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Myelin components that inhibit axonal regeneration are be-
lieved to contribute significantly to the lack of axonal regener-
ation noted in the adult central nervous system. Three pro-
teins found in myelin, Nogo, myelin-associated glycoprotein,
and oligodendrocyte-myelin glycoprotein, inhibit neurite out-
growth in vitro. All of these proteins interact with the same
receptors, namely, the Nogo receptor (NgR) and paired immu-
noglobulin-like receptor B (PIR-B). As per previous reports,
corticospinal tract (CST) regeneration is not enhanced in NgR-
knock-out mice after spinal cord injury. Therefore, we as-
sessed CST regeneration in PIR-B-knock-out mice. We found
that hindlimb motor function, as assessed using the Basso
mouse scale, footprint test, inclined plane test, and beam walk-
ing test, did not differ between the PIR-B-knock-out and wild-
type mice after dorsal hemisection of the spinal cord. Further,
tracing of the CST fibers after injury did not reveal enhanced
axonal regeneration or sprouting in the CST of the PIR-B-
knock-out mice. Systemic administration of NEP1–40, a NgR
antagonist, to PIR-B knock-out mice did not enhance the re-
generative response. These results indicate that PIR-B knock-
out is not sufficient to induce extensive axonal regeneration
after spinal cord injury.

Various factors can hamper axonal regeneration after spi-
nal cord injury (SCI),2 including the reduced propensity for
growth shown by the axons of the adult CNS (1). Three mye-
lin-associated proteins, namely, myelin-associated glycopro-
tein (MAG), Nogo, and oligodendrocyte-myelin glycoprotein
(OMgp), potently inhibit neurite growth in vitro. Although
these myelin inhibitors exhibit marked structural variations,

they all interact with the Nogo receptor (NgR). Therefore,
NgR has been considered a good molecular target for the
treatment of CNS injuries. Indeed, RhoA, one of the key sig-
nals downstream of NgR, has been shown to be activated spa-
tially around the injured site after SCI (2). Two research
groups have conducted studies on NgR knock-out: one group
reported that this mutation abolished the growth cone col-
lapse response to myelin inhibitors, allowed for a limited
amount of regeneration of the raphespinal and rubrospinal
tracts, but did not enable the regeneration of the corticospinal
tract (CST) after SCI (3). However, the other research group
found that myelin inhibitors inhibited neurite growth to the
same extent in the neurons of both NgR-knock-out mice and
wild-type mice and completely inhibited CST regeneration
after SCI in NgR-knock-out mice (4). In the latter study, neu-
rons were cultured, and it was found that Nogo-66, which
comprises one of the two inhibitory domains of Nogo carried
by a chain of 66 amino acids, inhibited neurite growth to the
same extent in the NgR-knock-out mice as in the wild-type
mice. This finding strongly suggested the existence of addi-
tional receptors, apart from NgR, that interact with myelin
inhibitors.
Subsequently, another such receptor, paired immunoglobulin-

like receptor B (PIR-B), was identified (5). This receptor was first
described in terms of its activity in the immune system. PIR-B is
anMHC class I receptor (6) and contains immunoreceptor ty-
rosine-based inhibitory motifs. Phosphorylation of these sites
stimulates the binding of Shp-1 and Shp-2 phosphatases to
PIR-B, and this binding in turnmodulates the signal transduc-
tion pathways operating in the immune system. PIR-B is ex-
pressed on cells of various hematopoietic lineages as well as on
neurons (7). It binds not only to Nogo-66 but also toMAG and
OMgp and is partly responsible for the effects of Nogo-66 and
total myelin in inhibiting neurite growth (5). Interestingly, PIR-B
inhibition by a neutralizing antibody in NgR-null cerebellar neu-
rons completely abrogated the effects of total myelin in inhibit-
ing neurite growth. This finding suggests that NgR and PIR-B
may be responsible for transducing all of the inhibitory signals
produced by total myelin. However, it remains unclear as to
whether PIR-B inhibition is sufficient for inducing axonal regen-
eration in vivo. In the present study, we assessed the role of
PIR-B in the failure of regeneration in vivo by using PIR-B-
knock-out mice.
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EXPERIMENTAL PROCEDURES

Mice—C57BL/6J mice (age, 8 weeks) were purchased from
Charles River Laboratories and were bred and maintained at
the Institute of Experimental Animal Sciences, Osaka Univer-
sity Graduate School of Medicine. PIR-B�/� mice were gener-
ated as described previously (8) and backcrossed with
C57BL/6J mice. All experimental procedures were approved
by the Institutional Ethics Committee of Osaka University.
Surgical Procedures for Inducing SCI—Mice (body weight,

16.5–25.5 g) were anesthetized with sodium pentobarbital (50
mg/kg). The skin over the thoracic vertebrae was shaved and
cleaned with an iodine tincture. The skin was incised, and the
connective and muscle tissues were bluntly dissected to ex-
pose the lower thoracic spinal cord. T9 laminectomy was per-
formed, ensuring that the spinal cord was not damaged dur-
ing the removal of the dorsal lamina. The dura was cut with a
needle. Further, the surgical microknife was used to perform
dorsal hemisection at T9, ensuring that the dorsal and dorso-
lateral CSTs were severed to a depth of 1.0 mm. To ensure
that the lesion was laterally complete, the surgical microknife
was passed through the dorsal part of the spinal cord several
times with a view to creating a lesion that extended down-
ward to the central canal.
NEP1–40 Treatment—NEP1–40 treatment was performed

as described previously (9). The animals were administered
NEP1–40 (Merck), an NgR antagonist peptide (10), with an
intrapenitoreal injection (n � 17 for wild-type, and n � 6 for
PIR-B�/� mice) or an intrathecal administration (n � 7) with
an implanted osmotic minipump (model 2002; Alzet, Cuper-
tino, CA). For intraperitoneal injections, 100 �l of NEP1–40
dissolved in the vehicle (83% PBS � 17% dimethyl sulfoxide)
at a final concentration of 2.088 mg/ml was administered at
3 h after induction of SCI and then once daily for 14 days.
This represents an approximate dose of 11.6 mg/kg per day.
For the intrathecal administration, a pump connected to a
silicone tube was filled with vehicle (83% PBS, 17% dimethyl
sulfoxide) or NEP1–40 in the vehicle. After SCI, the pump
was implanted in the subcutaneous space, and the tube was
indwelled into the injury site for the local administration. The
vehicle and NEP1–40 were delivered continuously at rate of
0.6 �l/h for 14 days (11.6 mg/kg per day).
Behavioral Assessment—All animals were subjected to four

motor tests, the Basso mouse scale (BMS), inclined plane,
beam walking, and footprint test, to evaluate the functional
recovery of hindlimbs after SCI (see supplemental Materials
and Methods). Those tests were conducted the day before the
surgery to evaluate the normal performance of mice. For
beam walking tests, the mice were trained to walk on a nar-
row beam prior to injury.
Immunoprecipitation Assay—Mouse cortex, spinal cord,

and spleen were lysed in 50 mM Tris-HCl (pH 7.5), 150 mM

NaCl, 1% Nonidet P-40, 1 mM EDTA, and 2 mM sodium or-
thovanadate supplemented with proteinase inhibitors (Roche
Applied Science). The lysates were centrifuged at 17,000 � g
at 4 °C for 10 min, and the protein concentrations of the su-
pernatants were measured and normalized among the sam-
ples. As an internal control, a fraction of lysates with equal

amounts of proteins were boiled in sample buffer containing
5% �-mercaptoethanol for 5 min and subjected to SDS-PAGE.
The rest of lysates with equal amounts of proteins were se-
quentially incubated with rat anti-mouse PIR (BD Pharmin-
gen) and protein G-conjugated Sepharose (GE Healthcare).
The resultant beads were washed four times, and boiled in
sample buffer. The protein samples were subjected to SDS-
PAGE and transblotted to PVDF membranes. The mem-
branes were incubated with goat anti-mouse PIR-B (1:400;
Santa Cruz Biotechnology, Santa Cruz, CA) or mouse anti-�-
tubulin antibody (for the control, 1:1000; Santa Cruz Biotech-
nology). HRP-conjugated secondary antibodies and ECL Plus
reagents (GE Healthcare) were used for detection. Mem-
branes were exposed to an image system (LAS-3000; Fujifilm,
Tokyo, Japan) according to the manufacturer’s specifications.
Histological Analysis—Themice were perfused transcardially

with PBS followed by 4% paraformaldehyde in 0.1 M phosphate
buffer. The spinal cords were dissected, postfixed in the same
fixatives, and immersed overnight in PBS containing 30% su-
crose. The spinal cords were then embedded in Tissue-Tek OCT
and kept frozen at �80 °C until use. Serial parasagittal sections
and transverse sections (20 �m thick) were cut on a cryostat and
mounted onMatsunami adhesive silane-coated Superfrost/Plus
slides (Matsunami, Osaka, Japan). The sections were washed
three times with PBS and blocked in PBS supplemented with 5%
BSA and 0.1% Triton X-100 for 1 h at room temperature.We
performed immunostaining for glial fibrillary acidic protein to
visualize glial scar formation as an indicator of the lesion depth at
the epicenter. The sections were incubated overnight at 4 °C with
a polyclonal anti-PIR-B antibody (1:250; Lilrb3, A-20; Santa Cruz
Biotechnology) or a monoclonal anti-glial fibrillary acidic protein
antibody (1: 200; Sigma). They were then washed three times
with PBS and incubated with Alexa Fluor 488-conjugated sec-
ondary antibodies (1:500; Invitrogen) for 1 h at room tempera-
ture. In some cases, Alexa Fluor 568-conjugated streptavidin
(1:400; Invitrogen) was used for coimmunostaining. The sam-
ples were examined under a fluorescence microscope (Olym-
pus BX51, DP71).
Quantification—To quantify regeneration and sprouting of

the CST, biotinylated dextran amine (BDA), an anterograde
tracer, was injected into the right sensorimotor cortex 4
weeks after the induction of SCI, and the CST was visualized
on frozen sections (see supplemental Materials and Methods).
The distance from the end of the main bundles in the CST
to the lesion epicenter was measured for each animal to quan-
tify the retraction of the CST fibers. For this measurement, we
used the sagittal sections (extending 5 mm rostral and 5 mm
caudal to the lesion epicenter) cut in the plane through which
the axon bundles in the main dorsal CST ran. The distance
between the lesion epicenter and the tips of the injured CST
axons (bulbous in appearance) was measured and averaged
(10 axons per section). The distance rostral to the lesion epi-
center was considered positive distance.
To quantify axonal sprouting and regeneration in the CST,

we obtained serial transverse sections of the spinal cord and
quantitatively analyzed the axonal distribution. The degree of
BDA uptake was assessed by counting the pixels in the BDA-
labeled fibers in the normal dorsal CST area; for this assess-
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ment, we used the Scion Image software (Scion Corporation)
and transverse sections from 5 mm rostral to the lesion site.
To quantify the labeled CST axons in the region from 5 mm
rostral to 5 mm caudal to the lesion site, the pixels in the la-
beled fibers of the gray matter or the dorsal CST were
counted for each animal, and this value was divided by the
number of pixels in the labeled dorsal CST axons located 5
mm above the lesion. The lesion depth from the dorsal sur-
face of the spinal cord was measured in sagittal sections con-
taining the lesion epicenter after immunostaining with the
anti-glial fibrillary acidic protein antibody.
Statistical Analysis—Statistical analyses were described in

the figure legends. p values of less than 0.05 were considered
significant.

RESULTS

PIR-B Expression Is increased after SCI—PIR-B is reported
to be expressed in the adult brain, including the cerebral cor-
tex (7); thus, the spatial expression of PIR-B should reflect its
role in mediating the responses of corticospinal neurons to
inhibitory cues after SCI. At first, we examined expression of
PIR-B in the cerebral cortex and the spinal cord. An immuno-
precipitation assay revealed that PIR-B was expressed in the
cerebral cortex and the spinal cord as well as the spleen (Fig.
1A). To confirm that the signal in the Western blot was spe-
cific to PIR-B, we employed PIR-B�/� mice. PIR-B�/� mice
were generated by standard gene-targeting methods that re-
sulted in the deletion of sequences encoding the sixth ectodo-
main and juxtamembrane domain of the protein (8). As ex-
pected, no bands for PIR-B were visible in any tissues from
PIR-B�/� mice (Fig. 1A). We next assessed whether PIR-B
expression was altered in these tissues after SCI. Although the
expression of PIR-B appeared to be increased in the cerebral
cortex after thoracic SCI (Fig. 1B), it was not statistically sig-
nificant. However, the PIR-B expression was significantly in-
duced around the injured site in the spinal cord at 3 days after
SCI (Fig. 1C). These results suggest some function of PIR-B in
the pathogenesis of SCI.
Recovery of Locomotor Activity after Dorsal Hemisection of

the Spinal Cord Is Not Enhanced in PIR-B�/� Mice—The
above results suggest a possibility that PIR-B may play a role
in suppressing functional recovery after SCI. We used PIR-
B�/� mice to assess whether functional recovery after SCI is
more rapid in the absence of PIR-B. The PIR-B�/� mice did
not exhibit any obvious abnormalities in locomotor activity as
assessed by the BMS scores (data not shown). We created
1.0-mm-deep lesions in the dorsal region of the spinal cord at
the T9 vertebral level by using a surgical microknife, ensuring
transection of both the main and dorsolateral CSTs. Some of
wild-type and PIR-B�/� mice received NEP1–40 systemically.
At 6 weeks after the induction of SCI, we assessed the lesions
by examining sagittal sections containing the lesion epicen-
ters. We found that the lesion depth did not differ signifi-
cantly between the groups (see Fig. 3M). We evaluated the
hindlimb locomotor function of the mice by recording BMS
scores for up to 6 weeks after the induction of SCI. All of the
injured mice became almost completely paraplegic on day 1
after the injury (Fig. 2A) but gradually began to display partial

recovery of locomotor activity. In general, this recovery was
slightly better in the PIR-B�/� mice than in the wild-type
mice at a week after the injury, but this difference was not
significant. Two-way repeated-measures ANOVA revealed
that the overall BMS scores did not significantly differ be-
tween the PIR-B�/� and wild-type mice; furthermore, there
were no significant differences between the two groups at any
specific time point after the induction of SCI (Mann-Whitney
U test; Fig. 2A). Thus, the recovery of locomotor activity after
SCI was not significantly enhanced in the PIR-B�/� mice. In
addition, the BMS scores recorded at any time points did not
significantly differ among the NEP1–40-treated PIR-B�/�,
NEP1–40-treated wild-type mice, PIR-B�/�, or the wild-type
mice (Fig. 2A). As systemic administration of NEP1–40 was
ineffective, we next delivered NEP1–40 intrathecally via os-
motic minipumps for 2 weeks (11.6 mg/kg day day), and the
locomotor performance of the animals was monitored for 6
weeks after the injury. The BMS scores recorded at any time
points did not significantly differ between the NEP1–40-
treated wild-type mice and the vehicle-treated wild-type mice
(Fig. 2B). NEP1–40 efficiently silenced the growth cone-col-

FIGURE 1. PIR-B expression is increased after SCI. A, immunoprecipitation
(IP) assay revealed that PIR-B was expressed in cortex, spinal cord, and
spleen. PIR-B protein was immunoprecipitated from each tissue of wild-
type (WT) or PIR-B�/� (PIR-B KO) mice with equal amounts of protein. IB,
immunoblotting. �-Tubulin is an internal control. B, expression of PIR-B in
the cerebral cortex at the indicated days after SCI is shown. The graph
shows the relative PIR-B expression level compared with the control (day 0).
C, expression of PIR-B in the spinal cord was enhanced after SCI. The graph
shows the relative PIR-B expression level compared with the control (day 0).
B and C, the data represent the mean � S.E. (error bars), n � 4 for each
group. *, p � 0.05 (one-way factorial ANOVA followed by Scheffe’s multiple
comparison test).
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lapsing activity of Nogo-66 in vitro (supplemental Fig. 1A),
confirming that NEP1–40 worked in our experiments. Hence,
systemic administration of NEP1–40 produces outcome es-
sentially identical to that with intrathecal administration as
described previously (9, 10). Three other behavioral tests were
used to characterize the performance of mice additionally.
Analysis of hindpaw footprints in mice demonstrates that
stride length, base width, or overlap between forelimb and
hindlimb placement did not significantly differ among the
four groups (Fig. 2C). There was also no significant difference
among the groups in the inclined plane test (Fig. 2D), or beam
walking test (Fig. 2E). These findings are in contrast to those

reported by GrandPré et al. (10) but are consistent with the
results of a subsequent study that reassessed the effects of
NEP1–40 (11). We also confirmed that the neurite growth
inhibition induced by Nogo-66 in vitro was suppressed in the
cerebellar granule neurons from PIR-B�/� mice (supplemen-
tal Fig. 1B). Thus, neither the absence of PIR-B nor the inhibi-
tion of NgR enhanced the recovery of locomotor activity after
dorsal hemisection of the mouse thoracic spinal cord in our
experimental paradigm.
CST Regeneration after SCI Was Not Detectable in the

PIR-B�/� Mice—Next, we examined axonal regeneration in
the descending CST of the PIR-B�/� mice by injecting BDA

FIGURE 2. The recovery of locomotor activity is not enhanced after SCI in PIR-B�/� mice. A, the BMS scores (mean � S.E. (error bars)) determined at the
indicated time points after dorsal hemisection did not significantly differ among the wild-type (WT; n � 16), PIR-B�/� (PIR-B KO; n � 15), NEP1– 40-treated
wild-type (NEP1– 40; n � 17), and NEP1– 40-treated PIR-B�/� (PIR-B KO � NEP1– 40; n � 6) mice. B, the BMS scores (mean � S.E.) after dorsal hemisection did
not significantly differ between the intrathecal NEP1– 40-administered wild-type (NEP1– 40; n � 7) and NEP1– 40-untreated wild-type (WT; n � 7) mice.
C, footprint analysis at 42 days after SCI reveals that stride length, base width, or overlap between forelimb and hindlimb placement did not significantly
differ among the four groups. The bottom and right panels show examples of the representative footprints from preinjury control mice and each group of
mice 42 days after SCI. Forelimb, black; hindlimb, gray. D and E, there was also no significant difference among the groups in the inclined plane test (D) or
beam walking score (E). C–E, n � 3– 6 for each group. A, B, D, and E, two-way repeated-measures ANOVA. C, one-way factorial ANOVA.
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into right sensorimotor cortices. The CST axons of these mice
showed no abnormality (data not shown), indicating that
PIR-B is not involved in CST development. During our surgi-

cal procedure, we transected both the main and lateral CSTs.
Thus, all CST components were labeled by BDA injected into
the sensorimotor cortex, as there is no evidence of ventral

FIGURE 3. Axonal regeneration/sprouting were not promoted in the CST after SCI in the PIR-B�/� mice. A, D, G, and J, representative pictures of
BDA-labeled CST fibers are shown. The rostral region is indicated to the left. Anterograde labeled CST fibers in the spinal cord of the WT (A), PIR-B KO
(D), NEP1– 40 (G), and PIR-B KO � NEP1– 40 (J) mice at 6 weeks after SCI are shown. The lesion epicenter is indicated by an asterisk. In all groups of
mice, numerous axon arbors were seen extending from the main CST into the gray matter rostral to the injury site (arrowheads). B, C, E, F, H, I, K, and
L, higher magnifications of the boxed regions in A, D, G, and J are shown. B, E, H, and K, rostral regions contained many axons with retraction bulbs
approaching the injury site. C, F, I, and L, no obvious regenerating/sprouting fibers were noted in the caudal region of the spinal cord. Scale bars: 500
�m in A, D, G, and J; 100 �m in B, C, E, F, H, I, K, and L. M, Lesion depth (expressed as mean � S.E. (error bars)) showed no statistically significant differ-
ence among the groups (n � 3 for PIR-B KO � NEP1– 40, and four for other groups) using one-way factorial ANOVA. N, distance from the end of the
axon bundles in the main CST to the lesion epicenter, as measured in longitudinal sections (n � 4 for WT, n � 3 for others), did not significantly differ
among the groups as measured by the Kruskal-Wallis test.
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CST in C57BL/6J mice (11, 12). After the injection of BDA at
4 weeks after the surgery, the animals were kept alive for 2
more weeks. For some animals (three or four for each groups),
sagittal plane sections of the main dorsal CST were cut from
the region extending 5 mm rostral and 5 mm caudal to the
lesion epicenter (Figs. 3 and 4). The far rostral and far caudal
segments were sectioned in the transverse plane. For other
animals (three for each groups), the spinal cord was sectioned
in the transverse plane (Fig. 5). Sagittal sections through the
lesion site revealed that the axon bundles in the main CST
had retracted to the same extent in both the PIR-B�/� and
wild-type mice (Fig. 3N). In both groups of mice, the main
dorsal CST contained numerous retraction bulbs approaching
the injury site, with a few axons extending closer (Fig. 3, A, B,
D, and E). Further, we observed axon arbors extending from
the main CST into the gray matter rostral to the lesion site in
both the PIR-B�/� and wild-type mice (Fig. 3, A and D). How-
ever, the labeled fibers caudal to the lesion epicenter could
not be detected in either the PIR-B�/� or wild-type mice (Fig.
3, C and F). Consistent with a previous report (12), in the case
of both the PIR-B�/� mice (Fig. 4, A–C) and the wild-type
mice (data not shown), only a few BDA-labeled CST axons
could be seen extending from the gray matter rostral to the
lesion site, in the direction of the ventral column and beyond

the lesion. Interestingly, in the wild-type mice, the BDA-la-
beled fibers were in contact with PIR-B-immunoreactive neu-
ronal cells around the lesions (Fig. 4, D and E). These results
indicate that PIR-B may be expressed in the interneurons in
the spinal cord as well as the pyramidal neurons in the cere-
bral cortex (7, 13).
The axon bundles in the main CST exhibited a similar de-

gree of retraction in both the NEP1–40-treated wild-type and
NEP1–40-treated PIR-B�/� mice compared with the wild-
type mice (Fig. 3N). In addition, we could not detect signs
indicative of a regenerative response in these mice (Fig. 3,
G–L).
Because examination of the sagittal sections did not reveal

any obvious regenerative responses in the PIR-B�/� mice be-
yond those in the wild-type mice, we decided to analyze the
axonal distribution quantitatively by using transverse sections
of the spinal cord. The total number of labeled fibers located 5
mm above the lesion was almost identical in all groups of
mice (Fig. 5, A, C, E, G, and I); this indicated that the extent of
BDA uptake was similar in all groups. We examined and com-
pared the regenerative responses of the CST fibers in three
mice per group, and representative sections of one animal per
group are shown in Fig. 5. In all groups, extensive collaterals
were detected in the gray matter rostral to the lesion epicen-

FIGURE 4. The severed CST axons were in contact with interneurons expressing PIR-B in the spinal cord. A, representative pictures of BDA-labeled CST
fibers in the PIR-B�/� mice after SCI. The rostral region is indicated to the left. B and C, higher magnification of the boxed regions in A, showing extension of a
few CST axons around and beyond the lesion. The arrowheads indicate axons extending from the gray matter into the ventral column. D, immunohisto-
chemical analyses of BDA-positive fibers in the transected spinal cord. Representative photomicrographs are shown of sagittal sections obtained from the
injury site of a wild-type mouse at 6 weeks after SCI. In the wild-type mice, the BDA-labeled fibers (red) were in contact with PIR-B-immunoreactive neurons
(green) rostral to the lesion epicenter. E, higher magnification of D. Scale bars, 500 �m in A, 200 �m in B, 100 �m in C and D, 50 �m in E.
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ter (Fig. 5, A, C, E, G, and J). However, no labeled axons were
detected in the dorsal CST or the dorsolateral CST caudal to
the injury site (Fig. 5, B, D, F, and H); this finding revealed
that the lesion completely transected the axons in the de-
scending CST. Moreover, for all groups, transverse sections of
the gray or white matter below the injury site contained few
or no BDA-labeled axons (Fig. 5, B, D, F, and H). Overall, the
pattern of traced CST axons both above and below the injury
site seemed comparable in all the groups. On the basis of
quantitative analysis of the reconstructed spinal cord, we con-
cluded that the areas caudal or rostral to the injury site did
not significantly differ among the groups (Fig. 5, I and J).

Thus, we obtained no evidence to show that the CST was re-
generated after SCI in the PIR-B�/� or the NEP1–40-treated
mice.

DISCUSSION

NgR and PIR-B have been identified as candidate receptors
for three myelin-associated proteins (MAG, Nogo, and
OMgp). Since then, these receptors have been considered po-
tential therapeutic targets for promoting regeneration in vivo.
In a previous study on NgR-null cerebellar neurons, antibody-
mediated functional inhibition of PIR-B completely sup-
pressed the inhibitory effects of MAG, Nogo, and OMgp on

FIGURE 5. Distribution of the sprouting CST fibers in the spinal cord. Top, injured spinal cord illustrated schematically. A–H, representative transverse
sections of the spinal cord obtained from 5 mm rostral (A, C, E, and G) or 5 mm caudal (B, D, F, and H) to the lesion site in the WT (A and B), PIR-B KO (C and
D), NEP1– 40 (E and F), and PIR-B KO � NEP1– 40 (G and H) mice. Insets, high magnification views of dorsal funiculus. Scale bars, 200 �m in A–H; 100 �m in
insets. I, pixel number of labeled corticospinal axons 5 mm rostral to the lesion site. The numbers did not significantly differ among the groups (using one-
way factorial ANOVA). J, quantification of the extent of regeneration. The x axis represents specific locations along the rostrocaudal axis of the spinal cord;
the y axis (axon index) indicates the ratio of the average pixel number of axons at each rostrocaudal location outside the main CST to the pixel number of
the labeled fibers in the region 5 mm rostral to the lesion epicenter (mean � S.E. (error bars)). No statistically significant difference was observed among the
groups of mice with regard to the pixel number of sprouting or regenerating axons at any level along the rostrocaudal axis (using two-way repeated-mea-
sures ANOVA).

PIR-B Knockout Does Not Enhance Axonal Regeneration

1882 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 3 • JANUARY 21, 2011



neurite growth (5). Contrary to these results, we found that
axonal regeneration in the CST was not enhanced in the PIR-
B�/� mice after dorsal hemisection of the spinal cord. In ad-
dition, we found that treatment with NEP1–40, a Nogo-66
receptor antagonist, did not induce axonal regeneration in the
CST, a finding that is consistent with one previous report (11)
but conflicting with another (9). Further, neither the PIR-
B�/� mice nor the NEP1–40-treated mice in our study exhib-
ited enhanced recovery of locomotor activity after SCI. Our
results challenge the view that the three myelin-associated
proteins MAG, Nogo, and OMgp play a central role in trans-
ducing the inhibitory signals produced by myelin, as discussed
recently (14). Moreover, these findings suggest that some
other signals inhibiting axonal regeneration should be blocked
and/or growth-stimulating signals should be provided to pro-
mote axonal regeneration in the CNS. For example, MAG and
an N-terminal region of NogoA can act through an integrin-
related mechanism (15), and MAG also signals via NgR2 and
gangliosides (16). In addition, a number of other inhibitory
molecules that could be playing a role exist in the CNS, e.g.
repulsive guidance molecules, semaphorins, chondroitin sul-
fate proteoglycans, Wnts (1).
Although our findings are disappointing, the fact that ax-

onal regeneration was not enhanced in the PIR-B�/� mice
does not directly imply that PIR-B completely lacks a role in
transducing the inhibitory signals for axonal regeneration in
vivo. PIR-B is known to modulate immune responses by in-
hibiting the intracellular signaling in B cells and myeloid cells,
and PIR-B�/� mice exhibit impaired maturation of dendritic
cells and hyperactivated B cells and myeloid cells. Further,
immunization of these mice with T-dependent antigens aug-
ments the humoral responses mediated by T helper type 2
cells (8). This role of PIR-B in the immune system, which is
presumably implicated in the pathophysiology of neuronal
injuries, suggests the functional significance of PIR-B in SCI.
PIR-B�/� mice exhibit an extended duration of experience-

dependent ocular dominance plasticity during development
(7); this indicates that PIR-B inhibits plasticity. A previous
study revealed that the immunostaining of PIR-B is often ad-
jacent to but rarely overlapping with that of the presynaptic
proteins synaptophysin or synapsin (7), suggesting that PIR-B
is localized at or beyond neural synapses. Further, in sections
of the cerebral cortex, the PIR-B-alkaline phosphatase fusion
protein is detected in association with the cell bodies and den-
drites of cortical pyramidal neurons. We also reported that
corticospinal neurons expressed PIR-B (13). In addition, we
found that interneurons associated with the BDA-labeled
CST in the spinal cord were immunoreactive for PIR-B.
Therefore, plastic changes in the interneurons, as well as the
axons of corticospinal neurons, may be enhanced in PIR-B�/�

mice, although the quantitative measurement of those
changes is technically challenging. However, because the re-
covery of locomotor activity after SCI was not significantly
promoted in the PIR-B�/� mice in this study, we hypothesize

that plasticity changes in the interneurons may have at best
played only a minor role in rewiring the injured neural net-
work in our model. It should also be noted that the behavioral
tests we performed are not specific for the function of the
CST. Therefore, our data suggest that the tracts for the motor
function did not regenerate functionally in the absence of
PIR-B.
The signal transduction mechanism by which PIR-B inhib-

its axonal growth remains to be elucidated, although the sig-
nals downstream of NgR have been well characterized (1).
The cytoplasmic domain of PIR-B contains three immunore-
ceptor tyrosine-based inhibitory motifs and one immunore-
ceptor tyrosine-based inhibitory motif-like sequence. When
these sites are phosphorylated, Shp-1 and Shp-2 phosphatases
are recruited to PIR-B, which in turn modulates signal trans-
duction pathways in the immune system (6). This indicates
that Shp-1 and Shp-2 may play a role in the inhibition of ax-
onal growth. Thus, tyrosine kinases like those of the Trk fam-
ily, which promote the survival, differentiation, and axonal
growth of neurons, are possible targets of Shp-1 and Shp-2.
Future studies should aim to elucidate the molecular mecha-
nisms underlying the functions of PIR-B in neurons. In sum-
mary, our findings indicate that PIR-B deletion does not en-
hance either CST regeneration beyond the lesion site or the
recovery of locomotor activity after dorsal hemisection of the
spinal cord.
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