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The microtubule-associated protein tau is a ma-
jor cytoskeletal protein involved in the neuro-
fibrillary tangles ofAlzbeimer's disease. Although
tau is predominantly a neuronal protein, it has
been demonstrated in glia and other nonneuronal
ceUs. We describe the presence of microtubule-
associatedprotein tau epitopes in various muscle
fiber lesions in oculopharyngeal andBecker mus-
cular dystrophy, dermatomyositis, central core
disease, neurogenic atrophy, and in the recovery
phase of an attack of malignant hyperthermia.
Western blot demonstrated a 100- to 110-kd tau-
immunoreactive protein probably corresponding
to 'big tau'as described inperipheral nerves. Tau
immunoreactivity in musclefiber lesions usualy
co-localized with tubulin, although electron mi-
croscopyfailed to show an increase in microtu-
bules. Tau and tubulin reactivity also correlated
with the presence of desmin and vimentin
epitopes. Possible explanationsfor the presence
oftau are briefly discussed. (AmJPathol 1994,
145:175-188)

mainly comprised of an abnormally phosphorylated
form of tau protein. It has been suggested that the
subunit of the paired helical filaments (PHF) forming
these neurofibrillary tangles is an antiparallel dimer of
the microtubule binding region of tau.2'3 It was first
demonstrated in studies of Alzheimer's disease that
tau was not limited to neurons, but could also be ex-
pressed in astrocytes. Since then, the presence of
tau has been described in avian erythrocytes5 and in
spermatids in mammalian testis.6 The function of tau
in nonneuronal cells is not known but may be similar
to that in neurons.

Recently, we have reported that tau immunoreac-
tivity is found in the rimmed vacuoles of oculopha-
ryngeal muscular dystrophy (OPMD).7 Askanas et al8
also showed Alz-50 immunoreactivity associated with
PHF-like structures in the rimmed vacuoles of inclu-
sion body myositis (IBM). In our previous study, we
used a panel of tau antibodies directed to normal and
abnormally phosphorylated forms but we could not
demonstrate abnormally phosphorylated tau.7 Be-
cause Alz-50 is directed against a nonphosphory-
lated epitope and recognizes normal and abnormally
phosphorylated tau in Alzheimer's disease,9 we sus-
pected that the tau in rimmed vacuoles would be nor-
mal tau. In this study, we demonstrate tau epitopes in
various muscle fiber lesions in at least seven different
myogenic and neurogenic muscle disorders. The tau
found in muscle fibers appears to be the recently de-
scribed 100- to 1 10-kd big tau.10 1 1In these lesions,
tau expression correlates with the presence of tubu-
lin. Furthermore, desmin and vimentin immunoreac-
tivity is observed in these lesions.

The microtubule-associated protein tau is a compo-
nent of the neuronal cytoskeleton that promotes the
assembly and stability of microtubules. Tau also me-
diates interactions between microtubules and or-
ganelles and other parts of the cytoskeleton.1 The
neurofibrillary tangles of Alzheimer's disease are
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Table 1. Clinical Data

Case Age Sex Muscle Diagnosis Pathology

2

3

4

5

6

7

8

9

10

62

67

60

47

29

28

4 week
neonate

6

7

31

F

F

F

F

M

F

F

M

M

M

M. Delt. L

M. Delt. L

M. Delt. L

M. Delt. L

M. Delt. L

M. Vast. Lat. R

M. Quadr. L

M. Vast. Lat. R

M. Vast. Lat.

Unrecorded

11* 6 M M. Vast. Lat. R

12

13

14

15

33

54

68

66

M

F

F

M

M. Vast. Lat. R

M. Vast. Lat. L

M. Vast. Lat. L

M. Tib. Ant. L

16 7 M M. Vast. Lat. R

17 58 M M. Vast. Lat.

18

19

75

22

M

M

M. Delt. L

M. Vast. Lat. L

OPMD

OPMD

OPMD

Myopathy

Myopathy

Myopathy with
cardiac
involvement

LCHAD

DMD

DMD

BMD

MH

MH

MH

MH

Neurogenic
atrophy

Neurogenic
atrophy

Dermatomyositis

IBM

Dermatomyositis

20 19 M M. Delt. L CCD

21

22

23

24

25

37

31

35

4

1,5

F

M

M

F

F

M. Delt. L

M. Vast. Lat. L

M. Vast. Lat. R

M. Vast. Lat. L

M. Vast. Lat.

Acid maltase
deficiency

BMD

Myopathy

DMD carrier

Nemaline
myopathy

Rare necrosis, rimmed vacuoles, mottled fibers, most
atrophic fibers of type 1

Rare necrosis, numerous rimmed vacuoles, endomysial
fibrosis

Rare necrosis, rimmed vacuoles, mottled fibers; most
atrophic fibers of type 1

Increased variation of fiber size, fiber splitting,
numerous centralized nuclei, hypertrophic fibers are
of type 2

Essentially normal muscle biopsy, rare centralized
nuclei

Increased variation in fiber size, centralized nuclei,
necrosis, myophagia, large fibers with disturbed
intermyofibrillar pattern, type 2 predominance

Essentially normal

Increased variation in fiber size, atrophy, necrosis,
myophagia, basophilic fibers, endomysial fibrosis,
numerous type 2C fibers

Numerous necrotic fibers, endomysial fibrosis,
basophilic fibers, atrophic and hypertrophic fibers

Centralized nuclei, necrosis, myophagia, basophilic
fibers, endomysial fibrosis, disturbance of
intermyofibrillar pattern in some fibers

Increased variation of fiber size, centralized nuclei,
basophilic fibers, splitting, fiber type grouping,
atrophy of type 1 fibers, some type 2C fibers

Essentially normal, few centralized nuclei, no other
abnormalities

Essentially normal, few atrophic fibers, mild fiber type
grouping

Essentially normal, slight increased variation in fiber
size

Large field atrophy, hypertrophy, splitting, centralized
pseudomyopathic changes, small angulated fibers,
many fibers with disturbed intermyofibrillar pattern

Field atrophy, angulated fibers, hypertrophic fibers with
centralized nuclei, slight inflammatory infiltrate
with monocytes-macrophages, endomysial fibrosis

Perifascicular atrophy, perifascicular fibers often
basophilic, few intrafascicular necrotic fibers, type 2
predominance, slight grouping, mottled fibers

Numerous rimmed vacuoles, some centralized nuclei,
no inflammation

Perifascicular atrophy, intrafascicular necrotic fibers,
perivascular inflammatory infiltrates with
lymphocytes, monocytes, endomysial edema

Necrotic fibers, NADH-TR stain shows numerous central
cores, consisting of oval to irregular, slightly
PAS-positive structures

Membrane-bound vacuoles filled with f3-glycogen
particles in muscle fibers and fibroblasts

Rare necrotic fibers, small atrophic fibers with nuclear
clumps, rare basophilic fibers, type 2
predominance, mottled fibers, some centralized
nuclei, rare splitting

Numerous centralized nuclei, increased variation in fiber
size, slight endomysial fibrosis

Numerous necrotic fibers, endomysial fibrosis,
basophilic fibers, atrophic and hypertrophic fibers

Increased variation in fiber size, normal distribution of
fiber types, nemaline bodies

M = male; F = female; M. = musculus; Vast. Lat. = vastus lateralis; Delt. = deltoideus; Quadr. = quadriceps; Tib. Ant. = tibialis anterior;
R = right; L = left; OPMD = oculopharyngeal muscular dystrophy; LCHAD = long chain hydroxyacyl-coenzyme A dehydrogenase defi-
ciency; DMD = Duchenne muscular dystrophy; BMD = Becker muscular dystrophy; IBM = inclusion body myositis; MH = malignant hyper-
thermia susceptible; CCD = central core disease.

* Biopsy taken only 5 weeks after a MH attack.
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Table 2. Antibodies Used

Antigen Code Clonality Dilution Source Reference

Myosin M-7523 PAb 1/50 Sigma
Desmin D 33 MAb 1/200 Dakopatts 14
Vimentin V9 MAb 1/50 Dakopatts 15
a-Tubulin DM 1 A MAb 1/1000 Sigma 16
Actin JLA20 MAb 1/1000 Amersham 17
MAP-2 HSM1 1 MAb 1/5000 Innogenetics 18
Tau rab 220 PAb 1/1000 Innogenetics 19
Tau* AT8 MAb 1/20,000 Innogenetics 20, 21
Tau AT 120 MAb 1/5000 Innogenetics 22

PAb = polyclonal antibody; MAb = monoclonal antibody.
* AT8 only recognizes Tau protein when it is phosphorylated at Ser 202 (in Goedert's23 LMW Tau numbering, corresponding to Ser 447 in

'big' Tau10,24).

Table 3. Immunocytochemistry Results

Tau Tau Tau
Case Diagnosis (rab220) (ATi 20) (AT8) Vimentin Desmin Tubulin

1 OPMD + + - + + +
2 OPMD + + - + + +
3 OPMD + + ND + + +
4 Myopathy + + - + + +
5 Myopathy - - - +t - +t
6 Myopathy with cardiac ++ ++ - ++ ++ ++

involvement
7 LCHAD - - - - - -
8 DMD - - - ND ND ND
9 DMD - - - +++ + ++
10 BMD - - - ND ND ND
lit MH + + ND ++ + +
12 MH - - - - - -
13 MH - - - - - -
14 MH - - - - - -

15 Neurogenic atrophy ++ + - ++ +
16 Neurogenic atrophy
17 Dermatomyositis + + - + + +
18 IBM - - - - - -
19 Dermatomyositis +++ +++ -+++ +++ +++
20 CCD +++ ++ - - ++ +
21 Acid maltase deficiency
22 BMD + + - + + +
23 Myopathy +t +t +f
24 DMD carrier - - ND +++ ++ +++
25 Nemaline myopathy - - ND

OPMD oculopharyngeal muscular dystrophy; LCHAD - long chain hydroxyacyl-coenzyme A deficiency; DMD = Duchenne muscular
dystrophy; BMD = Becker muscular dystrophy; MH = malignant hyperthermia susceptible; IBM = inclusion body myositis; CCD = central
core disease. +, Rare positive lesions (less than 1 lesion/field); ++, frequent positive lesions (1 to 10 lesions/field); +++, abundant positive
lesions (more than 10 lesions/field); t, only a single positive fiber was observed.

Materials and Methods

Tissue

Muscle biopsies were obtained from 25 patients with
a variety of muscle disorders. Clinical data are sum-
marized in Table 1. One (patient 1 1) of four patients
susceptible to malignant hyperthermia (MH), as dem-
onstrated by the standardized contracture assay,12
was biopsied during the recovery phase of an attack.
The diagnosis of three patients with myopathy and of
one patient with cardiomyopathy could not be further
specified on the basis of the muscle biopsy alone. The
neurogenic muscle changes in the two patients with
neurogenic atrophy were examined on the occasion
of a nerve biopsy.

Before immunohistochemical study, muscle biop-
sies were examined with a standard series of staining
techniques including hematoxylin and eosin,
trichrome Masson, periodic acid-Schiff (PAS), PAS
after amylase treatment, Oil Red 0, and enzyme his-
tochemical techniques for succinate dehydro-
genase, NADH tetrazolium reductase, menadione
a-glycerophosphate dehydrogenase, phosphory-
lase, and ATPase.13

Immunocytochemistry

Muscle biopsies were snap-frozen in liquid nitrogen-
cooled isopentane. Cryostat sections (8 p) were cut
and fixed for 10 minutes in acetone or left unfixed and
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Figure 1. Serial sections of musclefrom patient 6 (cardiomyopathy). A and C immunostained with rab220 (antitau). Several tau-positive lesions
are shown (arrows). B and D immunostained with HSM11 (anti-MAP-2). 7The same lesions are not immunostained. Magnification: A and B
xi08;C andD x436

incubated with antibodies against cytoskeletal pro-
teins. The antibodies used are listed in Table 2.
The AT8 antibody recognizes a phosphorylation-
dependent epitope found only in Alzheimer's disease
and in fetal tau.20,21,25 The AT120 antibody is a sub-
clone of the AT1 2 antibody previously described.20'22
Like AT12, it is not phosphatase sensitive and rec-
ognizes all forms of tau indiscriminately. Sections
from a few biopsies were subjected to phosphatase
treatment according to Sternberger.2026 For control
experiments the immunostaining of the tau antibody
(AT 120) was absorbed by prior incubation with pu-
rified human tau prepared as described.19

Sections were incubated overnight at room tem-
perature with primary antibodies. Tissues were im-
munostained with the peroxidase-antiperoxidase
(PAP) technique27 for the polyclonal antibodies and
with the avidin-biotin-complex (ABC) technique28
for the monoclonal antibodies using Dakopatts
(Glostrup, Denmark) and Amersham (Amersham,
UK) reagents, respectively. Color was developed with
3,3'-diaminobenzidine (DAB) tetrahydrochloride
(Janssen Chimica, Geel, Belgium). Sections were

counterstained with Harris' hematoxylin (Sigma, St
Louis, MO), dehydrated, coverslipped with Eukitt
(O. Kindler, Freiburg, Germany), and viewed in a light
microscope.

Electron Microscopy

For electron microscopic examination, muscle tissue
from patients 6, 16, and 18 to 25 was fixed in 4%
glutaraldehyde and postfixed in 2% osmium tetrox-
ide, dehydrated in graded alcohols, and embedded
in Araldite (Fluka, Buchs, Switzerland). Ultrathin sec-
tions were stained with 2% uranylacetate and lead
citrate and observed in a Philips CM 10 electron
microscope at 60 kV.

Western Blot

Cryosections (20 p) from muscle biopsies 6, 13, 17,
19, and 20 were homogenized in sodium dodecyl sul-
fate (SDS) extraction buffer, placed in a boiling water
bath for 10 minutes, and centrifuged. Supernatants
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Figure 2. Morphological diversity of tau-positive lesions. A: Small centrally located focal lesion (core) in patient 20 (CCD) immunostained with
AT120. B: Focal lesion with clear center in patient 23 (myopathy) immunostained with rab220. C: Larger central lesion in patient 19 (dermato-
myositis) immunostained with AT120. D: Spreading of tau immunoreactivity (AT120) over a large area of the sarcoplasm in patient 2 (oculopba-
ryngeal muscular dystrophy). Magnification (all): x 436.

containing 100 pg of protein were loaded on a 12%
SDS polyacrylamide gel electrophoresis (SDS-
PAGE).
SDS-PAGE was performed according to the

method of Laemmli29 and protein was transferred to
nitrocellulose (Hybond-C; Amersham). Blotted pro-
teins were incubated with primary antibodies (rab220
1/200, AT 120 1/1000, tubulin 1/50, and actin 1/2000)
overnight at 4 C and detected with the ABC technique
using Biogenex (San Ramon, CA) reagents. DAB was
used as chromogen for peroxidase-labeled conju-
gate and 5-bromo-4-chloro-3-indolyl phosphate/
nitroblue tetrazolium (BCIP/NBT; Boehringer Mann-
heim, Mannheim, Germany) as chromogen for
alkaline phosphatase-labeled conjugate.

Results
Tau Immunoreactivity in Muscle Fibers

As summarized in Table 3, intrafibrillar lesions immu-
noreactive with AT120 and rab220 antitau antibodies
were observed in the following patients: 1, 2, and 3

(OPMD); 4 and 6 (myopathy); 11 (post-MH); 15 (neu-
rogenic atrophy); 17 and 19 (dermatomyositis); 20
(central core disease, CCD); 22 (Becker muscular
dystrophy); and 23 (myopathy).
The phosphorylation-dependent antibody AT8, on

the other hand, did not stain any of these lesions. No
significant difference in immunostaining was ob-
served after alkaline phosphatase treatment of the
sections (data not shown). Omission of the fixation
step did not influence the intensity of immunostaining.
Serial sections stained with the anti-MAP-2 antibody
HSM1 1 were negative, confirming the specificity of
the tau immunostaining (Figure 1).

Morphological Diversity of Lesions
Showing Tau Immunoreactivity
Tau-immunoreactive structures ranged along a con-
tinuum of morphologies, from focal lesions to diffuse
staining of the entire fiber (Figure 2). Focal lesions
showed a similar aspect in different disorders and
were often centrally located (Figure 2, A, B). These
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Figure 3. Other tau-immunoreactive structures. A: Rimmed vacuole-
like structure in patient 2 (OPMD) immunostained with AT120. B:
Subsarcolemmal tau immunoreactivity (rab220) in two adjacent fi-
bers, possibly a consequence offiber splitting, in patient 22 (Becker
muscular dystrophy). C: Puinctate tau (rab220)-positive deposits and
a small focal lesion in patient 15 (neturogenic atrophy). Magnifica-
tion (all): x 436.

lesions seemed to correspond to cores in CCD (Fig-
ure 2, A) and target or targetoid fibers in neurogenic
atrophy (data not shown)13 but were also seen in other
disorders (Figures 1, C and 2, B). They often showed
a clear central area (Figure 2, B). Other lesions,
though still somewhat centrally located, showed a

more diffuse or heterogenous immunostaining over a

larger area of the fiber (Figures 2, C and 4, C). Finally,
fibers were observed in which tau immunoreactivity
was distributed over most of the sarcoplasm (Figure
2, D), giving these fibers a 'mottled' aspect.13

Other tau-positive lesions were observed that did
not easily fit in this continuum. Rimmed vacuoles were
observed in all patients with OPMD (Figure 3, A). In
some patients, local subsarcolemmal staining was
seen, possibly a result of fiber splitting (Figure 3, B).
Occasionally, tau immunoreactivity was neither fo-
cally nor diffusely distributed but consisted of clus-
tered punctate tau deposits (Figure 3, C). Despite
their morphological diversity, all lesions were anti-
genically similar, reacting with tau (monoclonal AT
120 and polyclonal) and showing enhanced myosin
immunoreactivity (Figure 5, A), indicating extensive
local disturbance of the myofibrillary network.

Tau Immunoreactivity Correlates with
Tubulin

Immunostaining by the antitubulin antibody revealed
lesions very similar to those demonstrated with tau
(Figure 4). Lesions observed included focal, diffuse,
and punctate morphologies. Furthermore, tubulin im-
munostaining of whole fibers was also noted (Figures
4, B and 7, A). The latter were usually small and often
more basophilic than adjacent tubulin-negative fi-
bers. Serial sections showed that tau-immunoreactive
lesions almost invariably contained tubulin, confirm-
ing the correlation between tau and tubulin (Figure 5,
B to D). Electron microscopic observations showed
only sporadic single microtubules between the myo-
fibrils, as previously described in normal skeletal
muscle by Kano et al (data not shown).30 One highly
disturbed fiber in patient 6 contained focal aggrega-
tions of microtubules (Figure 6).

Tau and Tubulin Immunoreactivity
Correlate with Desmin and Vimentin

Antivimentin antibodies intensely immunostained oc-
casional small basophilic fibers (Figure 7, B). Anti-
desmin antibodies diffusely stained normal muscle
fibers, owing to their normal reactivity with the inter-
myofibrillar network, but some small basophilic fibers
were stained far more strongly (data not shown).
Moreover, focal and diffuse lesions similar to those
stained by antitubulin and antitau were also immu-
noreactive with antidesmin and antivimentin. Serial
sections established a correlation in the same lesions
between tau and tubulin immunoreactivity on the one
hand, and desmin and vimentin immunoreactivity on
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Figure 4. Comparison of tau and tubulin immunoreactivity. A: Muscle biopsy ofpatient 19 (dermatomyositis) showing tau (rab220) immunore-
activity in several fibers. B: Another section (not serial) from the same biopsy showing tubulin immunoreactivity. Note the similarnty ofpositive
structures. C: Tau (AT120)-immunoreactive diffuse lesion from section, (A). D: Similar tubulin-immunoreactive lesionsfrom section (B). Magni-
fication: A and B x 117; C and D X 436.

the other (Figure 5). A good correlation was also
found between tubulin and desmin/vimentin in whole
fibers, though these were not always tau immuno-
reactive (Figure 7).

Tau Detection on Western Blot
Demonstrates a 100- to 1 10-kd protein

Western blot on homogenates of several biopsies
demonstrated the presence of actin (42 kd; Figure 8,
lane 2), tubulin (50 kd; Figure 8, lane 1), and tau
bands (Figure 8, lanes 3 to 8). Some bands of lower
molecular weight, probably degradation products,
were also stained. The antiactin antibody appeared to
cross-react with tubulin, but this may be an aspecific
reaction because the antibody in question is an
IgM.17 The tau bands were located in the molecular
weight range 100 to 1 10 kd, corresponding to the big
tau described in the peripheral nervous system.10'11
Tau bands were clearly seen in all five patients ex-
amined, including a patient without observable his-
tological abnormalities. The tau bands were more in-

tensely stained in a patient showing numerous
positive lesions by immunocytochemistry.

Discussion
Studies on the microtubule-associated protein tau
have hitherto always been focused on the nervous
system, where microtubules and their associated pro-
teins play a crucial role in maintaining the integrity of
the neurons with their long and vulnerable neurites.
Indeed, tau has been specifically implicated in the
pathology of Alzheimer's disease, which is marked by
extensive modification and disruption of the neuronal
cytoskeleton.
The occurrence of tau outside nervous tissues has

only rarely been reported.5'6 An isolated study31 re-
ported the presence of MAP-2, a protein partially ho-
mologous to tau,32 in several nonneuronal tissues, in-
cluding heart muscle. It would be premature,
however, to extrapolate these results to tau because,
even in the nervous system, the distributions of tau
and MAP-2 are significantly different.3334 Our own
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Figure 5. Serial sections of the same fiberfrom patient 19 (dermatomyositis) with centrally locatedfocal lesion immunostained for A myosin, B
tubulin, C tau (AT120), D tau (rab220), E vimentin, and F desmin. Magnification (all): X436.

antibody HSM1 1 18failed to detect MAP-2 in normal or

diseased skeletal muscle.
We demonstrated the presence of tau epitopes im-

munohistochemically in diverse lesions in several un-

related muscle disorders. The diversity of the lesions
and diseases in which this reaction was observed
suggests that tau is quite common in damaged

muscle fibers and, contrary to previous sugges-

tions,7'8 is not limited to vacuolated muscle fibers.
As might be expected from a microtubule-

associated protein, tau reactivity correlated well with
the presence of tubulin. However, electron micros-
copy did not show a significant increase of microtu-
bules, except for a single, possibly atypical fiber. This

Figure 6. Electron micrograph of lesionedfiber in patient 6 (cardiomyopathy). A: General view showing distturbed sarcoplasm with groups of mnyo-
fibrils interspersed with clusters of microtubules. n = nucleus. B: Higher magnification of bracketed area in A shooing clustered microtubules.
Magn(ication: A 25 X 840; B 80 X 500.
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Figure 7. Seial sectionsfrom patient 22 (Becker muscular dystrophy)
showing wholefiber stainingforA tubulin B vimentin. Magnification
(all): X 182.

lack of microtubules may indicate that the tubulin de-
tected by immunocytochemistry is present mainly in
free monomeric or dimeric form in the sarcoplasm.
Alternatively, any microtubules present may be so

ephemeral as to elude detection. Microtubules can

be very unstable35'36 and although tau enhances mi-
crotubule assembly, it does not prevent dissociation
of microtubules.37

The presence of arrays of microtubules in diseased
muscle fibers has been described before, although
anecdotally.38 It is rare for microtubules to be ob-
served in normal adult skeletal muscle where the
myofibrils and their associated proteins nearly com-

pletely fill the sarcoplasm and microtubules are re-

stricted to a subsarcolemmal lattice work, with no

more than the occasional single microtubule pene-

trating deeper into the sarcoplasm.30,39 However, ex-

tensive networks of microtubules have been ob-
served transiently in muscle tissues during
development40'41 and during regeneration after am-
putation42 or drug-induced destruction of the sarco-

plasmic cytoskeleton.43'44 It has been hypothesized
that these microtubules serve as a temporary scaf-
folding during myogenesis and regeneration, acting
as a template for the spatial organization of the de-
veloping myofibrils.45 Although we have not observed
such a microtubule network, the possible presence of
short-lived microtubules in the lesions could explain
the presence of tau. Interestingly, one of the few in-
stances where tau has been described outside the
nervous system involves spermatids in mammalian
testis6 where tau is associated with the manchette, a
transient microtubule network possibly involved in the
extensive reshaping that takes place in developing
spermatids.
The presence of tau and tubulin in muscle fiber

lesions also correlated with desmin and vimentin im-
munoreactivity. Both desmin38,46 and vimentin46'47
are often considered to be indicative of muscle fiber
regeneration. Notably, besides small basophilic re-
generating fibers, Misra et a147 also described focal
lesions similar to ours, which they named perinuclear
in a patient with myotubular myopathy. However, our
focal lesions did not appear associated with nuclei,
although they sometimes showed a clear central
area. These observations suggest that the presence
of tau and tubulin could be associated with a regen-
erative or developmental process in these lesions.
The presence of tau could be solely due to its as-

sociation with tubulin. Although tau has not been de-
scribed in normal muscle, it could be present in
amounts too minute to be detected immunocyto-
chemically by our antibodies. Tau could be demon-
strated by Western blot even in a malignant
hyperthermia-susceptible but histologically normal
patient. In some instances tau was seen in a subsar-
colemmal distribution, which would probably reflect
the distribution of tubulin.3039 Sometimes, the sub-
sarcolemmal staining that was observed could also
be ascribed to fiber splitting.
On the other hand, tau might also play an active

role in these lesions. There is some evidence that tau
mediates interactions between microtubules and
other cytoskeletal structures, organelles, and mem-
branes. Tau or tau-related proteins have been re-
ported to bind to actin48-50 and neurofilament pro-
teins,51,52 to calcium binding proteins such as
calmodulin53'54 and S 100,55,56 to mitochondrial mem-
branes57,58 and other membranous organelles,59'60
possibly through other proteins such as spectrin,61
and possibly even to nucleic acids in ribosomes62
and nuclei.63'64 Many of these putative functions for
tau are of potential significance in either normal or
damaged muscle fibers.



Tau in Muscle Fiber Lesions 185
AJPJuly 1994, Vol. 145, No. 1

116 -. tau

116 _ | bFigure 8. Immunoblot of muscle tissue homoge-
495 - '~~~~~~~~~K~~~ ~~~ ~ ~ ~ ~tub nates from three biopsies. Lanes 1, 2, 5, and 6:

49.5 g S|111_ patient 19 (dermatomyositis); lanes 3 and 4: pa-
tient 13 (malignant hypertbermia susceptible but
histologically normal); lanes 7 and 8: patient 2032-gw¢"i a.'... eees# EhE1 _ S |M"E 1111 1(CCD) immunostained with antitubulin (lane

'.,~~~~ -~~-~~ -' . ~~~1), antiactin (lane 2), antitau (AT120) (lanes 3,
27 5, and 7), antitau (rab220) (lanes 4, 6 and 8).

"er .~~~~~~~~~, ~~Arrowheads at right designated H-MW tau (tau),
tubulin (tub), and actin (act) bands. Molecular

1 2 3 4 5 6 7 8 weight markers (in kd) are at left.

It may also be significant that tau protein has been
implicated in nervous system development.6566 At
least some of this development-related tau protein
appears to be modified by phosphorylation in the
same way as in Alzheimer's disease.25'67 The tau we
have detected in muscle, however, does not appear
to be phosphorylated in this way, as demonstrated by
the lack of AT8 immunoreactivity. The AT8 antibody
recognizes a specific site (Ser 202 in LMW tau,23
which is equivalent to Ser 447 in big tau10'24) only
when it is phosphorylated, ie, in Alzheimer's disease
and fetal tissue, but not in normal brain.21'25 In this
respect at least, the phosphorylation state of tau in
these muscle disorders differs from that of PHF tau in
Alzheimer's disease. Moreover, phosphatase treat-
ment did not influence the immunoreactivity of these
lesions. We therefore conclude that, contrary to the
findings of Askanas et al,8 phosphorylation state of
tau in these muscle fibers is different from that in PHF
and fetal tau. Nevertheless, the presence of tau might
indicate a reactivation of developmental mechanisms
over a broad range of pathologies.

Recent observations on j3/A4 amyloid precursor
protein (,BAPP) provide an interesting parallel to this
study. The involvement of 3APP was described in re-
generative processes in a number of different muscle
diseases.68 The close spatial association of IAPP
with tau proteins has been demonstrated both in Al-
zheimer's disease69 70 and OPMD/IBM.7'71 Thus,
these findings may provide independent evidence for
the involvement of tau in regenerative and develop-
mental processes in muscle disorders.

In conclusion, we have demonstrated the presence
of tau epitopes in a number of different muscle fiber
lesions. The presence of tubulin, which has been im-
plicated in myogenesis and regeneration of muscle
fibers, and the correlation with desmin and vimentin
immunoreactivity all suggest a regenerative or devel-
opmental process possibly involving the formation of
a short-lived microtubule network in which tau protein
could play a role. More generally, because a consid-
erable number of different interactions between mi-
crotubules and other structures may be mediated by

tau protein, many different potential roles for tau pro-
tein in normal and diseased muscle could be imag-
ined. Further studies are in progress to determine the
full significance of these observations.
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