and Actin protein expression in adult
spinal cord lysates of ngr*’*, ngrt/-, and
ngr~’~ mice.

(G-J) Densitometric analysis of spinal cord
protein levels determined from immunoblots
as in (F). Values are means = SEM from five
separate animals of each genotype. *Signifi-
cantly different from wild-type, p < 0.05 (Stu-
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ngr~'~ spinal cord (Figures 1F, 1H, and 1I). The adult
brain does not exhibit persistent Nogo-A upregulation
(data not shown), possibly because the brain contains
relatively more gray matter than does spinal cord and
increased oligodendrocyte expression is masked by un-
altered neuronal expression. The mRNA level for nogo-b
in the adult brain is normally very low, and its level is
not significantly altered in this strain of mice.

Mice from the ngr~'~ line are born at expected Mende-
lian frequencies and grow with normal body weights.
Both males and females are fertile. No unexpected
deaths have been witnessed in homozygous animals up
to 13 months of age.

Normal Brain Histology and Behavior

in NgR Null Mice

NgR expression is neuron specific and widespread in
the adult CNS (Wang et al., 2002b). NgR interaction with
the myelin-associated proteins Nogo, MAG, and OMgp
raises the possibility that NgR is necessary for main-
taining myelin/axon structure (Wang et al., 2002b; Huber
et al., 2002). However, brain size and gross anatomy are
normal in adult ngr~'~ mice; there are no gross abnormal-
ities in the white matter tracts of the brain and spinal
cord as assessed by Luxol fast blue staining for total

myelin content and location (Figures 2C and 2D). Major
brain nuclei and the neuronal layers of the cerebral cor-
tex and cerebellum are indistinguishable from those of
wild-type mice by hematoxylin and eosin staining (Fig-
ures 2A and 2B). The data indicate that neuronal place-
ment and survival is normal in adult ngr~'~ mice.
Despite the normal appearance of these histologic
parameters, the absence of NgR might change neuronal
function and mouse behavior through effects on axonal
performance. Quantitative neurological examination of
the mice lacking NgR does reveal deficits in function.
Open field behavioral parameters are distinct from wild-
type littermates (Figures 2E and 2F). The knockout mice
spend more time in the marginal zone of an open field
activity monitoring enclosure and make fewer move-
ments during the 15 min period, suggesting increased
anxiety levels when placed in a novel environment. The
rotarod test was employed to assess motor coordination
and learning. ngr”’~ mice performed worse than wild-
type or heterozygous littermates on the rotarod (Figure
2G). The Basso-Beattie-Bresnahan (BBB) score is an-
other measure of locomotor function in the open field
and is commonly used to assess deficits after SCI
(Basso et al., 1996; Joshi and Fehlings, 2002). Despite
the subnormal performance on the rotarod, uninjured
ngr~’~ mice exhibit a full range score, similar to controls
(Figures 4A and 4B). Overall, routine anatomical and



Nogo Receptor and Spinal Cord Injury
441

Center

M

Movement counts

Center

o
b=}
S

T
o e @ 9 o
& & &8 & ©

Time on rotarod (seconds) O

o

++

locomotor analysis demonstrates significant but nonle-
thal deficits in the NgR null mice.

Neurons Lacking NgR Are Less Sensitive

to Nogo-66

If NgR is the only receptor for Nogo-66, then ligand
binding and biological responses will be absent from
ngr-'~ neurons. Wild-type DRG neurons bind AP-Nogo-
66, but neurons from ngr~’~ mice do not do so signifi-
cantly above background levels (Figures 3A and 3B).
The absence of high-affinity binding sites for Nogo-66
in ngr null cells predicts that Nogo-66 will not inhibit their
axonal growth properties. A series of myelin inhibitory
proteins were examined for growth cone collapsing ac-
tivity in wild-type versus ngr’~ P14 DRG cultures. Nogo-
66, MAG, OMgp, and CNS myelin all fail to induce growth
cone collapse in postnatal DRG neurons lacking NgR
(Figures 3C and 3D).

Improved Locomotor Recovery after SCI

in ngr’~ Mice

Since postnatal DRG neurons lacking NgR appear signif-
icantly less sensitive to myelin inhibitors in vitro, the
degree of recovery from SCl in vivo was assessed. Loco-
motor recovery from a midthoracic dorsal hemisection
injury was assessed using a standardized open field
assessment, the BBB score (Figure 4A). All mice had
scores of 0 to 3 at 4 hr postinjury (data not shown). The
ngr*’* and ngr*’~ mice gradually recover partial function
over a 21 day observation period. The BBB scores of
ngr’- mice are significantly higher than controls
throughout the 2-21 day period, especially in the third
week post-SCI. The improved scores of the ngr’~ mice

Figure 2. General Brain Histology and Loco-
motor Activity in ngr*/* and ngr~’- Mice
s (A) Coronal sections through the cerebral cor-
O tex stained with hematoxylin and eosin. (B
and C) Parasagittal sections through the cer-
ebellum stained with hematoxylin and eosin
* (B) or Luxol fast blue (C). (D) Corpus callosum
in coronal sections stained with Luxol fast
blue. Scale bar indicates 200 n.m (A and B),
100 pm (C), or 50 um (D). (E and F) Open field
activity. Floor plane sensor measurements
collected from an automated activity moni-
toring cage for ngr*’* and ngr”’- mice are
graphed according to time spent (E) and
movement counts (F) in three arbitrarily des-
ignated zones. (G) Rotarod test. The time that
mice were able to remain on the rotating rod
at constantly accelerating speeds is re-
ported. All data are represented as mean *
SEM. *Significantly different from wild-type,
p < 0.05 (Student’s t test).
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are comparable to those observed in one line of nogo-
a/b knockout mice (Kim et al., 2003b).

Because recovery from dorsal hemisection injury is
quite pronounced even in wild-type mice, a more strin-
gent test of post-SCI regeneration was examined by
creating a complete spinal cord transection at thoracic
level 8 (T8; Figures 4B and 4C). The completeness of
such lesions is obvious from GFAP immunohistology of
parasagittal sections (Figure 4C). Rostral and caudal
astroglial scars surround a central fibroblastic, GFAP-
negative scar in all sections examined (Figure 4C). There
is no evidence of any spared tissue bridges in eight of
eight ngr’~ and four of four ngr*’~ mice examined by
GFAP immunostaining. The ngr null mice display signifi-
cantly higher locomotor scores during the weeks after
complete transection injury than do control littermates
(Figure 4B). At 6 weeks post-SCI, the control mice re-
cover to an average score of 7. Others have recently
reported significant treadmill-induced locomotion in
mice with complete spinal transection, so this level of
improvement in wild-type and ngr*/~ mice should not
be unexpected (Leblond et al., 2003). Mice lacking NgR
recover to significantly higher scores than do control
mice, with a majority of the ngr~’~ mice reaching a score
of 9 or greater by 6 weeks (Figure 4B). These open field
scores at 6 weeks reflect a highly significant increase
(Student’s t test; p = 0.001) in the achievement of
weight-bearing postures from a rarity in control mice to
over 80% of ngr~’~ mice (Figures 4B and 4H-4J). Given
the poorer rotarod performance and reduced activity of
the ngr”’~ animals prior to injury (Figure 2), their im-
proved function postinjury is all the more remarkable.

Functional improvement in the complete spinal tran-
sected mice might be attributed either to alterations in



Neuron
442

AP (10X)

A _ AP-Nogo-66 (10X)

e

AP-Nogo-66 (40X) B

v ak

m
s % { A z
T8 2N 3
~ B s A @©
B A A ) £
7 v 2
(9 L =
L DA . 2
y c
& [
el o
L4 =
+ e £
a0 o
28 7o o
4 ?
-~ . < ¥
C ngr+/+ D 3
: < 60
Q
w
[=%
o
o 8 40
< 2
= g
e £
s 204
2
(=)}
£
o 0+
Control

50 q

40 -
30 -
20 *
N .
: o N
Nogo/WT Nogo/KO AP/WT AP/KO
Ligand/Genotype
*
k% *%
*%
O++
-
Ng66 FcMAG Myelin OMgp

Figure 3. Neurons Lacking NgR Do Not Bind Nogo-66 and Are Not Inhibited by Nogo-66

(A) AP-Nogo-66 or AP binding (50 nM) to dissociated P6 DRG neurons from ngr*/* or ngr~’~ mice. Higher magnification of the selective staining
of neurites by AP-Nogo-66 in the wild-type mice is shown at the right. (B) Quantitation of AP bound to neurons cultured as in (A). (C) Growth
cone morphology after exposure of ngrt/* or ngr’- P14 DRG axons to MAG-Fc protein, as revealed by rhodamine-phalloidin. (D) The percentage
of collapsed growth cones from cultures as in (C) was measured after exposure to GST-Nogo-66 (100 nM), MAG-Fc (100 nM), CNS myelin
(1.6 g protein/ml), or OMgp (50 nM). All data are represented as mean + SEM. *Significantly different from wild-type, p < 0.05; **p < 0.01

(Student’s t test).

distal spinal cord intrinsic circuits, such as the locomo-
tor pattern generator, or to the reestablishment of de-
scending pathways that had been severed. To assess
descending pathways from the forebrain to the hindlimb
motoneuron pool, transcranial magnetic motor-evoked
potentials (tcmMEPs) were monitored in the gastrocne-
mius muscle (Figures 4D-4F). In uninjured mice, the
tcmMEP is easily detected with an amplitude of ~700
wV and a latency of 2-2.5 ms. Six weeks after complete
transection injury, only 1 of 19 control mice had a re-
sponse greater than 35 pV. The lesion site of the one
animal with a weak response could not be examined by
GFAP histology, soitis possible that trace tissue sparing
was present, even though the vast majority of animals
underwent complete transections (Figure 4C). In stark
contrast, 16 of 19 of the ngr’- mice undergoing the
same lesion exhibit a clearly detectable tcmMEP (Figure
4D), including the five ngr”’~ mice with histologically
verified complete transections as shown in Figure 4C.
As expected from a partially reconstituted pathway in
the transected ngr~'~ mice, the latency of the tcmMEP
response is prolonged, and the amplitude is decreased
compared to uninjured animals (Figures 4E and 4G).
This is not related to altered stimulation or recording
efficiency in the ngr~’- mice, since forelimb tcmMEPs
were unaffected by the SCI and were of equal amplitude
in control and ngr~'~ mice (Figure 4F). Thus, reestablish-
ment of descending connections is likely to contribute

to the weight-bearing status achieved by a majority of
the mice lacking NgR after the more severe spinal lesion.

Lack of Long-Distance Corticospinal

Regeneration in the ngr’- Mice

We sought to ascertain the anatomical basis for the
improved locomotor and electrophysiologic recovery
observed in the ngr~'~ after SCI. In one particular strain of
spinal injured nogo-a/b~'~ mice, the CST system exhibits
axonal sprouting and long-distance regeneration in a
majority of dorsal-hemisected mice (Kim et al., 2003b).
In contrast, anterograde BDA tracing of the injured ngr=/~
mice fails to exhibit any CST axon sprouting or long-
distance CST regeneration after a dorsal hemisection
(Figures 5A and 5B) or after a complete transection (data
not shown). No ectopic CST sprouts ipsilateral to the
BDA injection and rostral to the lesion were observed in
the ngr~'~ mice. Of 12 hemisected ngr~'~ mice examined,
only two mice showed BDA-labeled fibers caudal to the
lesion site, but the number of such fibers was much
lower (two to four fibers per section) than in the strain
of nogo-a/b null mice with significant fiber growth (Kim
et al., 2003b). Despite the fact that this labeling tech-
nique detects only a small fraction (1%) of all CST fibers,
it seems doubtful that the CST fiber system accounts
for the behavioral or electrophysiologic recovery. The
CST phenotype of the spinal injured ngr~'~ mice matches
that of the nogo-a/b~'~ mice lacking CST regeneration
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Figure 4. Improvement of Locomotor Scores in NgR Knockout Mice after Dorsal Hemisection or Complete Transection of the Spinal Cord

(A and B) Comparison of open field locomotor activity in ngr*/*, ngr*/-, or ngr-’- mice following dorsal hemisection (A) or complete transection
(B) of the spinal cord. (C) Anti-GFAP histology of parasagittal sections across the injury site from individual complete transection animals of
the indicated genotypes demonstrates the complete nature of the lesions. Rostral is to the right and dorsal is up in this and all parasagittal
sections. (D) Representative gastrocnemius tcmMEP from separate uninjured mice, complete transection ngr*/~ mice, and complete transection
ngr~’~ mice. Studies of the injured mice were performed 6 weeks posttransection. The transcranial magnetic stimulus was applied at time
zero. Each horizontal tick represents 1 ms, and each vertical tick corresponds to 100 wV. Three separate stimuli administered to each animal
are superimposed. (E) The average amplitude of the gastrocnemius tcmMEP from experiments as in (D) is represented. The 14 of 19 ngr*/~
mice with no significant response and the 3 of 19 ngr~’/- mice with no response are included in the averages. (F) The average amplitude of
the forelimb biceps tcmMEP is represented. The ngr*/- (n = 9) and ngr’~ (n = 5) mice were recorded 6 weeks after a complete thoracic
spinal transection. (G) The average tcmMEP response latencies for uninjured and ngr’~ mice. All data are represented as mean = SEM.
*Significantly different from wild-type, p = 0.005; *p < 0.05 (Student’s t test). (H) Photograph of a ngr*’~ mouse 6 weeks after complete
thoracic SCI demonstrating inability to support weight with hindlimbs. (I and J) Examples of a ngr’- mouse at 6 weeks post-complete SCI
reveals weight support (I and J) and stepping (J) with the hindlimbs.

(Zheng et al., 2003) but differs from that of the nogo-
a/b~’~ strain with detectable CST growth (Kim et al.,
2003b).

Rubrospinal Axon Regeneration after SCI

in ngr’~ Mice

Since CST fibers do not regenerate to any great extent
across the spinal injury site, we considered other neu-

ronal populations. Successful axonal regeneration is as-
sociated with the induction of a number of proteins in the
neuron. SPRR1A is one marker of productive peripheral
regeneration that contributes directly to axonal exten-
sion (Bonilla et al., 2002; Kim et al., 2003a). Examination
of transverse sections above and below the lesion site
demonstrates a significant increase in SPRR1A-positive
fibers and cell bodies in the ngr~'~ mice (Figures 5C-5E).
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Figure 5. Rubrospinal Axon Growth in ngr-/~ Mice after Complete Transection

(A and B) Lack of CST axon sprouting and regeneration in NgR null mice following dorsal hemisection of the spinal cord. Cross-sections of
spinal cord from a representative ngr~’~ mouse, 21 days postinjury, 5 mm rostral (A) or 5 mm caudal (B) to the transection. The BDA-injected
cerebral cortex corresponds to the left of these sections, so the majority of crossed dCST fibers are on the right. No fibers are detected
below the lesion. (C) Cross-sections of spinal cord 5 mm caudal to the lesion from ngr*/~ and ngr~’- mice, 6 weeks post-SCl, stained with
anti-SPRR1A antibody. Scale bar, 100 um. (D) Quantitation of total SPRR1A-positive cell bodies per transverse section throughout the spinal
gray matter area found in control and ngr’~ mice, 5 mm rostral or 5 mm caudal to lesion. (E) Schematic summarizing the location of SPRR1A
immunoreactive cells in the lumbar spinal cord of ngr*’- and ngr-'~ mice, 6 weeks post-SCI. The cell location from one section of each of five
animals is plotted on one schematic. (F) Coronal section of the red nucleus after Fluorogold injection into the lumbar ventral horn of uninjured
mice, complete transection ngr*/~ mice, and complete transection ngr’- mice. Scale bar, 100 wm. (G) The average number of retrogradely
labeled rubrospinal neurons per transverse section at the level of the magnocellular red nucleus as in (D). (H) Anterograde tracing of the
rubrospinal tract. BDA was injected into the red nucleus bilaterally 6 weeks after a complete transection of the thoracic spinal cord. Anti-
GFAP staining of longitudinal sections of the spinal cord demonstrates the lesion site (right panels) and camera lucida drawings from two
separate ngr'~ mice demonstrating the course of BDA-labeled fibers in all parasagittal sections at the same level (left panels). Scale bar, 400
wm. (I) Rubrospinal fibers crossing the lesion site of ngr/~ mice. BDA staining of the region boxed in (H) is illustrated at higher magnification.
Scale bar, 100 wm. (J) Transverse section of lumbar spinal cord from a ngr~’- mouse illustrating a BDA-positive rubrospinal fiber in the lumbar
spinal cord after complete spinal transection. The schematic illustrates the location of the micrograph. Scale bar, 100 um. All data are
represented as mean = SEM. *Significantly different from wild-type, p < 0.05 (Student’s t test). Scale bar, 400 pm.
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The appearance and location of the SPRR1A-positive
cell bodies in the spinal gray matter of the injured ngr=/~
mice are consistent with spinal interneurons. This may
reflect an increased propensity for plastic rearrange-
ments of intrinsic spinal circuitry in this strain. SPRR1A-
positive cell bodies were not identified in the cerebral
cortex or the brainstem of the same animals (data not
shown).

In order to reveal which, if any, particular descending
tracts might contribute to electrophysiologic and behav-
ioral recovery, we performed retrograde tracing with
Fluorogold (FG) from the caudal ventral horn of com-
pletely transected mice 6 weeks after injury. Control
animals reveal no significant label in the brainstem, as
expected. However, in the ngr~/~ samples, there are sig-
nificant numbers of FG-positive neurons in the red nu-
cleus (Figures 5F and 5G). The absolute density of la-
beled rubrospinal neurons in the ngr’- mice 6 weeks
after complete transection injury reaches forty percent
of the value obtained in uninjured mice (Figures 5F and
5G). A few FG-positive neurons are also detected in the
medullary reticular formation, the pontine nuclei, the
vestibular nuclei, and the raphe of the ngr’- mice (data
not shown). All of these retrogradely labeled structures
are thought to contribute to locomotion and together
provide a significant regenerated descending input to
the lumbar spinal cord after complete transection in the
ngr~’~ mice. As expected from the BDA tracing, no FG-
positive neurons are detected in the cerebral cortex
(data not shown).

To investigate the rubrospinal system more directly,
anterograde tracing studies were conducted after com-
plete transection of the thoracic spinal cord. In three of
six injured ngr~'~ mice, but in none of eight ngr*/~ mice,
rubrospinal fibers crossing the lesion site were detected
(Figures 5H and 5I), and some fibers reached the lumbar
spinal cord (Figure 5J). Thus, a limited degree of rubro-
spinal regeneration occurs in the absence of NgR.

Raphespinal Fibers Regenerate
in the Absence of NgR
The serotonergic raphespinal system contributes to lo-
comotor circuitry and can be assessed in an antero-
grade fashion by simple immunohistology, since it is the
only source of serotonergic input to the adult spinal
cord. Furthermore, the raphespinal tract is one of the
tracts shown to have enhanced regeneration following
NgR antagonist treatment studies (GrandPre et al., 2002;
Li and Strittmatter, 2003). In control ngr*/~ mice with
complete transections, it is notable that 5-HT fibers are
present throughout the rostral astrocytic scar and do
not retract from the lesion site as do CST fibers (Figure
6A). As an additional step to consider the potential re-
sponsiveness of serotonergic systems to ngr gene dis-
ruption, we assessed whether this population expresses
NgR protein in wild-type animals. Indeed, double label
immunohistology demonstrates that serotonergic neu-
rons in the brainstem raphe do express NgR (Figure 6B).
After complete transection injury, no 5-HT immunore-
active fibers are observed extending through the injury
site into caudal tissue from parasagittal sections of five
of five control ngr*/~ mice. The pattern in ngr’- com-
plete-transected spinal tissue is very different, with a

subset of fibers crossing into spinal tissue caudal to the
injury site (Figure 6C). In GFAP/5-HT double immunohis-
tology, serotonin-positive fibers are detectable beyond
the astrocytic scar and are observed to extend into the
fibroblastic scar area (Figures 6D-6F). High magnifica-
tions of all serial sections from one ngr~'~ animal allowed
a camera lucida reconstruction of the pattern of caudal
growth beyond the injury site (Figures 6G and 6H).
Cross-sections of the spinal cord at a level 4 mm caudal
to the complete transection were also examined for
5-HT-positive profiles (Figures 7A and 7D). In completely
transected spinal cords, the level of serotonergic fiber
length per section at this level is essentially undetect-
able in control mice. In ngr~'~ mice, regenerated seroto-
nergic fibers are evident in the majority of the complete
transected animals (Figures 7A and 7D). Thus, the pres-
ence of NgR in raphespinal axons of wild-type mice is
at least one of the factors limiting their regeneration
after transection in the adult spinal cord.

In those mice with dorsally hemisected spinal cords,
a significant proportion of raphespinal fibers are spared
in the distal cord following injury. Therefore, we con-
ducted a parallel analysis of the raphespinal system in
this experiment that concentrated on the two areas that
had the highest density of innervation, the intermediolat-
eral cell column and ventral horn. Quantitation of 5-HT-
positive fiber length in a defined area of these two re-
gions indicates a significantly higher innervation density
in the ngr’- mice compared to wild-type littermates
(Figures 7B and 7C). The return of caudal 5-HT fiber
density closer to control values may reflect local sprout-
ing of collaterals and could account for the early (2 day
postinjury) behavioral improvement of the ngr’~ mice
after dorsal hemisection (Figure 4A).

Raphespinal Tract Contributes to Functional
Recovery in ngr’/~ Mice

Since a marked degree of raphespinal tract regeneration
occurs in the ngr~'~ mice, we sought to assess the impor-
tance of this fiber system for the observed improvement
in functional recovery. A serotonergic neurotoxin, 5,7-
dihydroxytryptamine (5,7-DHT) was injected intracere-
broventricularly (i.c.v.) to kill raphe nucleus neurons and
deplete serotonergic inputs to the lumbar spinal cord
(Figure 7E). 5,7-DHT was administered at 4 weeks post-
SCI, when the difference in BBB scores between hetero-
zygote and knockout littermates was established. BBB
scores were assessed 2, 7, and 10 days after 5,7-DHT
injection. While the BBB score continued to gradually
improve in the heterozygotes, scores started to decline
in the knockouts, becoming indistinguishable from the
heterozygotes by 10 days (Figure 7E). These results
strongly suggest that the improvement of weight-bear-
ing postures in the knockout mice is mediated at least
in part by recovery of raphespinal inputs caudal to the
lesion.

Discussion

The hypothesis that NgR contributes to the limitation
of adult CNS regenerative growth is demonstrated by
several major findings from this study of mice lacking
NgR. First, DRG axonal growth cones lacking NgR are
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Figure 6. 5-HT Fiber Regeneration after Complete Spinal Transection in Mice Lacking NgR

(A) Parasagittal section from a complete transected control ngr*’- mouse stained to reveal both CST (BDA, red) and raphespinal (5-HT, green)
fibers. Note that 5-HT fibers are present more caudally than are CST fibers, but not at the center of the lesion marked with asterisks.

(B) Neurons double stained for 5-HT and NgR in the raphe nucleus of the brainstem.

(C) An anti-serotonin antibody-stained parasagittal section across a complete transection site from a ngr’~ mouse demonstrates regenerating
raphespinal fibers (arrows) caudal to the fibroblastic scar (marked by the asterisks).

(D) Low-magnification view of a GFAP-stained parasagittal section from a complete transection site from a ngr’- mouse different from that
in (C). The region shown at higher power in (E) and (F) is boxed in red.

(E) Serotonergic immunohistology from the section shown in (D) revealing fine raphespinal fibers (arrows) extending into the region of the
GFAP-negative fibroblastic scar.

(F) Double immunohistology of the region in (E) revealing both serotonin (green) and GFAP (red).

(G) Serotonin immunohistology of a parasagittal section from the complete transection site of a different mouse than in (C)—(F) reveals serotonin
fibers (arrows) caudal to the injury site (asterisks).

(H) Camera lucida drawing assembled by superimposing multiple high-magnification views of all serial parasagittal sections from one ngr~'-
animal, as in (G), and one ngr*’~ mouse. The outline of the spinal cord is traced in thin gray, and the 5HT fibers are traced in thick black.
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Figure 7. 5-HT Fiber Regeneration into the Caudal Spinal Cord in ngr’- Mice Contributes to Enhanced Functional Recovery

(A) Cross-sections of spinal cord stained with anti-serotonin antibodies from ngr*/~ and ngr~’~ mice after complete transection of the spinal
cord at a level 4 mm rostral or caudal to the injury site. Scale bar, 50 pm. (B and C) Quantitation of 5-HT-positive fiber length per 35,000 p.m?
found above and below the level of injury in the intermediolateral cell column (ILC) and ventral horn (VH) from ngr*/* and ngr~’- mice after
dorsal hemisection (HS). (D) Quantitation of 5-HT-positive fiber length per section found in caudal white and gray matter from ngr*/* and
ngr~’~ mice after complete transection (CT). (E) Comparison of open field locomotor activity in ngr*’* and ngr’- mice. 5,7-DHT was i.c.v.
injected at 4 weeks post-SCI. All data are represented as mean = SEM. *Significantly different from wild-type, p < 0.05; **p = 0.005 (Student’s

t test).

not collapsed by myelin inhibitors in vitro. Second, be-
havioral and electrophysiologic measures demonstrate
significantly enhanced recovery after spinal cord injury.
Third, regenerative growth of brainstem neuronal popu-
lations into the distal spinal cord occurs in ngr~’- mice.
However, not all fiber systems regenerate in the adult
spinal cord when NgR is absent. Notably, the CST does
not regenerate in ngr”’- mice after spinal cord injury
despite its capacity to regenerate in some strains of
mice lacking Nogo-A and in mice treated with NgR an-
tagonists (GrandPre et al., 2002; Kim et al., 2003b). We
conclude that NgR is one of several factors preventing
significant regenerative axon growth of certain fiber sys-
tems after CNS axotomy in adult mice.

Neuronal Responses to Myelin Inhibitors

Require NgR

Of the four protein domains recognized as myelin-
derived inhibitors of axonal outgrowth, three are known
to bind to NgR (McGee and Strittmatter, 2003). Since
ngr~’- DRG growth cones do not collapse in the pres-
ence of Nogo-66, MAG, or OMgp in vitro, we conclude
that NgR is required for axon growth inhibition by these
proteins, at least in DRG neurons. If other receptors
mediate the acute effects of these ligands, they do not
appear to be functional in the absence of NgR during
DRG culture. It remains possible that other neuronal
populations utilize other receptor systems. For example,
CST neurons do not regenerate after SCl in the absence
of NgR and might utilize such unidentified alternate re-
ceptor systems. In contrast to Nogo-66, MAG, and
OMgp, the Amino-Nogo domain remains inhibitory for

DRG axons in the absence of NgR, confirming that
Amino-Nogo does not utilize NgR for axon inhibition.

Homologs of NgR have been identified in both the
human and mouse genomes. NgR2/NgRH1 and NgR3/
NgRH2 share significant sequence similarity with NgR.
Since COS-7 cells transfected with either NgR2 or NgR3
do not bind to any of the known ligands of NgR, these
proteins do not appear to be alternate receptors for the
myelin inhibitors (Barton et al., 2003). Given that DRG
neurons express these NgR homologs (Lauren et al.,
2003), the absence of growth cone responses in ngr/-
DRG neurons confirms the selective role of NgR in my-
elin inhibitory signaling.

Anatomical Regeneration by Selective
Subsets of Axons
After SCI, there is anatomical evidence of significant
axon regeneration in the ngr '~ mice that is not observed
in control animals. A regeneration-associated gene nor-
mally induced by axotomy in peripheral neurons,
SPRR1A, is expressed in some spinal interneurons of
mice lacking NgR. This implies that NgR might possibly
contribute to the suppression of those genes that con-
tribute to an enhanced axonal growth state and to modi-
fications of intrinsic circuits in the spinal cord.
Corticospinal tracing experiments indicate that few if
any ngr~'~ CST axons cross a complete transection in-
jury. However, retrograde and anterograde tracing re-
veals that axons from several brainstem areas that par-
ticipate in locomotion do cross these transections.
Amongst the regenerating fiber systems are rubrospinal
and raphespinal fibers. The basis for the selective
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growth of some fibers but not others will require further
investigation. It does not seem to be due simply to selec-
tive NgR expression, since NgR is expressed strongly
both in brainstem nuclei and in the pyramidal cells of
the cerebral motor cortex. It may be that regenerating
fiber systems such as the raphespinal tract are more
prone to plastic changes in the adult than is a more
static CST system. However, even in the absence of
NgR, brainstem neurons do not express SPRR1A in re-
sponse to spinal injury. Thus, this axonal growth marker
alone cannot explain the growth of some fibers and
not others. It may be crucial that the lesion of axons
descending from the brainstem occurs closer to the cell
body than does that of the CST axons. Previous data
suggest that cell body to axotomy distance does play
arole in the axon growth potential of adult CNS neurons
(Doster et al., 1991). It is also possible that different
neuronal populations possess alternative myelin recep-
tors, as discussed above. Perhaps the most plausible
explanation for pathway-selective regeneration in ngr~'-
mice is that NgR-independent inhibitory systems for
Amino-Nogo and CSPG play a greater role in nonregen-
erating CST fibers. Further exploration of the basis of
the differences between regeneration in different tracts
should reveal additional determinants of CNS axonal
regenerative capacity.

Behavioral Recovery

The regeneration of brainstem-spinal axons is corre-
lated with improved recovery from spinal cord injury in
the mice lacking NgR. Both electrophysiological and
behavioral measurements reveal significantly greater
improvement in the ngr~~ mice. The observation of sig-
nificant recovery in control mice with low thoracic com-
plete transection is consistent with previous studies
(Leblond et al., 2003). It may reflect function based on
either caudal intrinsic circuitry or a very small number
of remaining fibers present in lateral uncut tissue bridges
not recognized by GFAP immunohistology. Nonethe-
less, recovery is significantly improved in the ngr/-
mice, such that tcmMEP conduction and weight-bearing
status are detected in a majority of these mice. There
was no evidence of deleterious sprouting responses in
the ngr~’~ mice. Specifically, there was no increased
evidence for neuropathic pain as exhibited by autopha-
gia that might be caused by erroneous connectivity in
motor pathways.

We observed regeneration of some serotonergic fi-
bers in the absence of NgR. Furthermore, toxin studies
demonstrate that 5HT fibers contribute significantly to
recovery in the NgR null but not the control mice. Al-
though there are reports on the detrimental effect of
serotonergic transmission in the spinal cord in the acute
phase of SCI, it has been previously recognized that
distal serotonergic innervation is strongly correlated
with locomotor recovery during the chronic phase (Antri
et al., 2002; Saruhashi and Young, 1994; Saruhashi et
al., 1996; Schmidt and Jordan, 2000). In fact, the thresh-
old for locomotor recovery in a midthoracic lateral hemi-
section model in the rat was just 20% of normal 5-HT
innervation (Saruhashi et al., 1996). Therefore, it is not
surprising to find that despite modest levels of seroto-
nergic sprouting in the distal cord of the knockouts, the

level of locomotor improvement is considerably more
prominent.

Comparison with Previous Nogo/NgR Studies

Both the selectivity of axon regeneration and the degree
of behavioral improvement after dorsal spinal hemisec-
tion in ngr~'~ mice can be compared with previous stud-
ies that perturb the Nogo system. The behavioral results
here are not significantly different from those in anti-
Nogo antibody-treated animals (Bregman et al., 1995),
NEP1-40-treated animals (GrandPre et al., 2002; Li and
Strittmatter, 2003), or NgRecto soluble protein-treated
animals (S. Li, B.P.L., and S.M.S., unpublished data).
Anatomically, the degree of raphespinal regeneration in
this partial lesion seems quite similar in all of these
cases. Since NgR and its ligands are common to these
paradigms, they appear to account for the degree of
recovery observed. One possible explanation for the
lack of CST growth in the ngr~/~ mice despite regenera-
tion of other systems in these mice and despite the
regeneration of the CST system in other studies is the
role of Amino-Nogo. Selective Nogo-A upregulation
might block CST regeneration in ngr’/~ mice via en-
hanced Amino-Nogo action independently of NgR. In
contrast, treatments with anti-Nogo antibody, NEP1-40,
or NgRecto are acute and have not been shown to pro-
duce chronic compensatory alterations in gene expres-
sion of relevant molecules. Full consideration of an addi-
tional role of an Amino-Nogo receptor will require
isolation of a receptor for that moiety and the develop-
ment of specific means to perturb its function.

A comparison of nogo~~ and ngr~’~ mice might be
expected to be particularly informative about the match
of ligand to receptor, and the role of Amino-Nogo versus
Nogo-66 versus NgR. However, different strains of
nogo-a/b~’~ mice have been reported to exhibit either no
CST axon regeneration (Zheng et al., 2003) or significant
regeneration and functional recovery (Kim et al., 2003b).
Selective nogo-a~~ mice are reported to exhibit a slight
degree of CST sprouting after spinal cord section (Simo-
nen et al., 2003). This in vivo discrepancy remains unex-
plained (Woolf, 2003), despite the fact that reduced my-
elin inhibition of axon growth in vitro is observed for both
strains of nogo-a/b~'~ mice (Kim et al., 2003b; Zheng et
al., 2003). The variation between the ability of different
fiber tracts to regenerate in ngr’- mice demonstrates
that both the Nogo/NgR system and other unidentified
factors contribute to regulating the degree of axon
growth. Such unidentified factors may play a role in
explaining the phenotypic differences between different
nogo-a/b~'~ mice.

We have observed behavioral and electrophysiologic
improvement after complete spinal transection only in
the ngr~'- mice. Similar studies in the nogo-a/b~'~ mice
and with NEP1-40-treated rats did not reveal as great
a level of improvement (data not shown). Therefore, the
regenerative capacity of fiber systems descending from
the brainstem to the spinal cord seems most dependent
on NgR and its ligands, rather than on Amino-Nogo or
other unidentified factors.

Astroglial Scar
While regeneration and recovery in the ngr’~ mice are
greater than those in control mice, the total percentage



Nogo Receptor and Spinal Cord Injury
449

of regenerating fibers is much less than 100% even for
those tracts that regenerate best, such as the raphespi-
nal and rubrospinal tracts. The most likely explanation
for the continued limitation to axon regeneration is inhi-
bition from reactive gliosis. This hypothesis is based on
previous work demonstrating the potent nature of these
inhibitors in vivo and in vitro. It is striking that some fiber
systems can negotiate regions of scar when relieved of
NgR-dependent myelin inhibition. This raises the possi-
bility that inhibition is to some extent cumulative along
the axon and not expressed solely at the distal axon
tip. In this way, relieving inhibition by myelin along the
course of a descending axon might assist in its negotia-
tion of scar components at the distal tip.

Behavioral Deficits in Uninjured Mice Lacking NgR
While mice lacking NgR exhibit generally good health
and fertility, their behavior is altered from control mice
in open field and rotarod testing. Specifically, the ngr/-
mice made fewer movements, avoided the center of the
arena, and fell off of a spinning rod early. The anatomical
and physiological basis for these changes is not clear.
However, the presence of these deficits suggests that
NgR contributes to the formation, refinement, or mainte-
nance of some pathways required for normal mouse
behavior. While NgR may be deleterious to mouse health
by limiting regenerative responses after adult CNS
trauma, it appears somewhat to be beneficial to complex
animal behaviors prior to injury. Further studies, espe-
cially those utilizing conditional NgR gene targeting, will
be required to separate these effects.

Experimental Procedures

Disruption of the ngr Gene by Homologous Recombination

Exon 2 of the mouse ngr gene was replaced with the neo” cassette.
After electroporation with the gene-targeting vector, ES cells (129/
SvdJ strain) were selected using G418 and FIAU. Chimeric mice were
generated and crossed onto a C57BL/6J strain. Mice were back-
crossed for another four to six generations and then intercrossed
to yield homozygous knockouts. SCIl experiments utilized littermate-
matched female mice of different genotypes obtained from hetero-
zygous X heterozygous or homozygous X heterozygous matings
after four to six backcrosses to C57BI6. Knockouts are born at
normal Mendelian frequencies, and no unexpected deaths were ob-
served.

Southern and Northern Analyses

For Southern blot analysis, tail DNA was extracted using the DNeasy
Tissue Kit (Qiagen). Ten micrograms of DNA was digested with
Nhel, electrophoresed into an agarose gel, and blotted onto a nylon
membrane. After UV crosslinking, the membrane was hybridized
with PCR-generated random-primed *?P-labeled ngr probes at 42°C
in a 50% formamide/5x SSPE/10% dextran sulfate/1% SDS solution
and washed at 62°C with 0.1 X SSC/0.1% SDS. Routine genotypic
screening was performed by PCR (ngr-specific forward primer, 5'-
CAGTACCTGCGACTCAATGACAACCCC-3'; ngr-specific reverse
primer, 5'-CTTCCGGGAACAACCTGGCCTCC-3'; neof-specific for-
ward primer, 5'-CTATTCGGCTATGACTGGGCACAACAGAC-3'; neo”-
specific reverse primer, 5'-GAACTCGTCAAGAAGGCGATAGAAGG
CGAT-3).

For Northern blots, total brain RNA was isolated using the RNeasy
Midi Kit (Qiagen). Total RNA (20 p.g) was separated on a 1% agarose/
2% formaldehyde/1 X MOPS gel, blotted to a nylon membrane, UV
crosslinked, and hybridized using 3?P-labeled probes prepared from
fragments of ngr or nogo-c cDNA. Hybridization was performed at
65°C in 0.5 M phosphate buffer/1 mM EDTA/1% BSA/7% SDS, and
washing was performed at 60°C with 0.2 SSC/0.5% SDS.

Immunoblotting

Brain was homogenized in RIPA buffer (1% Triton X-100/0.5% so-
dium deoxycholate/0.1% SDS/1 X PBS) supplemented with 1 X pro-
tease inhibitor cocktail mix (Roche) and sonicated, and the superna-
tant was collected after centrifugation. Brain lysate (20 n.g) was
separated by SDS-PAGE and blotted onto PVDF. Polyclonal rabbit
anti-NgR antibodies were diluted 1:1000. Affinity-purified rabbit anti-
bodies against Nogo-A were used at 50 ng/ml (Wang et al., 2002b).
Rabbit anti-p-actin (Sigma) antibodies were diluted 1:1000. Goat
polyclonal anti-MAG (R&D Systems) antibodies and mouse mono-
clonal anti-MBP (Sternberger Monoclonals) antibodies were diluted
at 1:500 and 1:5000, respectively. Inmunoreactivity was visualized
after incubation with biotinylated secondary antibodies and avidin-
AP (Vector Laboratories) using NBT/BCIP AP substrates. Densitom-
etry of bands was carried out by scanning the blots into the com-
puter and using NIH Image version 1.62 to determine the mean pixel
density for each band.

AP-Nogo-66 Binding and Growth Cone Collapse Assays

P7-14 mouse DRG growth cone collapse and AP-Nogo-66 binding
assays have been described (Fournier et al., 2001b; GrandPre et
al., 2000). Briefly, plastic chamber slides were coated sequentially
with 100 pg/ml poly-L-lysine and 10 p.g/ml laminin before addition
of DRG explants or dissociated DRG neurons. Explants were incu-
bated for 48-72 hr before growth cone collapse was assessed in
response to a 30 min exposure to various soluble ligands: I19G
(Sigma), GST-Ng66-His (GrandPre et al., 2000), MAG-Fc (Liu et al.,
2002; R&D Systems), OMgp (R&D Systems), and bovine CNS myelin
(Fournier et al., 2001b; GrandPre et al., 2000). For binding assays,
50 nM AP-Nogo-66 or AP was incubated with dissociated neurons
for 12 hr at 4°C prior to washing, fixation, heat inactivation, and
staining for bound AP.

Behavioral Analysis

To assess open field activity, mice were acclimated for at least 30
min and then placed in the mouse activity monitoring cage (Colum-
bus Instruments) for 15 min. Floor plane sensor measurements were
collected using Opto-Max v.2.20-A software for a total of three
sessions performed on three consecutive days. To assess locomo-
tor coordination, mice were first trained on the rotarod (Columbus
Instruments) for three sessions on two consecutive days. Perfor-
mance on a speed setting with 0.1 rpm acceleration was recorded
for three sessions on the third day.

Following SCI, a modified Basso-Beattie-Bresnahan (BBB) loco-
motor rating scale (Joshi and Fehlings, 2002) with 21 as normal and
0 as complete hindlimb paralysis was used to score locomotion in
the open field after SCI (Basso et al., 1996). Another BBB modifica-
tion that was developed to score mice as opposed to rats collapses
values from 16 to 21 of the original rat scoring system to scores of
16 to 17 owing to the difficulties in making assessments at the upper
end of the scoring range in mice (Dergham et al., 2002). Since all
injured mice had BBB scores of 16 or less in the present study, this
second mouse BBB scale modification is irrelevant to measure-
ments of the injured mice in this study. Throughout the surgery,
behavioral testing, and histological analysis, researchers were blind
to the identity of the mouse genotype.

Spinal Cord Dorsal Hemisection, Complete Transection,
Corticospinal and Rubrospinal Fiber Tracing,

and 5,7-DHT Injection

All surgical procedures and postoperative care were performed in
accordance with guidelines of the Yale Animal Care and Use Com-
mittee. Female mice (7-10 weeks old) were utilized for all SCI experi-
ments, and in each case ngr’- mice were compared with control
ngr*’~ and/or ngr*’* mice from the same litter (and therefore same
strain background). Mice were deeply anesthetized with intraperito-
neal ketamine (100 mg/kg) and xylazine (15 mg/kg). Laminectomies
were performed at spinal levels T6 and T7, exposing the spinal cord.
A dorsal hemisection was performed at T6 using the tip of a 32G
needle, completely interrupting the dorsal and dorsolateral CSTs.
For complete transections, laminectomies were performed at T8,
and a no. 11 scalpel blade was used to transect the entire depth of
the spinal cord. The vertebral cavity was probed several times with
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fine forceps to ensure as complete a transection of the spinal cord
and meninges as possible without disturbing the rostral or caudal
spinal tissue (see Figure 6C). The muscle layers over the laminecto-
mies were sutured, and the skin on the back was closed with surgical
staples. For tracing the corticospinal tract, the scalp was cut, and
a hole was drilled into the skull overlying the sensorimotor cortex.
By four injections, 1.5 pl of the biotin dextran amine (BDA; MW
10,000; 10% in PBS; Molecular Probes) was applied. For tracing
the rubrospinal tract, injections were performed bilaterally at the
following coordinates: 2.5 mm posterior, 0.6 mm lateral to bregma,
and 3.5 mm from the surface of the brain. BDA (200 nl) was injected
over 3 min per side. Following injections, the scalp was closed with
surgical staples. Ampicillin was administered intramuscularly twice
daily for 3 days postoperatively, and the bladder was expressed by
massage three times a day for the first postoperative week and then
twice daily for the entire duration of survival.

For the mice receiving bilateral i.c.v. injections of the serotonin
neurotoxin 5,7-dihydroxytryptamine (30 pg dissolved in 0.5 pl of
0.2% ascorbic acid in normal saline), the tip of a glass micropipette
was positioned into the lateral cerebral ventricles (coordinates:
0.6 mm posterior to the bregma, 1.6 mm lateral from the sagittal
suture, and 2 mm deep from the cortical surface) 4 weeks after
complete transection. The duration of injection lasted for 2.5 min,
and the micropipette was kept in position for an additional minute
before withdrawal. Thirty minutes before the 5,7-DHT injection, the
monoamine uptake inhibitor desipramine (25 mg/kg, i.p.; Sigma)
was administered. Two weeks after 5,7-DHT injections, these mice
were perfused for histological examination.

Histology and Analysis

Three weeks after dorsal hemisection or 6 weeks after complete
transection, animals were perfused transcardially with PBS followed
by a 4% paraformaldehyde/PBS solution. Spinal cords were dis-
sected, postfixed overnight, and flash-frozen in tissue freezing me-
dium (TBS) for cryostat sectioning. To visualize BDA-traced axons,
50 wm thick free-floating sections were preincubated with 0.5%
BSA/0.1% Triton X-100/TBS and then processed with avidin-HRP
(Elite ABC, Vector Laboratories) followed by a nickel-enhanced di-
aminobenzidine reaction. The sections were mounted, dehydrated,
and coverslipped with DPX mounting medium (BDH Laboratory Sup-
plies). For fiber counts, sections were examined with a 20X or 40X
objective lens.

For immunohistochemistry, 50 pm thick free-floating sections of
spinal cord were mounted and dried on glass slides and blocked
in 3% normal goat serum/2% BSA/0.3% Triton X-100/PBS before
incubation with polyclonal rabbit anti-5-HT (1:500; Immunostar).
Polyclonal goat anti-5-HT antibodies (1:500; Immunostar) were used
for double staining with rabbit anti-NgR antibodies (1:1000). Poly-
clonal rabbit anti-GFAP (Sigma) antibodies were diluted 1:50. The
density of serotonin fiber innervation was determined using NIH
Image version 1.62. Immunoreactive fibers were selected by thresh-
olding, and then fiber length per spinal cord section was measured
after utilizing the skeletonize function.

For camera lucida-style tracing of 5-HT-immunoreactive fibers
and BDA-labeled rubrospinal fibers, serial longitudinal sections were
digitally photographed, and fibers were traced on a computer using
Adobe Photoshop 7.0 software.

Electrophysiological Recordings

To measure signal conduction in motor pathways after SCI,
tcmMEPs were measured from mice 6 weeks after injury. To record
the tcmMEP, mice were anesthetized with ketamine/xylazine i.p.
Magnetic stimulation was delivered by positioning the center of a
stimulator coil (MEP-10 magneto-electric stimulator set at 70%
power with a 5 cm diameter coil; Cadwell Laboratories) over the
cranium. The electromuscular response evoked by a 1.5 T magnetic
discharge of 70 ws duration was recorded from either the gastrocne-
mius or biceps brachialis muscle. At least three replicate responses
were recorded from each site. Lack of an evoked response after
three trials for both hindlimbs was considered as having 0 wV
tcmMEP amplitude.
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