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cord. Because the spike wave reflects action potentials, it
shows propagation along the axonal pathway toward the
cranial region. The amplitude of the spike wave is less influ-
enced by the frequency of the stimulation, whereas the gen-
tle waves do not propagate and decrease their amplitude
with high frequency stimulation because of synaptic fatigue
(Ertekin, 1976; Cracco, 1973; Saiki, 1979; Shimoji et al.,
1972). In our experiment, E1 showed polyphasic configura-
tions probably reflecting plural axonal currents. This could
possibly be due to differences in nerve root length or the
conductivity of each neural fiber in the spinal cord.

In this study we observed two different types of magnetic
signals: propagating sharp waves in the short latency time
and stationary gentle waves in the late latency time.

Comparing the results of the recorded SCEPs and
SCEFs within the same subject, the latency of El in
SCEPs and M1 in SCEFs at the center of the quadrupo-
lar magnetic fields was nearly the same at the same ver-
tebral level, and similarly, the latency and duration of E2
in SCEPs almost corresponded to that of M2 in SCEFs
(Fig. 5). In addition, the conduction velocity of El and
M1 was close at around 60-100 m/s, which is reasonable
for the physiological value of neural conduction velocity
(Akaike, 1973; Fukuoka et al., 2002). In the isomagnetic
field maps, unlike the propagating quadrupolar fields, the
dipolar fields sustained their position and, similar to E2
in SCEPs, they became unclear when high frequent stim-
uli were applied. Though the complicated volume cur-

rents by vertebral structures and gaps of them have a
possibility to affect segmental magnetic events, removing
dorsal bony interruption by lumbar laminectomy would
decrease the effects of these volume currents. Thus, the
quadrupolar field was considered to be constructed from
M1 and was generated from the primary afferent nerves
and the white matter, while the dipolar fields were
thought to be constructed from M2 and originated from
synaptic activities.

Two different types of estimated current sources, the
conductive current flow and stationary currents, would
support this conclusion. The forward and backward cur-
rent flow, corresponding to the quadrupolar magnetic field
in the latency, would account for the intra-axonal current
flow derived from the action potential propagating from
the sciatic nerve to the spinal cord. The following station-
ary and sustained currents, which emerged and faded away
spontaneously, corresponded to the location of the dipolar
fields, respectively. The minimum-norm estimation is a
popular method for estimating the current distribution in
the human brain from MEG data. We adopted this method
to estimate current sources. Visualized current sources
helped us to better understand simultaneous and adjacent
phenomenon more easily.

In most of the subjects, the isomagnetic fields and the
estimated currents showed that apparently plural static
current sources emerged at different levels on the spinal
cord.
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Fig. 5. Isomagnetic contour maps of the quadrupolar pattern and stationary dipolar fields were projected on the X-ray image. When comparing the results
of the measurements of SCEP and SCEF at about the L6 vertebral level, the latency of the spike wave in SCEP (1.7 ms) corresponded to that of the center
of the quadrupolar magnetic field. This indicates that the quadrupolar magnetic field was generated from the primary afferent. The latency and duration of
the following gentle waves in both SCEP and SCEF were also the same, indicating that stationary and sustained dipolar ficlds were derived from synaptic

activities.
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Neuromagnetic recordings were thought to be able to
visualize axonal activities in the sciatic nerve which flowed
into the spinal cord from L6 to S2 nerve roots, climbing up
the spinal tracts and activating synaptic transmissions at
L6, L5 and L4, in order. The difference in the nerve root
length which diverged from the sciatic nerve would reflect
the order of appearance of each segmental synaptic activ-
ity. The last sustained dipolar field, fired at about the L6
level, indicates that the main segment of sciatic nerve of a
rabbit may exist at around the L6 level.

The direction of the synaptic currents did not show uni-
formity. Although our system is not suitable to measure
vertical elements of currents because pick-up coils are
placed horizontal to the X-Y plane and designed to mea-
sure only orthogonal elements of evoked magnetic fields,
further analysis to examine current directions on the Y-Z
or X-Z plane would be required for rational explanation
of the incoherent synaptic current directions.

In the case of clinical use, stimulation of the peripheral
nerve has a great advantage compared with stimulation
of the spinal cord using an epidural catheter electrode
because peripheral nerves are easily stimulated non-inva-
sively from the skin. The ultimate aim of neuromagnetic
recordings is to evaluate the function or the lesion level
of the spinal cord without using invasive techniques. The
measurement of segmental-SCEFs could become a helpful
method to evaluate both the function of multi-segmental
synaptic activities and conductive axonal activities in the
spinal cord at one time.
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ARTICLE

A Functional Polymorphism in COLT1AT, Which Encodes the
«1 Chain of Type XI Collagen, Is Associated with Susceptibility

to Lumbar Disc Herniation

Futoshi Mio, Kazuhiro Chiba, Yuichiro Hirose, Yoshiharu Kawaguchi, Yasuo Mikami, Takeshi Oya,
Masaki Mori, Michihiro Kamata, Morio Matsumoto, Kouichi Ozaki, Toshihiro Tanaka,
Atsushi Takahashi, Toshikazu Kubo, Tomoatsu Kimura, Yoshiaki Toyama, and Shiro Ikegawa

Lumbar disc herniation (LDH), degeneration and herniation of the nucleus pulposus of the intervertebral disc (IVD) of
the lumbar spine, is one of the most common musculoskeletal diseases. Its etiology and pathogenesis, however, remain
unclear. Type XI collagen is important for cartilage collagen formation and for organization of the extracellular matrix.
We identified an association between one of the type XI collagen genes, COL11A1, and LDH in Japanese populations.
COL11A1, which encodes the a1 chain of type XI collagen, was highly expressed in IVD, but its expression was decreased
in the IVD of patients with LDH. The expression level was inversely correlated with the severity of disc degeneration. A
single-nucleotide polymorphism (c.4603C~T [rs1676486]) had the most significant association with LDH (P = 3.3 x
1079), and the transcript containing the disease-associated allele was decreased because of its decreased stability. These
observations indicate that type XI collagen is critical for IVD metabolism and that its decrease is related to LDH.

Lumbar disc herniation (LDH), degeneration and herni-
ation of the nucleus pulposus of intervertebral disc (IVD)
of the lumbar spine, is one of the most common mus-
culoskeletal diseases.’® Its etiology and pathogenesis,
however, remain unclear. Genetic factors have been im-
plicated in the etiology of lumbar disc degeneration.** Ge-
netic abnormalities of the extracellular matrix (ECM) are
implicated in disc degeneration and LDH. Phenotypes of
transgenic mice and human mutations underscore the
candidacy of ECM genes as susceptibility genes for LDH.%
Several researchers have reported the association of ECM
protein genes, including genes for type 1X collagen®® and
aggrecan,’® with lumbar disc disease (LDD). We reported
elsewhere that cartilage intermediate layer protein and as-
porin—ECM proteins highly expressed in IVD, as well as
articular cartilage—are implicated in LDD.'"*?

Type XI collagen is a cartilage-specific ECM protein im-
portant for cartilage collagen fibril formation and for ECM
organization.”**¢ Type XI collagen is composed of three
a-chains, «1(XI), «2(XI), and «3(lI), which are encoded
by COL11A1, COL11A2, and COL2A1, respectively. The
three chains fold into triple-helical heterotrimers to form
procollagen, which is secreted into the ECM, where it par-
ticipates in fibril formation with other cartilage-specific
collagens, type Il and IX collagens." Type XI collagen reg-
ulates the diameter of cartilage collagen fibrils. Its N-ter-
minal noncollagenous region limits the appositional lat-

eral growth of the fibril by blocking further accretion of
type II collagen.'*** Chondrodysplasia in mouse (cho) is
an autosomal recessive disorder due to a frame-shift mu-
tation of COL11A1.'® The collagen fibrils of cho mice are
much thicker than normal.’®!” Thus, type XI collagen has
a critical role in the organization of the supramolecular
architecture of cartilage collagen.

Type XI collagen is present in IVD, both in the annulus
fibrosus and nucleus pulposus,'® but its significance in
LDH is not known. Type XI collagen is a quantitatively
minor component of cartilage collagen fibrils, but it is
essential for the interaction between proteoglycan (PG)
aggregates and collagens. It binds with high affinity to PG,
which is important in vivo for anchoring cartilage PG to
the collagen fibrillar network.'® Mutations in type XI col-
lagen cause various types of chondrodysplasias in human,
including Stickler syndrome type II (MIM #604841), Mar-
shall syndrome (MIM #154780), and oto-spondylo-mega-
epiphyseal dysplasia (MIM #215150). These disorders are
collectively termed “type XI collagenopathies,”?® and all
are complicated by abnormalities of the spine, including
narrowing of the IVD. In particular, patients with Stickler
syndrome have spondylar abnormalities and Schmorl’s
node (disc herniation into the vertebral body).?' These
human mutations are in vivo evidence that type XI col-
lagen is critical for IVD integrity; thus, the type XI collagen
genes are good candidates for the gene that causes LDH.
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Table 1. Clinical Characteristics of Subjects

Age
Screening No. of (years) Male
and Group Subjects Mean * SD  Range (%) BMI’
1st:
Case:
LDOD® 188 26.5 * 10.4 13-74 40.0 21.0
LDH only 130 25.5 * 6.9 13-66 54.0 21.1
Control 179 58.7 + 11.7 23-81 6.0 23.0
2nd*:
Case 359 41.4 + 14.6 15-77 62.4 23.1
Control 286 69.6 + 9.2 38-87 58.4 24.3
3rd*:
Case 334 41.8 + 15.1 11-83 61.3 23.4
Control 376 53.9 + 9.7 13-86 47.6 22.2

* BMI calculated as body weight in kilograms divided by the square
of height in meters.

® Includes disc degeneration only and LDH.

¢ Case group in the 2nd and 3rd screenings has LDH only.

Here, we present evidence that COL11A1, one of the
type XI collagen genes, contributes to the genetic risk of
LDH in Japanese. We have observed significant association
between LDH and a functional SNP in COL11A1 in in-
dependent Japanese populations. COL11A1 was highly ex-
pressed in IVD, but its expression was decreased in the
IVD of patients with LDH. COL11A1 expression level was
inversely correlated with the severity of disc degeneration
in patients with LDH, and the transcript containing the
disease-associated allele of the SNP was decreased.

Material and Methods
Study Population

All subjects were Japanese who were living in the middle part of
the Honshyu island in Japan (table 1). They visited the partici-
pating hospitals and received medical examinations. For the ini-
tial screening, we recruited 188 case patients with LDD and 179
control subjects. The mean ages of the case and control groups
were 26.5 and 58.7 years, respectively. The case group included
58 patients who had no herniation (disc degeneration only) and
130 patients with LDH. The mean age of the LDH case patients
was 25.5 years. For the second screening (replication study), we
recruited 359 patients with LDH and 286 control subjects. The
mean ages of the case and control groups were 41.4 and 69.6
years, respectively. For the third screening, we recruited 334 pa-
tients with LDH and 376 control subjects. The mean ages of the
case and control groups were 41.8 and 53.9 years, respectively.
Subjects for the initial, second, and third screenings were re-

cruited at the participating hospitals in the Toyama, Tokyo, and
Kyoto areas, respectively. All LDH case patients had unilateral
pain radiating from the back along the femoral or sciatic nerve
to the corresponding dermatome of the nerve root with duration
of >3 mo. Radiographic examination, including functional four-
direction images and magnetic resonance imaging (MRI) (sagittal
and axial images obtained with a 1.5-T imaging system), revealed
positive findings indicating disc herniation. The degree of disc
degeneration was evaluated by MRI and was scored according to
Schneiderman’s classification.? Of the affected individuals, 787
case patients underwent surgical treatment, and the other indi-
viduals with LDH were treated conservatively. All were followed
up for >1 year. We excluded from the study individuals with spinal
canal stenosis, spondylolisthesis, spondylosis, synovial cysts, spi-
nal tumor, and trauma. We also excluded those who had occu-
pational and/or habitual risk factors, such as heavy manual la-
borers, occupational drivers, and heavy smokers. We obtained
informed consent from each subject, as approved by the ethical
committees at the SNP Research Center of RIKEN and the par-
ticipating hospitals.

Genotyping

We selected sequence variations of the type XI collagen genes
(COL11A1, COL11A2, and COL2A1) for the first screening from
the International HapMap Project database and JSNP Database.
The SNPs covered >90% of the alleles with an r* value =0.8. We
identified additional sequence variations in COL11A1 by direct
sequencing of a 230-kb region of DNA from 24 case patients. We
extracted genomic DNA for genotyping from peripheral blood
leukocytes of the subjects and genotyped SNPs as described
elsewhere.''2

Haplotype Structure and Statistical Analyses

We estimated haplotype frequencies, using the expectation-max-
imization algorithm and pairwise linkage-disequilibrium index
(D’ and A in 465 control individuals, as described elsewhere).? x*
tests were used to compare cases with controls for allelic and
genotypic frequencies; the odds ratio (OR) and its 95% CI were
calculated. We used a permutation test to adjust significance in
the analysis of association between the COL11A1 SNPsand LDH.*
We performed 107 permutations of the cases and the controls.
Bonferroni correction was applied when significance was adjusted
for the number of SNPs genotyped. MRI data, real-time PCR data,
and mRNA stability data were tested using Student’s ¢ test.

Analysis of COL11A1 Expression

We extracted and purified total RNAs and synthesized randomly
primed cDNAs, using Multiscribe reverse transcriptase (PE Ap-

Table 2. Association between LDH and c.4603C—T (rs1676486) in COL11A1
No. of Cases No. of Controls T Allele
with Genotype Total with Genotype Total Frequency
Screening —2" " No.of - - No. of
and Case Group  CC cT 1L Cases cC cT TT  Controls Case Control P OR (95% CI)
1st:
LoD® 85 86 17 188 99 67 13 179 31 .26 .076 1.34 (.97-1.84)
LDH only 55 60 15 130 99 67 13 179 .34 .26 .020 1.51 (1.07-2.14)
2nd:
LDH only 149 163 47 359 154 108 21 283 .35 .26 .00038  1.55 (1.21-1.97)
* Includes disc degeneration only and LDH.
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