| Angiotensinogen I

Renin
ACE2
‘ Angiotensin | I Angiotensin (1-9)
[ACE!

receptor ":;_-. Angiotensin II ———b‘Angiotensin (1-7) I

AT2 ol

receptor

[ Angiotensin (1-5) I

Figure 1 Schematic illustration of the renin-angiotensin sys-
tem. Abbreviations: ACE, angiotensin-converting enzyme;
AT, angiotensin Il type-1 receptor; AT, angiotensin Il type-2
receptor.

Methods

Patients

Patients were examined in the Department of
Neurology at Kyushu University Hospital and the
Departments of Anesthesiology and Resuscitology at
Fhime University Hospital, Japan from 2003 to 2007.
Informed consent was obtained from each individual
and the study protocol was approved by the ethics
committees of both hospitals. We obtained CSF sam-
ples from 20 patients with MS and 17 controls that had
neither neurological diseases nor any other diseases
that might affect the angiotensin II levels in the CSF.
The controls underwent lumbar puncture during spi-
nal anesthesia for operations for either urological or
gynecological disorders. The control group was com-
prised of 7 females and 10 males. The average age at
examination was 49.4 £ 14.3 (mean + SD) years. All
patients with MS fulfilled the McDonald criteria [6].
Patients with MS included 16 females and 4 males.
The average age at examination was 40.4 £ 15.7 years
and the disease duration was 36.1 +40.9 months.
All patients were suffering from relapsing-remitting
MS, and CSF was taken at relapse (within 30 days of
the initiation of relapse) before introduction of any
immunological treatment, except for two patients on
long-term interferon B-1b. Six patients had opticosp-
inal MS (OSMS), whereas the rest had conventional
MS (CMS) [7]. The patient's average Kurtzke's
Expanded Disability Status Scale (EDSS) [8] score was
4.3 +2.7. None of the patients had hypertension,
hypotension, or a metabolic disorder, and none took
antihypertensive drugs. CSF samples were immedi-
ately centrifuged at 800 rpm at 4 °C for 5 min. The
liquid phase of CSF excluding sedimented cells was
stored at ~80 °C until required for the cytokine assay.
The average CSF cell counts and protein amounts were
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8.2 +19.5/uL and 39.9 £ 39.3 mg/dL, respectively, in
the MS group.

Measurement of angiotensin I, ACE, and ACE2
concentrations in the CSF

Angiotensin Ii, ACE, and ACE2 concentrations in the
CSF were measured by established enzyme-linked
immunosorbent assay (ELISA) systems for angioten-
sin II (SPI-bio, Montigny-le-Bretonneux, France),
ACE (R&D Systems, Minneapolis, Minnesota, USA),
and ACE2 (AdipoGen Inc., Seoul, Korea). According
to the manufacturer’s data, the precision, recovery,
and linearity of these assays are as follows: for the
human ACE ELISA, the intra-assay coefficients of
variation (CVs) are 3.4-4.0%, inter-assay CVs are
4.9-7.7%, the recovery range is 91-106% and linear-
ity is around 105% of expected; for the human ACE2
ELISA, the intra-assay CVs are 5.3-9.9%, inter-assay
CVs are 5.4-10.8%, the recovery range is 81-1139%,
and linearity is around 100% of expected.

Statistical analysis

Statistical analyses of angiotensin II, ACE, and ACE2
levels were performed using the Mann-Whitney
U-test. Correlation between angiotensin II, ACE,
and ACE2 levels and various clinical parameters was
analyzed by the Spearman test. A value of P<0.05
was considered to be statistically significant.

Results

Angiotensin Il levels in the CSF were 3.8 £ 1.58 pg/mL
in the MS group (3.67 + 1.24 pg/mL in patients with
CMS and 4.08 £ 2.23 pg/mL in patients with OSMS),
and 593 +2.18 pg/mL in the control group. The
difference between the MS group and the control
group (P=0.005) was statistically significant. ACE
levels in the CSF were 48.42 + 4.84 pg/mL in the MS
group (49.04 +5.36 pg/mL in patients with CMS
and 46.96+3.30 pg/mL in patients with OSMS)
and 44.71 + 3.9 pg/mL in the control group, and the
difference between the MS group and the control
(P=0.010) was statistically significant. ACE2 levels
in the CSF were 2.56+0.26 pg/mL in the MS
group (2.61+0.27 pg/mL in patients with CMS
and 2.43 +0.17 pg/mL in patients with OSMS) and
2.78 +0.24 pg/mL in the control group, and the dif-
ference between the MS group and the control
(P=0.017) was statistically significant (Figure 2).
There were no significant differences between patients
with CMS and OSMS in any of the above-mentioned
parameters. No significant correlation was found
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Figure 2 Comparison of angiotensin Il, angiotensin-converting enzyme (ACE), and ACE2 levels in the cerebrospinal fluid
(CSF) of patients with multiple sclerosis (MS) and control individuals (C).

between ACE/ACE2 levels and clinical parameters,
such as age at onset and examination, sex, disease
duration, EDSS, CSF cell counts, and protein amounts.
There was no significant correlation between angio-
tensin II levels and either ACE or ACE2 levels in
patients with MS or controls.

Discussion

In the present study, we reported decreased levels of
ACE2 in CSF from patients with MS for the first
time. We also confirmed our previous finding that
angiotensin II levels are reduced in MS CSF [3], and
confirmed another previous finding that ACE levels
are elevated in MS CSF [5]. These results further sup-
port the notion that the RAS is altered intrathecally
in MS.

In ACE2-null mice, serum angiotensin II levels
dramatically increased after the infusion of angio-
tensin II compared with the levels in wild-type
littermates, indicating that ACE2 metabolizes angio-
tensin II in vivo [9]. However, the biology of ACE2
in the central nervous system (CNS) is completely
unknown. Some studies speculate that ACE and
ACE2 expression may be regulated in parallel or syn-
ergistically while such a concept of parallel regula-
tion has been questioned by others.

Wosik, etal. [10] recently reported that levels of
perivascular astrocytes immunopositive for angio-
tensinogen were reduced in MS lesions, and that
this reduction correlated with reduced expression
of the tight junction protein occludin. Angiotensin
I is thus considered to upregulate expression of
occludin and strengthen the blood-brain barrier
(BBB). Therefore, decreased production of angioten-

Muitiple Sclerosis 2009; 15: 262-265

sin II is assumed to contribute to BBB dysfunction
in patients with MS. Increased levels of ACE, which
produces angiotensin I, and decreased levels of
ACE2, which degrades angiotensin II, may represent
the body’s effort to partly compensate for the
reduced amount of angiotensinogen in patients
with MS. Further studies to measure the levels of
angiotensinogen and angiotensin-(1-7) in the CSF
are necessary to uncover abnormalities in the RAS
in the CNS of patients with MS.
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Hypercomplementemia at relapse in patients with

anti-aquaporin-4 antibody

H Doi, T Matsushita, N Isobe, T Matsuoka, M Minohara, H Ochi and JI Kira

Objective Because Asian patients with opticospinal multiple sclerosis (OSMS) frequently have anti-
aquaporin-4 (AQP4) antibody, complement-mediated disruption of astrocyte foot processes is pro-
posed but not yet proven. We aimed to clarify whether complement consumption occurs at relapse
in anti-AQP4 antibody-positive patients.

Methods We analyzed serum CHS50, C3, C4, and C-reactive protein (CRP) levels and their relation
to clinical phases in 118 MS patients with or without anti-AQP4 antibody. Serum CH50 levels were
higher in 24 patients with anti-AQP4 antibody than in 39 OSMS and 54 conventional form of MS
(CMS) patients without anti-AQP4 antibody at relapse (P°"<0.05) but not in remission. The fre-
quency of hypercomplementemia at relapse was also higher in anti-AQP4 antibody-positive patients
than in anti-AQP4 antibody-negative CMS patients (70.4% vs 29.0%, P©7 < 0.05). C3 and C4 levels
did not differ significantly among the three groups at relapse. In patients with anti-AQP4 antibody,
the coexistence of hypercomplementemia and high CRP values was more common at relapse than
in the remission phase (36.0% vs 10.5%, P < 0.05). In patients with extensive central nervous system
lesions, hypercomplementemia was significantly more common in anti-AQP4 antibody-positive
patients than anti-AQP4 antibody-negative ones (88.9% vs 16.7%, P< 0.01). We consider that
hypercomplementemia in anti-AQP4 antibody-positive patients may reflect a systemic inflammatory
reaction at relapse. Multiple Sclerosis 2009; 15: 304-310. http://msj.sagepub.com

Key words: anti-aquaporin-4 antibody; hypercomplementemia; multiple sclerosis; neuromyelitis optica

Introduction

Multiple sclerosis (MS) is an inflammatory demye-
linating disease of the central nervous system (CNS)
that is generally considered to be mediated by
myelin-autoreactive T cells [1]. By contrast, neuro-
myelitis optica (NMO) is characterized by severe
and selective involvement of the optic nerves and
spinal cord, the latter of which frequently shows
longitudinally extensive spinal cord lesions
(LESCLs) extending over three or more vertebral
segments [2,3]. Recently, a specific IgG against
NMO, designated NMO-IgG, was described [4]; its
relevant antigen was reported to be aquaporin-4
(AQP4) [5]. Because of the high specificity of
NMO-IgG and anti-AQP4 antibody, NMO has been
claimed to be a distinct disease entity with a funda-
mentally different causal mechanism from MS [3].

In Asians, the selective and severe involvement
of the optic nerves and spinal cord is characteristic
[6], and there are two distinct subtypes of MS: the
opticospinal form of MS (OSMS), which has similar
features to the relapsing-remitting form of NMO in
Western populations {2,7-9], and the conventional
form of MS (CMS), which is associated with dissem-
inated lesions in the CNS, including the cerebrum,
cerebellum, and brainstem [7], similar to classical
MS in Western populations {6,7,10,11]}. In a selected
series of Japanese patients with OSMS, Nakashima,
etal. [12] reported an NMO-IgG positivity rate of
approximately 60%, and OSMS has now been sug-
gested to be NMO [3].

Additionally, a highly significant correlation
between anti-AQP4 antibody titer and spinal cord
lesion length was reported [13], and selective loss
of AQP4 from the acute lesions in autopsied OSMS
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spinal cord specimens has been described [14,15].
Anti-AQP4 antibody was recently shown to induce
AQP4 down-modulation in vitro using AQP4-
transfected cells [16]. Therefore, it is hypothesized
that anti-AQP4 antibody is a causative agent for
both NMO and OSMS, and that demyelination is
secondarily produced following damage to the
astrocyte foot process, where AQP4 is localized
[14,15,17]. As anti-AQP4 antibodies belong mainly
to the IgG1 subclass, complement-mediated injury
is postulated [16] but not yet proven in vivo. In
other autoimmune diseases, such as systemic lupus
erythematosus (SLE) and Sjogren’s syndrome,
serum complement levels decrease at relapse
because of consumption and are predictive of prog-
nosis [18-21]. Therefore, in the present study, we
aimed to clarify the relationships of serum comple-
ment levels, such as those of CH50, C3, and C4,
with anti-AQP4 antibody status, disease phase, the
extent of the CNS lesions on magnetic resonance
imaging (MRI), including LESCLs and the extensive
white matter lesions occasionally seen in this con-
dition [22,23], and systemic inflarnmatory reaction
as measured by C-reactive protein (CRP) levels in
MS patients with or without anti-AQP4 antibody.

Methods

Patients

We retrospectively investigated serum complement
(C3, C4, and CHS50) and CRP levels measured
between January 2003 and March 2008 and their
relations to clinical phases in patients with clini-
cally definite MS by Poser’s criteria [24] at Kyushu
University Hospital. We classified patients with MS
into three groups: anti-AQP4 antibody-positive

Table 1 Demographic features of multiple sclerosis subgroups

patients, anti-AQP4 antibody-negative OSMS
patients, and anti-AQP4 antibody-negative CMS
patients. The clinical classification of OSMS and
CMS was according to Kira, etal. [7]. Among
118 patients enrolled, 25 were positive for anti-
AQP4 antibody, 39 were anti-AQP4 antibody-
negative OSMS patients, and 54 were anti-AQP4
antibody-negative CMS patients (Table 1). The dis-
ability status of the patients was scored by one of
the authors (JK), according to the Expanded Disabil-
ity Status Scale (EDSS) [25]. Severe optic neuritis was
defined as grade 5 or more than 5 on Kurtzke’s
Visual Functional Scale (FS) [25]. Acute transverse
myelopathy (ATM) was defined according to
Fukazawa, et al. [26]. Levels of anti-AQP4 antibody
were measured by an indirect immunofluorescence
method using green fluorescent protein (GFP)-
AQP4 fusion protein-transfected human embryonic
kidney cells (HEK-293), as previously described [23].

Measurement of complement and CRP

C3 and C4 levels were determined by turbidimetric
immunoassay, and CHS0 activity was determined
by liposome immunoassay. CRP levels were mea-
sured by latex photometric immunoassay. Normal
ranges were 71-135mg/dL for C3, 11-34 mg/dL
for C4, 20-50 U/mL for CHS0, and <0.10 mg/dL
for CRP. We defined hypercomplementemia as
CHS50 activity higher than 50 U/mL, and values
higher than 60 U/mL were all recorded as 60 U/mL
because of the limitation of the assay system. Eighty
serum samples were measured during the relapsing
phase and 256 samples were measured in the remis-
sion phase (27 and 64 samples from anti-AQP4
antibody-negative patients, 22 and 98 samples from
anti-AQP4 antibody-negative OSMS patients, and

Total AQP4-Ab (+) MS AQP4-Ab (-) OSMS  AQP4-Ab (-) CMS
(n=118) (n=25) (n=139) (n=>54)
No. of males/females 27/91 1/24* 7/32 19/35*
Age at examination (years old) 44.8+13.3 50.1+£13.8* 47.9 £12.8* 40.1 £12.0**
Disease duration (years) 12.8+9.2 13.8+8.2 13.4%£9.7 11.9+9.2
EDSS score at last visit 3.7t25 4,6 +2.5*% 4.0+2.8 3.0x2.2

Severe visual impairment (2FS 5)
Acute transverse myelopathy
LESCL during entire course
Anti-nuclear antibody

49/114 (43.0%)
38/117 (32.5%)
48/118 (40.7%)
217118 (17.8%)

17/24 (70.8%)*
12/24 (50.0%)*
18/25 (64.0%)*
10/25 (40.0%)*

17/38 (44.7%)

20/39 (51.3%)**

18/39 (46.2%)
6/39 (15.4%)

15/52 (28.8%)*
6/54 (11.19)*,**

12/54 (22.2%)*
6/54 (11.1%)*

Anti-SS-A/SS-B antibody
Sjégren’s syndrome/SLE

17/118 (14.4%)
5/118 (4.2%)

6/25 (24.0%)
3/25 (12.0%)

5/39 (12.8%)
2/39 (5.1%)

6/54 (11.1%)
0/54 (0.0%)

AQP4-Ab (+) MS, anti-aquaporin-4 antibody-positive multiple sclerosis; AQP4-Ab (-) OSMS, anti-aquaporin-4 antibody-negative
opticospinal form of muitiple sclerosis; AQP4-Ab (-) CMS, anti-aquaporin-4 antibody-negative conventional form of multiple sclerosis;
EDSS, Expanded Disability Status Scale; FS, Visual Functional Scale; LESCL, longitudinally extensive spinal cord lesion; SLE, Systemic
lupus erythematosus.

*Statistically significant between AQP4-Ab (+) MS and AQP4-Ab (=) CMS (P°7 < 0.05).

**Statistically significant between AQP4-Ab (-) OSMS and AQP4-Ab (-) CMS (Po™ < 0.05).
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31 and 94 samples from anti-AQP4 antibody-
negative CMS patients).

Magnetic resonance imaging

All MRI studies were performed using 1.5-T units,
Magnetom Vision and Symphony (Siemens Medical
Systems, Erlangen, Germany), as previously
described [27]. LESCLs were defined as lesions
extending over three or more vertebral segments
on sagittal MRI {2,3], and extensive white matter
lesions were defined as lesions more than 30 mm
across on axial MRI [27]. We obtained 18 MRI sam-
ples from anti-AQP4 antibody-positive patients,
17 from anti-AQP4 antibody-negative OSMS patients,
and 25 from anti-AQP4 antibody-negative CMS
patients in the relapsing phase (within 30 days of
the initiation of the relapse) at the time when the
complement levels in these patients were measured.

Statistical analyses

The chi-square test and Fisher's exact test were used to
compare categorical values. For comparison to contin-
uous values, we used the nonparametric Kruskal-
Wallis test for non-normally distributed variables.
When statistical significance was found, the Mann-
Whitney U-test was used to determine the statistical
significance of the differences between them. Uncor-
related P values were corrected by multiplying them
by the number of comparisons (Bonferroni-Dunn’s
correction) to calculate corrected P values. The corre-
lation between CH50 and CRP levels was analyzed by
Spearman’s rank correlation test. P values <0.05 were
considered to represent statistical significance.

Results

Demographic features

In 25 patients with anti-AQP4 antibody, the clinical
phenotype was OSMS in 19 and CMS in six. Among
them, 19 patients (16 with OSMS and three with
CMS) fulfilled the revised diagnostic criteria for
NMO [3]. Anti-AQP4 antibody-positive patients had
a significantly higher age at onset, higher EDSS scores,
and higher frequencies of severe visual impairment,
ATM, LESCLs during the entire clinical course, and
anti-nuclear antibody than anti-AQP4 antibody-
negative CMS patients (P < 0.05 in all), whereas dis-
ease duration was not significantly different among
"the three groups (Table1). Ant-AQP4 antibody-
negative OSMS patients also showed a higher age at
onset and higher frequency of ATM than anti-AQP4
antibody-negative CMS patients (P < 0.05 in all).

Muitiple Sclerosis 2009; 15: 304-310

Complement levels

Serum CHSO levels in the relapsing phase were
significantly higher in patients with anti-
AQP4 antibody (52.3+7.2U/mL) than in anti-
AQP4 antibody-negative OSMS (47.2 + 6.9 U/mL,
Pom < 0.05) and CMS patients (44.0 + 10.1 U/mL,
Pom < 0.005) (Figure 1A). The frequency of hyper-
complementemia (CH50 > 50 U/mL) in the relaps-
ing phase was significantly higher in patients with
anti-AQP4 antibody than in anti-AQP4 antibody-
negative CMS patients (19/27, 70.4% vs 9/31,
29.0%, P <0.05), whereas it was not different
between anti-AQP4 antibody-negative OSMS (8/22,
36.4%) and CMS patients. In the remission phase,
the frequency of hypercomplementemia was not
significantly different among the three groups
(23/64, 35.9% in anti-AQP4 antibody-positive
patients; 28/98, 28.6% in anti-AQP4 antibody-
negative OSMS patients; and 25/94, 26.6% in
anti-AQP4 antibody-negative CMS patients). The
serumn levels of C3 and C4 were not significantly
different among the three groups, regardless of
clinical phase, except for higher levels of C3 in
anti-AQP4 antibody-positive patients than anti-
AQP4 antibody-negative CMS patients in the remis-
sion phase (107.9+19.2 vs 98.9+19.7 mg/dL,
Pom<0.05) (Figure 1B, C). The frequencies of
patients with high C3 or C4 levels were not signifi-
cantly different among the three groups, irrespec-
tive of clinical phase, except for the frequency of
patients with high C4 levels in the remission
phase, which was greater among anti-AQP4
antibody-negative OSMS patients than among anti-
AQP4 antibody-negative CMS patients (17/109,
15.6% vs §/100, 5.0%, P < 0.05).

CRP levels

Serum CRP levels at relapse were not different sig-
nificantly among the three groups (Figure 2A). The
frequency of high CRP levels (>0.1) at relapse was
significantly higher in anti-AQP4 antibody-positive
patients (13/28, 46.4%) than anti-AQP4 antibody-
negative CMS patients (5/35, 14.3%) (P*°7 < 0.05),
whereas anti-AQP4 antibody-negative OSMS
patients (9/24, 37.5%) showed a similar high fre-
quency to anti-AQP4 antibody-positive patients.
This trend persisted even in the remission phase,
yet the difference was not significant.

Correlation between serum CH50 and CRP levels
The frequency of patients who had both hypercom-

plementemia and high CRP values was significantly
higher among anti-AQP4 antibody-positive patients
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Figure 1

(A) CH50, (B) C3, and (C) C4 values in anti-AQP4 antibody-positive MS patients, anti-AQP4 antibody-negative

OSMS patients, and anti-AQP4 antibody-negative CMS patients. *P°" < 0.05, **P7 < 0.005.

than among anti-AQP4 antibody-negative CMS
patients in the relapse phase (9/25, 36.0% vs 3/30,
10.0%, P < 0.,05), whereas it was not significantly
different among the three groups in the remission
phase (Figure 2B). Anti-AQP4 antibody-negative

http://msj.sagepub.com

OSMS patients again showed an intermediate fre-
quency between the two in the relapse phase (5/21,
23.8%). Among patients with anti-AQP4 antibody,
the frequency of those with both hypercomplemente-
mia and high CRP values was significantly higher at
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Figure 2 (A) CRP values and (B) the frequencies of patients with both hypercomplementemia and high CRP values among
anti-AQP4 antibody-positive MS patients, anti-AQP4 antibody-negative OSMS patients, and anti-AQP4 antibody-negative

CMS patients. *P7 < 0.05.

relapse than in the remission phase (36.0% vs 10.5%,
P<0.05). There was no significant correlation
between CHS50 and CRP levels in anti-AQP4
antibody-positive patients.

Correlation between hypercomplementemia
and extensive CNS lesions at relapse

Among patients with hypercomplementemia, anti-
AQP4 antibody-positive patients had a significantly
higher frequency of extensive CNS lesions than anti-
AQP4 antibody-negative patients (66.7% vs 16.7%,
P <0.05) (Figure 3A). Moreover, among patients with
extensive CNS lesions, the frequency of hypercomple-
mentemia was significantly greater in patients with
anti-AQP4 antibody than in those without the anti-
body (88.9% vs 16.7%, P < 0.01) (Figure 3B).

Discussion

In the present study, we show for the first time the
occurrence of hypercomplementemia in anti-AQP4
antibody-positive patients at the time of relapse,
but not in the remission phase, and that this occur-
rence is associated with systemic inflammatory

Multiple Sclerosis 2009; 15: 304-310

reactions as shown by high CRP values. We also
found that hypercomplementemia coincided with
the emergence of extensive CNS lesions, such as
LESCLs and extensive white matter lesions, in
anti-AQP4 antibody-positive patients.

Complement is part of the innate immune sys-
tem and underlies not only one of the effector
mechanisms of antibody-mediated immunity but
also constitutes one of a host’s acute-phase reac-
tions [28]. Although anti-AQP4 antibody is specifi-
cally observed in patients with relapsing NMO or
OSMS, its emergence is frequently associated with
systemic autoimmune diseases, such as Sjogren’s
syndrome and SLE [23]. In these conditions, hypo-
complementemia is especially related to acute
exacerbation [18,19], reflecting complement activa-
tion and consumption in vivo. Because the anti-
AQP4 antibodies so far examined are mainly of the
IgG1 subclass, with high complement fixing
activity, they are claimed to disrupt astrocyte foot
processes by fixing and activating complements
once specifically bound to the AQP4 molecule on
the cell surface [15,16]. However, evidence of com-
plement consumption was not obtained at relapse
in the present study; rather, most patients had
heightened CHSO0 activity, which is in sharp con-
trast to humoral immunity-mediated systemic

http://msj.sagepub.com
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Figure 3 (A) Frequency of extensive CNS lesions in patients with hypercomplementemia at relapse. (B) Frequency of hyper-
complementemia in patients with extensive CNS lesions at relapse. *P < 0.05, **P < 0.005.

autoimmune diseases, such as Sjogren’s syndrome
and SLE. Thus, most relapses in anti-AQP4
antibody-positive patients are supposed to be
induced in a distinct way from those in systemic
autoimmune diseases mediated by complement-
fixing autoantibodies, except for some relapses
(13.4%) when a decrease in the level of C4 was
observed.

Hypercomplementemia has been reported to
occur in association with infection, malignant
tumor, and vasculitis [28,29]. Cases with concurrent
infection were excluded as much as possible in the
present study, and coexistence of malignancy was
unconceivable in the majority of our patients with
mote than 10 years of disease duration. A significant
increase in the number of anti-AQP4 antibody-
positive patients showing both hypercomplemente-
mia and high CRP values at relapse suggests that
hypercomplementemia is a reflection of a systemic
acute inflammatory reaction, such as vasculitis. The
mild increase in CRP values without overt infection
in about half of anti-AQP4 antibody-positive patients
also indicates the existence of systemic inflamma-
tion, which may contribute to the development of
relapse, but its cause remains unknown. An associa-
tion between hypercomplementemia and the occur-
rence of the extensive CNS lesions may indicate a role
of such systemic inflammatory reactions in lesion
formation in this condition.

It is interesting to note that even among anti-
AQP4 antibody-negative OSMS patients, about
40% of the patients showed a mild increase in the
level of CRP. This suggests that systemic inflamma-
tory reactions tend to commonly underlie relapses
in OSMS or NMO cases, regardless of the presence
or absence of anti-AQP4 antibody. We recently
reported that CSF cytokine and chemokines are
markedly upregulated in OSMS and NMO patients,
irrespective of anti-AQP4 antibody status [30]. Initi-
ation of inflammation at relapse may occur
independently from the existence of anti-AQP4
antibody in these conditions. The high frequency

http://msj.sagepub.com

of raised CRP values, even in the remission phase
in anti-AQP4 antibody-positive patients and anti-
AQP4 antibody-negative OSMS patients, suggests
that mild but persistent systemic inflammation
may be a key component of these conditions.
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ABSTRACT

Induced gamma activity has a key role in the temporal binding of distributed cortico-cortical processing. To
elucidate the neural synchronization in the early-stage somatosensory processing, we studied the functional
connectivity between the primary and secondary somatosensory cortices (S and Sli) in healthy subjects
using magnetoencephalography (MEG) with excellent spatiotemporal resolution. First, somatosensory-
evoked magnetic fields were recorded to determine the locations of each cortical activity. Then we analyzed
the phase-locking values (PLVs) of the induced gamma activity to assess neural synchrony within the
somatosensory cortical network. We also assessed PLVs in patients with muitiple sclerosis (MS) to validate
our PLV analysis in evaluating the inter-areal functional connectivity, which can often be impaired in MS. The
PLVs of the induced gamma activity were calculated for each pair of unaveraged MEG signals that
represented the activities of the contralateral St and bilateral Sil areas. Analysis of PLVs between the Sl and SIt
areas showed significantly increased PLVs for gamima-band activities, starting at an early post-stimulus stage
in normal controls, whereas this increase in PLVs was apparently diminished in MS. The PLV analysis
provided evidence for early-latency, gamma-band neuronal synchronization between the SI and SHl areas in
normal controls. Our study first demonstrates the gamma-band synchrony in the early-stage human

SOMatosensory processing.

© 2010 Eisevier Inc. All rights reserved.

Introduction

In the somatosensory system, the primary and secondary
somatosensory cortices (SI and Sil) comprise the early stage of the
hierarchical organization. Numerous neurophysiological studies have
examined the functional differences between the two cortical areas in
humans. Electrophysiological studies of evoked responses have often
reported differences in activation timing between SI and Sll (Pons et
al., 1987; Mauguiére et al, 1997; Inui et al, 2004), with the SI
response occurring earlier than the SII responses. There are also
studies with direct intracortical recording in epilepsy patients, which
proved that Sl and SlI were activated in a sequential manner (Frot and
Mauguiére, 1999; Balzamo et al., 2004). The typical characteristics of
Sl include sensitivity towards higher order functions, such as
sensorimotor integrations, attention, unitary body image, and
integration of nociceptive and non-nociceptive information (for a

* Corresponding author. Department of Clinical Neurophysiology. Neurological
Institute. Graduate School of Medical Sciences, Kyushu University, 3-1-1 Maidashi,
Higashi-ku, Fukuoka 812-8582, Japan. Fax: +81 92 642 5352.

E-mail address: shigetou@neuro.med.kyushu-u.ac.jp (H. Shigeto).

' These authors contributed equally to this work.

1053-8119/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi: 10.1016/j.neuroimage.2010.02.001

review, see Lin and Forss, 2002 ). Anatomically, it has been shown that
the neurons in SII have larger and more complex receptive fields than
those in Sl (for a review, see lwamura, 1998). Therefore, Sli is often
considered to be a hierarchically higher cortical area than SI.

Less is known about the functional connectivity between Sl and Sl
in humans. Apart from the activation sequence of the cortical areas,
few studies have evaluated functional connectivity between Sl and SII
in humans. Recently, it has become evident that neuronal synchro-
nization plays an important role in distributed cortico-cortical
processing: induced gamma activity could be related to the temporal
binding of spatially distributed information processing in the
mammalian brain (Tallon-Baudry and Bertrand, 1999; Engel and
Singer, 2001; Buzsaki and Draguhn, 2004; Knight, 2007). To date,
however, whether the temporal binding mechanism with the gamma-
band activity relates to the somatosensory processing between Sl and
SII has not been demonstrated. To clarify this issue, we applied
magnetoencephalography (MEG) to evaluate neural synchrony in the
gamma-band during the median nerve stimulation in healthy
subjects. We analyzed phase-locking values (PLVs) of induced
gamma activity between the somatosensory cortices. To validate our
PLV analysis in evaluating functional connectivity between the
distributed cortical areas, we also assessed PLVs in patients with

— 129 —



K. Hagiwara et al. / Neurolmage 51 (2010) 412-420 413

clinically definite multiple sclerosis (MS). MS is known to cause
multiple disconnections between distributed regions of the brain
owing to demyelination and axonal loss in the central nervous system
(Calabrese and Penner, 2007; Dineen et al,, 2009; He et al, 2009).
Here we provide evidence for early-stage, gamma-band neuronal
synchronization between SI and SII for somatosensory information
processing in humans.

Methods
Subjects

Twenty-three healthy volunteers (18 women and 5 men, mean
age 37.3+10.6 years) and 23 patients with clinically definite MS
(18 women and 5 men, mean age 38.84 8.1 years) according to the
revised McDonald criteria (Polman et al., 2005) participated in this
study. With respect to the MS patients, the mean duration of
disease was 10.0+7.3 years, and the mean Kurtzke Expanded
Disability Status Scale Score (Kurtzke, 1983) was 2.7+2.7. The
clinical courses of the patients were relapsing-remitting in 17
patients, secondary progressive in four patients, and primary
progressive in two patients. All the patients showed only mild
disability and were ambulatory. On the basis of clinical histories
obtained during routine follow-up, clinically evident sensory
symptoms were documented in the right arm in 10 patients, and
in the left arm, in nine patients. Somatosensory-evoked potentials
were measured in 19 patients, and either delayed central condue-
tion time or an absent N20 response was observed in four patients
in response to right median nerve stimulation and seven patients in
response to left median nerve stimulation. Nineteen patients
showed typical brain lesions fulfilling the Barkhof magnetic
resonance imaging (MRI) criteria (Barkhof et al. 1997): nine T2
hyperintense lesions present in nineteen patients, at least one
infratentorial lesion present in seventeen patients, at least one
juxtacortical lesion present in seventeen patients, at least three
periventricular lesions present in twenty-two patients. In most
patients, their clinical manifestations were usually caused by lesions
in the optic nerves, brainstem, cerebellum, and spinal cord. No
patients showed cognitive decline. None of the patients had anti-
aquaporin-4 antibody, as confirmed by immunofluorescence tech-
nique (Matsuoka et al., 2007). Four patients were examined during
a relapse period. This study was approved by the local ethics
committees of our university, and written consent was obtained
from all subjects.

Stimuli

Left and right median nerves were stimulated at the wrist in a
separate recording with constant current pulses of 0.2-ms duration.
The stimulus intensity was adjusted above the motor threshold to
produce slight contraction of the abductor pollicis brevis muscle. At
this intensity, large myelinated fibers but not small ones were
stimulated. The stimuli were given pseudo-randomly, and the inter-
stimulus interval ranged from 2.5 to 3.5 s (mean interval: 3 s) to avoid
habituation of SIl responses.

Data acquisition and processing

The MEG signals were acquired using a whole-head 306-channel
sensor array (Vectorview, ELEKTA Neuromag, Helsinki) that com-
prises 102 identical triple-sensor elements. Each sensor element
consists of two orthogonal planar-type gradiometers and one
magnetometer. In this study, we analyzed MEG data recorded by
the 204-channel planar-type gradiometers {gradiometers reduce
external artifact signals, including geomagnetic signals and other
environmental artifact signals). Prior to the recording, four head
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position indicator (HPI) coils were attached to the scalp, and a 3D
digitizer was used to measure anatomical landmarks of the head with
respect to the HPI coils. During the recording, subjects layon abed ina
magnetically shielded room with their heads positioned inside the
helmet-shaped sensor array. The precise location of the head with
respect to the sensor array was determined using the HPI coils. The
recording bandpass filter was 0.03-1500 Hz, and the sampling rate
was 5 kHz. The subjects were instructed to keep their eyes open and
not to sleep; their vigilance levels were monitored by spontaneous
MEG signals over the parieto-occipital areas and a video camera
positioned in a shielded room. During the stimulation, we only stored
raw data for off-line analysis. A spatiotemporal signal space
separation (tSSS) method was applied off-line to the recorded
raw data. tSSS is a software method that removes artifact signals
arising from outside the sensor helmet (Taulu and Simola, 2006),
and thus, theoretically, only artifact-free raw data were stored for
further analysis.

Data analysis

Analysis of somatosensory-evoked magnetic fields (SEFs)

First, we analyzed conventional SEFs to determine the sensors
representing activities of SI and Sll. Off-line averaging of SEFs was
performed using the tSSS-reconstructed raw data in the following
condition: the analysis epoch was 50 ms before and 250 ms after the
stimulus, and 100-120 responses were averaged for each median
nerve. The averaged responses were digitally bandpass filtered in the
0.3-150 Hz range with a notch filter of 60 Hz. The prestimulus period
from -50 ms to - 10 ms was used as a baseline. The peak latencies and
amplitudes of SEF waveforms were determined by root-mean-square
(RMS) waveforms reconstructed from the two orthogonal gradi-
ometers to better identify the sensors showing the maximal responses
(Kida et al., 2006). We analyzed evoked responses generated by three
sources: the Sl area in the hemisphere contralateral to the median
nerve stimulation (cSI) and the bilateral secondary somatosensory
areas (cSH and iSll, for contralateral and ipsilateral SH areas,
respectively). For responses in cSl, three deflections (i.e., N20m,
P35m, and P60m) were recorded. For each of the five deflections
{N20m, P35m, P60m, ¢S}, and iSIT), we searched for the sensor with
the maximum amplitude, and peak latencies were determined at the
time point showing the maximal amplitude. In the somatosensory
paradigm used in this study, several cortical areas other than St and Sli
could be activated such as the posterior parietal cortex and the mesial
cortex of the paracentral lobule (Forss et al., 1994, 1996; Mauguiére et
al., 1997). Here, we focused on SI and Sl responses to elucidate the
functional interaction of these somatosensory cortices.

Equivalent current dipoles (ECDs) that explained the most
dominant sources of each deflection were calculated by a least-
squares fit using approximately 30 channels around the sensor with
the maximum response. For analysis of the bilateral SIl responses, the
ECD of the P35m deflection (if P35m was not apparent, then P60m)
was subtracted from the original waveforms using the signal space
projection (SSP) method to remove the magnetic fields of ¢SI, because
the isocontour fields of ¢Sll could be hidden by those of ¢Sl. The ECD
analysis yielded the three-dimensional locations and strengths of the
ECDs in a spherical conductor model. Because MRI was performed
only in four subjects from the control group, the centers of the
individual head coordinate system were standardized using the
center of device coordinate (x=0 mm, y=0 mm, z=40 mm) in
both groups. Only the ECDs with goodness-of-fit values exceeding 80%
were accepted for statistical analyses.

The peak latencies and amplitudes of the RMS waveforms were
examined by Mann-Whitney U-test. The correlation between the
latencies of ¢Sl and bilateral Sl responses was assessed by calculating
Pearson's correlation coefficient, A Chi-square test was used to compare
the numbers of evoked deflections between normal subjects and MS
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patients, A probability level of 0.05 or less was considered to represent a
significant difference throughout the statistical examinations.

Phase-locking analysis of gamma-band cortical activity

To evaluate the neuronal synchronization between the Sl and Sl
areas, we calculated the PLVs of the stimulus-related gamma-band
activity (Lachaux et al,, 1999). First, to analyze oscillatory gamma-
band activity, a continuous wavelet transform was applied to the tSSS
reconstructed raw data. A temporal-frequency response is given by
the temporal convolution of an MEG signal with the wavelet centering
at center frequency fp and time t:

P(LS) = /_ SE (TP AT — tydT

Normal subject

(A) Original waveforms

N20m e
P60m

N20m

& ‘,"..

P35m

LI
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where si'(7) represents the signal of kth trial recorded by channel m.

In this transformation, we used a complex Morlet wavelet:

1 72 )
v, (T) = TP (— ﬁ) explionT)

where wo=2nfy, wgu=7. The wavelet analysis yielded induced
gamma-band activities. Epochs for the wavelet transformation ranged
from —250 to 350 ms relative to the stimulus onset. Second, we
selected a sensor with maximal RMS amplitude of N20m deflection as
a sensor representing cSI activity, and sensors with maximal RMS
amplitudes of cSHf and iSIl responses were determined as sensors

(B) After applying SSP
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Fig. 1. Analysis of SEFs in a representative normal subject. (A)"Original SEF waveforms are averaged from the tSSS reconstructed signals, (B) After subtracting the P35m response
from the original waveforms by the SSP method, the sensors show only bilateral Sl responses. (C) RMS waveforms at sensors with maximal peal amplitude of each deflection and
corresponding field distributions (isocantour maps). The red lines indicate outgoing magnetic signals, while the blue lines ingoing magnetic signals. The arrows denote the current
direction of the corresponding ECDs.
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representing bilateral SlI activities. PLV between two channels was
calculated as follows:

(l)ﬂ(tff(])
[Pt o)l

1L ey
W TR

PLV™ Mt fy) =

|
i
i
|

where m and n denote channels comprising the reference sensor and
target sensor, respectively. PLV was calculated for each single trial,
and the PLVs of 100 trials were averaged in each subject. PLVs are
shown as an index ranging from O to 1.

Third, we examined phase-locking statistics (PLS) to determine
whether the calculated PLVs were significantly correlated with the
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stimuli. PLS was defined by the proportion of surrogate PLVs higher
than the original PLVs. The surrogate PLV represents the PLV
calculated between signals of different trials:
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Here, we calculated the surrogate PLVs from 200 different permuta-
tions of trials. The statistically significant PLV was defined as the
presence of surrogated PLVs of less than 10 trials larger than original
PLVs (that is, PLS<0.05). Furthermore, the mean PLV of the pre-
stimulus period (—100 to 0 ms) was subtracted from the PLV of the
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Fig. 2. Analysis of SEFs in an MS patient. The latencies of all cSI deflections (namely, N20m, P35m, and P60m) are prolonged compared with those in the normal subjects, whereas
bilateral SIl responses are evoked with comparable latencies. The amplitude of the N20m deflection is decreased, but other deflections, including the bilateral SII, are comparable in

the amplitude to those in normal subjects.
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Table 1
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Latencies and amplitudes (mean % SD) of the RMS waveforms.

tatency (ms)

Normal

MS

Amplitude {fT/cm)

p value Normal MS p value
N20m 214410 (n=46) 235438 (n=45) 0.027* 64.9430.1 5214259 0.018*
P35m 320450 (n=486) 356465 (n=40) 0.005* 7534487 7431391 0616
P60m 53.8+76 (n=46) 578+84 (n=46) 0.01* 9024313 8821474 0.281
oSl 91.24+15.8 (n=46) 87.2+£14.9 (n=46) 0.153 60.8+234 65.0+33.6 0.656
isll 1042+ 198 (n=44) 10414229 (n=41) 0.728 414+ 18.0 4191186 0.778

* p<0.05; when compared with the values in normal subjects using the Mann-Whitney U-test.

post-stimulus period; thus, only event-related phase synchronization
of gamma-band activities was evaluated.

For the analysis of the group average, we selected regions of
interest (ROIs) as follows: the frequency range was 30-70 Hz, and the
latency period was 0-200 ms. PLVs were calculated for each
orthogonally oriented pair of channels to minimize crosstalk noise,
and the mean PLV was calculated from the ROI in each subject. Only
PLVs with larger means were accepted for the group-averaged PLV
(p<0.05 by Rayleigh test).

Results
SEFs of SI and Sli

In line with the results of previous studies (Kakigi, 1994; Wikstrém
et al., 1996; Lin and Forss, 2002; Huttunen et al.,, 2006), we recorded
five major deflections of the SEF waveforms in the ¢Sl and bilateral
SII areas. Figs. 1 and 2 show the representative SEF waveforms and
isocontour maps obtained from normal subjects and MS patients.
Short-latency deflections, N20m, P35m, and PGOm, which corre-
sponded to the activities of the cSI area, were identified over the
contralateral centro-parietal area. Middle-latency deflections were
observed over the bilateral temporo-parietal area with the deflection
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contralateral to the stimulation peaking earlier than the deflection
ipsilateral to the stimulation: the former corresponds to the activity of
cSil, while the latter corresponds to the activity of iSIl. Al ¢Sl
deflections were clearly identified in all normal subjects, whereas
N20m and P35m deflections were not recorded in one hemisphere
(p=0.31) and six hemispheres (p<0.01), respectively, in MS patients.
The cSll deflection was identified in all normal subjects as well as in all
MS patients. The iSH deflection was undetectable in two hemispheres
in normal subjects and in five hemispheres in MS patients {(p =0.22).

Regarding the side-to-side difference within each group, there
were no significant differences in the peak latencies or in the
amplitudes between the left and right median nerves. Therefore, the
data for left and right median nerve stimulations were combined for
the statistical analysis. Table 1 shows the latencies and amplitudes of
the RMS waveforms. The mean latencies of all of the ¢SI deflections
were significantly prolonged in MS patients (p<0.05). By contrast,
there were no significant differences in the latencies of bilateral Sil
deflections. In both groups, ¢Sl and iSll were recorded at around
90 and 100 ms after stimulation, respectively. The mean amplituides of
the N20m deflection were significantly smaller in MS patients
(p<0.05). The amplitudes of other deflections showed no significant
differences between MS and normal subjects. No significant correla-
tion was found between the latencies for N20m and cSli in both
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Fig. 3. A linear regression analysis of correlation between the latencies of ¢St and cSil shows no significant correlation both in normal subjects (A; r=0.09, p = 0.55) and MS patients
(B: r=0.18, p==0.23). Correlation analysis between the latencies of ¢Slf and iSli shows a significant correlation in normal subjects (C; r=0.361, p=0.016) but not in MS patients {D;

r=0.158, p=0.323).
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groups (Fig. 3A and B). There was a significant correlation between
the latencies of ¢Sil and iSII in normal subjects (p<0.05) (Fig. 3C), but
no correlation was found in MS patients (Fig. 3D). The mean locations
and strengths of the ECDs for each deflection were almost comparable
with those reported previously (see Supplemental data) (Wikstrém et
al., 1996; Wegner et al,, 2000; Kida et al.,, 2006). Fig. 4 shows the
locations of the ECDs superimposed on the MRI in representative
subjects of both groups, demonstrating that the ECDs are located in
the appropriate cortices (i.e., S and Sl).

PLVs between Si and Sl

The temporal-frequency analysis with the continuous wavelet
transformation showed the induced gamma-band activities both in
the Sl and SlI areas (Figs. 5 and 6). They started at early post-stimulus
period and continued up to 200 ms. In normal subjects, high-
frequency gamma activities {(50-70 Hz) were observed in ¢S, and to a
lesser degree in cSll. Low-frequency gamma activities (30-40 Hz)
were distributed in all three areas (i.e., cSI, cSIf, and iSH). Interestingly,
the power of the high-frequency gamma activities (50-70 Hz) was
relatively reduced in MS patients. Figs. 7 and 8 show the grand
averaged PLVs in the gamma-band (30-70 Hz) for the normal subjects
and MS patients. Overall, PLVs were calculated in the range of 0-0.15.
In normal subjects, significantly increased PLVs between ¢Sl and cSli
were observed mostly within the time window 0-100 ms after the
stimulus onset (Fig. 7A). Increased PLVs in the higher frequency
gamma-band (50-70 Hz) were observed within the early period (0~

(A) (B)

Fig. 4. ECD locations in a normal subject (A) and an MS patient (B) superimposed on
MRIL. For this view, ¢Sl (N20m) and bilateral Sll sources are located in the appropriate
cortices in both subjects. The MS patient has scattered small hypointensities in the
periventricular and juxtacortical white matter.

50 ms) following the stimulus onset, whereas high PLVs in the lower
frequency gamma-band (30-40 Hz) tended to last for a longer period,
up to 100 ms. In addition, there were some weak but statistically
significant PLVs of various frequency bands in the later time window
100-200 ms. On the contrary, the c¢SI-cSll phase synchrony was
significantly decreased in MS patients, both in the high-frequency
gamma-band (50-70 Hz) and the low-frequency gamma-band (30-
40 Hz) (Fig. 7B). The degree of decrease in the PLVs between ¢Sl and
¢SII was most prominent around 40 Hz. Regarding the phase
synchrony between the ¢Sl and iSHl areas, significantly increased
PLVs in the low-frequency gamma-band (30-40 Hz) were observed
during the time interval 30-100 ms in normal subjects (Fig. 8A),
whereas such an increase in PLVs was diminished in MS patients (Fig.
8B).

Discussion

Neuronal synchronization in the gamma-frequency band has
received increasing attention as the salient mechanism for cortico-
cortical information processing (Tallon-Baudry and Bertrand, 1999;
Engel and Singer, 2001; Buzsdki and Draguhn, 2004; Knight, 2007;
Womelsdorf et al,, 2007). Recently, the temporal binding mechanism
in various gamma-frequency bands has been well recognized in
several studies of top-down and bottom-up information processing
among anatomically distributed cortical areas (Tallon-Baudry et al.,
1997; Engel et al, 2001; Womelsdorf et al, 2006; Buschman and
Miller, 2007; Saalmann et al., 2007). However, the significance of
temporal binding theory in the functional relationship between SI and
SII has not yet been established. In this study, we assessed the
temporal binding mechanism by PLVs of induced gamma activity, and
our results provided evidence for functional interaction in the early
somatosensory processing. To our knowledge, we first demonstrated
that synchronized gamma-band activities in both between c¢S! and
¢Sl and between cSH and iSIl occurred in the early post-stimulus
stage. Therefore, the oscillatory gamma synchronization binds the
early-stage tactile information processing within the somatosensory
cortical network.

Previous studies:demonstrated that broadband oscillatory activi-
ties including the gamma-frequency bands were present and
enhanced ‘in-relation to the-attentive task in the early-stage
somatosensory processing areas (Palva et al, 2005; Bauer et al,
2006). Until recently, no studies have examined the gamma-band
phase synchronization between the SI and SH areas. Only cSI-iSH
phase-locking in the alpha- and beta-frequency bands has been
demonstrated in healthy subjects (Simdes et al., 2003). Therefore, our
study is the first to demonstrate the early-latency neural synchrony
within the gamma-band between Sl and Sl, which may well represent
the parallel mode of the early-stage tactile somatosensory processing.
Although we did not perform attentive task to enhance the oscillatory
gamma activity, the increase in PLVs after the stimulus onset (see Fig.
7) may be associated with ongoing cortical activities facilitating the
later stages of somatosensory processing -and perceptual process
(Palva et al.,, 2005).

1t is well known that SlI receives direct thalamocortical projections
from several nuclei of the thalamus, including the ventroposterior
lateral nucleus, the ventroposterior inferior nucleus, the ventropos-
terior medial nucleus, the central lateral nucleus, and the posterior
nucleus (Friedman and Murray, 1986; Krubitzer and Kaas, 1992;
Stevens et al, 1993). In a study that applied a cortical cooling
procedure in marmoset monkeys (Zhang et al,, 1996, 2001), evoked
responses and responsiveness of individual neurons in SH were rarely
abolished by inactivation of SI, and the study claimed that SI and Sl
occupied a hierarchically equivalent position in the somatosensory
systemn. In humans, simultaneous activation of SI and Sl was
suggested by an MEG study (Karhu and Tesche, 1999), which
demonstrated very early evoked responses of SlI; the initial activity
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Fig. 5. (A) Temporal-frequency analysis for all gradiometer sensors in a representative normal subject. (B) induced gamma-band activities (30-70 Hz) recorded by the sensars
showing the Sl and Sl activities. (C) Topography of the induced gamma activities around the SI and Sli areas.
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Fig. 6. (A) Temporal-frequency analysis for all gradiometer sensors in a representative MS patient. (B) Induced gamma activities recorded by the sensors showing the SI and S
activities. In contrast to normal subjects, the absolute power of the high-frequency gamima activities (50-70 Hz) is relatively reduced in cSt. (C) Topography of the induced gamma
activities around the SI and SII areas.
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Fig. 7. Analysis of PLVs between ¢Sl and cSil. (A) The grand average of PLVs in normal
subjects shows increased PLVs in the entire gamma-frequency band (30-70 Hz). The
high PLVs in the high-frequency gamma-band (50-70 Hz) are observed in the earlier
latencies (mostly in the post-stimulus period of 20-50 ms), whereas those in the low-
frequency gamma-band (30-40 Hz) last up to 100 ms. There are also some phase-
locking activities of various frequencies during the fater post-stimulus period
(~100 ms). (8) In MS patients, decreased PLVs are noted in the entire frequency range.

of ¢SHl started at around 20 ms after electrical stimulation of the
median nerve, consistent with the latency of the direct thalamocor-
tical conduction to SII. Likewise, short-latency responses in Sl were
reported by a study with direct cortical recording (Barba et al., 2002),
which demonstrated that SEPs in SII could be generated at around
30 ms after the median nerve stimulation. Furthermore, transcranial
magnetic stimulation delivered at the SIl area at about 20 ms after
electrical stimulation of the median nerve specifically caused
facilitatory effect on motor reaction time (Raij et al, 2008), which
proposed the presence of the direct thalamocortical pathway to Sil.
Although we could not record the early-latency evoked responses in
SII, our results revealed a nonlinear relationship between the evoked
responses in SI and Sii. There was no significant correlation between
the latencies of N20m and ¢Sl both in normal subjects and MS
patients. Moreover, analysis of SEFs showed no significant differences
in the latencies and amplitudes of Sl responses despite the prolonged
latencies and decreased amplitudes of ¢SI deflections in MS patients,
Thus, it is plausible that the early-latency gamma oscillations in SII, as
reflected by the increased PLVs, might be partly mediated by the
direct thalamocortical input to SIL

We demonstrated the decrease in PLVs between SI and Sl in MS
patients compared with normal control subjects. The temporal-
frequency analysis demonstrated the preserved low-frequency
gamma activities (30-40 Hz) in MS patients, whereas the phase
synchronization was significantly impaired in the corresponding
frequency range. We also found that the PLVs between ¢Sl and ¢SlI
were reduced in the high-frequency gamma-band (50-70 Hz), while
the power of the high-gamma activities was relatively decreased. One
may argue that the decreased PLVs in the high-frequency gamma-
band may be attributable to the reduced power of the activity in MS
patients. However, PLV is theoretically independent of the power
fluctuations {Lachaux et al., 1999). Because subcortical U-fiber lesions
and periventricular white matter lesions in MS patients may
frequently involve the intra- and interhemispheric associative path-
ways. the lesion load might significantly contribute to the decreased

neuronal synchronization within the somatosensory cortical network.
In accord with this view, the significance of such altered functional
connectivity in MS patients was reported by some studies (Leocani et
al,, 2000; Cover et al, 2006; Arrondo et al,, 2009), demonstrating
disturbed neuronal synchrony in various frequency bands. The
impaired interhemispheric functional connectivity in MS was also
suggested by the non-correlation between the ¢Sl and iSll latencies in
the patient group. Although the assessment of intracortical connec-
tivity within SI in MS patients has been performed by a recent MEG
study using a synchronization index for the gamma-band activity
(Tecchio et al., 2008), it is notable that this is the first MEG study to
demonstrate impaired functional connectivity between SI and SII in
MS.

Our study also raises a question regarding the general assumption
that ¢SIi and iSII are activated sequentially via the transcaliosal fibers.
We observed no significant difference in the latencies and amplitudes
of iSll between the healthy subjects and MS patients, despite the
altered ¢Sl activity and the impairment of functional connectivity
between cSlI and iSIl in the latter group. Our findings suggest that the
functional disconnection of the bilateral somatosensory cortices does
not have a significant impact on iSIl activity. Similarly, a previous MEG
study performed in patients with ischemic stroke lesions showed
preserved responses of iSll, despite the diminished responses of ¢Sl
and ¢Sl (Forss et al,, 1999). These observations suggest that iSH}
receives direct input from the thalamus, and thus, the responsiveness
of iSIt is relatively independent of the activities of the contralateral
somatosensory cortices.

The multifocality of the lesions in MS may be a methodological
reservation of this study. The effect of individual lesions could not be
simply weighed due to dissemination of the lesions in the CNS. In
addition, we observed no significant changes in the evoked responses
of S despite the impaired SI response in MS. One may argue that
thalamocortical inputs can be reduced both in SI and Sli and that the
SII activities could also be affected. Since our patients showed only
mild disability, patients with more severe disability may reveal
different characteristics on the Sl responses. Alternatively, given that
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Fig, 8. Analysis of PLVs between cSIl and iSIH. {A) The grand average of PLVs in normal
subjects shows significantly increased PLVs in the low-frequency gamma-band (30~
40 Hz), which occurs between 30 and 100 ms. (B) Such an increase in PLVs is barely
neticeable in MS patients.
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