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Summary
The summary of image findings of autoimmune diseases

Because autoimmune diseases form a spectrum of
affecting systemic disorders with involvement of
many organs, there is a wide range of image find-
ings. Imaging diagnosis plays an important role in
recognizing the condition and identifying the associat-
ed autoimmune diseases. Here we comment on the
classification and recent topics concerning collagen
diseases. Furthermore, we review the image findings
for each organ.

Kayo Sagawa et al

Department of Allergy and Rheumatology
University of Tokyo
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Abstract

Fukuyama-type congenital muscular dystrophy (FCMD) is char-
acterized by muscular dystrophy and cortical dysgenesis of the cere-
brum and cerebellum. We investigated the extent and nature of tauopathy
in the brains of 7 postfetal (14-34 years of age) and 2 fetal (18- and
20-week gestational age) FCMD cases. In all postfetal cases, tauopathy
was found in the areas of cortical dysgenesis in the cerebrum, in
addition to predictable sites such as the hippocampus. In fetal cases,
the neuropil of malformed cerebral cortex was diffusely immunostained
with anti-aberrantly phosphorylated tau antibodies. By immunoelec-
tron microscopy, the epitope of the antibodies was associated with
microtubule-like bundles within cellular processes protruding through
disrupted glia limitans. In Western blot analysis. a unique 50-kDa
band of tau was detected in a fetal and a postfetal case. In addition,
3 to 4 tau bands of 60 to 68 kD, similar to tau in Alzheimer disease,
were also detected in the latter, After dephosphorylation, the insoluble
tau from the fetal and the postfetal cases showed highly similar immu-
noblotting patterns. This anomalous phosphorylation of tau may be
related to the development of the cortical dysgenesis in FCMD and
may shed light on the biologic function of tau in the development of
the central nervous system.
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INTRODUCTION

Fukuyama-type congenital muscular dystrophy (FCMD;
MIM 2533800) is the second most common muscular dys-
trophy next to Duchenne muscular dystrophy in Japan. An
autosomal-recessive disorder, FCMD is characterized by
severe congenital muscular dystrophy associated with brain
malformation, principally cerebral and cerebellar cortical dys-
genesis (I, 2). Recently, the FCMD gene was identified on
chromosome 9q31 and its gene product was named fidkutin (3).
However, the role of fukutin in various clinical presentations
of FCMD remains to be clarified.

The neuropathology of FCMD is characterized by
polymicrogyria of the cerebrum and cerebellum, pachygyria,
agyria, and anomalies of the pyramidal tracts (2) and is cat-
egorized as type Il lissencephaly (4). A migration disorder
during the period of brain development is thought to cause
these brain abnormalities (2, 5). Microscopically, the surface
of the brain in FCMD cases is covered with neurogliomesen-
chymal tissue (nGMT) containing mixtures of neuronal and
glial tissue. We and others have recently reported that there are
breaches of the glia limitans—basal lamina complex of the
brains and in the skeletal muscles in fetal (6, 7) and postfetal
(8. 9) cases.

Neurofibrillary tangles (NFTs) have been reported in
FCMD cases in the locus ceruleus, basal nucleus of Meynert
(10), and hippocampus (11), and thus FCMD has been clas-
sified as a secondary tauopathy along with muscle diseases
such as myotonic dystrophy, hamartomatous diseases such as
tuberous sclerosis (12), and infections such as subacute scle-
rosing panencephalitis (13), as well as metabolic diseases such
as Niemann-Pick type C disease (14) and Salla disease (15).
However, the phosphorylation of tau in these cases has not
been fully studied except in a few examples such as Niemann-
Pick type C disease (16) and myotonic dystrophy (17).

Here we examined both fetal and postfetal cases of
FCMD neuropathologically and biochemically and found
accumulation of aberrantly phosphorylated tau in the mal-
formed tissue from both groups. The immunochemical anal-
ysis of the insoluble tau from the fetuses and postfetal cascs
revealed that it included a unique band that was distinct from
the insoluble tau from typical Alzheimer disease (AD). Our
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study may shed new light on the roles of tau as well as fulkutin
in the developing human brain.

MATERIALS AND METHODS

Nine cases of FCMD were examined in this study, in-
cluding 2 fetal cases (18 and 20 weeks gestational age) and
7 postfetal cases (14-34 years of age, with mean 22.9 * 6.4
years of age, 6 males and one female). The profiles of the
FCMD cases are summarized in Table 1. All postfetal cases
had muscular dystrophy as well as brain malformation
accompanied by a defect in the basal lamina, fulfilling the
morphologic diagnostic criteria for FCMD (6, 9). Cases 1, 3,4,
6, 7, and 8 were also used in our previous studies (6, 8). Two
control fetal cases (23 and 24 weeks gestational age), 5
neurologically unremarkable age-matched postfetal cases (28—
43 years of age, 3 females and 2 males), 5 AD cases (based on
NIA-Ronald Reagan Institute Criteria) (18), and an 89-year-
old man with incidental polymicrogyria served as controls.
The 2 FCMD fetuses were aborted at their parents’ request as
a result of a prenatal diagnosis of FCMD based on the results
of microsatellite polymorphism analysis of the fetal DNA
(19, 20). The 2 control fetal cases were therapeutically aborted
because of the maternal medical condition. Informed written
consent for the use of the autopsy materials for research was
obtained for all the cases examined.

Neuropathology

The brain, spinal cord, and pieces of skeletal muscle
were sampled for examination. Half of the brain of case no. 1
and the frontal lobe of cases 2, 6, and 9 were kept frozen
for biochemical and molecular studies. Pieces of the frontal
lobe and the cerebellum from cases 2, 5, 6, and 9 were fixed
in 2.5% glutaraldehyde for ultrastructural studies. Pieces of
the frontal and occipital lobes and hippocampus from case no.
9 were fixed in 4% paraformaldehyde for 48 hours and
embedded in paraffin. The rest of the brain and spinal cord
were fixed in 10% buffered formalin and sliced in the coronal
plane at approximately 8- to 10-mm thickness. After macro-

scopic observation, the appropriate arcas were embedded
in paraffin.

Six-wm-thick sections were stained with hematoxylin
and eosin (H&E), Kliiver-Barrera, and Bodian silver staining,
periodic acid-methenamine (PAM), Watanabe, Bielschowsky,
and Gallyas-Braak (21) methods.

Immunohistochemistry

After deparaffinization, 6-pm-thick sections were pro-
cessed for single or double immunostaining using an automatic
immunostainer (Ventana 20NX, Tucson. AZ) (22, 23). The
following anti-tau antibodies were used for the study: ATS,
phosphorylated Ser-202/Thr-205 (Innogenetics, Temse, Bel-
gium); AP422, phosphorylated Ser-422 (a gift from Dr. Y.
Thara); and PHF1, Ser-396/404 (a gift from Dr. P. Davies).
Also used were antiubiquitin (Sigma, St. Louis, MO), anti-Af
(12B2, a.a. 11-28; IBL, Macbashi, Japan), antiphosphorylated
a-synuclein (psyn#64, a gift from Dr. T. Iwatsubo), antiphos-
phorylated neurofifament (SMI 31; Sternberger Monoclonals
Inc., Baltimore, MD), antimicrotubule-associated protein 2
(HM-2, Sigma), anticollagen type IV (CIV22; DAKO,
Carpinteria, CA), antiglial fibrillary acidic protein (GFAP;
Sigma), and antiHLADR (CD68; Sigma) antibodies. The
specimens were prepared without the primary antibodies as
negative controls.

Ultrastructural Study

Small pieces of the frontal lobe and cerebellar cortex
from cases 1, 5, and 9 and the hippocampus from case 9 were
fixed in 2% glutaraldehyde. postfixed in 1% osmium tetroxide.
and embedded in epoxy resin. One-micrometer-thick semithin
sections were stained with toluidine blue and an appropriate
area was trimmed for ultrastructural observation.

Immunoelectron Microscopic Study

Ten percent buffered formalin-fixed, paraffin-embedded
frontal lobe samples from the 2 fetal FCMD cases as well as
the 2 controls were cut at 30-pm thickness, placed on Aclar
film (Nisshin EM, Tokyo. Japan), and immunostained with

TABLE 1. Case Profiles of Fukuyama-Type Congenital Muscular Dystrophy

Case No. Age Gender PMI (hours) BW (g) Gait Epilepsy Mutation in Fukutin Gene

1 18 gw N'A N/A 20% Arg 47 Stop {exon3). insertion
2 20 pw M 4.2 40+ Insertion: homozygous
3 14 years M 12 N;A Impossible - N.E
4 19 vears M N:A N’A Ambulant until - NE

age 2 years
5 21 years M 2 1,400 Impossible - Insertion: homozy gous
6 21 years M 2 1,350 Ambulant until Insertion: homozygous

age 9 years
7 24 years M 5.5 1,160 Ambulant until + NE

age 7 years

8 27 years F NA NA Impossible - ¥ N.E
9 34 years M 5 1,350 Impossible Insertion: homozygous
ew. gestational week: PMI (h), postmortem interval (hours): BW, brain weight: N-A. notavailable: Insertion, retrotransposal insertion: —*, electroencephalography showed abnormal

discharge without epilepsy: N/E, not examined. +, The brain weight of normal controls (mean * standard deviation) estimated by gestational weeks was 29.4 % 8.4 ¢ for 18 weeks and

45.5 = 11.3 for 20 weeks (M)

© 2005 American Association of Newroputhologists, Inc.
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antiphosphorylated tau protein (AT8 and AP422) using the
avidin-biotin-peroxidase complex method (8). After the sam-
ples were fixed with 2% glutaraldehyde, postfixed in 1%
osmium tetroxide, and embedded in epoxy resin, appropriate
areas were trimmed and observed with an electron microscope
(JEOL 2000EX, Tokyo, Japan). The specimens were prepared
without the primary antibodies as negative controls.

Immunoblot Analysis of Phosphorylated tau
Sarkosyl-insoluble tau was extracted from fresh-frozen
brains of patients with FCMD (cases 1 and 9), AD, and from
a one-day-old rat. The tissues were homogenized with a
polytron homogenizer in 10 volume (w/v) of buffer consisting
of 10 mM Tris-HC! (pH 7.4), 0.8 M NaCl, 1 mM EGTA, and
10% sucrose and centrifuged for 15 minutes at 3,000 rpm
(1,000 X g). The supernatants were retained and ultracen-
trifuged for 20 minutes at 800,000 rpm (390,000 X g). The
pellets were resuspended in 10 volume (w/v) of homogeni-
zation buffer by sonication, brought to 1% Sarkosyl (w/v), and
incubated for 1 hour at room temperature. After a 20-minute
ultracentrifugation, the pellets were resuspended in 0.2 mL of
50 mM Tns-HCl (pH 7.4) per gram of starting material and
used for immunoblotting. Aliquots were electrophoresed on
10% SDS-polyacrylamide gels, transferred to Immobilon
membranes, and immunoblotted with anti-tau antibody, tau C
(430-441), and HT7 (Innogenetics), and visualized by the
avidin-biotin-peroxidase complex method (24, 25).

RESULTS

Macroscopic

Fetuses

The brain weight of the 2 fetal cases of FCMD was 20 g
and 40 g. respectively. The surface of the brain showed ex-

FIGURE 1. Macroscopic findings of
the Fukuyama-type congenital mus-
cular dystrophy brain. (A) A fetal
case of Fukuyama-type congenital
muscular dystrophy with extensive
fine wrinkles over the cerebral cortex
with frequent small verrucous regions
(arrows) (case 2) Scale bar = 5 mm,
(B) A normal control fetus (23-week
gestational age). (C) A postfetal case
(case 6) with typical polymicrogyria
(arrowheads). Scale bar = 2 cm.
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tensive fine wrinkles over the cercbral cortex with frequent
small verrucous regions (Fig. 1A, B) as has been previously re-
ported (6).

Postfetal Cases

The brain weights of cases 5, 6, 7, and 9 were 1,400 g,
1,350 g, 1,160 g, and 1,350 g, respectively (Table 1). The brain
weights of cases 3, 4, and 8 were not available. Bilateral
cerebral and cerebellar polymicrogyria, accentuated in the
frontal lobe and the cerebellar hemisphere, was seen to various
degrees (Fig. 1C). Pachygyria involving the parietal and oc-
cipital lobes was also observed in cases 8 and 9 (not il-
lustrated). In the serial coronal sections, fusion of the adjoining
gyri was often present in the frontal lobe, where polymicro-
gyria was seen in all cases. In one of the control cases,
incidental polymicrogyria with a similar structure was found in
the parietal lobe,

Light Microscopy Study of Cortical Dysgenesis

Fetuses

The histologic features of both fetal cases of FCMD
(Fig. 2) were essentially similar and therefore are described
together. The cerebral cortex was diffusely covered by
neurogliomesenchymal tissue (nGMT) (Fig. 2A, B) (6). The
nGMT was thicker in case 2 than in case 1. The neuroglial
elements located in the nGMT appeared to have migrated
outward through multiple breaches of the glia limitans (Fig. 2B).
The majority of the small blood vessels entered into the
cortical plate from the nGMT through the breaches, although
some of them appeared to penetrate into the cortical plate
through intact segments of the glia limitans. In addition to
heterotopic cortical plate neurons, the nGMT contained a few

© 2005 American Association of Newropathologisis, Inc.
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FIGURE 2. Microscopic findings of
brain malformation in a fetal Fukuyama-
type congenital muscular dystrophy
case (case 2). (A) A coronal section of
the left hemisphere at the hippocam-
pus (hematoxylin & eosin). Gliome-
senchymal tissue (arrows) with outer
placement of the granular layer (ar-
rowheads). Scale bar = 1 mm. (B)
Higher magnification of the area
indicated by arrowheads in the panel
(A). Asterisks indicate brain tissue
protruding into the neurogliomesen-
chymal tissue (NGMT). Arrowheads
indicate glia limitans (GL) and basal
lamina (BL) complex. Scale bar = 100
pm. (C) Disruption of the GL-BL
complex (arrowheads) visualized by
GFAP immunostaining in the interface
to the nGMT. Scale bar =100 p.m. (D)
The disruption of the GL-BL complex
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deeply located Cajal-Retzius cells, subpial granular layer cells,
and glial cells. In the parts of the cerebral cortex where the glia
limitans was well preserved, the cortical architecture was
normal. The breaches of the glia limitans were frequently
detected in the frontal, temporal, and parietal lobes but were
rare in the occipital cortex. In the cerebellum, the continuity of
the outer granular cell layer was disrupted and clusters of
granular cells were present in the subpial layer, where the cor-
tex was covered by nGMT. In the cerebellar hemisphere, the
structure partially resembled cerebellar polymicrogyria in the
postfetal cases. The glia limitans in the cerebral cortex was
immunoreactive to anticollagen type IV and GFAP antibodies,
and had frequent breaches in the frontal, temporal, and parietal
lobes (Fig. 2C, D).

Postfetal Cases

In the area with macroscopic polymicrogyria, nGMT
(including neural and ghal tissue) covered the brain surface.
The adjoining gyri were fused by obliteration of the sub-
arachnoid space with nGMT and the meningeal vessels were
entrapped. Within this nGMT, haphazardly scattered ectopic
neurons were detected, especially in the temporal lobe. In the
immunohistochemical study, breaches of the glia limitans in
the cerebral cortex were seen with anti-GFAP and collagen
type IV antibodies. nGMT itself was also immunoreactive to
anti-GFAP antibody.

Light Microscopy Study of Tauopathy
Fetuses

Gallyas-Braak silver staining was weakly positive in the
neural tissue protruding from the breaches of the glia limitans,

but no reaction was obtained with the Bodian or Bielschowsky
method. In case 2, the argyrophilic structures appeared to be

© 2005 American Associution of Newropathologists. Inc.

aggregated in the superficial layer of the nGMT. Inmununohis-
tochemically, AT8 and PHF1, which recognize the fetal
phosphorylation site of tau, reacted with the parenchyma of
both FCMD and control cases. However, AP422, which rec-
ognizes an abnormal phosphorylation site of tau that is present
in AD but absent from fetuses (24), reacted only with the
brains from FCMD cases (Fig. 3). The immunoreactivity was
not observed in the negative controls processed without the
primary antibodies (data not shown). The AP422-positive
structures protruded from the breaches of the glia limitans and
appeared to aggregate in the superficial layer of the nGMT
in case 2. The AP422-immunoreactive structures in the nGMT
were also stained with SMI 31 but not with anti-GFAP
antibody, indicating that these structures were of neuronal.
not glial, origin.

Postfetal Cases

NFTs and neuropil threads, visualized by silver staining,
were present in the hippocampus, entorhinal and trans-
entorhinal cortex, locus ceruleus, and basal nucleus of
Meynert in all of the postfetal cases examined. The number
and extent of NFTs were commensurate with age in cases 5, 6,
7. and 9. When the Braak staging for NFTs was applied, the
younger cases (cases 5 and 6) were classified into the entorhinal
stage, and the oldest case (case 9) was classified into the limbic
stage (26). In addition, a small number of NFTs were scattered
in the frontal and temporal lobes, cingulate gyrus. insular
cortex, raphe nucleus, dentate nucleus, substantia nigra, and
spinal anterior horn cells. Moreover, NFTs were also present in
the cctopic neurons (Fig. 4A) within the abnormal nGMT.
Swollen dendrites packed with NFTs were frequently seen
(Fig. 4B).
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FIGURE 3. Tauopathy in the Fukuyama-type congenital muscular dystrophy fetal brains. (A) The AT8-immunoreactive protruding
tissue (double arrowheads) from the parenchyma (asterisk) through breaches in the glia limitans (GL) and basal lamina (BL)
complex (arrowheads, case 1). (B) The same pattern in immunostaining with AP422. Arrowheads indicate GL-BL complex and
double arrowheads, protruding neural tissues from the brain parenchyma (asterisk). (C) AT8-immunoreactive ectopic tissue
(asterisk). Arrowheads indicate GL-BL complex (case 2). (D) The same pattern in immunostaining with AP422, The asterisk
indicates AP422-positive nGMT and arrowheads indicate GL-BL complex. (E) Superficial AT8 immunoreactivity in a control fetus.
Arrows indicate the surface of the brain and asterisk, the deep cortical layer. (F) No immunoreactivity with AP422 in the control
fetal brain (the same area in panel [E]). Scale bar = (A-F) 100 pm.

Immunohistochemical studies with antiphosphorylated
tau antibodies detected more widespread abnormal structures
than the silver staining methods in the malformed tissue as
well as structures with apparently normal development in all
the postfetal cases (Fig. 4C-G). The former included the arca
of the cortical fusion, nGMT, the ectopic neuronal tissue in the

1122

cerebral subpial layer, and the perivascular area (Table 2),
including those in the younger cases (cases 3 and 4), but did
not include the cerebellar polymicrogyria.

Neither anti-Af norantiphosphorylated a-synuclein anti-
bodies stained any structure. In the case of incidental poly-
microgyria (89-year-old man), phosphorylated tau-positive

© 2005 American Association of Neuropathologists, Inc.

-409-



J Neuropathol Exp Neurol ¢ Volume 64, Number 12, December 2005

Tauopathy in FCMD

L T
e TR

i i

L R

REPEERR  t

FIGURE 4. Tauopathy in postfetal cases of Fukuyama-type congenital muscular dystrophy. (A) Neurofibrillary tangles (NFT) (arrow) in
the area of adhesion (case no. 8). Scale bar =40 pm. (B) An NFT in an ectopic neuron in the hippocampus. Scale bar =40 pm. (C) Serial
section of panel (B). AT8 immunostaining. Scale bar = 40 pwm. (D) In addition to diffuse staining of the parahippocampal gyrus (asterisk),
ectopic tissue including neuronal cytoplasm (arrow) shows AT8-immunopositive staining. Scale bar = 200 um. (E) Neurofibrillary
tangles (arrows) and neuropil threads visualized by AT8 immunostaining in the parahippocampal gyrus. Scale bar = 100 wm. (F) Ectopic
tissue (asterisk) as well as perivascular area (arrow) showing positive AT8 immunostaining. Scale bar = 100 pum. (G) Ectopic tissue from
the temporal lobe (AT8 immunostaining). The arrow indicates immunoreactive perivascular tissue. Scale bar = 100 pm.

structures were seen only in the entorhinal and transentorhinal
areas, but not in the area of polymicrogyria.

Electron Microscopic Study
Fetuses

In the nerve processes protruding into the nGMT from
the breaches of the glia limitans, bundles of microtubules were
seen but no paired helical filaments (PHFs) were identified
(Fig. 5A). An immunoelectron microscopic study demon-
strated both AT8- and AP422-immunoreactive tubules in the

© 2005 American Association of Neuroputhologists. Inc.

same area (Fig. 5B). No immunostaining was detected either in
the normal controls or the negative controls processed without
the primary antibodies (data not shown).

Postfetal Cases

NFTs composed of PHFs were seen in the hippocampus
from cases 7 and 8 (Fig. 6B). Anomalously shaped NFTs
were only seen in FCMD cases. Hirano bodies (data not
shown) and granulovacuolar changes wete also seen in FCMD
cases (Fig. 6A).
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TABLE 2. Summary of Phosphorylated Tau-Related Structures in Relation to Cerebral Cortex

Ptau-Immunoreactive Structures Neurofibrillary Tangles
Limbic Limbic Neocortex Neocortex Limbic Limbic Neocortex Neocortex
Case No. Regular Ectopic Regular Ectopic Regular Ectopic Regular Ectopic

1 - -t - Y — — — —
2 -+ -+ + + - - — -
3 § =+ — — — — —
4 + T + i i — - — —
5 + + + i t + - +
6 + t -+ + + + — i
7 + -+ + + t + ot + + + +
8 + -t 3 + -+ i+ ++ + + +

+ -+ 1 + t + ++ + -t +
Ptau, phosphorylated tau.

Immunoblotting With Anti-tau Antibodies 3 major bands of tau: 60, 64, and 68 kD that were similar to

A unique 50-kD band was present in a fetal FCMD case  Pathologic tau in AD, plus some minor bands, as well as a
and was very weakly detected in a rat fetus used as a control ~ 50-kD band similar to the 50-kD band observed in the fetal

(Fig. 7). In a postfetal case of FCMD (case 9), there were ~ FCMD case. After dephosphorylation, the insoluble tau from

.
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FIGURE 5. Ultrastructure of the antiphosphorylated tau-
immunoreactive structure in a fetal case of Fukuyama-type
congenital muscular dystrophy (case 1). (A) Higher magni-
fication of the neural tissue protruding from glia limitans—basal a postfetal case of Fukuyama-type congenital muscular
lamina complex. Microtubules (asterisk) with focal constriction dystrophy (case 6). (A) NFT-bearing neuron. "G’ indicates
(arrows). Scale bar = 500 nm. (B) The tubules in the protruding the granulovacuolar degeneration. Scale bar = 500 nm. (B)
tissue, decorated by AP422 (arrow) (avidin-biotin complex Higher magnification of NFTs indicated in panel (A), which
preembedding method). Scale bar = 500 nm. The decoration consists of paired helical filaments (arrowheads) identical to
was abolished by skipping the application of APP422, those observed in Alzheimer disease. Scale bar = 200 nm.

1124 © 2005 American Associution of Neuroputhologists, Inc.
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FIGURE 7. Biochemical analysis of tau in Fukuyama-type
congenital muscular dystrophy (FCMD) brains. Immunoblots
of sarkosyl-insoluble tau from one-day-old rat (lane 1), FCMD
fetus (lane 2), FCMD postfetal case (lane 3), and Alzheimer
disease (AD) (lane 4) brains with anti-tau antibody Tau C (430-
441) and the sarkosyl-insoluble fraction after dephosphoryta-
tion stained with HT7. Note the presence of a 50-kD band in
the fetal case of FCMD (lane 2), whereas there is only a very
weak corresponding band in the fetal rat as a control (lane 1).
In the postfetal case of FCMD (lane 3), 3 major tau bands of 60,
64, and 68 kD, which are similar to pathologic tau in AD (lane
4), plus some minor bands, as well as the 50-kDa band similar
to that in the fetal FCMD case, were detected in the sarkosyl-
insoluble fraction. After dephosphorylation, tau from the fetal
(lane 5) and postfetal (lane 6) FCMD cases showed similar
immunoblotting patterns and were richer in 3-repeat tau than
was tau from AD (lane 7).

the fetus and the postfetal cases showed highly similar immu-
noblotting patterns and were more enriched in three-repeat tau
than the insoluble tau from typical AD cases.

DISCUSSION

We report here for the first time a widespread tauopathy,
or aberrant phosphorylation of tau, associated with brain
malformation in fetal as well as postfetal cases of FCMD. The
aberrant phosphorylation of tau in the malformed brain may be
related to the abnormality of axonal development. It is not
clear whether the 50-kDa band is of primary or secondary sig-
nificance; however, it is common to both fetal and postfetal
cases of FCMD, It is reasonable to assume that the 50-kD band
observed in Western blots may correspond to the diffuse
immunostaining in the neuropil of the malformed tissue with
antiphosphorylated tau antibodies in both the fetal and the
postfetal cases. Although only one fetal and one postfetal case
were analyzed and no data were obtained for the brains of the
control fetuses, the 50-kDa bands found in both in the fetal and
postfetal FCMD are probably worthwhile reporting at this time
in view of the difficulty of obtaining further tissues for analysis.

The location of aberrantly phosphorylated tau on struc-
tures similar to microtubules in the fetal case may indicate the
loss of dynamic stability of microtubules in the abnormal envi-
ronment. In-FCMD cases, a tau band with an apparent molec-
ular weight of 50 kDa was detected in the insoluble fraction.
The lower molecular weight is likely to represent a lower level
of tau phosphorylation because no degradation band was
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observed after dephosphorylation. These results suggest that
the level of tau phosphorylation in the fetal stage, which is
lower than the phosphorylation level in AD brains, may be
sufficient to cause the accumulation of tau in FCMD brains. In
FCMD, the aggregated (accumulated) tau may be converted to
the filamentous form of the aggregates by further phosphor-
ylation. It may also promote PHF formation by acting as a kind
of seed.

The causative gene for FCMD has been shown to be
expressed in developing neurons in the fetal brain by immu-
nocytochemistry (27) and in situ hybridization (28), and is
expressed at a lower level in the glia cells (29). More recently,
congenital muscular dystrophies, which are said to be caused
by defects in known or putative glycosyltransferases, have
been shown to be commonly associated with hypoglycosyla-
tion of a~-dystroglycan and a marked reduction of its receptor
function (30). At present, fukutin is thought to play a cofactor
role in glycosyl transfer at the Golgi membrane (Xiong
et al, unpublished data). Because neuron-specific ligands for
a-dystroglycan have been identified (31). fukutin may play a
crucial role in neuronal migration by interacting with glycosy!
residues in the matrix. Because several reports have indicated
a direct link between abnormal protein glycosylation and
aberrant phosphorylation of tau (32), fukutin could also play
a role in the integrity of microtubules, a major cytoskeletal
structure in neurite growth. Thus, the altered metabolism of tau
in the malformed tissue of FCMD may represent a downstrean
event of the mutation of fukutin in the developing brain.

The phosphorylated insoluble tau from AD was reported
to be similar to that from Niemann-Pick type C disease (16)
but different from that from myotonic dystrophy (17). The
phosphorylated tau from FCMD was apparently richer in
three-repeat tau and less phosphorylated than that from AD.
Although the formation of NFTs is a final common pathway of
cytoskeletal alterations common to AD, the process of reaching
that point may involve abnormal processing of tau that is
specific to each original pathologic process. Thus, the study of
tau in FCMD could provide new evidence about the patho-
genesis of NFT formation.
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