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Fig. 4 Level of mitochondrial SOD1-EGFP fusion protein. (a) Levels
of mitochondrial SOD1-EGFP fusion protein. (b} Densitometric ana-
lysis of mitochondrial SOD1-EGFP fusion protein expressed as a ratio
to COX. In the mitochondrial fraction, Dorfin significantly reduced the
level of SOD1-EGFP fusion protein expressed by Cyto-G93A or Cyio-
GB85R, whereas it did not reduce that expressed by Mito-SOD1. Val-
ues are mean + SD (n = 4). *p < 0.05 (two-way anova with Tukey-
Kramer post-hoc test).

Dorfin protects neuronal cells from mutant SOD1-
mediated neurotoxicity by reducing mitochondrial
mutant SOD1

As we demonstrated previously (Takeuchi et al. 2002a), the
cells with Cyto-G93A and Cyto-G85R underwent cell death
(Fig. 5a) and mitochondrial impairment (Fig. 5b), whereas
those with Cyto-WT did not. The cells with Mito-G93A
and Mito-G85R exhibited significantly more cell death and
mitochondrial impairment than those with Cyto-G93A and
Cyto-G85R, whereas those with Mito-WT did not (Fig. 5).
Co-expression of Dorfin significantly ameliorated ceil death and
mitochondrial impairment induced by Cyto-G93A and Cyto-
G85R (Fig. 5), as in our previous report (Niwa ez a/. 2002). In
contrast, Dorfin did not affect cell death and mitochondrial
impairment induced by Mito-SOD1 (Fig. 5), whose protein
level Dorfin did not reduce. These findings suggest that Dorfin
ameliorates mutant SOD1-mediated neurotoxicity by reducing
the accumulation of mutant SOD1 in the mitochondria.

Dortfin reduces mitochondrial cytochrome c release

and sequential activation of caspase-9 and caspase-3

We next assessed whether Dorfin reduced the mitochondrial
death signal associated with the mutant SODI1-mediated
cytotoxicity. Western blots revealed that Cyto-G93A and
Cyto-G85R induced a gradual increase in the cytochrome ¢
released from the mitochondria into the cytosol, whereas
Cyto-WT did not (Fig. 6). The cells with Mito-G93A and
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Fig. 6 (a) Frequency of dead cells and {b) mitochondrial impairment
analyzed by MTS assay. The cells with Mito-G93A and Mito-G85R
exhibited a significantly higher level of cell death and mitochondrial
impairment than those with Cyto-G93A and Cyto-G85R. Dorfin signi-
ficantly decreased cell death and mitochondrial impairment induced by
Cyto-G93A and Cyto-G85R, whereas it did not affect those induced by
Mito-SOD1. Values are mean = SD (n = 6). *p < 0.05 (two-way anova
with Tukey-Kramer post-hoc test).

Mito-G85R also exhibited a higher level of cyto-
chrome ¢ release than those with Cyto-G93A and Cyto-
G85R, whereas those with Mito-WT did not (Fig. 6).
Co-expression of Dorfin significantly reduced the release of
cytochrome ¢ from the mitochondria into the cytosol
induced by Cyto-G93A and Cyto-G85R (Fig. 6). In the
cells with Mito-G93A and Mito-G8&5R, however, Dorfin did
not reduce the cytochrome c release from the mitochondria
into the cytosol (Fig. 6).

Next, we examined whether Dorfin affected the down-
stream signal cascade of the activation of caspase-9 and
caspase-3 following the release of mitochondrial cytochrome
c. As we demonstrated previously (Takeuchi et al. 2002a),
western blots revealed that Cyto-G93A and Cyto-G8SR
induced gradual activation of caspase-9 and caspase-3,
whereas Cyto-WT did not (Figs 7 and 8). The cells with
Mito-G93A and Mito-G85R exhibited a higher level of
activation of caspase-9 and caspase-3 than those with Cyto-
G93A and Cyto-G85R, whereas those with Mito-WT did not
(Figs 7 and 8). Co-expression of Dorfin significantly reduced
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Fig. 6 Waestern blot analysis of cytochrome c release. (a) Time course
of mitochondrial cytochrome c¢ release into the cytosol. (b) Densito-
metric analysis of cytochrome c release expressed as a ratio to COX.
The cells with Mito-G93A and Mito-G85R exhibited significantly more
cytochrome ¢ release than those with Cyto-G93A and Cyto-G85R.
Dorfin significantly reduced the amount of mitochondrial cytochrome ¢
released into the cytosol induced by Cyto-G93A and Cylo-G85R,
whereas it did not affect that induced by Mito-SOD1. Values are
mean + 8D (n = 4). *p < 0.05 (two-way anova with Tukey—Kramer
post-hoc test).

the activation of caspase-9 and caspase-3 induced by Cyto-
G93A and Cyto-G85R (Figs 7 and 8). However, Dorfin did
not reduce the activation of caspase-9 and caspase-3 induced
by Mito-G93A and Mito-G85R (Figs 7 and 8), as it did not
reduce the release of cytochrome ¢ induced by Mito-G93A
and Mito-G85R (Fig. 6). These findings combined with the
aforementioned observations suggest that the reduction in the
amount of mitochondrial mutant SOD1 due to Dorfin results
in attenuated activation of the mitochondrial PCD pathway
and prevents eventual cell death.

Discussion

In the present study, we first demonstrated that Dorfin, an E3
for mutant SOD1s, attenuated the activation of the mitoch-
ondrial PCD pathway and prevented eventual cell death in a
neuronal cell model of FALS by reducing the amount of
mutant SOD1 in the mitochondria. Dorfin reduced the levels
of both cytosolic and mitochondrial mutant SOD1-EGFP
fusion proteins that were expressed by Cyto-G93A and Cyto-
G85R without organelle-oriented signals, whereas Dorfin did
not affect the level of mutant SOD1-EGFP fusion protein that
was expressed by Mito-G93A and Mito-G85R with mitoch-
ondrial localizing signals. The reduction in the level of
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Fig. 7 Western blot analysis of caspase-9 activation. (a) Time course
of the activation of caspase-9. (b) Densitometric analysis of caspase-9
activation. The cells with Mito-G93A and Mito-G85R exhibited signifi-
cantly more activation of caspase-9 than those with Cyto-G93A and
Cyto-G85R. Dorfin significantly reduced the activation of caspase-9
induced by Cyto-G93A and Cyto-G85R, whereas it did not reduce that
induced by Mito-SOD1. Values are mean + SD (n = 4). *p < 0.05
(two-way anova with Tukey—Kramer post-hoc test).
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Fig. 8 Western blot analysis of caspase-3 activation. (a) Time course
of activation of caspase-3. (b) Densitometric analysis of caspase-3
activation. The cells with Mito-G93A and Mito-G85R exhibited signifi-
cantly more activation of caspase-3 than those with Cyto-G93A and
Cyto-G85R. Dorfin significantly reduced the activation of caspase-3
induced by Cyto-G93A and Cyto-G85R, whereas it did not reduce that
induced by Mito-SOD1. Values are mean =+ SD (n = 4). *p < 0.05
(two-way anova with Tukey~Kramer post-hoc test).
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mitochondrial SOD1-EGFP was observed earlier than that of
total or cytosolic SOD1-EGFP. Moreover, Dorfin was present
in the cytosol, not in the mitochondria. These findings
indicated that the mitochondrial mutant SOD1 without
organelle-oriented signals (Cyto-G93A and Cyto-G85R)
might be translocated from the cytosol, and we suggest that
Dorfin reduces the mitochondrial accumulation of mutant
SOD1 by enhancing the degradation of mutant SOD1 in the
cytosol through the ubiquitin—proteasomal pathway, thereby
reducing the uptake of mutant SOD1 into the mitochondria.

Many reports have documented mitochondrial involve-
ment in ALS and FALS. Mitochondrial degeneration with
vacuolization or membrane disintegration in motor neurons
is one of the earliest pathological findings in FALS Tg mice
(Dal Canto and Gumey 1994; Wong et al. 1995; Hirano
1996; Kong and Xu 1998; Jaarsma et al. 2000; Higgins et al.
2003). Moreover, mitochondrial dysfunction such as altered
calcium homeostasis (Carri ef al. 1997; Menzies et al.
2002b), decreased respiratory chain complex activity (Mati-
iazzi et al. 2002; Menzies et al. 2002a), alteration of
mitochondria-related gene expression (Yoshihara et al.
2002) and an increase in reactive oxygen species (Beretta
et al. 2003) have been reported in in vitro and in vivo models
of FALS. Several studies have documented that SODI,
which has been considered a cytosolic enzyme, also exists in
the mitochondrial intermembrane space (Okado-Matsumoto
and Fridovich 2001; Sturtz et al. 2001; Higgins et al. 2002)
and that the mitochondrial vacuoles are lined with mutant
SOD1 in a FALS Tg mice model (Jaarsma et al. 2001,
Higgins et al. 2003). Although the mitochondria-oriented
vector we used here is designed to localize proteins to the
mitochondrial matrix, we predict that SOD!-EGFP also
exists in the mitochondrial intermembrane space through the
process of its uptake into the mitochondrial matrix in our
model, although were not able to confirm this. Recent studies
also revealed that SOD1 in the mitochondria originates from
the uptake of SOD! in the cytosol (Sturtz et al. 2001,
Okado-Matsumoto and Fridovich 2002; Field et al. 2003).
At least our result provided enough evidence that Dorfin
interacts with mutant SOD1 in the cytosol, not in the
mitochondria. Thus we suggest that Dorfin indirectly reduces
the mitochondrial accumulation of mutant SOD1 by reducing
the uptake of mutant SODI1 into the mitochondria.

Previous studies demonstrated that the mitochondrial PCD
pathway, cytochrome ¢ release and subsequent caspase
activation, might contribute to the motor neuron cell death
in FALS (Durham et al. 1997; Martin 1999; Li ef al. 2000,
Pasinelli et al. 2000; Guégan et al. 2001; Kriz ef al. 2002;
Zhu et al. 2002). Thus, inhibiting the activation of the
mitochondrial PCD pathway is potentially useful in the
treatment of FALS. Methods for this include inhibition
of cytochrome ¢ release by minocycline (Zhu et al. 2002,
Kriz et al. 2002), co-expression of bel-2 (Lee et al. 2001)
or X-chromosome-linked inhibitor of apoptosis protein

(Ishigaki et al. 2002), and treatment with a broad caspase
inhibitor ZVAD-fmk (Pasinelli et al. 2000; Takeuchi ef al.
2002a) or a caspase-9 specific inhibitor zZLEHD-fimk (Takeu-
chi et al. 2002a). In this study, we demonstrated that Dorfin
reduces the amount of mitochondrial mutant SOD1, attenu-
ates the activation of the mitochondrial PCD pathway and
prevents eventual neuronal cell death. It is therefore possible
that reducing the amount of mutant SOD1 in the mitochon-
dria may be adopted as a new therapeutic strategy for mutant
SOD1-associated FALS.

Recent studies have suggested that some E3s, including
Dorfin, act in a quality-control system to degrade cytosolic or
transmembranous unfolded abnormal proteins (Moynihan
et al. 1999; Fang et al. 2001; Meacham et al. 2001; Murata
et al. 2001; Yoshida ef al. 2002). The mitochondria also
have a quality-control system that depends on mitochondria-
specific molecular chaperones and ATPases associated with
diverse cellular activities (AAA) proteases such as chapero-
nin 60 (Gottesman ef al. 1997), mitochondrial heat-shock
protein 70 (Savel’ev et al. 1998), and homologs of Lon,
Ymelp, ClpP and CipX (Wang ef al. 1993; Suzuki et al.
1997; Langer 2000; Shah ef al. 2000; Kang et al. 2002;
Rottgers et al. 2003). A recent study documented that the
accumulation of unfolded abnormal proteins in the mito-
chondria itself up-regulated the nuclear gene expression
encoding mitochondrial-specific molecular chaperones (Zhao
et al. 2002). Even though the mitochondria are able to
dispose of abnormal proteins, they appear to have limited
capacity to do this. They also seem to release death signals
when abnormal proteins overflow their disposing capacity.
Combination therapy such as Dorfin and mitochondria-
specific molecular chaperones or AAA proteases thus seems
more effective. Further investigations are needed to develop
this therapeutic avenue.

There remains the problem of how the mutant SOD1
induces the mitochondrial PCD pathway. One of our
previous studies revealed that bel-2 family pro-apoptotic
proteins, such as Bax, Bak, Bid, Bad and Bim, and other
mitochondrial death signals such as apoptosis-inducing
factor (AIF) and second mitochondria-derived activator of
caspase (Smac) were not involved in the neuronal cell death
in our model (Takeuchi er al. 2002a). Other studies have
reported that translocation of Bax and cleavage of Bid were
associated with neuronal cell death in the FALS Tg mouse
model (Guégan et al. 2001; 2002), but there is a possibility
that the surrounding environment of motor neurons such as
astrocytes, microglia or dying neurons might have been
affected in these models. Moreover, we have indicated that a
non-apoptotic form of PCD might contribute to neuronal cell
death through the mitochondrial PCD pathway in our model
(Takeuchi e al. 2002a). Another report also mentioned that a
non-apoptotic type of PCD acting through the mitochondrial
PCD pathway might underlie mutant SOD1-related neuro-
toxicity (Guégan and Przedborski 2003). Further in vivo
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investigations are needed to shed light on the mechanism of
mutant SOD1-mediated neuronal cell death.

In this study we demonstrated that Dorfin, an E3 for
mutant SOD1s, significantly reduced the level of mutant
SOD1 in the mitochondria, attenuated the subsequent
activation of the mitochondrial PCD pathway and prevented
eventual neuronal cell death in a neuronal cell model of
FALS. Reducing the accumulation of mutant SOD1 in the
mitochondria may have an important place in the therapeutic
strategy for mutant SOD1-associated FALS, and Dorfin may
play a key role in this.
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Multiple regional "H-MR spectroscopy in multiple system
atrophy: NAA/Cr reduction in pontine base as a valuable

diagnostic marker

H Watanabe, H Fukatsu, M Katsuno, M Sugiura, K Hamada, Y Okada, M Hirayama, T Ishigaki,

G Sobue
J Neurol Neurosurg Psychiatry 2004;75:103-109
Obijective: We performed 'H-MR spectroscopy ["H-MRS) on muliiple brain regions fo determine the
metabolite pattern and diagnostic utility of 'H-MRS in mulfiple system atrophy (MSA).
Methods: Examining single voxels at 3.0 T, we studied metabolic findings of the putamen, pontine base,
Soo endl of artice for un?k‘ cerebral white motler in 24 MSA u;r):iﬁenfs {predominant ;;lrebeuardahxic {MSA-C], n u-nL 3),
 of arfic parkinsonism {MSA-P), n=11),in 11 age duration matched Parkinson's disease patients {PD) in
authors” affliations 18 oge motched control subjects.
"""""""""""" : The N-acetylaspariate fo creatine ratio (NAA/Cr} in MSA patients showed a significant reduction
Carrespondence lo: in the pontine base (p<0.0001) and putamen {p=0.02) compared with controls. NAA/Cr in cerebral
&“D mll':?DNw l white matter also tended 1o decline in long standing cases. NAA/Cr reduction in the pontine base was
Nagoya University ' prominent in both MSA-P (p<0.0001} and MSA-C (p<<0.0001}, end putominal Cr reduction was
Graduate School of significant in MSA-P {p=0.009). f was also significant in patients who were in on eordy of their
ﬁgo"”ml agoya 466 disease, and in those who showed no ataxic symploms or purkinsonism, or did not any MRI
%m s abnormality of the “hot cross bun" sign or hyperintense putaminal rims. NAA/Cr in MSA-P patients was
significantly reduced in the pontine base (p =0.001) and putomen {p=0.002) compared with PD patients.
Re i 2002 The oomlek:rni;d 'H-MRS in the putamen and ponfine base served to disfinguish patients with MSA-P from PD
December more clearly.
In rovised form_ Condusions: 'H-MRS showed widespread neuronal and axonal invalvement in MSA. The NAA/Cr
Accepled 17 May 2003 reduction in the pontine base proved highly informative in the early diagnosis of MSA prior to MRI

ultiple system atrophy (MSA) is a sporadically
Moccurring neurodegenerative disease that presents
parkinsonism, cerebellar ataxia, autonomic failure,
and pyramidal signs of varying severity during the course of
iliness.’* Neuropathological findings consist of a varying
neuronal loss, gliosis, and demyelination with widespread
regional involvement, particularly including the striatonigral,
olivopontocerebellar, and autonomic nervous systems.* The
tempo and progression of muitiple system involvement vary
widely among individual MSA patients and have been closely
related to both functional deterioration and prognosis by
clinical evaluation.” Thus, assessing the multi-regional
involvement in MSA is essential for accurate diagnosis,
counselling of patients and families, optimal management of
symptoms, and the usefulness of future therapeutic trials.
Proton magnetic resonance spectroscopy (‘H-MRS) is a
valuable non-invasive MR technique for monitoring brain
metabolism in vivo.** The major peaks of the 'H-MRS
spectrum, corresponding to N-acetylaspartate (NAA), crea-
tine (Cr), and choline (Cho) containing phospholipids, have
been used to evaluate neuronal loss and active myelin
breakdown. The ratio of NAA to Cr (NAA/Cr) is considered
a metabolic marker reflecting the functional status of
neurones and axons in the brain, with a decrease indicating
neurcnal or axonal loss or dysfunction. Previous studies
using 'H-MRS in MSA with predominamt parkinsonism
(MSA-P) reported a significant NAA/Cr reduction in the
striatum compared with Parkinson’s disease (PD) patients
and normal subjects.”'* However, the pontine base and
cerebral white matter, which are also pathologically involved

changes and even before any dlinical manifestafion of symploms.

in MSA, have not been fully assessed by 'H-MRS. Recent
technical innovations have permitted 'H-MRS at higher
magnetic field strengths®* Multi-regional data can be
obtained from single voxel 'H-MRS within a short examina-
tion time with increasing signal to noise ratio (SNR).

Our purpose was to assess the extent of multiple system
involvement in patients with MSA by using multiple regional
single voxel "H-MRS including the putamen, pontine base,
and cerebral white matter (CWM), and to further assess the
diagnostic value of the regional "H-MRS.

METHODS

All patients and contro! subjects gave written informed
consent. The MR protocol was approved by the Ethics
Committee of the Nagoya University School of Medicine.
Twenty four patients with MSA (12M, 12F; mean (5D) age 61
(7) years old), 11 patients with PD (5M, 6F; 63 (9) years old),
and 18 control subjects with no history of any neurological
disease (10M, 8F; 59 (7)years old) were studied. No
significant differences in male to female ratio or age were
noted among the three groups. The duration from initial

Abbreviations: Cho, choline; Cr, creatine; CWM, cerebral white
matter; HCB, “hot mm;)tjn"; HPR, hyperintense rim; MRI, magnetic
resonance imoging; , mognelic resonance spectroscopy; MSA,
muliiple system atrophy; MSA-C, multiple system atrophy with cerebellar
aioxia predominant; MSA-P, multiple system with parkinsonism
predominant; NAA, riate; PD, Parkinson’s disease; SNR,
signal to noise ratio; VOI, volume of interest.
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Figure 1 Location of volumes of interest are shown by squares in the
ponfine base {A], putamen (B), ond white matter of the frontal lebe (C).
Additionally, in these images, an HCB sign is present in the pons (A}, as
isa intense putaminal rim (B). Axial T2 weighted images (3.0 T;
TR: 3970, TE: 80}, with respective findings are indicated by arrowheads.

symptoms to MRI and MRS evaluation also showed no
differences between MSA and PD patients (MSA; 3.7
(2.4) years; PD; 4.4 (2.2) years, p>0.4). Diagnoses of all
MSA and PD patients were “probable” according to
established diagnostic criteria.># As for subtypes of MSA,
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cerebellar dysfunction (MSA-C) predominated in 13 patients
and parkinsonism (MSA-P) in 11. We classified patients
into two groups according to the presence of parkinsonian
signs in MSA, based on the consensus statement for MSA
diagnosis. Patients with bradykinesia plus at least one sign of
either rigidity, postural instability, or tremor were considered
to manifest parkinsonism and designated as “parkinson-
ism+", while others were taken to be “parkinsonism—"". As
for cerebellar dysfunction, patients with gait ataxia plus at
least one sign of ataxic dysarthria, Hmb ataxia, or sustained
gaze evoked nystagmus were considered “ataxiat”, and
others as “‘ataxia—" based on the consensus criteria.’ Six of
nine MSA-P patients and all PD patients were taking
medication for parkinsonism (benserazide/levodopa 25/
100 mg, or carbidopadevodopa 10/100 mg, two or three
times daily). All PD patients showed a good response to
treatment.

MRI and 'H-MRS were performed with a 3.0 T system
(Bruker, Bttlingen, Germany) using a standard head coil with
circular polarisation. The imaging protocol consisted of
sagittal T1 weighted spin echo sequences (repetition time
(TR), 460 ms; echo time (TE), 14 ms) and transverse T2
weighted sequences (TR, 3970 ms; TE, 80 ms). Slice thickness
was 6 mm with a 1.2 mm gap and a 512x384 matrix. We
evaluated whether a “hot cross bun” (HCB) sign was present
in the pons and whether the putamen showed a hyperintense
rim (HPR), according to the criteria described in previous
reports (fig 1A, B).” ** The spectroscopic volume of interest
(VOI) was placed in the pontine base (2.2 to 3.4 cm?®), the
putamen (1 cm®), and the CWM (3.4 cm?; fig 1A to C). Voxel
size was chosen to be as small as possible while maintaining
an acceptable SNR in order to minimise the partial volume
effect. Care was taken not to incorporate cerebrospinal fluid
spaces within a VOI. The VOI in the putamen was placed on
the more affected side, and the frontal lobe VOI was
ipsilateral to the putaminal VOI. 'H-MR spectra were
acquired using a point resolved spectroscopy sequence with
chemical shift selective water suppression. Spectral para-
meters were as follows: TR: 2000 ms; TE: 30 ms; averages:
256 in the putamen, and 64 each in the centrum semiovale
and pons; data points: 1024. A shimming procedure focused
on the water signal was performed to obtain a uniform and
homogenous magnetic field. After Fourier transformation
and zero order phase correction, relative metabolite concen-
trations for NAA at 2.0 ppm, Cr at 3.0 ppm, and Cho at
3.2 ppm were determined by Lorentzian curve fitting of the
comresponding resonance in the frequency spectra. The
baseline was corrected for purposes of data presentation.
From these data, the metabolite ratios NAA/Cr, and Cho/Cr
were determined as semiquantitative values. Post-procedural
processing was performed by the same radiologist (HF). All
preconditioning, spectroscopic measurements, and proces-
sing were performed with Paravision 2.01 software (Bruker).
Total examination time including MRI and ‘H-MRS was
<1 hour. One MSA-C patient with severe pontine atrophy
was excluded because a good pontine spectrum could not be
obtained.

Values obtained were entered into a database for further
statistical analysis. The Mann-Whitney U test and the
Kruskal-Wallis test for nonparametric statistics were per-
formed as appropriate. When the Kruskal-Wallis test
indicated differences among groups, in a multiple compar-
ison analysis, Scheffé's test was used to identify which group
differences accounted for the significant p value.
Relationships of NAA/Cr reduction to duration of illness
were analysed using Pearson’s correlation coefficient.
Calculations were performed using the Stat View statistical
software package (Abacus Concepts, Berkeley, CA, USA).
Statistical significance was defined as p<0.05.



Mulriple regional "H-MR spectroscopy in multiple system atrophy

s b e Loy b b S g L ¥ a7

3.0 20 10 3.0 2.0 1.0

|4L|||||||||Ilj]ll(ll]'lilw

3.0 20 1.0 3.0 20 10

AL,

lJ‘llll‘IlllIll1I]||II|(|II'{I

{ppm)

2 Represenialive 'H-MRS specira from conirol end MSA
mm B1, and C1 represemspedmﬁmuoomdwhed’s
bcsewhmon madfer, respeciively. A2, B2,

RESULTS

Widelprecd NAA/Cr reduction in MSA in muliiple
regional 'H-MRS

A representative MSA patient (fig 2) showed a marked
reduction of the NAA peak in the pontine base, putamen, and
cerebral white matter compared with controls. NAA/Cr was
significantly reduced in the pontine base of MSA patients
(p<0.0001) and in the putamen (p=0.02)} compared with
controls. MSA patients also showed a lower NAA/Cr in
cerebral white matter than controls, but this difference was
not statistically significant (p=0.12). Cho/Cr was only
slightly increased in MSA, and no significant differences
were found among the three groups for the pontine base,
putamen, and CWM.

Promiment NAA/Cr reduction in pontine base in both
MSA-C and MSA-P

Significant reductions of NAA/Cr were evident in the
pontine base, putamen, and CWM in MSA-C and MSA-P
compared with controls (fig 3A~C). MSA-C patients showed.
a significant reduction of NAA/Cr in the pontine base
(p<0.0001) and CWM (p=0.02), but not in the puta-
men. MSA-P patients showed a significant reduction of
NAA/Cr in the pontine base (p<0.0001) and putamen
(p=0.009) but not in the CWM. These observations
indicate that the NAA/Cr reduction in the pontine
base was significant in both MSA-C and MSA-P. Cho/Cr
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was not changed in MSA-P or MSA-C compared with
controls.

Relation of NAA/Cr reduction in pontine base with
disease phase, metor symptoms and MR!
abnormalities in MSA

In terms of disease duration, the NAA/Cr reduction was most
significant in the pontine base of patients with MSA even in
an early phase of illness (fig 4). A tendency toward an inverse
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relationship between disease duration and NAA/Cr in the ’

three regions was observed, but did not attain significance
(pontine base: r= —0.24, p=0.29; putamen: r=-—0.32,
p=0.14; CWM: r = —0.41, p= 0.06). NAA/Cr in the pontine
base was significantly reduced compared with controls even
in patients who did not show ataxic symptoms (p = 0.0006,
fig 5A-1). However, NAA/Cr in the putamen and white
matter was not reduced in patients with ataxia (fig 5B-1, C-
1). NAA/Cr in the putamen was markedly decreased in MSA
patients with parkinsonism (p=0.02, Fig 5B-2), whereas
patients without it exhibited no significant reduction
compared with comtrols. NAA/Cr reduction in the pontine
base, on the other hand, was significant (p<(0.0001)
irrespective of parkinsonism (Fig 5A-2).

The MRI revealed the HCB sign in the pontine base in
eleven MSA patients {46%) and the HPR sign in six (25%).
A significant reduction of NAA/Cr was seen in the pontine
base even in patients without (p<0.0001) as well as in
those with an HCB sign (p<0.0001; fig 5A-3). In the
putamen and cercbral white matter, NAA/Cr values did
not show any significant difference irrespective of the HCB
sign (fig 5B-3, C-3). Moreover, NAA/Cr significantly
decreased in the pontine base in patients both with and
without HPR (fig 5A-4). NAA/Cr in the putamen and cerebral
white matter did not show any significant differences
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irrespective of HPR signs (fig 5B-4, C-4). Cho/Cr had no
significant relationship to ataxic, parkinsonism, or MRI
abnormalities,

NAA/Cr in pontine base in MSA-P and PD

NAA/Cr reduction in the pontine base was highly significant
in patients with MSA-P compared with both controls and PD
{p<0.0001, p=0.001; fig 6A). NAA/Cr in the putamen in
MSA-P patients also showed a significant decrease compared
with both controls and PD (p = 0.003, p = 0.602; fig 6B). No
significant differences in NAA/Cr were noted in cerebral
white matter between MSA-P and PD. These data indicate
that the NAA/Cr reduction in the pontine base is a valuable
marker to discriminate MSA-P from PD. In addition,
combining individual NAA/Cr values for the pontine base
and putamen further reduced the overlap between MSA-P
and PD (fig 6D), suggesting that a combined assessment of
the pontine base and putamen was more effective in
discriminating between MSA-P and PD than individual area
assessments. Cho/Cr did not display any significant changes
in the pontine base, putamen or cerebral white matter.

DISCUSSION

We demonstrated widespread NAA/Cr reduction in the
pontine base, putamen and in some cases, in the cerebral
hemisphere, but no significant Cho/Cr alteration in patients
with MSA using localised 'H-MRS at 3.0 T. In this study,
absolute metabolite concentrations were not measured.
However, the specific conditions that may change the total
Cr signal, such as trauma, hyperosmolar conditions, hypoxia,
stroke, and tumours, were not included. Age was matched
among MSA, PD, and control groups. Moreover, quantitative
studies did not show significant Cr changes between MSA
patients and control subjects.” * Thus, the reduction of the
NAA/Cr ratio in the present study can be considered due to a
selective decredse in NAA levels.

NAA has been. immunohistochemically demonstrated to
localise almost exclusively within neurones and axong,” *
but some in vitro studies have also detected NAA expression
in mature, immature, and undifferentiated cligodendro-
cytes.® * Nevertheless, according to a recent study, in vivo
MRS measurements of NAA remain axon specific, with no
oligodendrocytes, nonproliferating oligodendrocyte progeni-
tor cells, or myelin contributing to detectable NAA in the
mature CNS.» This result supports the view that the
widespread NAA/Cr reductions observed in this study
ultimately reflect widespread neuronal and axonal involve-
ment in MSA, although oligodendrocytes might influence the
NAA levels to some degree.

The striking observation in this study is that the NAA/Cr
reduction in the pontine base was the most significant among
the three regions examined. That reduction was detected in
the early phase of illness even in patients with no symptoms
of ataxia or parkinsonism, or in patients without MRI
abnermality of the HCB sign. Moreover, the pontine NAA/
Cr reduction was significant even in MSA-P patients. In
addition, NAA/Cr reductions in the pontine base were seen
even in patients with no HPR sign in the lateral putamen.
These observations suggest that NAA/Cr reduction in the
pontine base is an accurate diagnostic marker for MSA even
in patients in an early stage and a pre-symptomatic phase of
ataxia or parkinsonism. The diagnostic focus of 'H-MRS in
MSA has been on the putamen,'** whereas our results
umequivocally demonstrated that MRS abnormality can be
detected sooner and more universally in the pontine base
than in the putamen in the course of the disease. The
question is why a significant NAA/Cr reduction can be
detected mofe readily in the pontine base than in the
putamen. One reason may be that neuroaxonal degeneration
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in the pons would be more extensive than in the putamen. As
the pontine base consists of the axons and neurones
specifically involved in MSA (for example fibres of cerebellar
inflow and outflow, corticospinal tracts and transverse
pontine tracts), subclinical involvement of such fibres could
be detected as a reduction of NAA/Cr. Furthermore, because,
as we demonstrated previously, MSA-C is significantly more
prevalent in Japan than MSA-P, compared with white
populations in the western countries,” the cerebellar pontine
system should be more profoundly involved in Japanese MSA
patients. A second possibility is that the volume effect due to
putaminal atrophy wotld ultimately include the neighbour-
ing normal tissues in the VOI of the MRS, influencing the
degree of the NAA/Cr reduction. As atrophy of the putamen is
severe in certain patients, the size of the VOI is a limiting
factor in 'H-MRS for maintaining an acceptable SNR. Such
volume effects due to putaminal atrophy can result in
conflicting data. Clarke and Lowry reported an absence of
significant reductions in basal ganglionic NAA/Cr in MSA,*
precluding the use of NAA/Cr reductions in the striatum for
differential diagnosis.® Disease duration in their patients
averaged 7.9 years.' In contrast, mean disease duration in
other reports showing significant NAA/Cr reductions in the
striatum of MSA patients ranged from 3.2 to 4.5 years,"'™*
similar to the duration in our patients. Because, with longer
duration, putaminal atrophy in patients with MSA-P
becomes more severe, discrepancies could be explained by

Figure 5 tamen (B} , and cerebral white matter (C) for MSA patients
aloda [+ or —; A-1, B-1, C-1}, parkinsonism (P; + or —; A-2, B-2, C-2), HCB on MRI (+ or —; A-3, B-3, C-3}, and
MRI [+ or —; A-4, B-4, C-4). +, Presence; —, uLsence *p=0.047, "'&- 0.02, **p=0.0004, and
N-acelylaspa ; CWM, cersbrad white matter,

dassified in terms of dinical feolyres of
hyperintense putaminal rim (HPR) on
#1+¢,20.0001 by Schefié's fest, respaciively. NAA,

differences in putaminal atrophy that can profoundly
influence 'H-MRS results. By avoiding this volume effect,
MRS for the pontine base would provide a more accurate
diagnostic marker.

Discriminating clearly between MSA-P and PD has long
been a diagnostic problem from both therapeutic and
prognostic viewpoints. Putaminal NAA/Cr reduction was
significant in MSA-P patients compared with PD and
control subjects, as previously reported.”-** However, as
discussed above, the putaminal volume effect could
influence the significance of putaminal NAA/Cr reduction,
particularly in patients with advanced disease. Although
brainstem and cerebellar involvement is an important
and specific finding in differentiating MSA-P from PD,**
the sensitivity of both clinical and MRI evaluations of
these abnormalities is relatively low.” * Based on our results,
we believe that "H-MRS assessment of the pontine base
would be of considerable value in the differential diagnosis
between MSA-P and PD. However, combined 'H-MRS study
of the pontine base and putamen can provide a more
sensitive differentiation between MSA-P and PD than a
conventional single regional study, such as that of the
putamen.

The cerebral hemisphere is involved more extensively in
MSA than previously believed. Recently, Abe ef al reported a
significant decrease in NAA/Cr in MSA, involving
Brodmann’s areas 6, 8, and 46. Moreover, Spargo et al
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reported 18.7% and 21.4% neuronal loss in the primary and
supplementary motor cortex, respectively.” In addition, the
degree of atrophy in cerebral hemispheric areas varies
between individuals, often becoming severe in long standing
cases.* We found a mild overall reduction of NAA/Crin CWM
with a more significant NAA/Cr reduction in the subgroup
with a longer duration of illness. This finding is in good
agreement with previous '"H-MRS reports and pathological
observations.

Davie et al"' reported a significant reduction of Cho/Cr ratio
suggesting reduced membrane turnover in the lentiform
nucleus in MSA, perhaps as result of cell loss. In the present
study, Cho/Cr showed litile change throughout the course of
disease in the putamen, pontine base, and CWM, in
agreement with other reports.'’*'* ' The relevance of this
discrepancy is uncertain. One possible explanation is the
difference of technical factors such as size of VOI and echo
time. On the other hand, pathological study shows not only
cell loss but also widely and variously distributed myelin
degeneration in MSA brains that may increase the Cho.”
Thus, heterogeneity ‘of lesions in association with disease
stage also may influence the Cho/Cr result. Further long-
jtudinal studies and comparison of *H-MRS with histological
findings will be needed to clarify the uncertainty as to the
Cho/Cr ratio in MSA.

In conclusion, localised ‘H-MRS at 3.0 T in multiple
regions showed widespread neuronal and axonal involve-
ment in patients with MSA. NAA/Cr reduction in the pontine
base provided a significant diagnostic marker for MSA
irrespective of the disease form of MSA-P or MSA-C, disease
duration, symptomatic manifestations, or MRI abnormalities.
Maoreover, combined 'H-MRS study of the pontine base and
putamen proved particularly effective in differentiating MSA
from PD. We believe that 'H-MRS would provide an early and
accurate MSA diagnosis, an enhanced understanding of its
pathogenetic mechanism, and the conclusiveness needed for
future therapeutic trials.
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Summary

Charcot-Marie~Tooth disease type 1A (CMTIA) is
commonly considered a prototype of a hereditary
demyelinating polyncuropathy. Apart from the myelin
involvement, there has been little information on axonal
membrane properties in this condition. Teking advan-
tage of the uniform nature of the disease process, we
undertook the inm vivo assessment of multiple axonal
excitability properties at the median nerve in nine
CMTIA patients with PMP22 (peripheral myelin
protein 22) gene duplication and 53 controls. The
thresholds of CMT1A patients were much higher than
normal, and threshold electrotonus (TE) exhibited a
consistent pattern of abnormalities: early steep changes
{fanning out) of both hyperpolarizing and depolarizing
responses were followed by increased inward rectifica-
tion to hyperpolarizing currents and unusually fast
accommedation to depolarizing currents. Strength-dur-
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ation time constants and the shapes of recovery cycles
were normal, although refractoriness and superexcit-
ability were reduced relative (o comtrols. The high
thresholds and early fanning out of electrotonus indi-
cated altered cable properties, such that a greater pro-
portion than normal of applied currents reached
internodal rather thsn nodal axolemama. The rapid
accommodation to depolarizing currents suggested acti-
vation of fast K* channels, which are normally seqgues-
tered from the nodal membrane, The excitability
abnormalities are therefore comsistent with a demyeli-
nating pathology and exposure or spread of K* thannels
from under the myelin. It remains to be seen whether
the TE abnormalities in CMT1A, which resemble previ-
ous recordings from normal immature rats, can be dis-
tinguished from those in acquired demyelinating
neuropathies.

Keywords: Charcot-Marie-Tooth disease type 1A; paranode; membrane properties; threshold tracking; potassium channel

Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy; CMAP = compound muscle action potential;
CMT1A = Charcot-Marie~-Tooth disease type 1A; CV = conduction velocity; DL = distal motor latency; PMP22 =
peripheral myelin protein 22; SNAP = sensory nerve action potential; TE = threshold electrotonus

Introduction

Charcot-Marie-Tooth disease type 1A (CMT1A) is the most
common form of hereditary motor and sensory neuropathy
and its hallmark is diffuse demyelination (Dyck er al., 1993;
Birouk et al., 1997). However, secondary axonal degener-
ation is common and its degree determines the patient’s
functional disability (Hattori et al., 2003; Krajewski er al.,
2000; Hanemann and Gabreels-Festen, 2002). To date, the
pathophysiology of the secondary axonal degeneration in
CMT1 is unknown, although abnormal axon—-Schwann cell
interaction has been considered to play a major role (Sahenk
and Mendell, 1999q; Kamholz er al., 2000; Maier et al.,

2002). Intact Schwann cells are imporiant in maintaining
axonal integrity and development (Peles and Salzer, 2000;
Martini, 2001; Scherer and Arroyo, 2002), so it would be
reasonable to assume that in CMT1A abnormalities exist in
axonal membrane properties, as well as in myelin.
Measurements of axonal excitability properties by thresh-
old tracking have recently shed light on a variety of
conditions affecting peripheral nerves (Bostock et al., 1998;
Burke et al., 2001). The excitability properties are particu-
larly sensitive o membrane potential, but also depend on
nodal and internodal ion channels, as well as the passive
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membrane properties, such a nodal width, and the extent to
which the internodal axonal compartment is electrically
isolated from the nodal compariment (Bostock et al., 1998).
Although many of these parameters are expected to be altered
in demyelinating disease, several clinical studies have failed
to reveal a clear-cut pattern of excitability changes related to
demyelination. Thus a study of chronic inflammatory
demyelinating polyneuropathy (CIDP) found raised thresh-
olds but a shorter strength-duration time constant and no
consistent changes in threshold electrotonus (Cappelen-Smith
et al., 2001). Studies of multifocal motor neuropathy have
found evidence of membrane hyperpolarization distal to sites
of conduction block (Kiernan et al., 2002b), reduced Na*
conductance (Priori et al., 2002) and normal membrane
properties proximal to sites of block (Cappelen-Smith et al.,
2002), but at the sites of conduction block, where demyelina-
tion has been reported (Kaji et al., 1993), thresholds are very
high and specific excitability changes relatable to demyelina-
tion have not been reported. A study of axonal and
demyelinating forms of Guillain-Barré syndrome
(Kuwabara et al., 2002a) also failed to find any changes in
nerve excitability properties at the wrist that could be directly
related to the demyelination, probably because the major
pathology occurred more distally in these patients. It has
previously been argued that the reason why threshold
electrotonus studies have failed to reveal consistent abnor-
malities in demyelinating neuropathies is because axons and
nodes are affected non-uniformly, and fibres demyelinated at
the point of stimulation will preferentially be excited at
adjacent normal nodes, or other, more normal fibres will be
excited in their place (Bostock et al., 1998). This argument
should be less applicable to CMT1A, in which it is possible to
limit cases to a well-defined genetic defect [duplication of the
PMP22 (peripheral myelin protein 22) gene] and axons are
affected relatively uniformly.

This study was therefore undertaken to test the hypothesis
that CMT1A patients, unlike those with previously studied
acquired demyelinating diseases, would exhibit a consistent
pattern of abnormal excitability measures. A further aim was
to test for secondary changes in axonal membrane properties,
such as changes in membrane potential, which could not be
related directly to altered myelination but which might be
related to the secondary axonal degeneration. In the event, a
consistent pattern of abnormal nerve excitability properties
was found, which was consistent with demyelination, but
there was little evidence of degeneration, or excitability
changes that might be related to degeneration, in the sample
of patients studied.

Patients and methods

Patients

Recordings were made from nine patients with genetically
proven CMT1A (aged 11-75 years; mean 48.1 years; seven
males and two females) from three university hospitals in

Japan. All patienis showed typical but variable clinical
features of CMT type 1, such as diffuse areflexia/hypore-
flexia, length-dependent sensory loss, distal atrophy and foot
deformities. A fluorescence in situ hybridization-based assay
identified the 1.5 Mb duplication on chromosome [7p11.2-12
containing the PMP22 gene in all the subjects. No patient had
a past history of diabetes, connective tissue disease, malig-
nancy, electrolyte abnormality or use of neurotoxic drugs or
steroids. All the patients had a clear family history of similar
symptoms and signs of autosomal dominant inheritance. All
the patients (and a parent for a minor) gave informed consent
to participation in the study. This study was performed in
accordance with the principles embodied in the Declaration
of Helsinki and the protocol was approved by institutional
review boards of all participating hospitals.

Conventional nerve conduction studies

Nerve conduction studies were performed with percutaneous
stimulating and recording electrodes. The distal motor
latency (DL), motor nerve conduction velocity (CV) and
compound muscle action potentials (CMAP) were elicited
with distal and proximal stimulation from the median (in the
wrist with 7 cm stimulating-recording distance, and in the
elbow), ulnar (in the wrist with 7 cm stimulating-recording
distance, and in the forearm) and tibial (in the ankle with 8 cm
stimulating-recording distance, and in the knee) nerves.
Sensory nerve action potentials (SNAPs) were recorded
antidromically from the median, ulnar and sural nerves using
surface recording electrodes and stimulating-recording dis-
tances of 13, 11 and 14 cm respectively.

Nerve excitability measures
Studies were performed using a recently described protocol
(Kiernan et al., 2000) designed to measure multiple nerve
excitability parameters rapidly.

CMAPs were recorded from thenar muscles using surface
electrodes over the abductor pollicis brevis on the dominant

“hand side, with the active electrode at the motor point and the

reference on the proximal phalanx. The EMG signal was
amplified (gain 10600, bandwidth 1.6 Hz to 2 kHz) and
digitized by a computer (486PC) with an A/D board
(DT2812; Data Translation, Marlboro, MA, USA) using a
sampling rate of 10 kHz. Stimulus waveforms generated by
the computer were converied to current with a purpose-built
isolated linear bipolar constant-current stimulator (maximum
output 100 mA). The stimulus currents were applied via
non-polarizable electrodes (Unique Medical, Tokyo, Japan),
with the active electrode over the median nerve at the wrist
and the reference electrode 10 cm proximal over muscle.
Stimulation and recording were controlled by QTRAC
software (®Institute of Neurology, London, with multiple
excitability protocol TRONDXM).

Test current pulses of 0.2 or 1 ms were applied at 0.8 s
intervals, and were combined with suprathreshold condition-



Table 1 Results of the nerve conduction studies
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Nerve DL (ms) CMAP amplitude (mV) Motor CV (m/s) SNAP amplitude (pV) Sensory CV (m/s)
Median - 8.5 (6.9-10.2) 4.7 (1.8-8.9) 22.3 (16-39) 2.1 (0-6.8) 224 (18-28; n* = §)
Ulnar 7.4 (5.9-9.1) 3.109-42) 22.2 (15-38) 0.5 (0-3.0) 23 (20-26; n = 2)
Tibial 10.3 (6.5-12.1) 1.2 (0-3.2) 18.7 (13-35)

Sural 1.47 (0-12) 23 (16-29; n = 2)

Data are mean (range). There were nine patients (seven men, two women), with mean age 48.1 years (range 11-75 years). n* is the
number of patients in whom CV was obtainable (i.e. presence of SNAP). DL = distal latency; CMAP = compound muscle action
potential; CV = conduction velocity; SNAP = sensory nerve action potential.

ing stimuli or subthreshold polarizing currents as required.
The polarizing, conditioning and test current pulses were all
delivered through the same electrodes. The amplitude of the
CMAP was measured from baseline to negative peak. For all
tracking studies, the target CMAP was set to 40% of
maximum. Skin temperature was recorded using an adhesive
probe over the nerve, adjacent to the stimulation electrode, to
monitor temperature close to the site where axonal excitabil-
ity was tested. The sequence of recordings followed that
previously described (Kieman er al., 2000). Stimulus-
response curves were recorded separately for test stimuli of
durations 0.2 and 1 ms. The stimuli were increased in 6%
steps, with two responses averaged for each step, until three
averages were considered maximal. The ratio between the (0.2
and 1 ms stimuli required to evoke the same response was
used to estimate the strength~duration time constant of axons
of different threshold. A target response was then set at 40%
of the maximum and the 1.0 ms test stimuli adjusted
automatically by the computer to maintain this peak CMAP
amplitude. Proportional tracking was used, whereby the
change in stimulus amplitude from one trial to the next was
made proportional to the ‘error’, or the difference between the
last response and the target response (Bostock et al., 1998).
The slope of the stimulus-response curve was used to set the
constant of proportionality and to optimize the tracking
efficiency. Prolonged subthreshold currents were used to alter
the potential difference across the internodal as well as the
nodal axonal membrane. The changes in threshold associated
with these electrotonic changes in membrane potential
normally have a similar time course and are known as
threshold electrotonus (TE) (Bostock et al., 1998). Threshold
tracking was used to record the changes in threshold induced
by 100 ms polarizing currents, set to 40% (depolarizing) and
-40% (hyperpolarizing) of the control threshold current.
Three stimulus combinations were tested in turn: (i) test
stimulus alone (to measure the control threshold current); (ii)
test stimulus + depolarizing conditioning current; and (jii) test
stimulus + hyperpolarizing conditioning current, Threshold
was tested at 26 time points (maximum separation 10 ms)
before, during and after the 100 ms conditioning currents.
Each stimulus combination was repeated until three valid
threshold estimates were recorded, as judged by the response
being within 15% of the target response or aliernate responses
being either side of the target. We checked for the lack of

CMAP response in all the raw traces after applying only
conditioning stimulation.

The current-threshold relationship was tested with 1 ms
pulses at the end of 200 ms polarizing currents, which were
altered in 10% steps from +50% (depolarizing) to --100%
(hyperpolarizing) of the control threshold. As with the
conventional TE protocol, stimuli with conditioning currents
were alternated with test stimuli alone, and each stimulus
combination was repeated until three valid threshold esti-
mates had been obtained.

The final part of the protocol recorded the recovery of
excitability following a supramaximal conditioning stimulus.
These changes were recorded at 18 conditioning (1/r) test
intervals, decreasing from 200 to 2 ms in approximately
geometrical progression. Three stimulus combinations were
tested in turn: (i) unconditioned test stimulus (of 1 ms
duration) tracking the control threshold; (ii) supramaximal
conditioning stimulus (I ms duration) alone; ‘and (iii)
conditioning + iest stimuli. The response to (i) was
subfracted on-line from the response to (iii) before the test
CMAP was measured, so that the conditioning maximal
CMAP did not contaminate the measured response when the
conditioning—test interval was short. Each stimulus combin-
ation was repeated until four valid threshold estimates had
been obtained. v :

Control data

For threshold tracking studies, control data were obtained
from 53 healthy individuals with mean age 43.1 years (range
2384 years) at Chiba University Hospital. Given the fact that
additional control data from an 8-year-old girl (not included
for analysis at the parent’s request) has shown a similar trend
of the nerve excitability properties to the adult controls, data
from an 11-year-old CMT1A patient was included for the
study. All subjects (and a parent for a minor) gave informed
consent.

Data analysis

Values for the excitability measures obtained in the present
study were compared with normative data. The Mann-—
Whitney U test or repeated measures ANOVA (analysis of
variance) was nsed for comparison using SPSS 11.0J (Tokyo,
Japan). TEd (5 ms), TEd (10-20 ms) and TEd (90-100 ms)
were the mean threshold reductions at or between the specific
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Fig. 1 Absolute stimulus-response curves (mean = SEM) of
median motor axons at the wrist in 53 healthy controls and nine
CMT1A patients for two stimulus durations (0.2 and 1.0 ms). The
threshold currents were significantly higher and the slopes of the
curves were reduced, with greater variability of thresholds, in the
patient group.

latencies after the onset of depolarizing current, and TEh (10~
20 ms), TEh (20-40 ms) and TEh (90-100 ms) were the
corresponding threshold changes after the onset of hyperpo-
larizing current, TEd (16 ms) — TEd (5 ms) was the difference
in the threshold reductions at the respective latencies.

Results

Clinical features and nerve conduction study
Clinical profiles of the patients are shown in Table 1.
Electrophysiological features showed diffuse demyelinative
sensorimotor polyneuropathy with uniform conduction slow-
ing, typical of CMT1, in all the subjects (Birouk et al., 1997).
Note that the median CMAP amplitudes were normal in 66%
of the patients. As expected, there was an inverse relationship
between age and median CMAP amplitude (r = -0.61, y =
—0.0637x + 7.9344), but otherwise no age effect was observed
in the analyses described below.

It has been shown that serum potassivm level significantly
affects axonal excitability (Kiernan et al., 2002a; Kuwabara
et al., 2002b); the level was obtained in six of the nine
subjects and all values were within normal limits (mean 4.1
mEq/l, range 3.7-5.3 mEg/l, normal, 3.5-5.5 mEq/1). As there
was no significant change in the parameters assessed below
between those from all the CMT patients and from patients
with normal serum potassium levels, the remaining statistical
analyses compared all the CMT patients with the controls.

Multiple excitability measures using threshold
tracking

Stimulus—response curves

In the stimulus-response curves, the threshold currents in the
nine CMT1A patients were significantly higher than those in

100
8
~@— CMT
-0 Control
-~ 80
&
0.
g, |
20 L
o L i i 3 z
0 0.2 04 08 0.8 1
Strength-duration time constant (ms)

Fig. 2 The strength~duration time constant in CMT1A patients
and controls (mean = SEM). Although the strength-duration time
constant was slightly longer in CMT1A than in controls, no
significant change was demonstrated,

the 53 healthy controls (Fig. 1). The stimulation current
required to produce a minimal (10%) CMAP in the CMTIA
patients was more than three times as high as that required to
produce a maximal CMAP in healthy controls (Fig. 1). To
produce a CMAP 40% of maximum, the mean absolute
current for the 0.2 ms test stimulus was 48.7 = 18.8 mA in the
CMTI1A patients and 9.5 = 0.6 mA in the controls (P <
0.001). The mean absolute current for the 1.0 ms test stimulus
was 21.5 = 8.2 mA in the patients and 5.3 % 0.5 mA in the
controls (P < 0.001). Despite the significantly greater
stimulation current in the patients, the test was well tolerated
by the patients, possibly because of impaired sensation.

Strength—duration properties

Although the strength~duration time constant was slightly
increased in the CMT group, there was no significant
difference between the two groups (Fig. 2). The strength—
duration time constant was fairly stable in both controls and
CMTI1A patients throughout the different CMAP amplitude
levels. However, in CMTI1A patients, an inverse relationship
between the maximum CMAP amplitude and the strength—
duration time constant at the 50% maximum CMAP level (r=
~0.51) was found.

Recovery cycle

The patterns of the recovery cycles were similar in controls
and CMT patients, the relative refractory period lasting <3
ms, supernormality being maximal at the 5-ms conditioning--
test interval and late subnormality maximal at ~40 ms (Fig. 3).
The extent of the changes in threshold during the refractory
period was significantly greater in the control group at the 2-
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Fig. 3 The recovery cycle in CMT1A patients and controls (mean
+ SEM). Nerves from patients with CMT1A showed less
pronounced threshold changes in relative refractory and
supernormal periods than controls, though durations of each period
were similar. P < 0.0007; 3P < 0.02; *not significant.

ms conditioning—test interval (P < 0.0007), but not signifi-
cantly different at the 2.5-ms interval (P = 0.10). For
supernormality, the conirol group demonstrated a greater
threshold change than the CMT group (P < 0.02), but there
was no difference in late subnormality (P = 0.88) (Fig. 3).
These findings of normal durations of the pericds and reduced
threshold changes in the patient group compared with those in
controls are similar to the data in chronic inflammatory
demyelinating polyneuropathy (Cappelen-Smith et al., 2001).

Threshold electrotonus and current-voltage
relationships
The most striking abnormalities in excitability parameters
were revealed by the recordings of TE (Fig. 4). Table 2
documents comparisons of various excitability measures.
Significant changes were observed in the responses to
hyperpolarizing current. These were most pronounced in
the early part of the responses [TEh (10-20 ms) and TEh (20~
40 ms)] (Table 2) but still present at 90100 ms. A closer look
at the early part of the response to depolarizing current [TEd
(10-20ms)] also disclosed stecper than normal changes.
Because families of these electrotonus response curves can
resemble the ribs of a Japanese fan, coming from a point near
the origin of the plot (Fig. 6B), these changes can be
described as a ‘fanning-out’ of the responses (Kaji, 1997).
The more pronounced curvature in the CMT hyperpolarizing
electrotonus suggests more accommodation due to activation
of inward rectification by the hyperpolarization-activated
current Iy (see Discussion).

The depolarizing electrotonus was more complicated, the
CMT patients exhibiting first more, then less, and then more
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Threshold reduction (%)

Delay (ms)
Fig. 4 Threshold electrotonus (mean * SEM). In CMT1A
patients, accommodation to depolarizing currents was stronger and
occurred earlier than in controls. There was generalized widening
out of the curves in CMT1A (fanning out) and greater
accommodation to long hyperpolarizing currents.

threshold reduction than the controls. At 5 ms, the depolariz-
ing current induced a significantly greater threshold reduction
than in controls (fanning-out). This was, however, quickly
followed by an accommodative fall in threshold, between 5
and 16 ms. At longer delays, the CMT patients again showed
a significantly greater threshold reduction than controls.

-The current-threshold relationship (Fig. 5) also showed
evidence of contrasting changes in passive and voltage-
dependent membrane properties. With small currents, the
slope of the curmrent-threshold relationship was reduced,
which, like the early fanning out of the TE, indicates that a
greater fraction of the applied current was reaching the
internodal axon (see Discussion). With larger currents,
however, the slope was increased, in both the depolarizing
and hyperpolarizing directions, until the absolute threshold
changes returned towards and crossed the control curves
respectively, indicating increased outward and inward recti-
fication. Neither the TE nor the current-threshold relationship
revealed correlation between CMAP amplitude and the extent
of the nerve excitability abnormalities.

Discussion

The present study has shown that, in CMT 1A, recognized as a
polyneuropathy with uniform demyelination, there are con-
sistent changes in nerve excitability properties, especially in
resting thresholds and in TE. These changes were unlikely to
be related to axonal degeneration, as CMAP amplitudes were
fairly well preserved in the tested nerves, and there was no
correlation between CMAP amplitude and the extent of the
electrotonus abnormalities. Here we will consider the likely
biophysical basis of the excitability changes observed.
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Table 2 Comparison of various excitability measures in TE

CMTI1A (mean + SD) Control (mean = SD) P

TEd (10-20 ms) 655 +17.0 686 + 49 0.73

TEd (90-100 ms) 56.1 + 6.0 469 + 48 < 0.001
TEh (10-20 ms) -106.4 *+ 15.2 -725 £ 6.5 < 0.001
TEh (20-40 ms) -133.0 = 163 -91.0 = 10.6 < 0.001
TEh (90-100 ms) ~157.1 + 25.7 -1253 *+ 241 < 0.004
TEd (5 ms) 76.2 = 16.7 56.2 = 3.7 < 0.001
TEd (16 ms) - TEd (5 ms) -11.5 = 239 140 =32 < 0.001

Values are threshold reduction (%).

Current ( % threshoid)
o

-100 0 +&-+ L . d
-500 -400 -300 -200 -100 0 400
Tiveshold reduction

Fig. 5 The current-threshold relationship (mean = SEM)
demonstrated no statistical difference between the CMTI1A and
controls. However, the CMT group had a tendency to have greater
threshold changes to depolarizing and weak hyperpolarizing
currents consistent with fanning out in TE, and smaller changes in
response to strong hypeipolarizing currents.

Increased resting threshold and early fanning
out of threshold electrotonus

Figure 6 shows a simplified equivalent circuit for a segment
of axon (node + interncde), which accounts for the fast and
slow phases of electrotonus and threshold (Barrett and
Barrett, 1982; Yang er al., 2000). It shows how an applied
current (f) is divided into two components, a nodal
component (I,), which alters the potential on the nodal
membrane by an amount IR, (Ohm’s law), and an internodal
component (I;), which initially changes the potential on the
internodal axolemma at the rate I/C; (as C; = I; * 1). The initial
proportion of current that crosses the nodal membrane (1,/7) is
set by the resistance ratio Ry/(Ry + R,), whereas the
proportion crossing the internodal membrane (L/D) is R,/
(Ry + R,). The substantial increase in resting threshold
current, and the increase in the early fanning out of TE
indicate that in CMT1A the proportion of applied current
crossing the nodal membrane is decreased and the proportion
crossing the internodal membrane is correspondingly in-

creased, i.e. that R; is reduced in relation to R,. If R, were
increased, the current threshold would fall, so we conclude
that there is a reduction in Ry, which could be caused either by
thin or ‘leaky’ myelin, or by a loosening of the axon-
Schwann cell paranodal seal; both of these changes are
consistent with the pathology of CMT1A. The reduction in Ry
reduces I, /I, so that the applied current has to be increased to
reach the same threshold depolarization of the node. The
reduction in R; also increases I/I and the initial rate of
polarization of the internodal axolemma. In a previous paper
we introduced the idea of the ‘fan’ origin of TE (Bostock
1995; Kaji 1997; Yang et al., 2000): the point (found by
projecting back the tangents to the initial portion of slow
electrotonus to the resting threshold) from which the slow
electrotonus appears to originate (O in Fig. 6B). The time
interval (#p) from the fan origin to the time of current
application was shown to be CiRy(R; + Rn)/R,,‘ for the
simplified circuit of Fig. 6A. A reduction in Ry reduces ¢ and
causes a more acute fanning-out of electrotonus.

Increased inward rectification in CMTIA

On the hyperpolarizing side, the early increased fanning out
of TE in CMTIA is not maintained (Yang et al., 2001).
Inward rectification, most likely due to the slowly activating
hyperpolarization-activated current fy, sets in, so that by 100
ms the CMT1A and control curves are approaching each
other, and by 200 ms (the time used for the current~threshold
measurements in Fig, 5) the curves cross over for hyperpo-
larizing currents in excess of 40% of threshold. Greater
activation of Iy during hyperpolarization TE in CMTIA
patients is also indicated by the excitability overshoot after
the end of the hyperpolarizing current at 150 ms, since Iy
deactivates slowly. Although the TE and current-threshold
data thus both indicate increased activation of Iy in CMT1A
patients relative to normal controls, it is not clear whether this
implies any alteration in axonal channel function (e.g.
channel density). Because threshold cumrents are abnormally
high in CMT1A, the polarizing currents used in the TE and
current-threshold recordings are also abnormally high, so that
the degree of hyperpolarization of the internodal axon must
be much greater. It is therefore quite possible that the
increased activation of Iy in CMT1A patients simply refiects
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Fig. 6 A mathematical model of TE based solely on passive membrane properties. (A) A simplified equivalent circuit of myelinated axon
(passive components only) (Barrett and Barrett, 1982), which generates fast and slow components of electrotonus. R, nodal resistance;
Ry, internodal leakage resistance (access resistance to intermnodal axolemma, through and under the myelin sheath); R; and C;, resistance
and capacitance of internodal axon. (B) Electrotonic changes in membrane potential (V) to long current pulses (/) predicted by the circuit
in (A) in controls (solid lines) and CMT1A (dashed lines). Vi and V,, fast and slow components of electrotonus; O and (', apparent
origins of fanning determined by lines tangentml to the initial parts of the slow component tg, the time from O and O’ to the start of the

current pulses. Note that the & is shorter in CMT1A than that in controls.

this increased membrane hyperpolarization rather than any
abnormality in ion channels.

Rapid outward rectification in CMTIA

On the depolarizing side, the early increased fanning out of
TE in CMT1A is much shorter-lived and quickly gives way to
rapid accommodation. This rapid accommodation is similar
to that previously seen in young rats, which was shown to be
due to activation of fast K* channel channels that were
blocked by 4-aminopyridine (Yang et al., 2000). Whereas in
normal, mature myelinated axons the fast K* channel
channels K,1.1 and K,1.2 are concentrated in the juxtapar-
anodal region of the internode (Vabnick er al., 1999; Girault
and Peles, 2002), where they only affect slow componenits of
electrotonus, in CMT 1A they are activated rapidly by applied
currents, either because they have spread to the nodal region,
or because disruption of the axon—Schwann cell paranodal
seal allows more current to reach the juxtaparanodal zone.
Prior observations in the experimental demyelination dem-
onstrated similar participation of the internodal K* channel
channels to action potentials, in accordance with the present
findings (Bostock et al, 1981; Brismar, 1981; Chiu and
Ritchie, 1981). An alternative viewpoint, suggested by the
resemblance of TE in CMT1A patients to that in immatare
rats (Yang et al., 2000), is that overproduction of the myelin
protein PMP22 in the disease may inhibit normal nodal

" maturation. This interpretation is in accordance with studies

demonstrating that axonal cytoskeleton in CMT1A is similar
to those in immature axons (Sahenk et al., 1999b), and that
PMP22 overexpression in mice causes dysmyelination
(Robaglia-Schiupp er al., 2002).

Is membrane potential altered in CMTIA?

One of the aims of this study was to test for changes in axonal
membrane properties which might be related to secondary
axonal degeneration, such as membrane depolarization. Our
recordings provide no evidence that membrane potential is
appreciably abnormal in CMT1A. It might be argued that the
raised thresholds and fanning out of TE are characteristics of
membrane hyperpolarization. However, the early fanning out
in CMT 1 A patients is very different from the fanning out seen
in hyperpolarization, whether caused by DC currents, release
of ischaemia, hypokalaemia or occurring in muitifocal motor
neuropathy (Kiernan and Bostock, 2000; Kiernan et al.,
2002b; Kuwabara et al., 2002b), in which the deviation from
normal increases during 100 ms hyperpolarization. In all of
these examples of membrane hyperpolarization, superexcit-
ability was increased relative to normal and relative to the late
subexcitability. In CMT1A, however, the recovery cycle is
relafively normal (Fig. 3), although refractoriness and

~ superexcitability are significantly reduced. These changes in

the recovery cycle are difficult to interpret in the presence of
the substantial changes in passive membrane properties, but
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are no more consistent with depolarization (which invariably
increases refractoriness) than with hyperpolarization.

Comparison with other chronic demyelinating
neuropathies

The results of the axonal excitability measures in the present
study are different from those previously described in
acquired demyelinating neuropathies, namely CIDP, multi-
focal motor neuropathy and Guillain-Barré syndrome, as
described in the Introduction. Interestingly, a more recent
study has found that a subset of CIDP patients, corresponding
to those with a diffuse pattern of demyelination, exhibit
features rather similar to those in CMT1A, namely increased
thresholds, early fanning-out of TE, with increased activity of
inward rectification on hyperpolarization (Sung et al., 2004).
There may be a contribution from endoneurial inflammation
to the findings in these demyelinating neuropathies (Redford
et al., 1997), but it is unlikely that this plays 2 major role in
CMTIA. It remains to be determined whether there are any
consistent differences between the abnormal excitability
properties in CMTIA and CIDP that could relate to the
different actiologies of demyelination.

Decreased nerve conduction velocity in CMTIA
Many factors may contribute to the decreased nerve conduc-
tion velocities typically seen in CMTI1A, including axon
diameter, myelin thickness and internodal distance. Recently,
a few molecules, such as contactin, have been shown to play
an important role in segregating nodes and juxtaparanodes
and in anchoring Schwann cells to paranodes (Boyle er al.,
2001). The disruption of the paranodal junction alone in
confactin mutant mice may account for the impaired
conduction velocity (Boyle et al., 2001). The disruption of
the paranode is expected to reduce Ry (Fig. 6A), with
consequent effects on excitability parameters, as found in
CMT1A, as well as on conduction velocities (Boyle ef al.,
2001; Kaji, 2003). An alternative explanation for the
reduction in velocity is decreased Na* channel function
(e.g. decreased density) (Kazarinova-Noyes et al., 2001).
However, our results did not support abnormal Na* channel
function, as strength-duration time constant, a sensitive
measure of persistent Na* current at the node, showed no
significant change.

In summary, cur data indicate that CMT1A patients exhibit
a consistent pattern of abnormal nerve excitability properties.
This pattern indicates increased access of applied currents to
the internodal compartment of the axon and increased
activation of fast K* channels. This is the first time that
abnormal excitability properties have been found in a
neuropathy that are logically atiributable to altered myelina-
tion, and which may therefore aid the interpretation of
excitability abnormalities in other conditions. However, the
resemblance of the TE recordings to those in immature rats

raises the possibility that the changes are related more
specifically to nodal dysmaturity, and may differ in some
respects from those in other demyelinating neuropathies.
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