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At the nodes of Ranvier, excitable axon membranes are exposed directly to the extracellular fluid. Cations are accumulated and depleted
in the local extracellular nodal region during action potential propagation, but the impact of the extranodal micromilieu on signal
propagation still remains unclear. Brain-specific hyaluronan-binding link protein, Bral1, colocalizes and forms complexes with nega-
tively charged extracellular matrix (ECM) proteins, such as versican V2 and brevican, at the nodes of Ranvier in the myelinated white
matter. The link protein family, including Bral1, appears to be the linchpin of these hyaluronan-bound ECM complexes. Here we report
that the hyaluronan-associated ECM no longer shows a nodal pattern and that CNS nerve conduction is markedly decreased in Bral1-
deficient mice even though there were no differences between wild-type and mutant mice in the clustering or transition of ion channels at
the nodes or in the tissue morphology around the nodes of Ranvier. However, changes in the extracellular space diffusion parameters,
measured by the real-time iontophoretic method and diffusion-weighted magnetic resonance imaging (MRI), suggest a reduction in the
diffusion hindrances in the white matter of mutant mice. These findings provide a better understanding of the mechanisms underlying
the accumulation of cations due to diffusion barriers around the nodes during saltatory conduction, which further implies the impor-
tance of the Bral1-based extramilieu for neuronal conductivity.

Introduction
At the nodes of Ranvier, the myelin sheath is interrupted, and a
few micrometers of the axonal membrane are directly exposed to
the extracellular fluid, thereby enabling nerve impulse propaga-
tion in the myelinated nerves. As demonstrated by computa-
tional models of the three-dimensional electrodiffusion method,
there is an accumulation and a depletion of ions in the local
extracellular nodal region (Lopreore et al., 2008). In addition,
CNS nodal molecules are also concerned with action potential
conduction (for review, see Poliak and Peles, 2003).

Link protein (LP) is a hyaluronan-binding ECM protein, and
cartilage LP (Crtl1) has a critical role in the formation and stabil-

ity of aggrecan and hyaluronan complexes. The LP family has
four distinct members: Bral1, Bral2, Crtl1 and Lp3. There are two
kinds of densely organized matrices in the brain: one is Bral1-
associated ECM at the nodes of Ranvier and the other is Bral2-
binding ECM in perineuronal nets (PNNs) (Oohashi et al., 2002;
Bekku et al., 2003; Oohashi and Bekku, 2007). The C-terminal of
lecticans, the hyaluronan-binding chondroitinsulphate proteo-
glycan (CSPGs), can mediate binding to other ECM proteins
such as tenascins. Brevican has the highest affinity for tenascin-R
(TN-R) among the four lecticans (Aspberg et al., 1997). The ECM
of the larger nodes is more likely to be assembled with hyaluronan
and Bral1-versican V2 cross-linking with Bral1-brevican and
TN-R, which is further associated with phosphacan. In contrast,
the hyaluronan-binding ECM at the small diameter nodes is
comprised of hyaluronan, versican V2, and Bral1 (Bekku et al.,
2009). We thus proposed that the hyaluronan-associated ECM
could serve as an “extracellular ion pool” at the perinodal extracel-
lular space (ECS) because both hyaluronan and chondroitin sulfate
provide a strong negatively charged environment corresponding to
the nodal diameter (Oohashi et al., 2002; Bekku et al., 2009).

Despite the geometric complexity of the ECS, its structure
may be fairly accurately revealed by the diffusion of substances in
the ECS (Nicholson and Syková, 1998; Syková and Nicholson,
2008), which in turn depends on the ECS diffusion parameters:
extracellular volume fraction �, tortuosity �, reflecting the num-
ber of diffusion, and nonspecific cellular uptake (k�). ECM mol-
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ecules play a role in tissue cytoarchitecture
by maintaining the optimal size of inter-
cellular pores and by creating diffu-
sion barriers (Roitbak and Syková, 1999;
Zámecník et al., 2004; Syková et al., 2005).
Diffusion barriers formed by myelin
sheaths, glial processes and the ECM may
channel the diffusion of molecules in a
certain direction, so that diffusion is
anisotropic, i.e., unequal along different
axes (Prokopová et al., 1997; Vorísek and
Syková, 1997). Since changes in the ECS
diffusion parameters and anisotropy sig-
nificantly affect the accumulation and dif-
fusion of neuroactive substances (Syková,
2004; Syková and Vargová, 2008), it appears
that ECM assembly in the extranodal spaces
may affect saltatory conduction.

We report here that Bral1 is indispens-
able for the formation of hyaluronan-
bound matrices at the nodes and that its
loss results in slower saltatory conduction
in the CNS and in concomitant changes in
the ECS diffusion parameters.

Materials and Methods
Generation of Bral1-deficient mice. The target-
ing construct to disrupt the Bral1 gene was
made by using the 20 kb fragment (clone
GL1-3) of the mouse Bral1 gene described pre-
viously (Hirakawa et al., 2000). A promoterless
lacZ gene and a neomycin resistance expres-
sion cassette under the control of the phospho-
glycerate kinase (PGK) promoter were flanked
by a 2.5 kb (SalI)-NotI and an 11 kb XhoI-XhoI fragments, thus intro-
ducing, after homologous recombination, the lacZ gene into exon 4.
After selection for stable transfectants, homologous recombinants were
identified by the digestion of genomic DNA with BglII and Southern blot
analysis. The targeting construct was then injected into C57BL/6 blasto-
cysts, and the injected blastocysts were transferred into 129/Sv pseudo-
pregnant foster mothers.

Animals. Bral1-deficient mice were originally generated on the 129/Sv
genetic background, and chimeric offspring were mated with 129/Sv
females. The heterozygous mice were mated with wild-type 129/Sv mice
to produce homozygous mutants. Bral1-homozygous males were
crossed with wild-type ICR female mice. After five intercrosses of male
homozygous offspring with wild-type ICR females, the heterozygous off-
spring were crossed to obtain homozygous animals. F5 generations of
129/Sv and ICR homozygous and littermate control mice were used for
the present study. Genotypes of mice were determined by PCR using
allele-specific primer sets. These animals, housed under standard labo-
ratory conditions, were used in this study, and ICR mice were purchased
from SLC. All animal experiments and animal care were performed in
accordance with the guidelines of the Animal Care and Experimentation
Committee of each institution and in accordance with the European
Communities Council Directive of 24 November 1986 (86/609/EEC). All
efforts were made to minimize both the discomfort and the number of
animals used.

Northern, Southern, and PCR analyses. Northern blot analysis was per-
formed as described previously (Hirakawa et al., 2000; Bekku et al.,
2003). Nonsaturated autoradiographs were digitalized and analyzed with
ImageJ (http://rsbweb.nih.gov/ij/). For Southern blot analysis, Genomic
DNA (10 �g) was digested with BglII, separated on 0.7% agarose gels,
and then blotted onto Hybound N� membranes (GE Healthcare). Hy-
bridization was performed with a probe (Fig. 1) in Church buffer
(Church and Gilbert, 1984) at 65°C. The membrane was washed at 65°C

in 2 � SSC, 0.1% SDS followed by autoradiography for 24 h at �80°C
with x-ray film (Kodak). Genotyping analysis of the Bral1 mutants was
performed by PCR using the primers SLP5L (5�-GTGAGCACA-
GGGTAACGCAC-3�), SLGP1 (5�-TACGGCCAACTCTACCAGGG-
TGA-3�), and NeoPA (5�-CTGCTCTTTACTGAAGGCTCTTT-3�).

Electron microscopy analysis. Mice were deeply anesthetized with di-
ethyl ether and transcardially perfused with 4% paraformaldehyde (PFA)
and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (CB), pH7.4. Dis-
sected tissues were immersed in the same fixative overnight, washed with
CB, and postfixed with 1% osmium tetroxide in 0.1 M CB. After fixation,
the tissue was dehydrated and embedded in Epon.

Antibodies. The rabbit polyclonal antibodies against Bral1, versican
GAG-� (Millipore), brevican (Ab1058), and Bral2, the mouse monoclo-
nal antibodies against Caspr, pan-Na � channel (Sigma-Aldrich) and
phosphacan (6B4; Seikagaku), and the goat polyclonal antibody against
TN-R (Santa Cruz Biotechnology) have all been described previously
(Zhou et al., 2001; Oohashi et al., 2002; Bekku et al., 2003, 2009). Other
antibodies used were as follows: rabbit polyclonal antibodies directed
against KCNQ2 (Alomone Labs), Nav1.6 (Sigma-Aldrich), Nav1.2
(Alomone Labs), Caspr (Abcam), NG2 (Millipore), neurofascin (NF)
186 (Millipore), neurofascin 155 (Millipore), GFAP (Dako), and
RHAMM (Santa Cruz Biotechnology); goat anti-CRTL1/HAPLN1
(R&D Systems); rat anti-CD44 (eBioscience); and mouse anti-GFAP
(Sigma). Hyaluronan was detected using B-HABP (Seikagaku).

Immunohistochemistry. Immunohistochemistry was performed as de-
scribed previously (Oohashi et al., 2002; Bekku et al., 2003, 2009). For the
quantification of sodium channel clusters, the bound antibodies were
visualized with biotinylated goat anti-mouse IgG (1:500; GE Health-
care UK) and streptavidin-HRP complex (Vectastain ABC elite kit,
Vector). HRP activity was detected with 0.025% diaminobenzidine
(DAB) and 0.03% H2O2 in PBS. Images were captured with an
OLYMPUS BX50 light microscopes (Olympus) and an Axio Cam

Figure 1. Targeted disruption of the Bral1 gene. A, Bral1 targeting strategy. The wild-type Bral1 gene (top), the targeting
vector (middle), and the disrupted Bral1 gene (bottom) are shown. The expected fragment sizes after BglII digestion and hybrid-
ization with a probe are 11 kb for the wild-type allele and 7 kb for the recombinant allele. The asterisk indicates the location of the
exon encoding the peptide used as the immunogen for the Bral1 antibody. UT, Untranslated region; Sp, signal peptide; Ig, Ig-fold;
PTR, proteoglycan tandem repeat. B, Southern blot analysis of genomic DNA from ES cell clones shows the wild-type (11 kb) and
the targeted (7 kb) alleles. C, Southern blot analysis of tail DNA isolated from a mouse homozygous for the wild-type allele (�/�),
a heterozygous mouse (�/�), and a homozygous mutant mouse (�/�). D, Northern blot analysis of polyA(�) RNA isolated
from the brain of wild-type, heterozygous (�/�), and homozygous mutant (�/�) mice. The blot was sequentially hybridized
with probes specific for mouse Bral1, Crtl1, Bral2, versican V2, and Gapdh. In quantification of those transcripts, blots were scanned
and densitometric analysis was performed using the Gapdh signal to normalize mRNA levels. Data are presented as a percentage of
wild-type levels. Error bars indicate �SD. E, Western blot analysis of crude extracts (80 �g) from wild-type (�/�) and Bral1-
deficient (�/�) mouse brains. Samples were resolved on a 2–15% gradient SDS-PAGE gel and immunoblotted with an antibody
directed against Bral1.
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CCD-camera (Carl Zeiss), followed by quantification with NIH Im-
age software (http://rsb.info.nih.gov/nih-image/).

Western blot analysis. The preparation of the mouse optic nerves and
brain and immunoblotting were performed as described previously
(Bekku et al., 2003, 2009). Protein concentrations of the extracts were
determined by a Bio-Rad Protein Assay (Bio-Rad Laboratories) using
bovine serum albumin as a standard. Proteins were separated on 2–15%
gradient gels (Cosmo Bio) and transferred onto polyvinylidine difluoride
(PVDF) membranes (Bio-Rad Laboratories). Primary antibodies were
visualized by HRP-conjugated anti-rabbit, anti-goat IgG (MP Biomedi-
cals), or anti-mouse IgM plus IgG (KPL) and enhanced with the ECL plus
detection system (GE Healthcare). Nonsaturated data were analyzed
with ImageJ software.

Recording of flash visual evoked potentials. Flash visual evoked poten-
tials (fVEPs) were recorded as described previously (Goto et al., 2001).
Briefly, each mouse was kept in a dark room at least overnight and pre-
pared under dim red illumination. Mice were anesthetized with an intra-
peritoneal injection of 15 �l/g body weight of a ketamine (1 mg/ml) and
xylazine (0.4 mg/ml) mixture. The pupil was dilated with 2.5% phenyl-
ephrine HCl, and the animals were placed on a heating pad to maintain
body temperature. fVEPs were recorded using a needle electrode placed
on the scalp overlying the visual cortex. Similar needle electrodes inserted
in the mouth and the tail served as reference and ground leads, respec-
tively. The luminance of the flash device was 200 cd-s/m 2 (Mayo). Re-
sponses were amplified 1–1000 Hz, and the responses to 100 successive
flashes presented at a rate of 1 Hz were averaged in each mouse; the data
were acquired using a signal averaging system.

The real-time iontophoretic TMA method. The ECS diffusion parame-
ters � and � were determined in brain coronal slices. For measurements
in vitro, the brain was quickly removed and placed in ice-cold artificial
CSF (aCSF) saturated with 95% O2 and 5% CO2. After dissection, 400-
�m-thick slices were hemisected along the midline and maintained at
30 –34°C for at least 1 h in a submerged chamber containing aCSF before
being transferred to a recording chamber. aCSF, pH 7.4, contained 117
mM NaCl, 3 mM KCl, 35 mM NaHCO3, 1.25 mM Na2HPO4, 1.3 mM

MgCl2, 1.5 mM CaCl2, 10 mM glucose, and 0.1 mM TMA �.
Since ECS diffusion is restricted by pore size and ECS geometry, it can

only be properly described by a modified version of Fick’s diffusion
equations (Nicholson and Phillips, 1981) incorporating three diffusion
parameters: (1) extracellular volume fraction (�), representing the ratio
between the volume of the ECS and the total tissue volume, (2) tortuosity
(�), defined as the square root of D/ADC, where D is the free diffusion
coefficient and ADC is the apparent diffusion coefficient, and (3) non-
specific uptake k�. These diffusion parameters were studied in the center
of brain slices of wild-type and mutant mice by the real-time ionto-
phoretic method described in detail previously (Nicholson and Phillips,
1981; Syková et al., 1994). In brief, a substance to which cell membranes
are relatively impermeable, i.e., tetramethylammonium (TMA �), is ad-
ministered into the tissue by iontophoresis and mimics the extracellular
diffusion of small ions and molecules. Double-barreled TMA �-ISMs,
measuring the concentration of TMA �, were prepared by a procedure
described in detail previously (Sykova, 1992), using an ion exchanger
Corning 477317 and as a backfilling solution 100 mM TMA �. An elec-
trode array was made by gluing together a TMA �-ISM and an ionto-
phoretic micropipette with a tip separation of 100 –200 �m (see Fig. 6 A).
The iontophoresis parameters were �20 nA bias current (continuously
applied to maintain a constant electrode transport number) with an
�200 nA current step of 24 s duration to generate the diffusion curve.
Before tissue measurements, diffusion curves were recorded in 0.3% agar
gel (Difco) dissolved in a solution of 150 mM NaCl, 3 mM KCl and 1 mM

TMA-chloride to determine the electrode transport number (n) and the
free TMA � diffusion coefficient ( D). Knowing n and D, the parameters
�, � and k� in isotropic regions can be determined by a nonlinear curve-
fitting simplex algorithm when the experiment is repeated in a tissue
sample (Nicholson and Phillips, 1981) (see Fig. 6 B). For measurements
in a homogeneous and potentially anisotropic medium, the parameters
�x, �x; �y, �y; �z, �z, and k� were determined from modified diffusion
equations (Rice et al., 1993) valid for three orthogonal axes x–z. The real

value of the scalar variable � must be calculated using averaged experi-
mental data from each axis (for details see Vorísek and Syková, 1997).

Diffusion-weighted MRI. For MRI measurements the animals were
anesthetized with isoflurane (1.5% in a mixture consisting of 40% O2 and
60% N2O) and placed in a heated mouse holder. Diffusion-weighted
(DW) MRI measurements were performed as described previously
(Syková et al., 2005), using an experimental MR spectrometer BIOSPEC
4.7 T system (Bruker) equipped with a 200 mT/m gradient system (190
�s rise time) and a homemade head surface coil. Coronal slices, were
acquired using the following parameters: � � 30 ms, b-factors � 136,
329, 675, 1035, 1481 and 1825 s/mm 2, echo time � 46 ms, repetition
time � 1200 ms, field of view 1.92 � 1.92 cm 2, matrix size � 256 � 128,
four 0.8-mm-thick coronal slices, interslice distance � 1.2 mm. DW
images were measured using the stimulated echo sequence. In DW mea-
surements, the diffusion gradient direction pointed along the rostrocau-
dal or mediolateral direction (x and y axes, respectively).

Apparent diffusion coefficient of water (ADCW) maps (see Fig. 6 D)
were calculated using custom-made software by a linear least-square
algorithm. The results were analyzed using ImageJ software. The evalu-
ated regions of interest were positioned using a mouse brain atlas (Frank-
lin and Paxinos, 1997) and T2-weighted images in the corpus callosum
(CC) and bilaterally in the primary somatosensory cortex (S1). We eval-
uated two adjacent coronal slices (0.8 mm – 2.2 mm caudal to bregma) in
each animal. The regions of interest are delineated below (see Fig. 6).

All data acquired by MRI or the real-time iontophoretic method are
presented as mean � SEM. Statistical analysis of the differences between
groups was performed using a two-tailed Student’s t test (InStat, Graph-
Pad Software). The differences were considered significant if p � 0.05. N
represents the number of mice used.

Results
Generation of Bral1-deficient mice
To investigate the physiological role of Bral1 and its binding to
ECMs, we generated Bral1-deficient mice. Targeting strategies
for the Bral1 gene and genotype analysis of the mice are summa-
rized in Figure 1, A to C. Northern blot analysis of total RNA
isolated from an adult brain demonstrated that the LP family is
expressed in the brain. Crtl1, Bral2, and versican V2 isoform
mRNA were not significantly altered in mutant mice compared
with wild-type mice (Fig. 1D). Immunoblotting using anti-Bral1
antibody demonstrated the complete absence of Bral1 protein
and the predictable truncated protein (20 kDa) in homozygous
mutant mice (Fig. 1E) because the antibody was raised against a
peptide located on the Bral1 Ig-fold (A-subdomain) (Oohashi et
al., 2002), which is encoded by exon 4 (Fig. 1A) (Hirakawa et al.,
2000). Mutant mice were born at the expected Mendelian fre-
quency, survived, and exhibited no gross abnormalities.

Bral1 is indispensable for stabilizing extracellular matrix
assembly at the node of Ranvier
LP appears to be the stabilizer of the hyaluronan-lectican com-
plex, but in fact, Crtl1 has been shown to be more important for
aggrecan aggregation of cartilage (Watanabe and Yamada, 1999).
We therefore investigated the effect of Bral1 deficiency on the
nodal matrices in the CNS. We used immunostaining with anti-
bodies directed against versican V2, brevican, TN-R and phos-
phacan, and labeled hyaluronan with biotinylated hyaluronic
acid binding protein (B-HABP) in Bral1-deficient mice. As
shown in Figure 2A, versican V2 and brevican could not be de-
tected at the nodes of Ranvier in Bral1-deficient mice. TN-R was
weakly and diffusely stained in the optic nerve with the conse-
quence that the immunostaining no longer revealed a dot-like
nodal pattern. Moreover, staining for phosphacan, which colo-
calized with that for brevican and TN-R (Bekku et al., 2009), was
also weak and diffuse, similar to the TN-R pattern. Interestingly,
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Figure 2. Bral1 is indispensable for stabilizing extracellular matrices at the nodes of Ranvier in the CNS. A, Immunofluorescent labeling of the optic nerve in wild-type mice (�/�; upper column),
heterozygous mice (�/�; middle column), and Bral1-deficient mice (�/�; lower column) using antibodies to Bral1 (green), versican V2 (green), brevican (Bcan/green), TN-R (magenta),
phosphacan (Pcan/green), and caspr (magenta or green), or labeling with B-HABP (HA/green). Note that all extracellular matrices involving Bral1 no longer show a nodal pattern in the CNS of
Bral1-deficient mice. B, Immunolabeling of the white matter in the cerebellum using an antibody to Bral1. Note that the expression level is decreased even though the expression pattern is not
affected in the heterozygous mouse. C, Immunolabeling of perineuronal nets (PNN) with antibodies against brevican (Bcan/green), TN-R (green), and phosphacan (Pcan/magenta) or labeling with
B-HABP (HA/green). The expression of these molecules in PNN was not affected in Bral1-deficient mice. D, Immunofluorescent labeling of the optic nerves in wild-type mice (�/�) and
Bral1-deficient mice (�/�) using antibodies directed against the hyaluronan receptors RHAMM (magenta) and CD44 (green). Note that CD44-positive processes (arrowhead) project to some nodal
gaps and that the expression is not affected in Bral1-deficient mice. E, Glial cell type that expresses CD44 in the optic nerve. Note that the GFAP-positive astrocyte (magenta) (Figure legend continues.)
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hyaluronan labeled with B-HABP also did not show a nodal ex-
pression in the optic nerve in Bral1-deficient mice. These patterns
were confirmed in the facial nerve tract (Fig. 3A), the white mat-
ter of the cerebellum (Fig. 3B) and other white matter regions
including the CC (data not shown). In heterozygous mice, the
expression levels seemed to be decreased (Fig. 2A,B). Brevican,
TN-R, phosphacan and hyaluronan were expressed normally in
the PNNs, which contained other LPs (Fig. 2C). Although this
result indicates that Bral1 is essential for the localization of these

molecules at the nodes, we cannot con-
firm whether other LP compensate for
Bral1 in mutant mice. Crtl1 and Bral2 are
LPs that are expressed in PNNs in the
brain (Asher et al., 1995; Bekku et al.,
2003; Carulli et al., 2007), thus we exam-
ined their expression at the node of Ran-
vier in Bral1-deficient mice. However,
they were not detected at the nodes (data
not shown), which suggests that Crtl1
and Bral2 did not compensate for the lack
of Bral1 at the nodes in mutant mice.
Moreover, as for hyaluronan receptors,
RHAMM did not appear in nodal patterns
(Lynn et al., 2001) (Fig. 2D), while CD44-
positive processes, which were found in
GFAP-positive astrocytes, projected to
some nodal gaps (Fig. 2D,E). However,
CD44 did not show any changes in expres-
sion in Bral1-deficient mice (Fig. 2D).
These observations indicate that Bral1 is
indispensable for stabilizing ECM assem-
bly at the nodes of Ranvier, and it appears
that an analysis of Bral1-deficient mice
could lead to a better understanding of the
physiological role of the nodal ECMs in
the CNS.

To further clarify whether the loss
of nodal ECM immunolocalization in
Bral1-deficient mice was accompanied by
reduced levels of ECM proteins, we exam-
ined these protein levels by Western blot
analysis. For this experiment, the optic
nerve was used, since only this nerve is
located in a PNN-free environment and
can be reliably dissected without contam-
ination of the parenchymal extracellular
matrix aggregates. Despite the lack of
nodal ECM in Bral1-deficient mice, West-
ern blot analysis of the mouse optic nerves
revealed no significant changes in protein
levels in Bral1-deficient mice (n � 6)
compared with wild-type mice (n � 5)
(Fig. 2F,G).

The ultrastructural organization of myelinated fibers is
preserved in Bral1-deficient mice
The expression of Bral1 and versican V2 was detected around
postnatal day (P) 20, when myelination has completely finished
in the white matter tract of the cerebellum (Oohashi et al., 2002).
Therefore, it is possible that their complexes are concerned with
the formation of paranodal loops or the attachment of perinodal
glia. We examined whether the absence of Bral1 altered the ultra-
structural organization of myelinated axons using electron mi-
croscopy. The nodal, paranodal, and juxtaparanodal regions
appeared to be properly organized in the optic nerve sections of
both wild-type mice (n � 21) and mutant mice (n � 27) (Fig.
4A). In ultrathin transverse optic nerve sections, myelin sheath
thickness and compaction were similar in wild-type mice and
Bral1-deficient mice (Fig. 4B). The projection of perinodal glia,
both GFAP-positive astrocytes and NG2 glia, was not affected
(Fig. 4C), nor was the expression of other nodal proteins, such as
NF 186 and 155, affected (Fig. 4D). These results indicate that

4

(Figure legend continued.) expresses CD44 (green). F, Western blot analysis of the extra-
cellular matrix in wild-type and Bral1-deficient mice. Crude extracts (15 �g) from wild-
type (n � 5) and Bral1-deficient (n � 6) mouse optic nerves were resolved on a 2–15%
gradient SDS-PAGE gel and immunoblotted with antibodies to Bral1, versican V2, brevican, and
TN-R. G, To quantify the protein levels, densitometric analysis was performed. Data are
presented as a percentage of wild-type levels. Error bars indicate �SD. Scale bars: A, 10
�m; B, 50 �m; C, 20 �m; D, E, 5 �m.

Figure 3. Complete absence of the nodal ECM in the CNS of Bral1-deficient mice. A, Immunofluorescent labeling of the facial
nerve tract in wild-type mice (upper column) and Bral1-deficient mice (lower column) using antibodies to Bral1 (green), versican
V2 (green), brevican (Bcan/green), TN-R (green), phosphacan (Pcan/magenta), and caspr (magenta or green) or labeling with
B-HABP (HA/green). B, Immunohistochemical staining of cerebellar sections from wild-type mice (�/�) and Bral1-deficient
mice (�/�) using antibodies against Bral1 (a, d), versican V2 (b, e), brevican (c, f), TN-R (g, j), and phosphacan (h, k) or
B-HABP-labeled hyaluronan (i, l). Scale bars: A, 10 �m; B, 100 �m.
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Figure 4. The nodal component structure was not affected in Bral1-deficient mice. A, Ultrastructural analysis of the optic nerves. Longitudinal sections through the optic nerves of 6-month-old
wild-type (�/�) and Bral1-deficient (�/�) mice. Note the normal ultrastructure of the paranodal regions of the myelin sheaths and the presence of perinodal astrocyte processes (some marked
with asterisk) extending into the nodal regions of the axons. B, Cross sections of wild-type (�/�) and Bral1-deficient (�/�) mice. There are no significant differences in the number of myelinated
axons or the ultrastructure of myelin between the two genotypes. Ax, Axon. C, Immunofluorescent analysis of the perinodal glial processes in the optic nerve of wild-type (�/�) and Bral1-deficient
(�/�) mice. There are no differences in the projection to nodal gaps of either GFAP-positive astrocytes (arrowhead in left column) or NG2 glia (arrowhead in right column) between wild-type and
knock-out animals. D, The distribution of the nodal proteins NF 186 and NF 155 is also not affected in Bral1-deficient mice. E, Immunohistochemical evaluation of sodium channel cluster distribution
in the optic nerves of wild-type and Bral1-deficient mice. Representative expression pattern of sodium channel clusters in wild-type (�/�) and Bral1-deficient (�/�) mice. F, Representative data
of Western blot, which was performed using crude extracts (15 �g) from the optic nerves of wild-type and Bral1-deficient mice. G, Sodium channel subtype transition occurs normally in
Bral1-deficient mice. H, The clustering of KCNQ2 was also not affected in Bral1-deficient mice. Scale bars: A, 300 nm; B, 750 nm; C, E, 10 �m; D, G, H, 5 �m.
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Bral1 is not required for myelin sheath formation and the struc-
tural organization of distinct axonal domains.

Ion channel expression in the optic nerve is normal in
Bral1-deficient mice
Sodium channel clustering is also completed around the same
time that myelination is finished. To investigate how a lack of
Bral1 affects sodium channel clustering, we counted the number
of sodium channel clusters in the optic nerve of adult mice using
a pan-Na� channel antibody. The number of sodium channel
clusters was counted in 9 fields of view (FOV, each FOV mea-
sured 72.9 �m � 87.1 �m) from the optic nerve of wild-type
mice and 18 FOVs from Bral1-deficient mice; all mice were 1 year
old. As shown in Figure 4E, the number of sodium channel clus-
ters did not differ between wild-type (170.5 � 12.7, mean � SD)
and mutant mice (159.0 � 8.9). This result was confirmed by
Western blot analysis (n � 3 for each genotype) (Fig. 4F). More-
over, the sodium channel subtype expressed at the nodes under-
goes a transition as the nodes mature, from Nav1.2, which is
expressed early in development, to Nav1.6, which predominates
in adults at approximately the same time that Bral1 is first ex-
pressed (Caldwell et al., 2000; Boiko et al., 2001). To verify
whether the transition from Nav1.2 to Nav1.6 occurred normally
in the mutant mice, we immunostained the optic nerves from
Bral1-deficient mice at P19 and P26 using anti-Nav1.2 antibody
and anti-Nav1.6 antibody. Almost all of the sodium channel clus-
ters were normally switched to the mature type, Nav1.6, at P26
(Fig. 4G). Furthermore, the clustering of KCNQ2 at the nodes
(Devaux et al., 2004) was also not affected in Bral1-deficient mice
(Fig. 4H). These results indicate that Bral1 and nodal matrices do
not evoke differences in sodium channel clustering and transition
or in KCNQ2 channel clustering.

Bral1-deficient mice display slow conduction velocities in
the CNS
To investigate whether changes in ECM assembly may affect sal-
tatory conduction even though nodal morphology and ion chan-
nel expression were not influenced in Bral1-deficient mice, we
examined the electrophysiological properties of the CNS nerves
by recording fVEPs. fVEPs have been previously used as a func-
tional measurement of the nerve conduction velocity in the CNS
(Strain and Tedford, 1993; Michaelson et al., 1996; Gow et al.,
1999). As shown in Figure 5, the latency in Bral1-deficient mice
(53.00 � 0.39 ms, n � 5, p � 0.001) was significantly increased
than that in wild-type mice (38.50 � 0.27 ms, mean � SD; n � 6).
In addition, the amplitude of the fVEPs in mutant mice (4.34 �
1.37 �V, n � 5, p � 0.001) was significantly smaller than that in
wild-type mice (7.01 � 0.92 �V, n � 6). These results indicate
that Bral1 and the nodal ECM complex are involved in saltatory
conduction, either directly or indirectly.

Bral1 and its associated extracellular matrices in the CNS
contribute to nodal extracellular diffusion barriers
To assess the possibility that the nodal ECM plays a role in the
creation of ion diffusion barriers during saltatory conduction, we
investigated the diffusion properties of the ECS in the CC of
wild-type and Bral1-deficient mice. As a control, the diffusion
parameters were also measured in the somatosensory cortex.

The ECS diffusion parameters volume fraction � and the geo-
metrical factor tortuosity � were determined by the real-time
iontophoretic method using ion-selective microelectrodes (Fig.
6A–C), and the ADCW was measured by diffusion-weighted MRI
(Fig. 6D). In the cortex of wild-type mice, the ECS diffusion

parameters were: � � 0.21 � 0.01 (mean � SEM), � � 1.59 �
0.01 and ADCW � 633 � 7 �m 2 s�1, with no significant differ-
ences in Bral1-deficient animals (Table 1). Due to anisotropy,
measurements in the CC were performed along three orthogonal
axes, mediolateral (x-axis, along myelinated fibers), rostrocaudal
( y-axis), and ventrodorsal (z-axis), as shown in Figure 6A. Dif-
fusion anisotropy, typical of the myelinated CC, was present in
both wild-type and Bral1-deficient animals. Tortuosity values in
all axes in Bral1-deficient animals was significantly lower (�x �
1.31 � 0.01; �y � 1.58 � 0.02; �z � 1.56 � 0.01) than in wild-type
mice (�x � 1.43 � 0.02; �y � 1.72 � 0.02; �z � 1.70 � 0.02)
suggesting the facilitated diffusion in mutant mice. The observed
decrease in the values of � in the CC, calculated from measure-
ments along all three axes, were not significant (Table 1). Facili-
tated diffusion in the CC of mutant mice was confirmed by a
lower ADCW in wild-type mice (x-axis: 1158 � 55 �m 2 s�1;

y-axis: 442 � 19 �m 2 s�1) than in mutant mice (x-axis: 1340 �
25 �m 2 s�1; y-axis: 521 � 24 �m 2 s�1) (Fig. 6D, Table 1). These
results indicate that the deletion of Bral1, correlated with a dis-
ruption of its associated extracellular complex, results in a reduc-
tion of the diffusion barriers formed by ECMs at the nodes of
Ranvier, which in turn facilitates diffusion in the white matter.
This might be important for neuronal conductivity as well as for
extrasynaptic transmission based on the diffusion of neuroactive
substances through the ECS.

Discussion
We show that the hyaluronan-associated ECM no longer shows a
nodal pattern and CNS nerve conduction is markedly decreased
even though there are no changes in the nodal components in
Bral1-deficient mice; however, the ECS diffusion parameters sug-
gest facilitated diffusion in the white matter of mutant mice.
These findings provide a better understanding of the mechanisms
underlying the accumulation of cations around the nodes.

Figure 5. fVEPs were affected in Bral1-deficient mice. A, Representative waveforms of VEP
from a wild-type mouse (upper waveform) and a Bral1-deficient mouse (lower waveform).
Note that the N1 peak of the Bral1-deficient mouse was lower and prolonged. B, Summary of
VEP from wild-type (n � 5) and Bral1-deficient (n � 6) mice. Note that the latency was
extremely increased and the amplitude was significantly decreased in Bral1-deficient
mice. Significance value was calculated using Student’s t test; ***p � 0.001. Error bars
indicate �SD.
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Bral1 is indispensable for the stable
localization of extranodal matrix
assembly in the CNS
This study shows that versican V2, brevi-
can, TN-R, phosphacan and even hyalu-
ronan cannot localize at the nodes in
Bral1-deficient mice. Similarly, the im-
munostaining level of aggrecan was signif-
icantly reduced in Crtl1-deficient mice
cartilage, confirming an important role
for LP in the deposition of proteoglycan
aggregates (Watanabe and Yamada, 1999).
Our findings further demonstrate that
Bral1 is essential for the aggregation of
TN-R, phosphacan and hyaluronan in ad-
dition to versican V2 and brevican. Our
recent study (Bekku et al., 2009) has
shown that the localization of Bral1 and
versican V2 were not affected at the nodes
in brevican-deficient mice, while ECM
molecules formed an unusual complex at
the nodal gap. Together, current observa-
tions indicate that Bral1 is the most im-
portant molecule in forming the nodal
ECM assembly at the CNS nodes. On the
other hand, Western blot analysis of
the optic nerves revealed no significant
changes in levels of versican V2, brevican,
TN-R and phosphacan in Bral1-deficient
mice. Therefore, these nodal ECM pro-
teins might exist diffusely throughout
the white matter region. In the case of hya-
luronan, it may be degraded by hyaluron-
idase because Crtl1 could retard the
degradation of hyaluronan in proteogly-
can aggregates in vitro (Rodriguez and
Roughley, 2006). Alternatively, the degra-
dation may be secondary to the lack of the
nodal lecticans, including versican, in
Bral1-deficient mice, because versican
may function to maintain hyluronan lev-
els in the ECM (Suwan et al., 2009).

The hyaluronan receptor CD44 was
expressed on GFAP-positive astrocytes,
which projected to a portion of the nodal
gaps in the current study. On the other
hand, hyaluronan was expressed in almost
all of the nodes, and it did not show a
nodal pattern even though CD44 expres-
sion was not changed in Bral1-deficient
mice. It is not clear whether nodal hyalu-
ronan is bound to CD44 or to hyaluronan
synthase, as Carulli et al. (2006) specu-
lated in PNNs. However, it is strongly sug-
gested that Bral1 and/or ECM assemblies
are more important for the stable localiza-
tion of nodal hyaluronan than are cell
membrane receptors. A recent study has
provided direct evidence that NF 186 re-
cruits brevican to the initial axonal seg-
ment (Hedstrom et al., 2007). An even
more recent study has proposed that NF
plays a role in the assembly of nodal com-

Figure 6. The diffusion properties of the ECS in the corpus callosum. A, Experimental arrangement. Tetramethylammo-
nium ions (TMA �) were iontophoresed into the tissue by an iontophoretic micropipette, and their concentration was
measured at a known distance by a TMA �-selective microelectrode. The micropipette and microelectrode were glued
together to stabilize the intertip distance. B, Typical diffusion curves evoked by TMA � iontophoresis in agar and in the
cortex. The theoretical diffusion curves generated by a nonlinear curve-fitting simplex algorithm are superimposed on the
actual diffusion curves recorded in the tissue or agar. Before tissue measurements, several diffusion curves were recorded
in agar, where by definition � � 1 � � and k� � 0, thus enabling the transport number of the electrode array to be
determined. In the tissue, the resulting increase in concentration was much larger than that in agar due to the restricted
volume fraction and increased tortuosity in the brain. C, Examples of the TMA � diffusion curves recorded in the corpus
callosum of Bral1-positive and -negative mice. In contrast to diffusion in the cortex, which is isotropic, meaning that the
values of the ECS diffusion parameters are the same along all three orthogonal axes, in the anisotropic corpus callosum,
there is preferential diffusion along the myelinated fibers (x-axis). The different diffusion curves resulting from the unequal
tortuosity values measured along the three orthogonal axes indicate anisotropic diffusion in both wild-type and knock-out
mice; however, tortuosity � in mutant mice was decreased along all the main axes (values �x, �y, and �z). D, Typical ADCW

maps of wild-type and Bral1-deficient mice along the mediolateral (x) and rostrocaudal ( y) axes. The mean value of ADCW,
given below each map, was calculated in the outlined regions of interest. The calculated ADCW values were significantly
higher in Bral1 knock-out mice than in controls in the CC but not in the primary somatosensory cortex (S1). The scale shows
the relation between the intervals of ADCW values and the colors used for visualization; the values shown on the left are
valid for the x-axis, those on the right for the y-axis.
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ponents, e.g., �IV-Spectrin, AnkyrinG, and Contactin (Zonta et
al., 2008). The expression of NF 186 was not affected in Bral1-
deficient mice. However, the stabilizer of the ECM assembly,
Bral1, may also interact with the stabilizer of the cytoskeleton
assembly, NF, directly or indirectly.

The role of the hyaluronan binding ECM complex as a
diffusion barrier at the node of Ranvier in the CNS
In our previous study, we have proposed that hyaluronan-Bral1-
versican V2 complexes could serve as an “extracellular ion pool”
in the perinodal ECS (Oohashi et al., 2002). We also have shown
that the nodes of axon fibers of a particularly large diameter have
a more elaborate ECM assembly than the nodes of smaller axons,
as if the ECM could further speed up axonal velocity by a reduc-
tion in the resistance of the extracellular medium (Bekku et al.,
2009). This study showed that the conduction velocity of Bral1-
deficient mice was significantly decreased in comparison with
wild-type mice. However, our study did not find any of the
changes in ion channels or morphology that are already known to
be involved with the generation of an action potential but rather
changes in ECM assembly at the nodes. From our previous stud-
ies, it is known that changes in the ECM have a strong impact on
the diffusion properties of the ECS (Roitbak and Syková, 1999;
Syková et al., 2005). In fact, facilitated diffusion, evidenced by a
decrease in tortuosity and an increase of ADCW, was also found in
the CC of Bral1-deficient mice both along and across the myelin-
ated fibers. On the other hand, diffusion in the neocortex (gray
matter) was not significantly different between wild-type and
Bral1-deficient mice, since Bral1 is located solely at the nodes of
Ranvier. A previous study has shown that anisotropic diffusion in
the rat CC is related to myelination. During myelination, � in-
creases particularly across the myelinated fibers, whereas along
the fibers the tortuosity is comparatively lower (Vorísek and
Syková, 1997). Bral1 and versican V2 are expressed around P20,
when myelination has completely finished in the cerebellum
(Oohashi et al., 2002). It seems that the increase in tortuosity
across the fibers is, besides the formation of myelin sheaths, also
partially affected by an upregulation of the nodal ECM, especially
Bral1 and versican V2, at that time.

In contrast to TN-R-negative mice, in which the structure of
the ECM was changed throughout the entire cortex, the lack of
Bral1 affected the ECM only at the node of Ranvier, while other-
wise the ECM in the white matter remained intact. Together, the
restricted changes in the ECM in the white matter of Bral1 mu-

tants and the fact that diffusion measurements using the real-
time iontophoretic method are averaged over an area of 	10�3

mm 3, it is not surprising that we did not find the expected signif-
icant decrease in � in Bral1-deficient mice. However, the destruc-
tion of the nodal ECM caused by Bral1 deficiency not only
resulted in faster diffusion along the fibers, but might also have
created “holes” in which diffusion across the myelinated fibers
was much faster, so that the averaged diffusion in those directions
was facilitated. Extracellular macromolecules that have a high
affinity toward cations such as Na� (Hunter et al., 1988; Scott,
1989) create little clusters around the nodal ECS. Recent compu-
tational modeling of 3D electrodiffusion suggested that the exis-
tence of a diffusion barrier, e.g., glial processes, may result in a
dramatic effect on the local accumulation of Na� and K� ions in
the extracellular nodal region (Lopreore et al., 2008). The extran-
odal matrix assemblies seem to be a potential diffusion barrier
that modulates the accumulation of ions in relation to the axonal
diameter. Together, our results provide the first evidence of the
presence of a diffusion barrier formed by the ECM assemblies at
the node of Ranvier and strongly suggest the idea that faster dif-
fusion in mutant mice leads to the leakage of Na� and K� from
the nodal space, which is normally restricted by the ECM around
those locations at which action potentials are generated.

To explore the roles of the nodal ECM, two knock-out mouse
studies have been performed, one using TN-R-deficient mice
(Weber et al., 1999) and the other using mice deficient in receptor
protein tyrosine phosphatases (RPTP�) (Harroch et al., 2000).
RPTP� have three isoforms, long and short receptor types and
phosphacan, which lacks the intracellular and transmembrane
domains. TN-R-deficient mice, as well as Bral1-deficient mice,
were concomitantly undetectable for nodal phosphacan expres-
sion and decreased in axonal conduction velocities without any
changes in sodium channel clustering (Weber et al., 1999). On
the other hand, the conduction velocity was not altered in
RPTP�-deficient mice (Harroch et al., 2000), although both
TN-R and RPTP� have an ability to interact with the sodium

Figure 7. A hypothetical model for the nodal diffusion barrier in the CNS. Hyaluronan-bound
gel-like matrices would maintain the microenvironment and function as an ion diffusion barrier
around the perinodal ECS in wild-type mice. The ion diffusion barrier would have a dramatic
effect on the local accumulation of Na � and K � ions in the extracellular nodal region. On the
other hand, the destruction of the nodal ECM caused by Bral1 deficiency allows ions to diffuse at
the perinodal ECS region.

Table 1. ECS volume fraction (�), tortuosity (�), and ADCW in wild-type and
Bral1-deficient mice

Cortex Corpus callosum

Bral1�/� Bral1�/� Bral1�/� Bral1�/�

� 0.21 � 0.01 0.20 � 0.01 0.21 � 0.01 0.19 � 0.02
�x 1.59 � 0.01 1.58 � 0.03 1.43 � 0.02 1.31 � 0.01***
�y 1.72 � 0.02 1.58 � 0.02***
�z 1.70 � 0.02 1.56 � 0.01***
n 7 6 5 (x), 5 ( y), 11 (z) 10 (x), 8 ( y), 16 (z)
N 5 4 5 7
ADCW (x) (�m 2s �1) 633 � 7 636 � 15 1158 � 55 1340 � 25**
N 6 7 6 7
ADCW ( y) (�m 2s �1) 597 � 8 611 � 16 442 � 19 521 � 24*
N 11 11 11 11

Values are expressed as mean � SEM; n represents the number of slices; N represents the number of animals;
significant differences between wild-type mice (Bral1�/�) and Bral1-deficient mice (Bral1�/�) are marked by
asterisks (*p � 0.05, **p � 0.01, ***p � 0.001). In contrast to the somatosensory cortex, diffusion in the corpus
callosum is anisotropic; therefore, the measurements of � and ADCW in the corpus callosum were performed along
three or two orthogonal axes, respectively.
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channel (Srinivasan et al., 1998; Xiao et al., 1999; Ratcliffe et al.,
2000). Tyrosine phosphorylation on sodium channels was re-
versed by intracellular catalytic domain of RPTP� during devel-
opment. It was speculated that the interaction of the sodium
channel �2 subunits with TN-R might be important for placing
phosphacan in close proximity to sodium channels, and displace-
ment of RPTP� by phosphacan would decrease sodium channel
activation from depolarized membrane potentials as nodal mat-
uration (Ratcliffe et al., 2000). Recently, we have reported the
brevican-dependent, axon-diameter-related localization of TN-R
and phosphacan at the node of Ranvier (Bekku et al., 2009), and the
current study using Bral1-defecient mice revealed a significant loss
of TN-R and phosphacan at the node. Thus, differences in the
axonal conduction velocity between the knock-out mice de-
scribed above may be partially related to the degree of the disor-
ganized nodal matrix barrier in the large myelinated axon as the
lack of perineuronal TN-R caused decrease of ECS tortuosity � in
the gray matter (Syková et al., 2005). It appears that Bral1, versi-
can V2, and brevican would not be affected in TN-R- and
RPTP�-deficient mice because Bral1 and versican V2 were not
altered in brevican-deficient mice (Bekku et al., 2009). These
results thus strongly suggest that Bral1-based ECM association
creates a diffusion barrier around the nodes and provide an ex-
tranodal micromilieu as an “extracellular ion pool” for saltatory
conduction as shown in Figure 7.
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