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Abstract
Myotonic dystrophy (DM) is the most prevalent muscular dystrophy involving multisystem
disorder. Previously we showed that the gene product of DM: myotonic dystrophy protein
kinase (DMPK or myotonin protein kinase) was mainly localized in the terminal cisternae of
the sarcoplasmic reticulum (SR) by immunoelectron microscopy. We describe here that
DMPK is specifically localized in muscle fibers with slow myosin heavy chain (MHC), but
not with fast MHC by using double immunofluorescent labeling of anti-DMPK and slow or
fast MHCs antibodies. Staining pattern of DMPK is observed in three different intensities
(strong, moderate and weak) in type I muscle fibers with even intensity of slow MHC staining.
In the high magnification of a type I muscle fiber, the cross-striated bands of DMPK are not
co-localized with those of slow MHC nor SERCA II ATPase, which is well known to be
localized in longitudinal SRs. This is consistent with our previous study that DMPK is localized
in the terminal cisternae of SRs. Our present finding is quite important to investigate the
function of DMPK and to know the pathophysiological basis of DM because it is well known
that specific type I atrophy is commonly observed in DM muscles.
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Myotonic dystrophy (DM) is the most prevalent heredi-
tary muscular dystrophy involving multisystem disorders
[9]. The gene responsible for DM is localized on chromo-
some 19ql3.3. The molecular defect of DM has been
shown to be a (CTG)n multiple repeat situated in the 3'
noncoding region of the myotonic dystrophy protein ki-
nase (DMPK or myotonin protein kinase)[2, 3,8]. To in-
vestigate the localization and function of DMPK, we raised
a polyclonal antibody against a synthetic peptide chosen
within the deduced sequence of DMPK [18]. We already
reported that DMPK was a membrane-bound protein lo-
calized mainly in the terminal cisternae of sarcoplasmic
reticulum (SR) by immunoelectron microscopy [19].

Previous immunocytochemical analysis has suggested
that DMPK is localized predominantly at sites of
neuromuscular and myotendinous junctions in adult mus-
cle [14, 20, 21]. We now investigate whether DMPK is
localized in neuromuscular junction in vivo and in vitro by

using our C-terminal polyclonal antibody against DMPK.
It has been commonly accepted that DM muscle shows
predominant type I atrophy. It is quite important to know
the type-specific localization of DMPK in skeletal muscle.
Regarding SR proteins, it is well known that ATP depend-
ent calcium pumps in SR or endoplasmic reticulum (ER)
are responsible for the maintenance of low cytoplasmic
free Ca + concentrations. The ATP pumps are encoded by
a family of structurally related enzymes, termed the sarco-
plasmic or endoplasmic reticulum (SERCA) ATPases. The
SERCA I gene is exclusively expressed in type II (fast)
skeletal muscle, but the SERCA II gene is subject to tissue
dependent processing which is responsible for the genera-
tion of SERCA Ha muscle-specific isoform expressed in
type I (slow) skeletal muscle, cardiac and smooth muscle
and the SERCA lib muscle-specific isoform expressed in
all cell types. SERCA ATPases are known to be localized
mainly in longitudinal SR. As it is important to know the
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special localizations among SR proteins to know their
functional roles in SRs, we also performed double im-
munofluorescent studies of DMPK and SERCAII ATPase
in human skeletal muscle.

Materials and Methods

Innervated human muscle culture

Diagnostic muscle biopsies from five patients, whose
biopsies muscles showed mainly neurogenic or nonspe-
cific changes, were used. Aneural human muscle cultures
were established according to an explant-re-explantation
technique [1]. Aneural human muscle cells were cultured
in 67% Dulbecco's modified Eagle's medium (DMEM;
Gibco, Grand Island, NY), 23% medium 199 (Gibco), 10%
fetal bovine serum (FBS), supplemented with 12.5 ng/ml
human basic fibroblast growth factor (Pepro Tech, Rocky
Hill, NJ),. 10 ng/ml human epidermal growth factor (Pepro
Tech), and 10 jug/ml insulin (Sigma Chemical Co., St.
Louse, MO). The cultures were fed twice a week. For
innervation experiments, explants of spinal cord with dor-
sal root ganglia from 13-day-old fetal rats (Sprague
Dawley) were placed on top of the muscle cells in a
monolayer as previously described [11, 13]. Innervated
human muscle fibers were cultured in 90 % F14 (Kojin-
Bio, Sakado, Saitama, Japan) and 10% FBS supplemented
with 10 |iig/ml insulin.

Immunocytochemical studies

We used an affinity-purified polyclonal antibody raised
against human DMPK [19], monoclonal antibodies against
human myosin, which recognize slow and fast types of
myosin heavy chain (MHC) isoforms (a generous gift from
Prof. Shimizu, Department of Neurology, Teikyo Univer-
sity), a monoclonal antibody against SERCA II ATPase
(MA3-910, Affinity Bioagentsjnc., Neshanic Station,
NJ), and fluorescein-isothiocyanate (FITC)-conjugateda-
BGT (Molecular Probes, Inc., Eugene, OR) to identify
acetylcholine receptors (AChRs).

Immunefluorescent study of double labeling of
DMPK/Oi-BGT on innervated contracting human mus-
cle fibers

For double labeling of DMPK/a-BGT, the innervated
contracting human muscle fibers were fixed and incubated
with anti-DMPK antibody for 60 minutes. After washing
in PBS for 30 minutes, they were incubated with rho-
damine-conjugated anti-rabbit IgG. Eventually they were
incubated with FITC conjugated a-BGT.

Immunofluorescent studies of double labeling of
DMPK/a-BGT, DMPK/slow orfastMHCs and DMPK
/ SERCA II ATPase on biopsied adult human skeletal
muscle

Frozen muscle biopsy specimens showing only non-spe-
cific changes were sliced at 7 |um thickness in a cryostat
and mounted on poly-L-lysine coated slide glasses and
air-dried for 30 minutes. The cryosections were preincu-

bated for 30 minutes with PBS containing 2% bovine
serum albumin (BSA) and 5% goat serum (G solution).
The sections described above were incubated with anti-
DMPK antibody in G solution at 4°C overnight. After
washing in PBS for 20 minutes, the sections were incu-
bated with rhodamine-conjugated goat anti-rabbit IgG
(Cappel, West Chester, PA) in G solution at room tempera-
ture for 1 hour, washed in PBS. For double immunofluo-
rescent labelings of DMPK/a-BGT, DMPK / slow or fast
MHCs and DMPK / SERCA II ATPase, the tissue sections
were incubated with FITC conjugated a-BGT, anti-slow
or fast MHCs, or SERCA II ATPase antibodies at 4°C
overnight, washed, and incubated with FITC labeled goat
anti-mouse IgG (Cappel) at room temperature for one
hour. For the immunocontrol staining, PBS or normal
rabbit or mouse serum was used instead of the primary
antibodies. After the application on coverslips, the sections
were observed with a confocal laser scanning microscope
(Carl-Zeiss,LSM310).

Image analysis by confocal microscopy

For double immunofluorescent stained tissue sections or
cultured cells, data from two channels were collected
simultaneously, thus providing a precise colocalization,
and individually analyzed to show the localization of each
antigen. The data from one channel are indicated in green
(FITC-fluorescence: excitation, 488 nm argon laser) and
the data from the other channel are indicated in red (rho-
damine-fluorescence: excitation, 543 nm HeNe laser). To
examine the distribution of the two antigens, data from
both channels were overlaid to produce a single image on
which regions of colocalization are indicated in yellow.
For tissue culture studies, phase-contrast micrographs
were simultaneously taken with immunofluorescent pic-
tures.

Results

Immunofluorescent double labeling studies of DMPK
and a-BGT in vivo and in vitro

Fig. la & b clearly shows that DMPK is co-localized in
a a-BGT binding site in adult human tissue and also
appears in cross striation pattern in a longitudinal section
of skeletal muscle. In human cultured muscle cells inner-
vated with fetal rat spinal cord, immunofluorescent double
labeling study of DMPK and a-BGT show that linear or
varicose structure of DMPK (Fig. Ic) is colocalized in a
cluster of ACHR (a-BGT binding site; Fig. Id, e), where
a nerve terminal is detected using phase-contrast micros-
copy (Fig. If).

Immunofluorescent double labeling studies of DMPK
and slow or fast MHCs

Low power views of immunofluorescent double labeling
of DMPK and slow or fast MHCs clearly show that DMPK
staining is completely negative in type II muscle fibers
(Fig. 2d-f) and DMPK is exclusively colocalized in type I
muscle fibers (Fig. 2a-c). The intensity of DMPK in type
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Figure 1. Double immunofluorescent labeling of DMPK (a, c) and a-BGT (b, d) on adult skeletal muscle (a, b) and
innervated cultured human muscle cells (c-f). e: A simultaneous picture of double immunofluorescent pictures of
DMPK/ a-BGT and the phase-contrast picture (f) by confocal laser-scanning microscopy. In adult skeletal muscle,
a cross-striated pattern of DMPK is observed in a longitudinal section (a) and varicose appearance of DMPK
(arrow in a) is colocalized with the exact same appearance of a a-BGT binding site (arrow in b). The exact same
co-localization of DMPK (c) and a-BGT binding site (d) are observed in the triple immunofluorescent and phase
contrast picture (e), in which a nerve terminal is clearly detected (arrowheads in c-f). Co-culture was for 38 days.
Bar, 10 [im.

I muscle fibers is variable [strong (arrows), moderate
(arrowheads) and weak (double arrowheads) in Fig. 2a-fj.
As immunofluorescent intensity of slow MHC in type I
muscle fibers is equal, type I muscle fibers with strong,
moderate or weak iminunofiuoresence of DMPK express
orange, dark orange or green, respectively in the simulta-
neous double-immunofluorescent pictures (Fig. 2c). In
high power views of a longitudinal section of human
skeletal muscle, a binding pattern with doublet of DMPK
exists between a cross-striated pattern of slow MHC and
no colocalization of DMPK and slow MHC is observed
(Fig. 2g-i).

Immunofluorescent double labeling studies of DMPK
and SERCA IIATPase

Low power views of immunofluorescent double labeling
of DMPK and SERCA II ATPase show that DMPK stain-
ing is exclusively colocalized in SERCAII ATPase-posi-
tive muscle fibers (Fig. 3a-c). As immunofluorescent
intensity of SERCA II ATPase is almost equal like slow
MHC, muscle fibers with strong, moderate or weak im-
munofluorescence of DMPK show orange, dark orange or
green, respectively in the simultaneous double-im-

munofluorescent pictures of DMPK and SERCA II AT-
Pase (Fig. 3c). In high power views, a banding pattern of
DMPK exists between the banding pattern of SERCA II
ATPase and no clear colocalization of DMPK and SERCA
II ATPase is detected (Fig. 3d-f).

Discussions

Previously several authors reported that DMPK was
localized at sites of neuromuscular and myotendinous
junctions in adult tissues [14, 20, 21]. We confirmed this
result by using our C-terminal antibody against DMPK. In
our tissue culture studies, DMPK became developmentally
localized in I band by innervation [19] and DMPK was
colocalized in a cluster of AChRs in in vitro neuromuscular
junctions. Abnormalities of the neuromuscular junction
were previously reported in biopsied materials of ex-
trafusal muscle fibers of patients with DM [4, 7, 15] and
their intrafusal fibers [5]. We also reported that the nerve-
muscle contacts on innervated DM muscle cells seemed
less mature, as evidenced by impairment of the normal
progression from multifocal to unifocal innervation and
less well organized acetylcholinesterase patches, than
equally long-term innervated cultured control muscle cells
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[12]. Existence of apamin receptors in DM muscle [17]
may cause repetitive discharges of DM muscle (appear-
ance of myotonia) and remaining apamin receptor in DM

muscle might be one of immature phenomenon of DM
skeletal muscle by defective innervation. It is important to
investigate the exact ultrastructural localization ofDMPK

Figure 2. Double immunofluorescent labeling ofDMPK (a, d, g) and slow (b, h) and fast (e) MHCs on adult skeletal muscle,
c andf: Simultaneous double-immunofluorescent pictures ofDMPK/slow and fast MHCs. Low power views (a-f)
show that DMPK staining is completely negative in fast muscle fibers (d-f) and DMPK is exclusively colocalized in
slow muscle fibers (a-c). The intensities of DMPK in slow muscle fibers are strong (arrows), moderate (arrowheads),
and weak (double arrowheads). In high power views of a longitudinal section of human skeletal muscle, a binding
pattern with doublet ofDMPK is detected (g) between a cross-striated pattern of slow MHC (h) and no colocalization
ofDMPK and slow MHC is observed (i). Bar, 100 \im in a-f and 10 \am in g-i.
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Figure 3. Double immunofluorescent labeling of DMPK (a, d) and SERCA IIA TPase (b, e) on adult skeletal muscle, c and
f: Simultaneous double immunofluorescent pictures of DMPK / SERCA II ATPase. Low power views (a-c) show
that DMPK is colocalized in SERCA IIA TPase-positive muscle fibers. The intensities of DMPK are strong (arrows),
moderate (arrowheads), and weak (double arrowheads) in SERCA IIA TPase-positive muscle fibers (a-c) similar
to in slow muscle fibers in Fig. 2. In high power views, a binding pattern of DMPK (d) is detected between a
cross-striated pattern of SERCA II ATPase (e) and no clear colocalization of DMPK and SERCA II ATPase is
observed (f). Bar, 100 \am in a-c and 10 \im in d-f.

in neuromuscular junctions to know the functional role of
DMPK in synaptic signal transmission and maturation of
muscle fibers.

In the present studies DMPK expresses exclusively in
type I muscle fibers. Dunne et al [6] also reported that a
monoclonal antibody, which recognized the 64 kDa iso-
form of DMPK, reacted specifically in type I muscle fibers.
This finding is quite important because it is well known
that type I muscle atrophy is one of the significant finding
of DM muscle pathology. We have now investigated the
pathological changes of DMPK in DM skeletal muscles by
confocal microscopy and immunoelectron microscopy
(paper in preparation). DMPK might have some different
physiological roles among subclasses of type I muscle
fibers, because the type I muscle fibers with equal intensity
of slow MHC have different intensities (strong, moderate
and weak) of DMPK, which is localized in the terminal
cisternae of SR, whereas the intensity of SERCA II AT-
Pase, which is known to be localized in the longitudinal
SR, is relatively equal in type I muscle fibers (Fig. 3b).

Recently it is reported that mice lacking the DMPK
developed a late onset progressive myopathy [16] and in
cultured myotubes derived from DMPK deficient mice
calcium homeostasis was altered [10].

By investigating Ca homeostasis and other channel func-
tions in triad systems, it might be possible to clarify the
physiological role of DMPK and abnormal function of
DMPK in DM skeletal muscle with the expansion of
unstable trinucleotide repeats.
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