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Abstract

Transgenic and disease model mice have been used to investigate the molecular

mechanisms of demyelinating diseases. However, less attention has been given to

elucidating changes in nerve conduction in these mice. We established an experimental

system to measure the response latency of cortical neurons and examined changes in

nerve conduction in cuprizone-induced demyelinating mice and in myelin basic

protein-deficient shiverer mice. Stimulating and recording electrodes were placed in the

right and left sensori-motor cortices respectively. Electrical stimulation of the right

cortex evoked antidromic responses in left cortical neurons with a latency of 9.38 + 0.31

ms (N=107; mean £ SEM). While response latency was longer in mice at 7 days and 4

weeks of cuprizone treatment (12.35 £ 0.35 ms; N=102, 11.72 £ 0.29 ms; N=103,

respectively), response latency at 7 days and 4 weeks after removal of cuprizone was

partially restored (10.72 £+ 0.45 ms; N=106 and 10.27 = 0.34 ms; N=107, respectively).

Likewise, electron microscopy showed cuprizone-induced demyelination in the corpus

callosum and nearly complete remyelination after cuprizone removal. We also examined

whether the myelin abnormalities in shiverer mice affected their response latencies. But

there were no significant differences in response latencies in shiverer (9.83 + 0.24 ms;

N=103) and wild type (9.33 = 0.22 ms; N=112) mice. The results of these



electrophysiological assessments imply that different demyelinating mechanisms,

differentially affecting axon conduction, are present in the cuprizone-treated and

shiverer mice, and may provide new insights to understanding the pathophysiology of

demyelinatation in animal models in the CNS.



Introduction

Oligodendrocytes (OLGs) form myelin sheaths in the central nervous system

(CNS) and are important for nerve conduction. The myelin wraps around axons and

facilitates the rapid, salutatory conduction of electrical impulses along them (Morell et

al., 1999). OLGs are vulnerable to a variety of insults, including proteases and

inflammatory cytokines (Ledeen et al., 1998: Link, 1998). The destruction of OLGs

results in the loss of both myelin and nerve conduction. For example, oligodendroglial

loss is implicated in the onset of multiple sclerosis (MS), an inflammatory

demyelinating disease of the human CNS. Previous studies reported oligodendroglial

cell death in MS plaques, suggesting that nerve conduction in MS patients is slowed by

demyelination accompanying oligodendroglial loss (Dowling et al., 1997).

Apoptotic OLGs are observed in spinal cords of rodents with experimental

autoimmune encephalomyelitis (EAE), a recognized animal model for MS (Terayama et

al., 2005; Hisahara et al., 2001; Raine, 1997). Demyelination and axonal loss are also

associated with electrophysiological abnormalities in spinal cords of mice with EAE

(Lo et al., 2003: McGavern et al., 2000). However, little attention has been given to

investigating the electrophysiological changes occurring during demyelination or

remyelination in the brain.



We previously reported that oligodendroglial apoptosis is induced by cuprizone,
followed by demyelination in the corpus callosum (Bando et al., 2006). Our findings are
consistent with other reports that cuprizone induces demyelination that appears to be
reversible upon discontinuation of the cuprizone treatment (Arnett et al. 2001; Gao et al.
2000; Blakemore 1972; Ludwin 1978; Komoly et al. 1992; Komoly et al. 1987; Kim et
al. 1991). Therefore this experimental model is useful for examining nerve conduction
during demyelination and remyelination.

MBP is a major component of the myelin sheath. Mutations in this gene, which
can be observed in shiverer mice, disrupt myelination (Chernoff 1981). The shiverer
mutation is autosomal recessive and is characterized by the onset of tremors about the
12 days after birth, seizures at later times, and a progressive deterioration ending in an
early death (Chernoff 1981: Uschlureit et al., 2000: Seiwa et al., 2002). The CNS of a
shiverer mutant mouse is almost entirely devoid of myelin membranes. Axons of a
shiverer mouse may be ensheathed by multiple lamellae of OLGs processes, but myelin
is not uniformly compacted. Moreover axoglial junctions are irregular in shape, size,
and distribution (Kandel et al., 1995; Seiwa et al., 2002; Rosenbluth 1980, 1981; Inoue
et al., 1981). Therefore, shiverer mice were used as a comparison to clarify the effects

of abnormal myelin on nerve conduction.



Therefore, it is not clear whether changes in nerve conduction caused by

oligodendroglial loss actually occur in these experimental models. To answer this

question, we examined nerve conduction in the callosal connections of cuprizone

(bis-cyclohexanon oxaldihydrazone)-induced demyelinated mice and myelin basic

protein (MBP)-deficient shiverer mice.



Materials and Methods
Animals.

BALB/c mice and shiverer mice (6-8 weeks old) were used in this study.
Shiverer mice (B6 strain; shi”", Molineaux et al., 1986) were recovered from frozen eggs
kindly supplied by Dr. M. Kimura (Tokai Univ., Japan) and Dr. M. Yokoyama
(Mitsubishi Kasei Institute of Life Science, Japan). Shiverer mice were selected from
crossings of heterozygous animals (shi“ 7). These mice were maintained and propagated
by mating in the Animal Institute of Asahikawa Medical College. All experimental
protocols were carried out according to the guidelines laid down by the NIH in the US
regarding the care and use of animals for experimental procedures, and to protocols
approved by the institutional animal care and use committee of Asahikawa Medical
College. Every attempt was made to minimize animal suffering and to reduce the
number of mice used. We also used another shiverer mouse (C3H strain) obtained from

The Jackson Laboratory. Results of experiments with these two strains were similar.

Genotyping.
Genotyping of the wild-type (shi”") and shiverer mice (shi”) was performed

by PCR on DNA isolated from tail samples. Deletions in the MBP gene (exon II to VII)



were verified by PCR using synthesized oligonucleotide primers hybridizing to a 5’

intron  sequence  upstream of the deleted exon II, 5°  primer:

GAGGCCGCACATCAGCCCTGATTTTTG CTAAG, and a corresponding 3’ primer:

CATGTATGAATGTGCATCTTGGGCAAT CTATCT.

Induction of demyelination and remyelination.

Mouse chow containing 0.7% bis-cyclohexanone-oxaldihydrazone (cuprizone;

Sigma, St. Louis, Missouri) was synthesized (Oriental Yeast Co. LTD, Chiba, Japan). To

introduce demyelination, mice were fed mouse chow containing 0.7% cuprizone for 7

days. Remyelination was initiated by returning the mice to a normal diet for another 7

days (Nihon SLC Co. LTD, Shizuoka, Japan) after 7 days of cuprizone treatment

(Bando et al., 2006). In a chronic model, mice were fed mouse chow containing 0.7%

cuprizone for the first 7 days and then that containing 0.2% cuprizone for 3 weeks

(total: 4 weeks treatment). Chronic demyelination with a diet containing 0.2% cuprizone

has been reported (Skiripuletz et al., 2008: Irvine and Blakemore, 2008: Franco-Pons et

al., 2007). Remyelination in chronically-treated mice was initiated by returning them to

a normal diet (Nihon SLC Co. LTD, Shizuoka, Japan) for 1 week to 4 weeks.



Surgery and electrophysiological recording

Mice were anesthetized with a mixture of xylazine and ketamine (100 and 10

mg/kg, respectively; i.p.) and fixed in a streotaxic frame (Tanaka et al., 2004).

Additional doses of anesthesia as above were administrated to maintain a suitable level

of anesthesia. Body temperature was maintained between 35.0~37.0 °C using heat

radiant ramps, and care was taken not to induce bleeding when the skull was drilled.

Tungsten stimulating (concentric electrode with a tip diameter 0.1 mm, Eiko-Kagaku,

Co., Tokyo, JAPAN) and recording needle electrodes (monopolar electrodes with a tip

diameter of 10 um, Eiko-Kagaku, Co., Tokyo) were placed in the right and left

sensori-motor cortices, respectively, according to the coordinates of The mouse brain

(Academic press, FL, USA, stim: 2.0 mm posterior and 1.5 mm lateral to bregma; rec:

2.0 mm posterior and 1.5 mm lateral to bregma. See Fig. 2A). The activities of cortical

neurons antidromically stimulated (rectangular pulses of <200 pA, 0.2 ms, 1 Hz to the

right sensory-motor cortex) via the callosal connection were amplified by a biophysical

amplifier (ER-1, Cygnas, Co. PA, USA) with a high-pass filter (10 ms time constant),

monitored using an oscilloscope, and recorded. The data were stored in a personal

computer using the PowerLab software system (PowerLab/16SP, AD Instruments,

Nagoya, JAPAN).



Injection of fluorogold

To first examine the distribution of cortical neurons driven via callosal

connections following stimulation of the contralateral sensori-motor cortex, mice were

injected, under anesthesia (as above), with the retrograde tracer fluorogold in a modified

version of the protocol described previously (Yamada et al., 2006). In brief, 5 ul of

fluorogold solution diluted in saline were injected via a Hamilton syringe placed at the

same location as the stimulating electrode. After injection, the lesions were closed, and

2 days later the brains were removed and prepared for hematoxy-eosin (HE) staining.

Tissue preparation.

Mice were anesthetized with pentobarbital sodium (Nembutal, 100 mg/kg, i.p.)

and perfused transcardially with saline followed by 4% paraformaldehyde in 0.1 M

phosphate buffer (PB, pH 7.4). Brains were removed, postfixed overnight in the same

fixative, and then immersed in 30% sucrose in 0.1 M PB for 1-2 days. Brains were then

frozen in powdered dry ice, embedded in OCT (Tissue-Tek), and stored at —80 °C prior

to staining (Bando et al., 2006).



HE staining and LFB staining

Frozen 14 pm-thick coronal sections of brain were cut on a cryostat and

mounted onto silane-coated slides (Matsunami, Japan). The sections were stained with

hematoxilin and eosin and analyzed with a light microscope (ECLIPSE 80i; Nikon,

Japan). In some experiments, the sections were stained with Luxol Fast Blue/cresyl

violet (LFB/CV), demonstrating myelination as described previously (Terayama et al.,

2005).

Immunohistochemisty

Frozen 14 um-thick coronal sections of brain obtained from shiverer mice were

cut on a cryostat and stained with mouse monoclonal anti-MBP antibody (Chemicon;

1:1000) and anti-glutathione-S-transferase-n (GST-m) antibody (BD biosci., Tokyo,

Japan; 1:125) as previously described (Bando et al., 2006). Anti-GST-n antibody was

used as a marker of mature oligodendrocytes (Tansey et al., 1991). Briefly, sections

were incubated overnight with anti-MBP antibody or anti-GST-n antibody at 4°C.

Avidin-biotin conjugated secondary antibody was used to visualize primary antibody

binding (Vectastain® Elite ABC: Vector Laboratories Inc., Burlingam, CA) as

previously described (Onuki et al., 2004; Bando et al., 2005).



Electron Microscopy

Mice were transcardially perfused with 2% glutaraldehyde and 2%
paraformaldehyde in 0.1 M PB. Brains were removed, fixed with 1% osmium tetroxide
and embedded in Epon. Ultrathin sections were cut and stained with uranyl acetate and

lead citrate and observed with a transmission electron microscope (EM, H-7650).

Statistical analyses
Data are expressed as means = SEM. Experimental groups were compared by
Mann-Whiteney’s U test or ANOVA followed by Scheffe’s F test. Values of p<0.05

were considered significant.



Results

Distribution of neurons antidromically stimulated via the callosal connections

To first examine the possible distribution of neurons antidromically stimulated

from the right sensori-motor cortex, mice were injected with fluorogold. Labeled cells

were distributed specifically in the left cerebral hemisphere in a very restricted region of

sensori-motor cortex (Fig. 1A and B). HE staining also showed that neurons labeled by

fluorogold were cortical neurons (Fig. 1C). These results aided in the placement of

recording electrodes at a very restricted region where fluorogold-labeled cells were

observed. Stimulating and recording electrodes in the right and left sensori-motor

cortices, respectively, were placed at a distance of 3.0 mm from one another (Fig. 2A).

Recording antidromic responses of cortical neurons

Following stimulation of the right sensori-moter cortex, extracellular activities

were recorded from the left sensori-moter cortex at various depths from 0 um to 900 um

from the surface (Fig. 2B). The stimulation evoked a mixture of extracellular field

potentials and action potentials of cortical neurons (Fig. 2C). These potentials were

most prominent at depths of 0.2~0.3 mm and 0.7 mm, which corresponded largely to

layers II~III and V, respectively.



Representative examples of antidromic responses obtained in wild type Balb/c

mice are shown in Figure 3. A cortical neuron recorded at a depth of 280 pum was

located in layer III (Figure 3A) Single pulse stimulation (50 pA) induced action

potentials with a fixed latency of 12.4 ms and an amplitude of 0.5 mV (Fig.3Ai).

Because the twin action potentials evoked by twin pulses of stimuli exhibited the same

fixed latencies, we judged this neuron to be antidromically activated by the stimuli

(Fig.3Aii). The neuron in Fig.3B was recorded at a depth of 710 um (layer V), and

exhibited action potentials with amplitudes of 3.0 mV following single stimuli.

Although this cell was activated by contralateral cortical stimuli (70 pA), the latencies

of action potentials fluctuated, suggesting that they were synaptically evoked by the

stimuli (Fig.3Bi). By increasing the stimulus current to 80 pA, action potentials with

fixed latencies of 0.85 ms were evoked by either single or twin pulses (Fig.3Bii and

3Biii).

To accurately measure the conduction times of cortical neurons activated via

callosal connections, we collected only those cortical neurons (n=740) that displayed

antidromic responses (fixed latencies after stimulation). Because such neurons with

callosal connections (callosal neurons) were located predominantly in layers II-IIT and V,

we divided cortical neurons into two groups depending on the depth at which they were



recorded: neurons recorded not deeper than 400 pum, which included the layer II-III

neurons, and those recorded deeper than 400 um, which included the layer V neurons.

The amplitudes of action potentials recorded from deep layer neurons to be larger than

those of the more superficial layer neurons (Fig. 2C and Fig. 3). Moreover, the

antidromic latencies were significantly shorter in the deep layer neurons than in the

superficial layer neurons in the control mice (Table 1).

Distributions of antidromic latency and recorded depth of callosal neurons in

cuprizone-induced demyelinating model

Electrophysiological analyses were carried out with control mice (control),

mice at 7 days of cuprizone treatment (acute demyelination; cuprizone 7d), at 4 weeks

of cuprizone treatment (chronic demyelination; cuprizone 4w), at 7 days after

remyelination (Recovery 7d) and at 4 weeks after remyelination (Recovery 4w).

Although stimulating and recording electrodes were similarly placed in all mice, mean

latencies of antidromically-evoked action potentials were different among these groups

(Fig. 4A-E, K). In mice receiving cuprizone for seven days or four weeks, the mean

antidromic latencies were significantly longer than in the control mice. Also in mice

recovering from this treatment for seven days or four weeks, the mean antidromic



latencies were still significantly longer than in the control mice (Fig. 4K). However, it

should be noted that the latencies in both groups of recovering mice were significantly

shorter than in those treated with cuprizone for seven days. These findings suggest that

axonal conduction in callosally projecting neurons is disturbed by treatment with

cuprizone, and that the conduction recovered partly, but not completely, after removal of

cuprizone. There were no significant differences in latencies between mice treated for

seven days and those treated for four weeks; nor between those recovering for seven

days or 4 weeks (Fig. 4K, N).

Among the five groups of mice, callosal neurons were recorded at depths of

between 10 um and 876 um from the pial surface (Fig. 4F-J). There were no significant

differences in the mean depths of the recorded neurons among these groups (Fig. 4L).

However, as in the preliminary experiment, extracellular activities with antidromic

responses were consistently recorded predominantly at depths of 200-400 um and

500-700 um (Fig. 4F-J). As these obviously represented two different populations, we

classified callosal neurons into two populations: those in the superficial (<400 pum) and

deep (> 400 um from the surface) layers of the cortex, and compared antidromic

latencies or conduction times of callosal neurons in the superficial and the deep layers

among the five groups of mice. No significant differences in mean latencies were



observed in superficial layer neurons among the five groups (Fig. 4M and Table 1). By

contrast, antidromic latencies of deep layer neurons were significantly different. Namely,

the latencies in the demyelinated mice were significantly longer than in controls, and

those in the recovering mice significantly shorter than in the demyelinated mice (Fig.

4N and Table 1).

In the present study, data in each group were obtained from four different mice,

so inter-animal variations in antidromic response latencies (Fig. 5A) and depths of

recorded responses (Fig. 5B) were also examined in each group. There were no

inter-animal variations in either the mean latencies or mean depths of callosal neurons,

indicating the reproducibility of findings obtained from individual animals in each

group.

Morphological changes of myelin in cuprizone-induced demyelination and

remyelination

To examine changes in myelin in the demyelinating and remyelinating mice,

light microscopic and electron microscopic (EM) studies were carried out. While myelin

was well-stained with LFB/CV in control mice (Fig. 6A), deficits in LFB/CV staining

were clearly observed as early as three days (Fig. 6B) and more so at seven days (Fig.



6C) of cuprizone treatment. The deficits in LFB/CV staining were far fewer in mice

returned to a normal diet after seven days of cuprizone treatment (Fig. 6D), indicating

that axons were remyelinated. Essentially the same findings were obtained at the EM

level (Fig. 7). While tightly packed, myelin-wrapped axons were clearly seen in control

mice (Fig. 7A), there were many myelin-free axons in the corpus callosum of mice

treated for 7 days with cuprizone (Fig. 7B). On the other hand, most axons were

wrapped with myelin at 7 days after removal of cuprizone (Fig. 7C), but these axons

were thinly wrapped with myelin compared with controls (Fig. 7A and C).

Morphological changes in myelin of shiverer mice

As a comparison of myelin-deficient models, we also examined nerve

conduction in myelin deficient-shiverer mice. As shown in Fig. 8A, immunoblot

analysis demonstrated that heterozygous mice expressed MBP protein in the cerebellum,

cerebrum and spinal cord. By contrast, expression of MBP protein was not observed in

these regions in shiverer mice. No anti-MBP staining was observed in the corpus

callosum of shiverer mice (Fig. 8B), but GST-n immunoreactive OLGs were observed

(Fig. 8C). These results suggest that maturation of OLGs was not inhibited in the

shiverer mice, whereas the expression of MBP protein was suppressed. EM analyses of



these mice yielded results consistent with previous reports (Kandel et al., 1995;

Readhead et al., 1987); presence of greatly deficient and abnormal myelin in shiverer

mice (Fig. 8E) compared with control mice (Fig. 8D).

Characteristics of callosal neurons in shiverer mice

Finally, we examined the antidromic response latency of callosal neurons in

wild type and shiverer mice. In both groups, the antidromic response latencies of most

neurons were distributed between 5 and 15 ms. There was no significant difference in

mean latencies of the shiverer and wild type mice (Figs. 9A, B, and E). By contrast,

there was a significant difference in the depths at which antidromically activated

neuronal responses were recorded (Fig. 9C, D, and F). In wild type mice, the antidromic

responses were mostly obtained at less than 400 um beneath the brain surface, while in

shiverer mice, these responses were mainly detected at 400 um or deeper. Nevertheless,

the mean latencies of antidromic responses were not significantly different in the

superficial layer (<400um) and deep layer (>400 pum) neurons of either group (Fig. 9G

and Table 2).



Discussion

Our examination of the effects of demyelination on axonal conduction in
cortical neurons innervated via callosal projections from the contralateral cortex can be
summarized as follows. First, in general, compared to control mice, the mean
conduction time of all callosal neurons was longer in mice demyelinated by cuprizone
treatment; this was particularly true of those in layer V. Second, removing cuprizone for
as long as four weeks only partially restored the mean conduction time of all neurons.
Third, the conduction time of callosal neurons in shiverer mice was not significantly
changed compared to wild type mice.

While many studies have investigated conduction velocities (CVs) in larger
animals, such as monkeys (Evarts, 1965), cats (Takakusaki et al. 2005; Takakusaki et al.,
2004) and rats (Takakusaki et al., 1997; Takakusaki and Kitai 1997; Alstermark et al.,
2004), there have been few studies on CVs in smaller animals such as mice (Tanaka et
al., 2004; Alstermerk et al., 2004). Recently, Tanaka et al. (2004, 2006) examined CVs
and relative refractory periods in major tracts (e.g., dorsal column, vestibulospinal,
reticulospinal, and corticospinal) of the spinal cord in plptg/ " mice. In addition,
McGavern et al. (2000) and Lo et al. (2003) demonstrated, using elegant

electrophysiological experiments, that demyelination and axonal loss in the spinal cord



in EAE-treated mice were closely associated with decreased CVs and correlated with

the severity of clinical scores. As far as we know, however, less attention has been

devoted to examining nerve conduction in the brains of small animal disease models.

Thus, we developed an experimental system in mice and investigated nerve conduction

of callosal neurons in the animal models of cuprizone-induced demyelination and

MBP-deficient shiverer mice. The advantages of method are as follows: 1) ease of

surgery, including the prevention of bleeding and hypothermia and 2) yields

reproducible findings without inter-animal variations within treatment groups.

Cuprizone-induced demyelination resulted in increased conduction times that

were only partially reversible following removal of the cuprizone. Histological changes

in demyelination and remyelination were correlated with those in antidromic response

latencies in these mice. The increased response latency of callosal neurons in the

cuprizone-treated mice should reflect a decrease in conduction velocity of

demyelinating axons. However, even after 4 weeks of recovery time, the mean

antidromic response latencies were only partly restored (Fig. 4). Then what is the

mechanism of insufficient recovery of nerve conduction? It was reported that

cuprizone-induced demyelination of axons in the corpus callosum was associated with a

loss of oligodendroglia, and remyelination was initiated by removal of cuprizone



(Blackmore, 1972: Bando et al., 2006), and we also reported that expression of MBP

mRNA recovered to control levels after removal of cuprizone (Bando et al., 2006). The

results of our LFB/CV staining (Fig. 6B,C) and electron microscopy (Fig. 7B,C) in the

present study are consistent with these observations. However, the recovered axons seen

by EM seemed to be only loosely wrapped with myelin compared to the controls.

Rosenbluth (1980, 1981) hypothesized that conduction velocities may depend more on

the degree of ensheathing by multiple lamellae of OLG processes than on the

compactness of the myelin. The present results led us to propose that insufficient

ensheathing by OLGs or thinly wrapped myelin was responsible for the incomplete

recovery of antidromic response latencies, thus, lending support to Rosenbluth’s

hypothesis.

Another factor contributing to decreased CVs during demyelination is the size

of axons. Callosally projecting neurons are primary located in layers III and V (Ivy &

Killackey, 1981; Hattox & Nelson, 2007). Pyramidal neurons located in layer V send

extensive projections to the striatum, the thalamus and the pyramidal tract on its way to

the brainstem and spinal cord in addition to the contralateral cortex (Hattox and Nelson,

2007; Landry et al., 1984; Reiner et al., 2003). Most cortical neurons recorded at 400

um or less were located in layers I-III and projected to the contralateral cortex through



the corpus callosum (callosal-connected neurons). Moreover, cortical neurons those

recorded at 400 um and deeper are considered as neurons in the layers IV-VI which

includes both callosal neurons and corticofugal neurons. In cuprizone-treated mice,

changes in the antidromic response latencies were significantly different between deep

layer neurons and superficial layer neurons (Figs. 4M-N). Namely, while cuprizone had

no significant effects on the layer II-III neurons, antidromic response latencies of the

deep layer neurons were significantly lengthened by cuprizone-treatment and were

partly restored after removal of cuprizone. These findings suggest that callosal axons of

deep layer neurons were more prone to demyelinated by cuprizone. What possible

distinguishing features could contribute to these differences between superficial and

deep layer neurons? As shown in Table 1, axonal conduction of deep layer neurons was

significantly faster than that of superficial layer neurons in control mice, indicating that

cell size (or axon diameter) of deep layer neurons were larger than those of the

superficial layer neurons, since cell size (or axon diameter) generally correlates with its

conduction velocity. Because a larger surface area of multiple lamellae of OLG

processes is required to sufficiently ensheath large axons compared to small axons, one

possible explanation of the above findings is that the effects of insufficient OLG is more

easily seen in large axons than in thin axons.



The results obtained from the shiverer mice raise quite an interesting question:
why were the response latencies in the shiverer mice not significantly different from
those in the wild type mice (Figs. 9A-B and G)? These results indicate that the shivering
observed in shiverer mouse is not caused by alterations in callosal nerve conduction.
Rasband et al. (1999) reported that there were far fewer Na" channel clusters in the optic
nerves of shiverer mice than in littermate controls, and that those clusters that did form
were often highly irregular. They also showed that distributions of ankyrin-3/G, an
attractive candidate for the clustering of Na™ channels (Srinivasan et al., 1992: Zhou et
al., 1998), in adult shiverer mice were disrupted and did not form any structures that
could be identified as nodes of Ranvier (Rasband et al., 1999). In addition, Sinha et al.
(2006) reported that spinal cord axons in shiverer mice exhibited-dispersed distributions
of K™ channel subunits Kv1.1 and Kv1.2, with a loss of the characteristic distribution of
the juxtaparanodal and paranodal areas. Although any one of these abnormalities might
be expected to contribute to altered axonal conduction, our study demonstrated that in
sensori-motor cortex, there were no differences in the antidromic response latencies
between the wild type and shiverer mice (Fig. 9).

Our EM study revealed that most callosal axons in the shiverer mice were not

wrapped by myelin, and even in axons that were wrapped, the myelin was not compact



(Fig. 8E). These results suggest that myelin is not essential for the rapid salutatory
conduction in callosal fibers. The clusters of ion channels and myelin may not be the
most important factor for producing maximized CVs, once action potential firing has
occurred in the brain. For example, densities of Na" and K™ channel clusters did not
correlate with CVs during the progression of demyelination (Tanaka et al., 2006:
Deerink et al., 1997: Lambert et al., 1997).

In shiverer mice, most sensori-motor cortical neurons with antidromic
responses were recorded in deep layers of the cortex. By contrast, antidromic responses
were recorded predominantly in superficial layers in wild type mice (Fig. 9E-F). This
was due to the fact that, unlike in cuprizone-induced demyelinated mice, it was difficult
to find cortical neurons with antidromic responses in superficial layers in shiverer mice.
Based on these results, we hypothesize that it is feasible that corticocortical (layers
II-I1T) and corticofugal (layers IV-VI) networks in shiverer mice are different from those
in wild types, and that OLG of shiverer mice may assist in maintaining their nerve
conduction, both of which may contribute to the motor deficit in shiverer mice. It has
been shown that MBP is associated with visual cortex plasticity (Jiang and Yin, 2007)
and myelin is involved in stabilizing neuronal connections by suppressing sprouting and

fiber growth (Vanek et al., 1998). Therefore, myelin is important for the development of



cortical neuronal circuits in the critical period. Thus, understanding the essential role of

myelin in the development of neuronal networks in shiverer mice will be useful for

elucidating the mechanisms of motor deficits in these mice.

The present findings also lead us to hypothesize that OLG themselves can

contribute to controlling CV. An important difference between cuprizone-treated mice

and shiverer mice is whether oligodendroglial loss has occurred or not. While cuprizone

treatment resulted in considerable oligodendroglial loss (Bando et al. 2006), there was

no apparent oligodendroglial loss in shiverer mice. OLG may play a protective role for

neurons and axons. There are important studies supporting our above hypothesis that

OLG dysfunction leads to massive axonal degeneration (Griffiths et al. 1998;

Lappe-Sietke et al. 2003; Yin et al. 2006; Simons & Trajkovic 2006). Further study will

be helpful to verify this hypothesis.

In conclusion, the present experimental procedures will contribute to

understanding the pathophysiological mechanisms of demyelination in the CNS of

small animal models of disease. The present study also suggests that OLG themselves,

in the absence of compact myelin, may play a critical role in maintaining rapid

salutatory conduction.
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Table 1 Antidromic latencies in corpus callosum of cuprizone-treated mice.

Condition Latency (msec) p-value
<400 pm > 400 um
Control 10.31 £ 0.47 (n=51) 8.54 + 0.38 (n=56) 0.01%*
Cuprizone 7days 11 48 + 0.45 (n=56) 13.40 £ 0.52 (n=46) 0.01%*
Cuprizone 4 Wks 1141 + 036 (n=65) 1221 £ 0.45 (n=38) 0.23
Recovery 7.days 11 49 + 0.67 (n=52) 9.99 + 0.59 (n=54) 0.04*
0.32

Recovery 4wks 10,51 £ 0.47 (n=49)

10.08 £ 0.48 (n=58)

*p=0.04, **p=0.01 significantly different from <400 pm (Mann Whiteney’s U test)



Table 2 The antidromic response latencies in cortex of shiverer mice.

Condition Latency (ms) p-value
<400 pm > 400 pm
wild type (shi+/+) 9.45 + 0.25 (n=83) 8.92 + 043 (n=35) 027
shiverer (shi-/-) 10.14 + 0.51 (n=32) 9.62 + 025(m=71) 055

Note: There were no significant differences between latencies recorded at >400 pm and

those at >400 pm in either group. (Mann Whiteney’s U test).



Figure legends

Figure 1. Distribution of cortical neurons targeted by contralateral stimulation

via the callosal connection.

(A) Balb/c mice were injected with fluorogold from the left cerebral hemisphere at the

point where the stimulating electrode would have been placed. (B) High power

magnification of the region with the box in (A). By the fluorogold-stained neurons, we

determined where to place the recording electrode. (C) HE staining showing the

fluorogold injection site (arrowhead). Scale bars: (A and C) 100 um and (B) 50 um.

Figure 2. Recording antidromic responses of cortical neurons in mice

(A) Stimulating (Stim.) and recording (Rec.) electrodes were placed in the right and left

sensori-motor cortices, respectively, separated by a distance of 3.0 mm. Electrical

stimulation (less than 200 pA, 1 Hz) applied to the right cortex evoked antidromic

responses of cortical neurons in the left cortex. (B) The site and depths of recording

electrodes (C) Extracellular recordings of antidromic responses in cortical neurons after

stimulation at various depths from the pial surface.

Figure 3. Callosally evoked responses of cortical neurons.



(A) Antidoromic responses of a cortical neurons in layer III evoked by single (A1) and

twin (Aii) stimulation pulses. (B) Both orthodromic (Bi,) and antidromic (Bii, iii)

responses were recorded in a layer V neuron following 70 pA single and 80 pA single

and double stimulation, respectively. Following twin stimulations, antidromic responses

exhibit the same latencies after both stimulations.

Figure 4. Distributions of antidromic latencies and recorded depths of callosally

innervated neurons in cuprizone-induced demyelinating mice.

(A-E) Distributions of antidromic latencies recorded in mice from the control (A),

cuprizone-treated for 7 days (B; cuprizone 7d), cuprizone-treated for 4 weeks (C;

cuprizone 4w), remyelination at 7 days (D; recovery 7d) and remyelination at 4 weeks

(E; recovery 4w) groups. Mean latencies for each groups are indicated by arrowheads.

(F-J) Dot plots showing the relationships between latencies and recording depths in

control (F), cuprizone 7d (G), cuprizone 4w (H), recovery 7d (I) and recovery 4w(J)

groups. Mean recording depths for each group are shown in each panel (arrowhead),

and the dotted lines are at 400 um. (K). Summary of mean antidromic latencies in each

group. (L) Summary of the mean depths of recorded neurons in each group. (M) Mean

latencies of neuronal activities recorded at <400 um (layers I-III) in each group. (N)



Mean latencies of neuronal activities recorded at >400 um (layers IV-IV). Error bars in

(K-N) indicate + SEM. *p<0.05, **p<0.01 significant differences between the indicated

groups.

Figure 5. Inter animal variations of the latencies and recording depths

(A) Mean antidromic response latencies of callosal neurons in control (control) and

demyelinated (cuprizone 4w) mice. (B) Mean recording depths of antidromic responses

in control and demyelinated mice. All data represent means + SEM. There are no

significant differences in either latencies or recording depths among the mice in each

group.

Figure 6. Demyelination and remyelination in 0.7% cuprizone-treated mice.

Cortical brain sections were stained with luxol fast blue/cresyl biolet (LFB/CV). (A) In

untreated control mice, no demyelination is observed in the corpus callosum. (B-D)

Time course of demyelination/remyelination during 0.7% cuprizone administration.

Brain section at 3 days (B), 7 days (C) and 7 days after removal of cuprizone (D) are

shown. Representative sites of demyeliation are indicated by arrowheads. Scale bar: 100

um.



Figure 7. Morphological changes in myelin in the cuprizone treated mice.

EM analysis of corpus callosum in control (A), at 7 days of cuprizone administration

(B), and at 7 days after removal of cuprizone (C). Representative demyelinated axons

are indicated with arrowheads. Scale bar: 1 um

Figure 8. Characterization of myelin-deficient, shiverer mice.

(A) Expression of MBP protein in shiverer mice was examined by immunoblot analysis.

Cerebellum (lane 1), cerebrum (lane 2) and spinal cord (lane 3) from heterozygous

(shi+/-) mice. Cerebellum (lanes 4 and 5), cerebrum (lanes 6 and 7) and spinal cord

(lanes 8 and 9) from homozygous (shi-/-) mice. (B-C) Immunohistochemistry in

shiverer mice revealed that, while MBP protein was not detectable (B), GST-nt

immunoreactive oligodendrocytes were observed in the corpus callosum in shiverer

mice (C). (D-E) EM analysis of corpus callosum Representative data from control (D)

and myelin basic protein (MBP)-deficient shiverer (E) mice are shown. Arrowheads in

(E) indicate demyelinated axons. Scale bar: 1 pm

Figure 9. Antidromic responses and their recording depths in shiverer mice.



(A-B) Distributions of antidromic latencies in wild type (A: open bar) and shiverer mice
(B: filled bar). Mean latencies are indicated with arrowheads. (C-D) Relationships
between the response latencies and their recording depths in wild type (shi+/+; C) and
shiverer (shi'/'; D) mice (E) Mean antidromic response latencies and (F) recording
depths in wild type (shi+/+; open bar) and shiverer (shi'/'; filled bar) mice (G) Mean
response latencies recorded at <400 pum or >400 pum Error bars represent + SEM.

**p<0.01 significantly different from
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	Injection of fluorogold 
	Tissue preparation.   
	Mice were anesthetized with pentobarbital sodium (Nembutal, 100 mg/kg, i.p.) and perfused transcardially with saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Brains were removed, postfixed overnight in the same fixative, and then immersed in 30% sucrose in 0.1 M PB for 1-2 days. Brains were then frozen in powdered dry ice, embedded in OCT (Tissue-Tek), and stored at –80 ˚C prior to staining (Bando et al., 2006). 
	Electron Microscopy 


