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Introduction

Myelinated axons can be divided into several domains: the nodes 
of Ranvier; the adjacent paranodes where terminal spiral oligo-
dendroglial loops land; juxtaparanodes that are adjacent to the 
paranodes; and internodes that are located between the jux-
taparanodes and wrapped by the compact layers of the myelin 
sheath. Notably, the paranodal region is an important domain for 
axoglial interactions. Well-defined, electron-dense, ladder-like 
partitions or septa, also called transverse bands, can be visual-
ized at regular intervals in the narrow cleft between paranodal 
loops and the axolemma.1,2 This structure also serves as a partial 
diffusion barrier to the periaxonal space to prevent the random 
lateral diffusion of membrane components.3 Increasing evidence 
demonstrate that axoglial interactions at the paranodes regulate 
myelination. For instance, F3/contactin, a GPI-linked cell adhe-
sion molecule of the immunoglobulin superfamily, interacts with 
the contactin-associated protein (Caspr) to constitute the trans-
verse band at the paranode, which is a hallmark of the mature 
paranodal junction.4 Our previous study has revealed that F3 
promotes oligodendroglial maturation via the Notch/Deltex1 
pathway through axoglial interaction.5 However, the molecular 
mechanisms of paranodal formation are not fully understood.

The receptor protein tryrosine phosphatase α (PTPα) com-
prises an extracellular domain and an intracellular region con-
taining two tandem catalytic domains.6 PTPα interacts with F3 
to form a cis membrane-spanning co-receptor complex, which 
potentially transduces extracellular signals to the tyrosine kinase 

PTPα interacts with F3/contactin to form a membrane-spanning co-receptor complex to transduce extracellular signals 
to Fyn tyrosine kinase. As both F3 and Fyn regulate myelination, we investigated a role for PTPα in this process. Here, 
we report that both oligodendrocytes and neurons express PTPα that evenly distributes along myelinated axons of the 
spinal cord. The ablation of PTPα in vivo leads to early formation of transverse bands that are mainly constituted by 
F3 and Caspr along the axoglial interface. Notably, PTPα deficiency facilitates abnormal myelination and pronouncedly 
increases the number of non-landed oligodendrocyte loops at shortened paranodes in the spinal cord. Small axons, 
which are normally less myelinated, have thick myelin sheaths in the spinal cord of PTPα-null animals. Thus, PTPα may be 
involved in the formation of axoglial junctions and ensheathment in small axons during myelination of the spinal cord.
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Fyn.7 Given that F3 is located at paranodes and promotes oli-
godendrocyte maturation as well as acts as a binding partner of 
PTPα, and that Fyn is implicated in oligodendrocyte differen-
tiation and myelination,8-10 we hypothesized that PTPα might 
be involved in modulating paranodal formation and myelination 
during CNS development. In this study, we found that PTPα 
was mainly expressed in both neurons and oligodendrocytes. In 
the spinal cord of PTPα-deficient mice, the formation of trans-
verse bands at paranodal regions and myelination were advanced 
during early development. Notably, abnormal myelination was 
observed in the spinal cord of the adult mutant animals. These 
findings reveal that PTPα plays a role in myelination during the 
spinal cord development.

Results

PTPα is mainly expressed by neurons and oligodendrocytes in 
the spinal cord. PTPα and F3 form a membrane-spanning co-
receptor complex.7 Given that both neurons and oligodendrocytes 
express F3,5,11 we investigated whether these two cell types could 
also express PTPα. Double-immunofluorescence (IF) labeling 
was performed on cross sections (Fig. 1A; a–d) and longitudinal 
sections (Fig. 1A; e and f) of cervical segments of the spinal cord 
from adult wild-type mice using PTPα antibody (green; Fig. 1A; 
a–f) and antibodies to markers for neurons (MAP2, red; Fig. 
1A; a and b), oligodendrocytes (CNPase, red; Fig. 1A; c and d), 
and myelinated fibers (NF200, red; Fig. 1A; e and f). IF showed 
that PTPα was mainly expressed by neurons (Fig. 1A; a and b) 
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Abnormal myelination appears in the spinal cord of PTPα 
mutant mice. To ascertain whether the myelin structure is 
compromised in PTPα-null (KO) mice, we analyzed myelin 
profiles in the lateral funiculus of the cervical spinal cord of 
both PTPα KO and wild-type (WT) mice at post-natal day 
60 (P60) using electromicroscopy (EM). Compared with WT 
littermates (Fig. 2A; a), abnormal CNS myelin sheaths in the 
mutant mice were significantly increased (Fig. 2A; b to e; WT: 
1.089 ± 0.53%; KO: 3.745 ± 1.14%; P < 0.005), including vac-
uolations that contain myelin debris in the innermost myelin 
layer (Fig. 2A; c), and multiwheel myelin sheaths (Fig. 2A; d). 
Moreover, an obvious augmentation was found in the number 

and oligodendrocytes (Fig. 1A; c and d) and evenly distributed 
along myelinated axons (Fig. 1A; e and f). Moreover, the sub-
cellular location of PTPα was investigated by immunoelectron-
microscopy. Consistently, PTPα immunoreactivity was high in 
the compact myelin sheath (Fig. 1B; a), oligodendrocyte loops 
(Fig. 1B; b), Schmidt-Lanterman incisures (Fig. 1B; c), axoglial 
junctions at paranodes (Fig. 1B; d), and inner myelin sheaths at 
internodes (Fig. 1B; e). PTPα immunoreactivity was also present 
in myelinated axons (Fig. 1B; e and f). Altogether, these observa-
tions demonstrate that PTPα is mainly expressed by neurons and 
oligodendrocytes, suggesting that PTPα may play a role in the 
spinal cord myelination.

Figure 1. PTPα is expressed by both neurons and oligodendrocytes. (A; a–d) Cryosections of spinal cord cervical segment from adult WT mice (a–f) 
were double-immunolabeled for PTPα (green) and MAP2 (a and b) or CNPase (red; c and d), respectively. The overlapping (yellow in b and d) revealed 
that neurons (a and b) and oligodendrocytes (c and d) were positive for PTPα. Longitudinal cryosections of the spinal cords from WT mice were 
double-immunolabeled for PTPα (green) and NF-200 (red; e and f). PTPα was shown to distribute uniformly along the NF-200-labeled axons. Bars: 
10 μm for a–d; 40 μm for e and f. (B) Following immunogold labeling of PTPα in ultra-thin sections, particles were detected on the compact myelin 
sheaths (a and e), within paranodal loops (b), Schmidt Lanterman incisures (c), the tips of paranodal loops (d) as well as the axons (e and f, arrows). The 
boxed areas of a–e at higher magnification are shown in the insets. ax, axon; cm, compact myelin; ol, oligodendrocyte loop; SLI, Schmidt Lanterman 
incisure. Bars: 100 nm for a–f; 50 nm for the insets.
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significantly shortened in the KO mice as compared with WT 
(P < 0.001; Fig. 3B). These observations suggest that the abla-
tion of PTPα leads to the precocious formation of transverse 
bands, and affects the formation of the paranodal apparatus in 
the spinal cord of the mutant mice.

of myelin sheaths in the mutants 
(Fig. 2B; a and b) compared with 
WT (Fig. 2B; c).

To investigate the role of PTPα in 
myelination, EM analyses of lateral 
sections of the cervical spinal cord 
showed that in adult KO mice, myelin 
sheaths were noticeably thicker than 
in WT littermates (Fig. 2B; a to c). 
Myelination was then quantitatively 
examined by measuring the g ratio 
(ratio of axon diameter to diameter 
of myelinated fiber). In the KO ani-
mals, the g ratio (0.772 ± 0.003; 
mean ± SEM) was significantly 
lower than in WT animals (0.784 
± 0.002; Fig. 2B; d). Consistently, 
quantification of myelinated axons 
at this developmental stage showed 
that in KO mice, 81.14% axons were 
myelinated, which was significantly 
higher than in WT animals (71.81%; 
P < 0.005; Fig. 2B; e). These obser-
vations corroborate that PTPα plays 
a role in modulating myelination.

Formation of transverse bands 
begins earlier in PTPα mutant 
mice. Both Caspr and F3 are con-
stituents of the transverse band, 
a hallmark of the mature parano-
dal junction.4 To explore the role 
of PTPα in axoglial interaction at 
the paranodal region, we investi-
gated transverse band formation at 
paranodes on longitudinal sections 
of myelinated fibers in the spinal 
cord. In WT mice, EM showed 
that transverse bands were barely 
detectable at P15 (Fig. 3A; a), and 
became distinct by P18 (Fig. 3A; 
b). Interestingly, these bands were 
readily observed as early as P13 
(Fig. 3A; c) and became prominent 
by P15 (Fig. 3A; d) in KO mice. We 
then counted the number of trans-
verse bands at the paranode, which 
showed a significant increase in P15 
KO animals as compared with P15 
WT littermates (Fig. 3A; e). To 
further explore the role of PTPα 
in paranodal architecture, we per-
formed immunofluorescent double labeling of Na+ channel 
(pan, red) and Caspr (green) on the longitudinal sections of 
lateral cervical spinal cord in both WT littermates and PTPα 
mutants. IF showed that the length of Na+ labeling at the 
nodes was normal, while Caspr labeling at the paranodes was 

Figure 2. Abnormal myelination in PTPα KO mice. (A) Abnormal appearance of the myelin sheathes in 
PTPα-deficient mice (c and d). As compared with WT (a), the thicker myelin sheathes (b), the vacu-
olar (c), multiwheel (d) structures were noted in the mutants. Numbers of abnormal myelination were 
quantified in adult KO animals vs. WT littermates (e). Scale bars: 2 μm. (B) EM analyses of cross-sections 
of the lateral funiculus of the cervical spinal cord of P60 PTPα KO (a and b) and WT littermates (c). It was 
revealed that the g ratio significantly decreased (d) and more axons were myelinated in KO mice at this 
adult stage (e). Scale bars: 2 μm. *: P < 0.05; **: P < 0.001.
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P15 (Fig. 3C; b and d) PTPα WT (Fig. 3C; 
a and b) and KO (Fig. 3C; c and d) mice. 
Quantification of myelinated fibers in cross 
sections of the lateral funiculus of the cervi-
cal spinal cord showed no significant differ-
ence between the percentages of myelinated 
fibers in the KO (5.72 ± 3.10%) and WT mice 
(5.01 ± 2.03%; Fig. 3C; e) at P6. Notably, in 
P15 KO mice, around twice as many fibers 
were myelinated as in WT littermates (53.00 
± 1.05% vs. 29.73+2.11%, respectively; P < 
0.005; Fig. 3C; e). Consistent with the pre-
cocious formation of transverse bands at 
paranodes, these observations indicate that 
myelination in PTPα KO mice progresses 
faster during early spinal cord development.

Paranodal length is shortened in the 
spinal cord of the PTPα mutant mice. To 
further confirm the altered paranodal archi-
tecture in the spinal cord of the mutant mice, 
EM analysis was performed. The paranodal 
region was demarcated as indicated (Fig. 4A; 
a and b; the region within the two verti-
cal bars). As observed, the length of nodes 
was comparable between mutant and WT 
mice (Fig. 4A; c). In agreement with the IF 
observation, the length of paranodes in the 
mutants (3.00 ± 0.09 μm; mean ± SD) was 
significantly shortened as compared with WT 
(3.59 ± 0.09 μm; P < 0.001) (Fig. 4A; a to c). 
These results demonstrate that PTPα regu-
lates the formation of axoglial junctions dur-
ing myelination.

Non-landed oligodendroglial loops 
are increased in the spinal cord of the 
PTPα mutant mice. Axoglial contact at the 
paranode has been proposed to serve as an 
anchor point between axons and myelin loops 
and also as an initial site for myelination.3,5 To 
explore the role of PTPα in myelination, we 
examined the compactness of myelin loops at 
the paranode by quantifying the number of 
loops in a given length. In PTPα KO mice, 
there were more myelin loops per micrometer 
than in WT mice (Fig. 4A; d), demonstrating 
that myelin sheaths are more compact in KO 
mice. Since myelin loops comprised landed 
and non-landed loops, we further quantified 
these two types of loops in each pananode. 

This revealed that the number of total oligodendroglial loops per 
paranode was significantly increased in KO vs. WT mice, mainly 
due to a significant increase in non-landed loops (Fig. 4A; e). 
These results further confirm that the ablation of PTPα leads to 
abnormal myelination in the mutant mice.

More small axons are myelinated in PTPα mutant mice. 
Given that myelin-related protein expression is not globally 

Myelination progresses faster in the spinal cord of the PTPα 
mutant mice. Our observations of the early formation of trans-
verse bands and the increased number of oligodendroglial loops 
at paranodal regions in PTPα-deficient mice suggested that early 
and faster myelination might be induced in the absence of PTPα 
in the spinal cord. To directly investigate the role of PTPα in 
myelination, EM was performed in P6 (Fig. 3C; a and c) and 

Figure 3. Myelination is accelerated in the CNS of PTPα KO mice. (A) Transverse bands ap-
peared earlier in the spinal cord of PTPα mutant mice. EM analyses of paranodal axoglial 
junctions showed that on longitudinal sections of spinal cord from P15 WTs, transverse 
bands were hardly to be observed (a). They were obviously present at P18 instead (b; arrows). 
However, in mutants at P15 (d; arrows) and even as early as at P13 (c; arrows), transverse bands 
were clearly observed. Numbers of transverse bands at the paranode were quantified in P15 
KO animals vs. WT littermates (e). Bar: 200 nm. *: P < 0.05. (B) Immunofluorescent double 
labeling of Na+ channel (red) and Caspr (green) on the longitudinal sections of lateral cervical 
spinal cord in both WT littermates (a) and PTPα mutants (b). As marked by Caspr antibodies, 
the paranodal labelings were shorter in PTPα KO (c) than in WT mice. **: P < 0.001. (C) EM 
analyses of cross-sections of lateral funiculus of cervical spinal cords from both PTPα mutants 
and the WT littermates at P6 and P15, respectively. At P6, the profiles of myelination were 
similar in both wild-type (a and e) and PTPα mutant (c and e) mice. However, at P15, the quan-
tification results revealed that the myelinated fibers were increased in PTPα mutant mice (d 
and e), when compared with the wild-type littermates (b and e). Bars: 2 μm. **: P < 0.001.
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CNS. However, it distributes evenly along myelinated axons, such 
as compacted myelin, oligodendroglial loops, and axoglial junc-
tions, implying that PTPα exists as a membrane-spanning com-
plex with F3 at both nodal and paranodal regions.7

In PTPα KO mice, transverse bands are formed from P13 
and myelinated axons are significantly increased by 20% at P15, 

upregulated in the spinal cord of PTPα 
KO mice (not shown), we grouped the 
myelinated and unmyelinated fibers by 
axon diameter (< 1.0 μm; 1.0~1.5 μm; 
1.5~2.0 μm; 2.0~3.0 μm; > 3.0 μm) 
to thoroughly characterize the role of 
PTPα in determining myelin forma-
tion and myelin thickness. We found 
that the percentage of myelinated fibers 
with an axonal diameter less than 
1.0 μm was higher in the spinal cord of 
the adult PTPα KO than in WT mice 
(Fig. 4B; a). Consistently, the g ratio 
showed that abnormal myelination 
in PTPα KO mice was more evident 
in small axons (< 1.5 μm; P < 0.005) 
than in large ones (> 1.5 μm) (Fig. 4B; 
b). Thus, the observation that mutant 
mice show corresponding decreases in 
the percentages of larger (> 1.0 μm) 
myelinated axons is consistent with 
a larger portion of a given amount of 
myelin-related proteins being redi-
rected to small axons, suggesting that 
PTPα may regulate the axon size-
dependent allotment of an existing 
pool of myelin-related proteins.

Discussion

We have found that PTPα is mainly 
expressed in both neurons and oli-
godendrocytes in the spinal cord. In 
PTPα-deficient mice, the formation 
of transverse bands at the paranodal 
region and myelination are accelerated 
during early development, which leads 
to abnormal myelination in the adult 
spinal cord. Thus, PTPα acts as a 
role in myelination during spinal cord 
development.

Axoglial interaction is precisely 
regulated during lineage maturation 
through multiple signaling path-
ways.13,14 F3 is the first GPI-linked 
molecule identified that is located in 
both nodal and paranodal regions.15,16 
It forms an intracellular complex with 
paranodin, a single transmembrane pro-
tein17 also termed Caspr and modulates 
its transfer from the endomembrane system to the axolemma.15,18 
F3 also is clustered at the paranode, a critical site of axoglial dialog 
for initiating myelination, from the first postnatal week.16 PTPα 
interacts with F3 to form a membrane-spanning co-receptor com-
plex, which potentially transduces extracellular signals.7 Similar to 
F3, PTPα is expressed by both neuron and oligodendrocytes in the 

Figure 4. Paranodal apparatus and distribution of the myelin-related proteins in PTPα-deficient mice. 
(A) EM analyses revealed that the paranode, but not the node, was shortened in PTPα mutant mice 
(a–c); there were more myelin loops in the paranodal region of mutant mice than in WT mice (a, b, and 
e). The paranodal region was demarcated as shown in (a and b). Particularly, a lot more of non-landed 
loops appeared in mutant animals (a, b, and e). Vertical bars in (a and b) indicate the boundaries of 
paranode. ax, axon. Bars: 500 nm for a and b. Raw data were obtained from at least 24 paranodes in 
each genotype. *: P < 0.005; **: P < 0.001. (B) More small axons are myelinated developmentally in 
PTPα mutant mice. In adult animals, it was revealed that myelinated fibers (a), especially smaller my-
elinated fibers (b), were increased by the PTPα deletion in comparison with the WT in that more axons 
< 1.0 μm, but not those > 1.0 μm in diameter were myelinated in mutant mice. Values represent least 
three mice of each genotype. *: P < 0.005.
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PTPα KO mice. Taken altogether, our results demonstrate that 
PTPα reduces the F3 clustering along the axoglial interface and 
plays a role in regulating myelination in the spinal cord. These 
findings provide a significant insight into how to promote remy-
elination in demyelinated spinal cord, such as multiple sclerosis, 
through manipulating PTPα.

Experimental Procedures

Antibodies. Polyclonal antibodies to PTPα,7 Caspr,11 and 
monoclonal antibodies to sodium channels (PAN) (Sigma), 
were used. Secondary antibodies included goat anti-rabbit IgG 
(Amersham), goat anti-mouse IgG (Amersham), Cy3-conjugated 
anti-rabbit IgG (Amersham), and Cy2-conjugated anti-mouse 
IgG (Amersham).

Conventional electron microscopy. Postnatal day 6 (P6), 
P13, P15, P18, and P60 PTPα-knockout (KO)12 and correspond-
ing wild-type (WT) littermate mice were deeply anesthetized 
and transcardially perfused with Ringer’s solution, followed by 
a fixative mixture of 2% paraformaldehyde and 3% glutaralde-
hyde in 0.1 M sodium phosphate buffer, pH 7.4. Cervical spinal 
cord was then removed, trimmed to minimize excess tissue, and 
immersed for 2 h in the same fixative mixture. Tissue blocks were 
then washed in 0.1 M sodium phosphate buffer and incubated 1 
h in 2% osmium tetroxide. Blocks were washed in 0.1 M sodium 
phosphate buffer, dehydrated in ethanol, and infiltrated and 
embedded in Araldite. Semi-thin sections for light microscopy 
were cut using an ultramicrotome and stained with toluidine 
blue. Thin sections for electron microscopy were cut using an 
ultramicrotome, stained with uranyl acetate and lead citrate, and 
observed under a JEOL 1220 electron microscope.

Immunohistochemistry and immunoelectron microscopy. 
Adult PTPα-deficient and wild-type littermate mice were deeply 
anesthetized and transcardially perfused with Ringer’s solution, 
followed by 4% paraformaldehyde in 0.1 M phosphate buffer 
(PB), pH 7.4. Cervical spinal cord and brainstem were harvested 
and post-fixed in 4% paraformaldehyde for 2 h and processed for 
immunohistochemistry as previously described.26 For electron 
microscopy, samples from adult wild-type mice were prepared 
according to published protocols,26 and examined under a JEOL 
1220 electron microscope.

Quantitative analysis of EM data. The percentages of myelin-
ated fibers were determined in cross sections of lateral funiculi 
of cervical spinal cords from P6, P15, and P60 PTPα KO and 
WT littermates. Randomly selected non-overlapping fields were 
photographed at a magnification of 10,000×. Myelinated and 
unmyelinated axons with a visible entire circumference and 
under upper and lateral borders on the electron micrographs were 
counted from at least three animals of each age and genotype. 
Statistical analysis of data was performed using the chi-square 
test.

Longitudinal sections of lateral funiculi of cervical spinal 
cords from P60 PTPα KO and WT littermates were employed to 
determine the lengths of node and paranode, as well as the num-
ber of oligodendrocyte loops. Electron micrographs were taken 
only of profiles of longitudinally oriented axons that displayed 

indicating that myelination occurs earlier in the KO animals. 
The early formed transverse bands accumulate axonal signaling 
molecules, such as F3 and Caspr, which might lead to advanced 
meylination in the spinal cord of PTPα mutant. Further analyses 
reveal that in these KO mice, myelin sheaths become thicker, 
myelin loops are more compact, and the non-landed oligoden-
drocyte loops increases, suggesting that axonal PTPα may not 
only regulate the integrity of the paranodal apparatus but also 
restrict myelination. Further observations that there is a signifi-
cant increase in the number of myelinated axons at P15 and in 
the adult as well as a significant decrease in the g-ratio of adult 
mutant mice demonstrate that PTPα ablation leads to abnormal 
myelination during both early and later stages of development.

Myelination occurs in accordance with axon size, as axons 
with diameters less than 0.2 μm are usually unmyelinated in 
the CNS.19 However, in PTPα KO mice, more small axons with 
diameters less than 1.5 μm are preferentially myelinated, while 
in the large axons the g-ratio did not change. Thus, the disparity 
may well be explained by the fact that in PTPα mutant mice, 
more small axons are myelinated at the cost of myelinating larger 
axons, that is, a larger portion of a given amount of myelin-related 
proteins seems to “flow” to the small axons. Given that initiating 
myelination is dependent on signals from the axon but is not due 
to the intrinsic program of oligodendrocytes,20 it is possible that 
PTPα takes part in abnormal myelination in the spinal cord of 
PTPα KO mice. As such, in small axons, higher expression of 
PTPα may be responsible for reducing F3 clustering at axoglial 
junctions, and blocking myelination. However, perhaps because 
of technical limitations, we were unable to detect any difference 
between small and large axons in expression of PTPα and F3/
contactin clustering at the paranode, and this remains to be fur-
ther investigated.

The tyrosine kinase Fyn, a signaling molecule downstream 
of MAG, has been implicated in the initiation of myelination.8 
Hypomyelination of the optic nerve is significantly increased 
by ~40–50% in Fyn-deficient mice and by ~80% in MAG/
Fyn-deficient mice.21,22 PTPα is a physiological activator of Fyn 
as demonstrated by the 60% reduced kinase activity of Fyn 
in brains of PTPα-deficient mice compared with WT mice.12 
The distinct phenotypes of the respective single and double 
mutants suggest that there may be multiple signaling pathways 
involved in myelination. In support of this, it is worth noting 
that Fyn-knockout mice show CNS region-specific deficiencies 
in myelination, with spinal cord myelination appearing normal 
while forebrain myelination is impaired.23 Thus, in addition to 
or besides activating Fyn, PTPα may negatively regulate other 
downstream elements that are positively involved in axonal 
ensheathment. Precisely how the absence of PTPα alters the bal-
ance among Fyn, Notch, and other pathways in oligodendro-
cytes during myelinogenesis, leading to an over-ensheathment of 
axons, remains to be explored.

PTPs are highly expressed in the nervous system, suggesting 
that they may play multiple roles during development.24 It is also 
conceivable that a potential compensatory upregulation of other 
PTPs, such as PTPε that has been identified as a positive modu-
lator of myelination,25 may be related to abnormal myelination in 
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