ABSTRACT: Titin, an elastic and giant myofibrillar protein, is responsible
for generating passive tension and maintaining sarcomere structure in stri-
ated muscles. Several studies have reported attenuation of passive tension
and disorganization of sarcomere in atrophic muscles, but the changes of
titin have not been investigated after denervation. For this purpose, we used
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and immunofluorescent staining to examine titin in innervated and dener-
vated tibialis anterior (TA) muscles of the rat. With increasing denervation
time, we found a greater loss of titin than myosin heavy chain (MHC) and
actin contents in atrophic TA muscle. The ratios of titin/MHC and titin/actin
gradually decreased following denervation. In contrast, ratios of MHC/actin
in the denervated groups showed no significant differences with the controls
even at 56 days postdenervation. The ultrastructure of myofibrils also
showed disturbed arrangements of myofilaments and a disorganized con-
tractile apparatus in denervated muscle. Immunofluorescent staining dis-
played translocation of the titin epitope from the Z-line to the I-band, sug-
gesting that the apparent cleavage of titin occurred near the Z-line region
during the atrophying process. Our study provides evidence that titin is more
sensitive to degradation than MHC and actin after denervation. Moreover,
the titin decline results in the loss of titin-based sarcomeric integrity in
atrophic muscle.
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Titin (also known as connectin) is a giant elastic
protein (3,000-4,000 kDa) and the third most abun-
dant muscle protein after myosin and actin in skel-
etal and cardiac muscle cells.2+37 In the sarcomere,
titin molecules span the entire 1-2-um distance from
the Z-line to the M-line.®!? The human titin gene is
located on chromosome 2q31 and contains 363 ex-
ons encoding 38,138 amino acid residues,? and dif-
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ferent exon-skipping pathways produce titin tran-
scripts that code for different titin isoforms.!:27
The elasticity of skeletal muscle titin originates in
the I-band region, which consists of three major
domains: the tandem immunoglobulin-like domain;
a unique sequence rich in proline (P), glutamate
(E), valine (V), and lysine (K) residues termed the
“PEVK” domain; and the N2A domain.'227 Confor-
mational studies have documented that the PEVK
domain has two major motifs, i.e., PPAK and poly-E
motifs,!? and three malleable conformational states,
i.e., a polyproline II helix, a beta turn, and an unor-
dered coil. ** Furthermore, the poly-E motifs of the
PEVK domain were found to cause titin to act as a
calcium-dependent molecular spring that stabilizes
the muscle during contraction.?? Recent studies have
revealed that some skeletal muscles coexpress longer
(N2A,) and shorter (N2Ag) titin isoforms, also at the
single-fiber level; variations in the overall N2A;:
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N2Ag ratio may add to the fine-tuning of titin-stiff-
ness in the entire muscle.2”

The distinct titin I-band spring elements appear
to be recruited in a sequential order. The tandem
immunoglobulin repeats first extend as the sarco-
mere is stretched at low forces. Subsequently, the
PEVK domain unravels only upon reaching suffi-
ciently high external forces.®!2? In addition to the
elasticity generated by the I-band titin region, the
A-band titin segment is strongly associated with my-
osin filaments, so it keeps the thick filaments in a
centered position and avoids misalignment of the
sarcomeres. At the Z-line, the N-terminal end of titin
is capped by telethonin and interacts with actin and
a-actinin via Z-repeat domains. At the M-line, the
C-terminal end of titin interacts with myomesin.®
Taken together, titin behaves as a molecular spring
whose extensible properties greatly contributes to
the passive tension of myofibrils and maintains the
structural and functional stability of sarcomeres.

Cutting of the sciatic nerve is a well-developed
denervation model to induce muscle atro-
phy.3:9:14.19.22.30 After denervation, skeletal muscles
undergo myocyte apoptosis, a reduction in single-
fiber cross-sectional areas, misalignment of sarco-
meres, and changes in contractile properties. In gen-
eral, irreversible muscle atrophy develops, and the
denervated muscle does not regain contractile func-
tion in long-term denervation.3? In addition, muscle
pathological analyses have revealed that titin may be
implicated in several muscular diseases, such as
Duchenne muscular dystrophy (DMD),2> Fukuyama-
type congenital muscular dystrophy (FCMD),?5 my-
asthenia gravis and thymoma (MGT),?® and tibialis
muscular dystrophy (TMD).!> However, the exact
relationship between denervation-induced muscle
atrophy and the changes of titin is unclear.

The purpose of this study was to quantify the
contents of titin, myosin heavy chain (MHC), and
actin by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and densitometric anal-
ysis by using denervation-induced hindlimb atrophy.
The ratios of titin to MHC (titin/MHCQC), titin to actin
(titin/actin), and MHC to actin (MHC/actin) were
also calculated. In addition, the ultrastructure of
sarcomere and changes of the titin epitope near the
Z-line were examined by electron microscopy and
immunofluorescence, respectively.

MATERIALS AND METHODS

Animals and Surgical Procedures. Surgery was per-
formed on adult male Wistar rats (6 weeks old, 200—
250 g) under chloral hydrate anesthesia. The unilat-
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eral right hindlimb was denervated by excision of
8—-10 mm of the sciatic nerve and the contralateral
left leg served as a control without nerve sectioning.
After denervation, atrophy of the right leg muscles
was allowed to progress for 0 (n = 6), 7 (n = 18), 28
(n = 32), and 56 (n = 38) days, respectively. This
study was approved by the Animal Care Committee
of the Taipei Medical University.

Sample Preparation. At the stated postdenervation
times, animals were euthanized and sacrificed with
an intraperitoneal injection (80 mg/kg) of sodium
pentobarbital (MTC Pharmaceuticals, Cambridge,
Ontario, Canada). The tibialis anterior (TA) muscles
were dissected out from both the right (denervated)
and the left (innervated) legs and weighed. Subse-
quently, muscles were immediately snap-frozen in
liquid nitrogen, and samples were prepared for SDS-
PAGE analysis.?8 Frozen muscles were pulverized to a
fine powder in liquid nitrogen using a mortar and
pestle, and the tissue powders were homogenized in
a Teflon/glass homogenizer in ice-cold lysis buffer
(b mM ethylenediaminetetraacetic acid, EDTA; 30
pg/ml leupeptin; 100 ug/ml phenylmethylsulfonyl
fluoride, PMSF; and 20 mM Tris-base; pH 7.5) on
ice. We used the same weight to volume dilution (1
mg muscle tissue/15 ul of lysis buffer). Also, the
total content of protein in the myofibrils was mea-
sured with a protein assay kit (Bio-Rad, Hercules,
California), and the concentration was adjusted to 4
mg/ml with ice-cold lysis buffer. Subsequently, myo-
fibrils were solubilized with an equal volume of 2X
SDS sample buffer (2 mM EDTA, 2% SDS, 1.2 M
B-mercaptoethanol, 20% glycerol, 0.02% bromophe-
nol blue, and 20 mM Tris-base; pH 8.0) and heated
to 50°C for 20 min.5

Gel Electrophoresis. A step gradient minigel with
an ambiguous interface was made by the improved
method of Chen and coworkers.> To determine the
optical loading volume and assure working within
the linear range of the system, a loading range of
each sample was electrophoresed on a “calibration
gel” as described previously.!:33 After electrophore-
sis, the gel slabs were stained with Coomassie bril-
liant blue R-250. Densitometric analysis was per-
formed with a Photo-Print Digital Imaging System
(IP-008-SD; Vilber Lourmat, Marne-la-Vallée,
France) with analytic software (Bio-1D Light, V
2000). The optical density integrals (ODIs) of total
titin (T1+T2), MHC, and actin were measured for
each loading volume, and the slope of the relation-
ship between ODI and loading volume was deter-
mined by linear regression analysis. The ratios of
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titin/MHC and titin/actin were calculated as the
slope of the total titin ODI/loading volume divided
by the slope of MHC ODI/loading volume and the
slope of actin ODI/loading volume, respectively.
The ratio of MHC to actin was calculated as the slope
of MHC ODI/loading volume divided by the slope of
actin ODI/loading volume. The HiMark unstained
high-molecular-weight protein standard (Invitrogen,
Carlsbad, California) served as a reference band to
ensure accurate molecular weight identification.

Immunoblot Analysis. For immunoblot analysis, gels
were electroblotted onto nitrocellulose paper.® After
blocking, the membrane was reacted with the pri-
mary antibodies of mouse anti-titin (T12) monoclo-
nal antibody (Boehringer Mannheim, Indianapolis,
Indiana) and the primary antibody was omitted in
the negative control. After washing, the strips were
incubated with biotin-conjugated rat
adsorbed, and affinity-purified secondary antibody
(Vector, Burlingame, California). Following wash-
ing, peroxidase-conjugated streptavidin (Dako,
Glostrup, Denmark) was added. Subsequently, posi-
tive bands were visualized using hydrogen peroxide
as the substrate and diaminobenzidene as the chro-
mogen.

serum-

Electron Microscopy. To investigate the effect of de-
nervation on the morphological characteristics of
myofibrils, we observed the ultrastructural changes
between innervated and denervated myofibrils using
electron microscopy. Under chloral hydrate anesthe-
sia, the 56-day denervated rats were perfused from
the left ventricle of the heart with normal saline and
then a mixed aldehyde solution composed of 2%
paraformaldehyde and 2% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.4). The TA muscles were
removed and postfixed in the same fixative for 4 h at
4°C. Subsequently, the samples were cut longitudi-
nally with the knife-edge parallel to the muscle fiber
and osmicated using 1% osmium tetroxide in 0.1 M
cacodylate buffer (pH 7.2). Samples were dehy-
drated in an ethanol series and embedded in Epon
812 using standard procedures. Ultrathin sections
were cut and double-stained with uranyl acetate and
lead citrate, and then examined in a Hitachi H-600
electron microscope (Hitachi, Tokyo, Japan).

Immunofluorescence. Myofibrils were prepared for
immunofluorescence staining according to Wang
and Greaser with some modifications.?8 Briefly, the
hindlimb was cut from the middle of the femur
bone; the origin and insertion of the TA muscles
were retained. The muscles were explored by remov-
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ing the skin and connective fascia and incubated
with ice-cold rigor buffer (75 mM KCI, 2 mM MgCl,,
2.5 mM EDTA, 0.1 mM PMSF, and 10 mM Tris-base;
pH 6.8) containing 0.5% Triton X-100 at 4°C over-
night. In order to rapidly obtain abundant single
myofibrils, the TA muscles of both innervated and
denervated groups were homogenized in ice-cold
rigor buffer with a stainless steel polytron (PT 1200;
Kinematica, Littau/Luzern, Switzerland) for 15 s on
ice. This myofibril purification was performed in
rigor buffer to conserve the structure of sarcomeres.

Indirect immunofluorescence staining of myofi-
brils followed reported procedures.* The myofibrils
were placed on poly-L-lysine—coated glass slides for
adhesion, fixed with 10% formalin in rigor buffer,
and then blocked with 5% nonfat milk. Subse-
quently, the myofibrils were reacted with a mouse
anti-titin (T12) monoclonal antibody. After washing,
samples were incubated with a fluorescein isothio-
cyanate-labeled goat anti-mouse secondary antibody
(Sigma, St. Louis, Missouri), mounted with mount-
ing medium (2% n-propyl gallate and 50% glycerol
in phosphate-buffered saline; pH 8.0), and exam-
ined with a Nikon epifluorescence microscope (Ni-
kon, Tokyo, Japan).

Statistical Analysis. Values are expressed as the
mean * SEM. Student’s paired ttest was used to
verify the significance of differences between dener-
vated and innervated muscles. At all times, a Pvalue
of less than 0.05 was considered significant.

RESULTS

Decrease in Muscle Weight following Denervation.
TA muscles taken from the right (denervated) and
left (innervated) legs were weighed at 0, 7, 28, and
56 days postdenervation. A gradual reduction in de-
nervated muscle mass was observed in contrast to the
innervated muscle mass. Alterations of mean muscle
mass after denervation were expressed in percent-
ages relative to the mean mass of the corresponding
contralateral, innervated muscle of each rat. After 7
days of denervation, the weight of the denervated TA
muscle had decreased to 75.1% compared with the
contralateral one. On subsequent days, the TA mus-
cle had decreased to approximately 30.4% and
15.6% of the innervated groups on days 28 and 56
postdenervation, respectively. Thus, the muscle mass
rapidly decreased during the first 28 days, and there-
after slowly decreased until day 56 postdenervation.
Changes in muscle mass were used as a criterion of
denervation-induced muscle atrophy.
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FIGURE 1. SDS-PAGE analysis of myofibrillar proteins from rat TA muscles after denervation. The gel was stained with Coomassie
brilliant blue R-250. Lanes 1 and 2, 3 and 4, and 5 and 6, innervated and denervated myofibrillar proteins, respectively, on days 7, 28,
and 56 after denervation. Lane 7, rat cardiac muscles, included as a titin migration reference. Lane 8, high-molecular-weight protein
standard. Myosin and actin were abundant in innervated and denervated myofibrils. Titin had apparently decreased on days 28 and 56

after denervation (the highest bands in lanes 5 and 7). T, titin; N, nebulin; M, myosin heavy chain; A, actin.

Decrease in Titin Content following Denervation.
SDS-PAGE was performed to separate the myofibril-
lar proteins in innervated and denervated TA mus-
cles. Approximately 5 ug of protein was loaded in
each lane, but greater emphasis was placed on equal
loading of each lanes. The highest titin doublet
(3,000—4,000 kDa), nebulin (~800 kDa), and abun-
dant MHC (220 kDa) and actin (42 kDa) were all
visible in Coomassie brilliant blue—stained gels of
innervated muscles (Fig. 1, lanes 1 to 6). The MHC
and actin contents of denervated groups were similar
to those of the innervated groups. However, the titin
contents in the denervated groups had apparently
decreased, especially on days 28 and 56 following
denervation (top bands in lanes 4 and 6 of Fig. 1).
The gel profile of the left ventricular muscle of rat
heart was included as a reference of titin migration,
and the total amount of titin was less abundant in
cardiac muscle compared with skeletal muscle (Fig.
1, lane 7). In addition, a single band of nebulin was
present in skeletal muscles (Fig. 1, lanes 1 to 6) but
not in cardiac muscle (Fig. 1, lane 7).

Immunoblot analysis confirmed that the highest
bands on top of the gel were recognized by the
anti-titin (T12) monoclonal antibody (Fig. 2A). The
density of the highest band in denervated muscle was
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weaker than that in innervated muscle on day 56
postdenervation. Nonspecific binding bands of the
secondary antibody near the bottom of the papers

1 2 1 2
T
A B

FIGURE 2. Western blot analysis of myofibrillar proteins of inner-
vated and denervated TA muscles with anti-titin (T12) monoclo-
nal antibody, respectively, confirming the titin. (A) Immunoblot
with the T12 monoclonal antibody; (B) primary antibody blank
control. Lanes 1 and 2, innervated and denervated myofibrillar
proteins, respectively, on day 56 after denervation. Note the
difference in titin content between the innervated and denervated
samples. The titin content had obviously decreased following
denervation. Nonspecific binding bands can be seen near the
bottom of the papers. T, titin.
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FIGURE 3. Effects of denervation on the ratios of titin/MHC (A),
titin/actin (B), and MHC/actin (C). Titin, MHC, and actin contents.
Ratios are presented as mean = SEM. *P < 0.05 and **P < 0.01
represent significant differences as compared to the paired in-
nervated group. The titin/MHC and titin/actin ratios gradually
decreased, but the MHC/actin ratio showed no significant differ-
ence with the innervated group following denervation.

802 Titin Declines after Denervation

were also seen in the primary antibody blank control
(Fig. 2B). Titin doublet bands in the gels were highly
repeatable and were identified by migration patterns
and immunoblot analysis. These data showed obvi-
ous decline in titin content in denervation-induced
atrophic muscle.

Larger Loss of Titin than MHC and Actin. The con-
tents of titin, MHC, and actin in denervated and
innervated TA muscles were evaluated, and the rel-
ative proportions were calculated by quantitative
densitometry as described earlier. Quantitative anal-
ysis by linear regression between the ODI and load-
ing volume showed that the slopes of the ODI/
loading volume of titin were 22,872 * 1,436,
24,683 = 1,029 and 23,644 = 1,231 in innervated
muscles on days 7, 28, and 56, respectively. Following
denervation, the slopes of the ODI/loading volume
of titin decreased to 21,932 *+ 1,522, 21,438 * 874,
and 18,069 = 684 in denervated muscles on days 7,
28, and 56. Therefore, total titin contents in dener-
vated muscles had significantly decreased to about
95.9%, 86.8%, and 76.4% of innervated groups on
days 7, 28, and 56 postdenervation, respectively.
The ratios of titin to MHC (titin/MHC) had
decreased to 98.8%, 87.4%, and 70.6% of the con-
trol groups on days 7, 28, and 56 postdenervation,
respectively (Fig. 3A). The ratios of titin to actin
(titin/actin) had also decreased to 95.5%, 86.9%,
and 77.8% of the control groups on days 7, 28, and
56 postdenervation, respectively (Fig. 3B). Decline
of titin became more pronounced with time follow-
ing denervation. However, the total MHC content
decreased in parallel to the total actin content in
denervated TA muscle, so the ratio of MHC to actin
(MHC/actin) decreased only negligibly (Fig. 3C).
These data revealed various degrees of decrease in
myofibrillar proteins after denervation. Moreover,
the amount of titin decreased more obviously than
those of MHC and actin in denervated muscle.

Effects of Denervation on the Ultrastructure of Myofi-
brils. Organized sarcomeres and striations of the
A-band, I-band, Z-line, M-line, and H-zone could
clearly be observed in innervated muscle by electron
microscopy (Fig. 4A). Mitochondria between myofi-
brils were abundant and intact. The triad containing
terminal cisternae of sarcoplasmic reticulum and
T-tubule was located at the A-I junction (Fig. 4B).
As the postdenervation time progressed, atrophy
of muscle cells became prominent, but the degree of
atrophy was not consistent among all muscle cells.
Some muscle cells still contained well-ordered arrays
of myofilaments even on day 56 of denervation (Fig.
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FIGURE 4. Electron micrographs of longitudinal sections through day 56 —innervated and denervated muscles. (B), (D), and (F) are higher
magnification micrographs of (A), (C), and (E), respectively. (A, B) Electron micrographs of innervated muscle. The striations were
evident, mitochondria between myofibrils were abundant, and the triads were located at the A—I junction. (C, D) Electron micrographs of
denervated muscle. The remaining intact sarcomeres and striations were observed in some denervated muscle cells. Sarcoplasmic
reticula were proliferated and extended in these denervated groups. (E, F) Electron micrographs of denervated muscle. Myofilaments
disorganization was distinct and only the Z-line could be identified in most denervated muscle cells. The sarcomeres and sarcoplasmic

reticulum became more disorganized. Bar, 0.5 pm.

4C). Striations of the A-band, I-band, Z-line, M-line,
and H-zone were identified in these well-ordered
sarcomeres. The proliferated and extended sarco-
plasmic reticulum was observed between myofibrils
in denervated muscle cells (Fig. 4D). In contrast, in
most denervated muscle fibers containing disorga-
nized sarcomeres, the mitochondria became smaller
and fewer in number (Fig. 4E). The sarcoplasmic
reticulum and triad became more expanded and
disorganized. Several autophagic vesicles were scat-
tered among the cytoplasm of denervated muscle
fibers. The Z-lines could still be observed, but they
were more irregular than those in innervated mus-
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cle (Fig. 4F). Following denervation, most muscle
fibers contained a disorganized arrangement of
the contractile apparatus. The disorganized sarco-
meres indicated that the role of titin in stabilizing
the sarcomeres was affected by denervation. In
addition, the amount of endomysial collagen in-
creased prominently around the denervated mus-
cle fibers.

Effects of Denervation on Immunofluorescent Staining
of Myofibrils. To examine changes in the titin
epitope near the Z-line during denervation, we iso-
lated individual myofibrils from muscles for immu-
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FIGURE 5. Phase-contrast and corresponding immunofluorescence micrographs of innervated and denervated myofibrils decorated with
an anti-titin (T12) monoclonal antibody. In each pair of micrographs, the upper panel is the phase-contrast photograph, and the lower
panel is the corresponding fluorescence picture. (A) Myofibril from innervated muscles on day 7; (B) myofibril from denervated muscles
on day 7; (C) intact myofibril from denervated muscles on day 28; (D) intact myofibril from denervated muscles on day 56. Note the
widening of fluorescence around the Z-line in the intact myofibrils of denervated muscles on days 28 and 56. Arrows indicate the positions

of the Z-lines. Bar, 5 pm.

nofluorescence staining. Statistical analyses were
performed to verify the appearances of myofibrils on
photo fields. The phase-contrast profiles indicated
that most of the isolated myofibrils (about 97.5%)
from innervated muscle displayed an ordered struc-
ture of sarcomeres during the entire period of ob-
servation. The distinct striations of the A-band, I-
band, Z-ine, and H-zone could be identified in
innervated myofibrils on day 7 (Fig. bA, upper
panel). Immunofluorescence of the anti-titin (T12)
monoclonal antibody, which labels a titin epitope
near the Z-line, exhibited an intense single band and
periodic pattern at the Z-line of innervated myofi-
brils on day 7 (arrows in Fig. 5A, lower panel). The
same morphology and staining pattern were also
observed in innervated myofibrils on days 28 and 56.

At 7 days postdenervation, most denervated myo-
fibrils (87.5%) remained as intact as the innervated
myofibrils, but a few myofibrils (12.5%) had an ir-
regular appearance (Fig. 5B, upper panel). Immu-
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nofluorescent staining of these irregular myofibrils
still occurred at the Z-line with the T12 antibody in
denervated myofibrils (arrows in Fig. 5B, lower
panel).

At 28 days postdenervation, most denervated
myofibrils had broken up after polytron treatment.
Some remaining intact myofibrils were shorter than
those isolated from innervated muscles. The num-
bers of remaining intact myofibrils were about four
to five on each photograph. Striations of the A-band,
I-band, and Z-line were observed in the remaining
intact denervated myofibrils (Fig. 5C, upper panel).
However, widening of the fluorescence around the
Z-line was observed and indicated that the T12
epitope had shifted from the Z-ine to the I-band
(Fig. 5C, lower panel). Trombitas and colleagues
have provided evidence that near the Z-line, titin is
attached under tension.?> Therefore, the transloca-
tion of T12 epitope might result from the loss of
tension.
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At 56 days postdenervation, most of the isolated
myofibrils from denervated muscles had become dis-
persed. There were about one or two myofibrils re-
maining intact on each photograph. Striations of the
A-band, I-band, and Z-line were still visible in the
remaining intact denervated myofibrils (Fig. 5D, up-
per panel). The widening of the fluorescence
around the Z-ine was observed in the remaining
intact myofibrils (Fig. 5D, lower panel). Immunoflu-
orescent staining of the T12 epitope revealed that
increasing denervation time might result in the ap-
parent cleavage of titin near the Z-line region or the
translocation of the ends of some of the titin mole-
cules.

DISCUSSION

Our results demonstrate the progressive loss of mus-
cle mass after sciatic nerve transection. The muscle
mass rapidly declined within 28 days after denerva-
tion, and then slowly decreased during the remain-
ing period of observation. These data are consistent
with numerous previous reports.®!41819 Denerva-
tion-induced atrophy of skeletal muscle is associated
with apoptosis of muscle cells. Several apoptotic
events such as the upregulation of bax and bcl-2,
activation of caspase, and fragmentation of DNA
have been detected in denervated skeletal muscle.3?
As apoptosis progresses, the muscle mass gradually
decreases in a time-dependent manner.

Using SDS-PAGE and densitometric analysis,
myofibrillar proteins (such as titin, nebulin, MHC,
and actin) decreased following denervation, but the
degree of decrease was not equal among these myo-
fibrillar proteins. The ratios of titin/MHC and titin/
actin decreased, indicating that titin declined more
rapidly and to a greater extent than either MHC or
actin. This finding is similar to results of Toursel and
coworkers, who reported a decrease of titin content
in atrophic soleus after hindlimb unloading.3?

However, MHC and actin decreased in parallel,
so the MHC/actin ratio remained similar to that of
the controls. Jakubiec-Puka reported that the MHC/
actin ratio of the rat extensor digitorum longus
(EDL) muscle was also maintained for about 1
month after denervation, but the ratio decreased in
the latter stage of atrophy.!? In our study, the MHC/
actin ratio of TA muscle did not significantly differ
from that of the controls even at 56 days postdener-
vation. The presented differences between TA and
EDL muscles reflect the probable different sizes and
atrophic degrees of the muscles.

Immunoblot analysis indicated that titin might
have broken down or been cleaved in denervation-
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induced atrophying muscle. However, the mecha-
nism of the downregulation of titin is unclear. Fur-
ther studies are required to investigate why the
content of titin more obviously declined than those
of MHC and actin. Recently, calpains (calcium-acti-
vated cysteine proteases) were reported to mediate
muscle protein degradation and participate in pro-
tein turnover in skeletal muscle.”!7 Previous studies
indicated that denervation enhanced calpain activi-
ties in rodent skeletal muscles.81% In addition, acti-
vated calpains can digest titin, nebulin, and desmin,”
but not MHC or actin.?* Therefore, it seems likely
that calpains are involved in the gradual loss in titin
contents during denervation processes. Further stud-
ies will be necessary to clarify the relationship be-
tween titin changes and the calpain proteolytic sys-
tem following denervation.

Ultrastructural observations revealed that muscle
cells containing highly disorganized myofilaments of
sarcomeres increased with increasing denervation
time. These morphological observations are consis-
tent with previous studies.!9?231 Several unique
structural properties have established titin filaments
as a crucial component of sarcomeric integrity of
striated myofibrils.® Based on the morphological
data, we speculated that the disorganized arrange-
ment of contractile filaments might have resulted
from the denervation-induced reduction in titin.
However, different degrees of atrophy of muscle
cells were also seen in denervated muscle. There
were still some well-ordered sarcomeres even at 56
days postdenervation. This result is consistent with
the observations of Lu and coworkers.22 Striations of
the A-band, I-band, Z-line, M-line, and H-zone were
still identified in these ordered sarcomeres of dener-
vated muscles, but not as clearly as those of the
innervated groups. Several studies have confirmed
the association of titin filament with thin filament in
the I-band.2!:35:36:39 Yamasaki and coworkers have
also shown that the PEVK domain of titin bound to
thin filament in the I-band both in cardiac and
skeletal muscle.?® Therefore, titin might be cleaved
but still bind to the thin filament, so the well-ordered
sarcomere can maintain its ultrastructure in dener-
vated muscles. During myofibril preparation for im-
munofluorescence, we also found that the well-
ordered myofibrils in denervated muscles were resis-
tant to polytron treatment.

Immunofluorescence staining with an anti-titin
(T12) antibody demonstrated that the T12 epitope
had translocated but remained in the Z-ine and I-band
of well-ordered myofibrils in denervated muscles. Ac-
cording to previous investigations, titin might bind
firmly to the thin filament between the Z-line and N1
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line, but be only weakly associated with the thin fila-
ment in the rest of the I-band.?!%¢ Thus, as cleavage of
titin near the Z-line occurred, titin tension might move
the T12 epitope into the I-band and result in widening
of the fluorescence around the Zline as our data
showed. Boyer-Berri and Greaser studied the effect of
postmortem storage on the Z-ine region of titin in
bovine muscle and found a similar translocation of the
titin epitope (FE-RE epitope). They suggested that the
cleavage of titin might increase misalignment of the
myofibrils and improve the tenderness of bovine mus-
cles during postmortem storage.*

Physiological ~examinations of denervation-
induced atrophic muscles have indicated the atten-
uation in force output, an increase in twitch times to
peak, and elongation of half-relaxation times.>!* Al-
though multiple factors may be involved, we suggest
that the decline in titin might be a potential factor
resulting in disorganized sarcomeres that would af-
fect the interaction of myofilaments and contractile
function. Nevertheless, the correlation between the
reduction in titin content and the prolongation of
half-relaxation times of atrophic muscle has not
been reported to our knowledge. This absence of
previous investigations makes it difficult to hypothe-
size a potential mechanism that can explain our
observations. We can only speculate that the dener-
vation-induced decline in titin might result in atten-
uation of the restoring force, and hence may be a
contributing factor in the elongation of the twitch
half-relaxation time. More experiments are required
to determine whether the reduction in titin in de-
nervated muscle affects the halfrelaxation time.

Titin is responsible for the major source for
generation of the restoring force in striated mus-
cle'® and is the most obvious determinant of the
intracellular component for passive elasticity.!!
Thus it is conceivable that the reduction in the
amount of titin in denervated muscle attenuates
the titin-based intracellular passive force. This
opinion is consistent with previous investigations
that showed a decrease in the amount of titin
reduced passive tension in the soleus muscle after
14 days of hindlimb unloading.?3 Another source
of passive tension in skeletal muscle is collagen,
the most abundant extracellular matrix. Our ultra-
structural observations found that the amount of
collagen increased around the denervated muscle
cells. Earlier investigations also showed that denerva-
tion was accompanied by an increased level of extra-
cellular collagen.?23 Because collagens contribute to
the elastic properties of passive tension, an accumula-
tion of collagen may thus participate in the remodeling
of the passive force in denervated muscles. However,
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intracellular desmin, the main intermediate filament
in muscle cells, is also slightly reduced in denervated
soleus muscle.? Because desmin contributes nothing or
very little to passive tension development,!:!! we spec-
ulated that the reduction in desmin insignificantly af-
fects intracellular passive tension in comparison to that
in titin after denervation.

Due to titin’s essential role in maintaining the
normal function of skeletal muscle, the titin mole-
cule is a candidate for association with a number of
muscle diseases. The degradation of titin might be
involved in the pathogenesis of myofibrillar degen-
eration in DMD? and FCMD?2® using Western blot
analysis. The serum concentration of titin autoanti-
bodies was correlated with the severity of MGT, and
their presence might predict an unsatisfactory out-
come after thymectomy.? The mutation in the TTN
gene, encoding the titin protein, causes a functional
defect of the M-line titin, and titinopathy is consid-
ered to be the genesis of the TMD disease pheno-
type.!> These studies support titin playing a crucial
role in the sarcomeric cytoarchitecture and in mul-
tiple functions of skeletal muscle.

In conclusion, the most striking finding in the
present study is a greater loss of titin than MHC and
actin after denervation. The titin content declined
and its cleavage near the Z-line region might have
resulted in changes in the fluorescent staining pat-
tern and misalignment of sarcomeres during the
atrophying process. This study provides evidence
that titin is more sensitive to degradation than MHC
and actin after denervation. The titin changes may
be related to misalignment of sarcomeres and reduc-
tion of passive tension in atrophic muscle.
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