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To investigate how cardiomyocytes change their
length, echocardiographic and morphological studies
were performed on rabbit hearts that were subjected
to volume overload, overload removal, and repeated
cycles of overload and overload removal. These con-
ditions were created by arterio-venous fistula be-
tween the carotid artery and jugular vein, closure of
the fistula, and cycles of repeatedly forming and clos-
ing fistula, respectively. After overload, hearts dilated
and myocytes elongated. Intercalated disks repeat-
edly broadened and narrowed with a 2-day cycle,
which continued for 8 weeks in many animals. The
cycle consisted of shifts between five modes charac-
terized by two interdigitation elongation-and-short-
enings as follows: (I) flat with short (�1/4 to �1/3
sarcomere long) interdigitations; (II) flat with long
(one sarcomere long) interdigitations; (III) grooved
with short interdigitations; (IV) grooved with long
interdigitations; (V) flat with short interdigitations
intermingled by sporadic long interdigitations; and
return to (I). After overload removal, hearts con-
tracted and myocytes shortened with similar 2-day
broadening and narrowing cycle of intercalated
disks, in which the five modes were reversed. Re-
peated overload and overload removal resulted in the
repetition of myocyte elongation and shortening. We
hypothesize that a single elongation-and-shortening
event creates or disposes one sarcomere layer, and

the two consecutive elongation-and-shortenings oc-
cur complementarily to each other so that the disks
return to their original state after each cycle. Our
hypothesis predicts that intercalated disks weave and
unravel one sarcomere per myocyte per day. (Am J
Pathol 2010, 176:660–678; DOI: 10.2353/ajpath.2010.090348)

The heart is known to dilate and contract depending on
its volume load.1–3 Various experimental means of vol-
ume overload, such as aorto-caval fistula,2,4,5–9 arterio-
venous fistula (AVF) between carotid artery and jugular
vein,10 aortic insufficiency,11 and mitral regurgitation,12,13

have been shown to induce distinct eccentric hypertro-
phy. These reports suggested that the left ventricle en-
larged 4% to 28% and dilated �14% at 1 week after
volume overload. At the cellular level, cardiac dilatation
and constriction are consistent with the elongation and
shortening of individual myocytes, respectively. Because
myocytes consist of an integral number of sarcomeres,
the length of which is same at all ages and in a wide
variety of animals (�2 �m),1 myocyte elongation is at-
tained by the assembly of sarcomeres in series, and its
shortening is attained by their disposal. It is assumed that
myocytes, which is known �60-sarcomere-long in adult
human hearts,14 gain a considerable number of sarco-
meres within 1 week after overload.

It is known that the rate of myosin heavy chain synthe-
sis increased measurably after 6 hours of severe pres-
sure overload, but did not increase after 6 hours of severe
volume overload.15 Volume overload was not suspected
to trigger substantial increases in the rate of myosin
heavy chain synthesis, but primarily to stimulate a de-
crease in the rate of the protein degradation to induce a
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later modest increase in left ventricular mass.12 De-
creased expression of stimulatory guanine nucleotide
regulatory proteins and decreased or unchanged ex-
pression of inhibitory guanine nucleotide regulatory pro-
teins were shown in volume-overloaded rat hearts.7 Vol-
ume overload after atrio-ventricular block caused a
transient compromise of cytoskeletal integrity on tran-
scriptional down-regulation.16 It seems that stimulation of
protein synthesis after volume overload is not sufficient to
explain the rather distinct enlargement and dilatation of
volume-overloaded hearts. Recently both chaperon and
ubiquitin proteasome systems appear to be necessary to
balance the dynamics of protein synthesis and degrada-
tion in the heart, but it is unclear how these systems work
during volume load change.17

The intercalated disk (ICD) in the mammalian heart is a
complicated steplike intercellular junction between two
adjacent myocytes with alternating transversely and lon-
gitudinally oriented portions.18–20 The cell surfaces in
transverse portions are deeply interdigitated; however,
the nature of the interdigitation is still uncertain. It is well
known that ICDs have three kinds of junctions: desmo-
somes, fasciae adherens, and gap junctions. Long be-
fore the invention of the electron microscope, when the
nature of ICD was still obscure, Heidenhain21 proposed
that the ICD contributed to the growth of new sarcomeres
(1901). He hypothesized that, because hearts grew very
proportionally, the smallest unit element, which was myo-
cardial fiber, grew very proportionally and harmoniously.
If new sarcomere formation were allowed to occur ran-
domly in any place in the myocardial fiber, the myocardial
fiber would be irregular and not be like the myocardial
fiber he observed. He concluded that the terminal of the
myocardial fiber, which was consistent with the ICD,
should contribute to new sarcomere formation. He con-
sidered that when ICDs, consisting of a line of rod-
shaped bacilli-like structure (following his original
description) of usually less than 2 �m thick (less than
one-sarcomere long), eventually widened more than
one sarcomere long, new sarcomeres appeared. Con-
sidering that his rod-shaped bacilli-like structure corre-
sponds to “interdigitation,” his proposal is interpreted as the
elongation of the interdigitation contributing to new sarco-
mere formation.

Until now, only a few ultrastructural studies have been
conducted regarding the nature of interdigitation of
ICDs,19,22–24 whereas many studies have focused on
their junctions. Widened ICDs, which would be due to
elongation of the interdigitation, and multiple ICDs, in
which two, three, or four ICDs lie along the same myofi-
brils within 10 sarcomeres, have been known to appear
with cardiac hypertrophy,22,24–26 normal growth,23 and
mutant mice.27 Many of these studies suggested a prob-
able relationship between ICD structure and new sarco-
mere formation. Recently, two impressive reports regard-
ing ICDs and sarcomerogenesis in vitro and in vivo have
been published. First, Yu and Russell28 found focal ab-
normal weakly stained or intensely stained disruptions of
sarcomeres after unilateral static strain in vitro after 4
hours. They found that, after mechanical strain, myocytes
were coupled by thicker adherent junctions that had

many zigzags, sharp turns, and a high degree of convo-
lution, whereas the contact between cells was relatively
straight in the unstretched myocytes. They suggested
that myocytes from neonatal rat hearts remodel by inser-
tion of new sarcomeres throughout the cell length and
also suggested that the zigzag pattern of the ICDs might
correlate with new sarcomere appearance and yield pro-
gressive lengthening at the end of the cell. Secondly,
Bennet et al29 proposed a new functional subcellular
domain at the ICD, “transitional junction,” providing a
means for sarcomeres to be added to the ends of the
cells during growth.

Considering distinct myocyte elongation after volume
overload, presumed preservation of basic molecular syn-
thesis after volume overload, and the probable contribu-
tion of ICDs to the new sarcomere formation together, we
speculate that volume overload-induced new sarcomere
assembly occurs progressively, is not basically related to
the major part of myocytes, and is closely related to ICDs.
If ICDs may contribute to the elaboration of sarcomere
assembly, they would change their configuration corre-
sponding to their contribution. After several rounds of
sarcomere assembly, which might usually occur after
volume overload, ICDs would progressively accumulate
changes in their configuration. However, many ICDs are
mostly simple18–20 and their divergence is occasional
widening22,23 and very occasional multiplication.22,25,26

Therefore, it is suggested that ICDs have some mecha-
nism to neutralize supposed accumulated changes in
configuration during repeating sarcomere assembly.

Here, we report periodic broadening and narrowing of
ICDs of 2-day cycle during volume overload and over-
load removal of overloaded hearts in rabbits. Volume
overload and overload removal were performed by cre-
ating an AVF between common carotid artery and jugular
vein and by the closure of the AVF, respectively. Ultra-
structural observations revealed that this 2-day cycle
consists of two-time elongation and shortening of the
interdigitations. Molecular investigations of some chaper-
ons and ubiquitin ligase, which are known to contribute to
the dynamic sarcomere preservation,17 reveals that they
were constantly expressed in the same level during the
2-day cycle. We hypothesize that, while all sarcomeres in
the body of myocytes are kept constant in dynamic equi-
librium, the elongation and shortening of the interdigita-
tions creates or disposes one sarcomere layer, and two
consecutive elongation and shortenings occur comple-
mentarily to each other so that ICDs return to their original
state after each cycle. We consider ICDs to be the weav-
ing machinery for sarcomere assembly and disposal,
using retractile interdigitations to adapt volume load
changes.

Materials and Methods

Animals and Operation

Four hundred and twenty adult male Japanese white
rabbits (3 to 5 kg) were used in this study. AVF creation
between left common carotid artery and jugular vein was
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used as an experimental model, with which volume over-
load was allowed as AVF,30–33 and overload removal was
allowed as AVF closure.34–37 Animal care followed the
Japanese Community Standard on the Care and Use of
Laboratory Animals. The Animal Research Committee at
the Akita University School of Medicine approved the
protocols for animal experimentation. All subsequent an-
imal experiments adhered to the Guidelines for Animal
Experimentation of the University.

Design of Experiments

Volume Overload

Animals (n � 233) were subjected to a series different
periods of AVF opening from 1 hour to over 30 weeks
(Figure 1A). Each group included more than three ani-
mals. Twenty-one animals were used as nonoperated
control.

Overload Removal

Animals (n � 137) were subjected to a certain period of
AVF opening (2-day, 3-day, 4-day, 4-week) followed by a
certain period of AVF closure (Figure 1B). Each group
included more than three animals.

Repetitions of Volume Overload and Overload
Removal

Animals (n � 26) underwent a cycle of left ventricle
volume overload and overload removal, by 4 weeks of
AVF opening followed by 6 weeks of AVF closure. The
cycle was repeated three times. The hearts of these
animals were harvested in each time point of load change
as 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0-cycle (Figure 1C). Each
group included more than four animals. The sham-oper-
ated control group was treated three times by sham AVF
operation (immediate AVF closure after AVF creation)
every 10 weeks (n � 3).

Measurement of Carotid Artery Flow

Blood flow rate of the left common carotid artery proximal to
the AVF was measured at the time of AVF, 10 minutes after
AVF, before AVF-closure, 10 minutes after AVF-closure, and
before sacrifice with electromagnetic flowmeter (MFB 2100,
Nihon Kohden Co, Tokyo, Japan) as described before30–37

or transit-time flowmeter (TS420 Perivascular flow module,
Transonic System Inc, Ithaca, NY).

Echocardiographic Studies

Using echocardiography (SDU-800, Shimazu Co,
Kyoto, Japan), M-mode, B-mode, and Doppler echocar-
diography were performed with 3.75 MHz probe (S011-
375) before AVF, after AVF, and several points after AVF
in overloaded animals and several points after AVF-clo-
sure in overload-removed animals. Left ventricular end-
diastolic diameter (Dd-mm) and end-systolic diameter
(Ds-mm) were obtained by M-mode and B-mode. There
are two formulas for deducing ventricle volume from lu-
men dimension in human heart.38,39 Because adult rabbit
heart is smaller than that of human, we obtained new
formula, which could deduce left ventricular volume from
the left ventricular short diameter. We measured left ven-
tricular volume (mV-ml) and short (D1-mm) and long di-
ameter (D2-mm) of the largest left ventricular cross sec-
tion (usually ellipse in shape) using consecutive 24
autopsy hearts from the start of our experiments. Luminal
area of the largest cross section is �D1D2-mm2, which is
compatible with assumed round lumen of �D1D2-mm
diameter. When left ventricle lumen shape is assumed a
prolate ellipse, left ventricular volume (V) is obtained by
the volume formula of (�/6) D2 L, where L is the major
diameter (long axis) and D is the minor diameter (short
axis assuming round) of the left ventricle. The ratio of the
actual left ventricular volume to the calculated spherical
volume [(�/6) D2 L to (�/6) D3] will give the long axis to
short axis diameter ratio (L/D). The relation of long axis-
to-short axis lumen diameter ratio (L/�D1D2) and short
axis lumen diameter (�D1D2) was plotted in Figure 2.
The regression curve of short axis lumen diameter from
10 mm to 25 mm fit a two-dimensional polynomial
equation of L/�D1D2 � 0.0062D1D2 � 0.3111�D1D2 �
5.1662, where R2 was 0.4284. Small ventricle (�D1D2;
�10 mm) has long and narrow chamber and large ven-

Figure 2. Relation between left ventricular long axis-to-short axis ratio and
short axis lumen diameter.

Figure 1. Experimental schedule.
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tricle (�D1D2; �30 mm) has more spherical chamber.
When �D1D2 is 14 mm, L/�D1D2 is �2 in rabbit heart,
while D is 40- to 50-mm in human heart at L/D � 2.39

Therefore the rabbit heart is 1/3- to 1/4-fold miniature of
human heart. The relation of left ventricular volume (V)
and short axis lumen diameter (�D1D2) was plotted in
Figure 3. Regression curve of short axis lumen diameter
from 10 mm to 25 mm fit a two-dimensional polynomial
equation of V � 0.0159D1D2 � 0.0164 �D1D2, where R2

was 0.8348 (Figure 3). Using this equation, we calculated
end diastolic volume (EDV; 0.0159Dd2 � 0.0164Dd) and
end systolic volume (ESV; 0.0159Ds2�0.0164Ds). Stroke
volume was calculated as EDV minus ESV. Ejection
fraction (EF) was calculated by SV/EDV �100 (%).
Cardiac output (CO) was obtained by SV by heart rate
(HR). CO was also obtained by Doppler echocardiog-
raphy (CO-Doppler).

Terminal Procedure

Animals were sedated and anesthetized as above during
operation. After all of the examination procedures were
done, animals were euthanized by overdose of pentobar-
bital injection (100 mg/kg) into the catheter introduced in
the abdominal aorta. Animals were perfused with 2.5%
glutaraldehyde solution in phosphate buffer or 4% para-
formaldehyde solution in distilled water via the catheter
with perfusion pressure of 100 mm Hg for 30 minutes.
Hearts were then moved out and heart weight and left
ventricle weight was measured. Left ventricles were post-
fixed in the 2.5% glutaraldehyde solution or in the 4%
paraformaldehyde solution for 24 hours.

Animals for Western blotting were not perfused
fixed. Immediately after euthanasia, hearts were re-
moved and left ventricles were sliced in cross sections
(each 3 mm thick) and then the middle portions of the
left ventricle were cut into pieces (�2 mm cube), which
were frozen into liquid nitrogen and stored in the deep
freezer. One cross section of left ventricle in each
animal was immersion fixed with 4% paraformaldehyde
solution for immunofluorescent and immunohistochem-
ical observation.

Light Microscopy, Transmission Electron
Microscopy, and Immunohistochemistry

Cross sections of the left ventricle of all animals were
used for ordinary light microscopic observation. One-
micron thick paraffin-embedded sections were made.
H&E and Azan-Mallory (Azan) stains were performed.
Left ventricles of hearts, which were perfusion-fixed with
2.5% glutaraldehyde solution, were cut in pieces of cubic
tissue (1 mm � 1 mm � 1 mm). They were postfixed with
2.5% glutaraldehyde solution. Ultra-thin sections stained
with lead citrate and uranyl acetate were observed with
transmission electron microscopy (TEM, H-7650, Hitachi
Co, Tokyo, Japan).

For immunohistochemical observation, hearts per-
fused fixed with the 4% paraformaldehyde solution, or
with 2.5% glutaraldehyde solution for 30 minutes and
then quickly immersed with the 4% paraformaldehyde
solution, or hearts immersed fixed with 4% paraformalde-
hyde solution were used. Immunohistochemical staining
was performed using the high polymer method (Histofine
simple stain, Nichirei Bioscience Inc, Tokyo, Japan). All
procedures were implemented according to their manu-
facturer’s instructions. Paraffin sections were deparaf-
finized in xylene and rehydrated in a graded alcohol
series. Antigen unmasking was performed by immersion
of sections in proteinase K (Dako, Tokyo, Japan) for 20
minutes at room temperature. Endogenous peroxidase
activity was quenched with hydrogen peroxide 0.3% in
methanol for 30 minutes at room temperature. Sections
were incubated with goat anti-N-cadherin (N-19:
sc-1502; 1:500, Santa Cruz Biotechnology Inc, Santa
Cruz, CA), mouse anti-myosin (M8421: skeletal, slow;
1:500, Sigma-Aldrich Co, St. Louis, MO), mouse anti-
HHF35 (M0635: actin, muscle, 1:50, Dako, Tokyo, Ja-
pan), mouse anti-desmin (N-1526: ready-to-use; Dako,
Tokyo, Japan), mouse anti-titin (G-H5: sc-100959; 1:50,
Santa Cruz Biotechnology Inc, Santa Cruz, CA); and goat
anti-nebulin (N-19: sc-8083; 1:50, Santa Cruz Biotechnol-
ogy Inc, Santa Cruz, CA) antibodies for 40 minutes at
room temperature, followed by incubation for 30 minutes
with peroxidase-conjugated polymer reagent (Histofine
simple stain; Nichirei Bioscience Inc, Tokyo, Japan). The
staining was visualized with diaminobenzidine (Dako, To-
kyo, Japan).

Double-label immunohistochemical staining for N-cad-
herin and actin (HHF35) or myosin was performed using
the high polymer method and the ABC method (ABC Elite
Kit; Vector Laboratories Inc, Burlingame, CA). All proce-
dures were implemented according to their manufactur-
er’s instructions. Paraffin sections were deparaffinized in
xylene and rehydrated in a graded alcohol series. Anti-
gen unmasking was performed by immersion of sections
in Proteinase K for 20 minutes at room temperature. En-
dogenous peroxidase activity was quenched with hydro-
gen peroxide 0.3% in methanol for 30 minutes at room
temperature. Sections were incubated anti-N-Cadherin
antibody for 40 minutes at room temperature, followed by
incubation for 30 minutes with peroxidase-conjugated
polymer reagent. The staining was visualized with diami-

Figure 3. Relation between left ventricular volume and short axis lumen
diameter.
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nobenzidine. Subsequently, sections were rinsed in
PBS, incubated with 10% bovine serum albumin for 20
minutes at room temperature, and then 40 minutes at
room temperature with mouse anti-myosin or mouse anti-
HHF35. This was followed by incubation for 30 minutes
with biotinylated anti-mouse IgG (H�L) reagent (Vec-
tastain ABC Elite Kit, Vector Laboratories Inc, Burlin-
game, CA), followed by incubation for 30 minutes with
ABC-AP reagent (Vectastain ABC Elite Kit, Vector Labo-
ratories Inc, Burlingame, CA) at room temperature. Fi-
nally, sections were visualized with 5-bromo-4-chloro-3-
indoxyl phosphate and nitro blue tetrazolium chloride
substrate system (Dako, Tokyo, Japan), rinsed in distilled
water, counterstained with hematoxylin and examined
microscopically.

Measurement of Myocyte Length

Myocyte length is influenced by the contractile state of
heart. Even when hearts were pressure perfused at eu-
thanasia, their contractile state varied. Because myofi-
brils attach ICDs forming “transitional junctions,”29 which
are equivalent to the Z-band of sarcomeres, there are
integral numbers of sarcomeres between ICDs. Here, we
used sarcomere number between the farthest ICDs for
myocyte length to avoid contraction influence, because
sarcomeres are fundamental contractile units, the length
of which is normally 1.81 to 2.07 �m.40 Using N-cadherin-
stained sections and/or Azan-stained sections, sarco-
mere numbers between the farthest ICDs were calcu-
lated with differential microscopy at the magnification of
objective lens of �20 or �40 in the longitudinal myocytes
showing their nuclei. The average sarcomere number
from 20 to 80 cells was obtained in each heart.

Measurement of ICD Dimensions

With TEM photographs at �3000 magnification, which
showed longitudinal cut surface of myocardium, we mea-
sured length of interdigitations, width of ICDs, and the
length of sarcomeres of controls, and at 6 hours, 12
hours, 1 day, 1.5 days, and 2 days after AVF (Figure 4).
To avoid the influence of the angle deviation of the cut
surface to the real longitudinal plane, we used interdigi-
tation length to sarcomere length ratio and ICD width to
sarcomere length ratio, besides actual length and width.
Ten interdigitations or ICDs, which demonstrated typical
principal shape at each stage of overload, were mea-
sured. Average (n � 10) of interdigitation length and ICD
width was shown in Figure 4.

Western Blotting and Immunofluorescent Study

To observe protein expression of chaperones and ubiq-
uitin ligases, which are known to be necessary to balance
the dynamics of protein synthesis and degradation in the
heart,17 we performed Western blot by using specific
antibodies for Tcp1-�, a chaperon for the folding and
assembling of actin, (rat anti-Tcp1-�, 91A: sc-53454;
1:400, Santa Cruz Biotechnology Inc, Santa Cruz, CA),

Hsp90, a chaperon for the assembly of myosin, (goat
anti-Hsp90, N-17: sc-1055; 1:300, Santa Cruz Biotech-
nology Inc, Santa Cruz, CA), UNC45B, a chaperon for the
assembly of myosin, (H00146862-B01P: 1:500, Abnova
Corporation, Taipei, Taiwan), and MuRF1, a ubiquitin li-
gase for recognizing and degrading troponin I, (goat
anti-MuRF1, C-20: sc-27642; 1:300, Santa Cruz Biotech-
nology Inc, Santa Cruz, CA). Twenty-seven rabbits were
used for the overload-experiments (control, 12-hour,
1-day, 1.5-day, 2-day, 2.5-day, 3-day, 3.5-day and 4-day
post-AVF animals, n � 3 in each group) and 24 rabbits were
used for the overload-removal experiments of 4-day-
overloaded animals (12-hour-AVFclosure, 1-day-AVFclo-
sure, 1.5-day-AVFclosure, 2-day-AVF closure, 2.5-day-
AVFclosure, 3-day-AVFcolsure, 3.5-day-AVF-closure and
4-day-AVF closure, n � 3 in each group).

For Western blotting, frozen tissue samples were homog-
enized in lysis buffer using Ultrasonic Processor (Sonics &
Materials, Inc., Newtown, CT). Equal amounts of total pro-
tein (40 �g) were loaded into 10% SDS-polyacrylamide
gels, followed by electrotransfer to polyvinylidene difluoride
membranes (GE Healthcare, Little Chalfont, UK). The trans-
ferred proteins were incubated with primary antibodies for 2
hours at room temperature. After incubation with horserad-
ish peroxidase-conjugated secondary antibodies for 1 hour
at room temperature, bands were visualized by enhanced
chemiluminescence Western blotting detection reagents
(GE Healthcare, Little Chalfont, UK). To quantify each pro-
tein, the blots were analyzed by densitometry with a one-
dimensional scan software (Science Lab Image Gauge,
Fujifilm Co, Tokyo, Japan), and loading differences were
controlled by reprobing the blot with an antibody against
glyceraldehyde-3-phosphate dehydrogenase (Santa Cruz
Biotechnology Inc, Santa Cruz, CA).

For immunofluorescent study, fresh frozen tissues and
4% paraformaldehyde-fixed paraffin-embedded tissues
were used, which were collected at the same time for West-
ern blotting tissue collection. The primary antibodies of rat
anti-Tcp1-� (1:50), goat anti-Hsp90 (1:50), mouse anti-
UNC45B (1:50), and goat anti-MuRF1 (1:50) were used to

Figure 4. Schematic illustration of intercalated disk configuration and mea-
surements of interdigitation length and intercalated disk width during 2 days
after volume overload.
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detect the correlated protein expression in myocytes.
Mouse anti-titin (1:50) and anti-myosin (1:500) primary an-
tibodies were used to observe the titin and myosin in myo-
cytes. Also, fluorescent-labeled phalloidin (F-432; 1:40, Mo-
lecular Probes Inc, Eugene, OR) was used for actin
filaments. Fluorescein conjugated goat anti-rat IgG, donkey
anti-goat IgG, and goat anti-mouse IgG secondary antibod-
ies were used. Antigen unmasking was performed by im-
mersion of sections in Target Retrieval Solution (Dako, To-
kyo, Japan) in a pressure cooker and boiled for 15 minutes
in a 600-W microwave oven. Sections were incubated with
10% bovine serum albumin (Santa Cruz Biotechnology Inc,
Santa Cruz, CA) for 30 minutes at room temperature,
and 40 minutes with primary antibodies followed by 30
minutes incubation with secondary antibodies. Finally,
sections were incubated with propidium iodide (1:1000,
Molecular Probes Inc, Eugene, OR) for 20 minutes, and
observed with laser scanning confocal microscopy (LSM-
500, Carl Zeiss, Co., Ltd., Jena, Germany).

Statistics

All data are presented as mean � SEM. Statistical analysis
was performed by one-way analysis of variance followed by
Scheffé’s test for multiple comparisons to compare the
results for each group and time interval. Differences
were determined to be significant when the probability
value was �0.05.

Results

Survival Rate

Ninety-two percent of the animals survived until 4 weeks
after AVF. Seventy-nine percent survived over 8 weeks after
AVF. Eighty-six percent survived in overload removal of
4-week overloaded animals. Seventy-eight percent sur-
vived in 1.5-cycle, 2.0-cycle, and 3.0-cycle animals.

Echocardiographic Observation

Rabbit hearts dilated significantly at 4-week AVF (Dd;
34% larger than control) with a significant increase of
EDV (81% larger than control), SV (2.1-fold larger than
controls), and CO (CO of SV � HR and CO of Doppler
were both 2.2-fold larger than controls) (Figure 5A�B,
Table 1). The heart kept dilating at 8 weeks (Dd; 46%
lager than control) with a significant increase of EDV and
SV (2.2-fold and 2.2-fold larger than control, respectively)
and at 10 to 19 weeks (Dd; 46% lager than control) with
a significant increase of EDV and SV (2.3-fold and 2.5-
fold larger than control, respectively). Dilatation stopped
thereafter. CO was almost 2- to 2.5-fold larger than that of
control after 8 weeks. EF significantly increased 4 weeks
after AVF (55%) as compared with controls (47%). It was
�50% after 8 weeks, 10 to 19 weeks, and after 30 weeks.

At 6 weeks after the overload removal, the 4-week-over-
loaded hearts (1.0-cycle) contracted significantly (Dd; 23%
smaller than 4-week) with significant decrease of EDV, SV,
CO of SV � HR and CO of Doppler (54%, 1.7-fold, 1.8-fold,

and 2.0-fold smaller than 4-week, respectively) (Figure
5C–D, Table 1). The second round of 4-week overload
(1.5-cycle) again induced significant cardiac dilatation (Dd;
19% larger than 1.0-cycle) with significantly increased EDV,
SV, CO of SV � HR and CO of Doppler (43%, 1.6-fold,
1.6-fold, and 2.2-fold larger than 1.0-cycle, respectively).
Similarly, the second round of 6-week overload-removal
(2.0-cycle) resulted in a significant heart contraction with
normalization of EDV, SV, and CO. The third round of
4-week overload (2.5-cycle) induced a very similar cardiac
dilatation, while the third round of overload-removal (3.0-
cycle) normalized cardiac size and function as observed in
the first and the second overload and overload-removal
cycle (Table 1). EF was 52% at 1.5-cycle and 45% at
2.5-cycle. It was 50% after first flow decrease (1.0-cycle),
but slightly low 37% (2.0-cycle) and 38% (3.0-cycle) after
second and third decrease, respectively.

Gross Appearance of Hearts

After creation of carotid-jugular AVF, blood flow rates of
the left carotid artery increased in all groups with AVF
(Table 2). The heart enlarged at 4 weeks (LVW/BW ratio;
15% larger than control, not significant) (Figure 6). It was
significantly enlarged at 8 weeks (LVW/BW ratio; 34%
larger than control, P � 0.001), 16 to 18 weeks (LVW/BW
ratio; 35% larger than control, P � 0.001), and over 26
weeks (LVW/BW ratio; 48% larger than control, P �
0.001) (Figure 6, Table 2). The speed of enlargement
slowed after 8 weeks. After repeating overload by AVF
opening and overload removal by AVF closure, the ca-
rotid artery significantly repeatedly increased and de-
creased blood flow (Table 2). Hearts were as small as
controls after 6-week overload-removal (1.0-cycle). They

Figure 5. Echocardiographic images after volume overload and overload re-
moval. Left ventricle dilates from A to B by 4-week AVF. Four-week overloaded
heart contracts from C to D by 6-week AVF closure. Left ventricle cross-sectional
planes at end-diastolic phase (B-mode echocardiography).
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enlarged again by the second 4-week overload (1.5-
cycle). These hearts showed a similar pattern of enlarge-
ment and contraction induced by the second and third
rounds of overload and overload-removal cycle.

Myocyte Length

Myocyte length calculated as the number of sarcomeres
was 61.9 � 0.4 in controls (Figure 7). Volume overload

induced a myocyte elongation, which is indicated by the
increase in sarcomere number of �6 after 1 week, �11 after
2 weeks, and �23 after 4 weeks. The rate of increase in the
sarcomere number is rather constant (approximately one
sarcomere per day) until 4 weeks. The histogram showed
similar distribution in control, 1-week, 2-week, and 4-week
animals, which slid parallel to right (Figure 7). At 8 weeks,
16- to 18-week, and over 26-week overload, average sar-
comere number of myocytes were �30, �36 and �33-

Table 1. Echocardiographic Data after Volume-Overload and during Repeating Volume-Overload and Overload-Removal

Animals No Dd (mm) EDV (ml) SV (ml) EF (%) HR (/min)

CO
(SV � HR)
(ml/min)

CO
(Doppler)

(L/min)

Volume overload
Control 58 14.8 � 0.2 3.27 � 0.08 1.51 � 0.05 47 � 1 198 � 4 298 � 11 0.28 � 0.01
4-week 20 19.8 � 0.3* 5.92 � 0.19* 3.23 � 0.13* 55 � 2† 213 � 4 667 � 23* 0.61 � 0.04*
8-week 7 21.6 � 0.9* 7.13 � 0.66*‡ 3.49 � 0.43* 49 � 3 211 � 12 729 � 82* 0.64 � 0.05*
10 to 19-week 18 22.0 � 0.4*§ 7.39 � 0.26*§ 3.74 � 0.25* 50 � 3 196 � 7 711 � 35* 0.58 � 0.03*
20-week 10 22.1 � 0.4*§ 7.39 � 0.26*§ 3.74 � 0.15* 51 � 2 179 � 5 670 � 36* 0.61 � 0.03*

Repeating volume-overload
and overload-removal

1.0-cycle 8 16.1 � 0.2 3.85 � 0.16 1.92 � 0.14 50 � 3 190 � 9 367 � 36 0.30 � 0.03
1.5-cycle 8 19.1 � 0.4¶ 5.52 � 0.24¶ 2.87 � 0.12¶ 52 � 2 207 � 6 589 � 17¶ 0.65 � 0.04¶

2.0-cycle 12 15.4 � 0.3 3.54 � 0.12 1.23 � 0.08 37 � 3� 182 � 8 232 � 16 0.31 � 0.02
2.5-cycle 8 20.5 � 0.7¶ 6.41 � 0.48¶ 3.58 � 0.41¶ 45 � 3 206 � 13 587 � 65¶ 0.73 � 0.05¶

3.0-cycle 7 14.9 � 0.3 3.27 � 0.12 1.21 � 0.10 38 � 4 193 � 7 232 � 17 0.33 � 0.02
1-c-sham 5 14.8 � 0.4 3.25 � 0.17 1.39 � 0.13 43 � 3 165 � 7 230 � 21 0.26 � 0.02
3-c-sham 3 14.0 � 0.0 2.89 � 0.00 1.25 � 0.10 44 � 4 183 � 21 234 � 48 0.20 � 0.00

Data for controls are from those animals on which echocardiography was performed before AVF operation.
*Significantly larger than controls (P � 0.0001).
†Significantly larger than control (P � 0.002).
‡Significantly larger than 4-week (P � 0.002).
§Significantly larger than 4-week (P � 0.0001).
¶Significantly larger than control, 1.0-cycle, 2.0-cycle, 3.0-cycle, 1-c-sham, and 3-c-sham (P � 0.0001).
�Significantly smaller than 1.5-cycle (P � 0.001).
No, number of echocardiographic study; Dd, end-diastolic left ventricle diameter; EDV, end-diastolic left ventricular volume; SV, stroke volume; EF,

ejection fraction; HR, heart rate; CO (SV � HR), cardiac output calculated by SV � HR; CO (Doppler), cardiac output obtained by Doppler
echocardiography; 1-c-sham, �10-week after sham-operation; 3-c-sham, three cycle of sham-operation.

Table 2. Heart Weight and Carotid Flow

Experiments (Number) BW (kg) HW (g) LVW (g) LVW/BW (g/kg) BF (final) (ml/min)

Volume-overload experiments
Control (21) 3.8 � 0.3 11.2 � 0.4 6.4 � 0.4 1.70 � 0.04 17 � 4
1-week (8) 4.2 � 0.1 10.6 � 0.4 6.7 � 0.5 1.64 � 0.12 98 � 29
2-week (4) 4.5 � 0.2 14.0 � 0.8 8.7 � 0.2 1.90 � 0.15 160 � 28*
4-week (11) 4.0 � 0.2 13.8 � 0.4 7.4 � 0.3 1.96 � 0.10 188 � 48*
8-week (7) 4.0 � 0.1 15.3 � 0.8†‡ 8.9 � 0.5†‡ 2.27 � 0.08† 202 � 26*
16 to 18-w (7) 4.3 � 0.2 17.8 � 2.0†‡§ 9.9 � 1.1†‡ 2.30 � 0.34†‡ 246 � 49*
Over 26-w (13) 4.3 � 0.1 17.4 � 0.6†‡§ 10.4 � 0.6†‡§ 2.51 � 0.10†‡ 289 � 34*

Repeating volume-overload
and overload-removal
experiments

1.0-cycle (4) 3.4 � 0.3 9.8 � 0.3 6.4 � 0.1 1.85 � 0.24 19 � 3
1.5-cycle (4) 3.6 � 0.1 11.7 � 0.6 7.0 � 0.3 1.95 � 0.05 372 � 69�

2.0-cycle (6) 3.6 � 0.1 11.7 � 0.7 7.3 � 0.4 1.97 � 0.07 15 � 3
2.5-cycle (5) 3.8 � 0.2 14.3 � 1.0¶ 7.7 � 0.4 2.02 � 0.07 469 � 39�

3.0-cycle (6) 3.8 � 0.2 12.6 � 0.8 7.6 � 0.4 2.01 � 0.07 29 � 9
3-cycle sham (3) 4.1 � 0.1 11.1 � 0.8 6.8 � 0.5 1.64 � 0.07 13 � 2

Abbreviations: (Number); Number of animals, BW; Body weight, HW; Heart weight, LVW; Left ventricle weight, LVW/BW: Left ventricle weight-to-
body weight ratio, BF (final); Blood flow rate of the left common carotid artery at final measurement before sacrifice.

*Significantly greater than control (2-week, P � 0.001; 4-week, 8-week, 16–18-week, over 26-week, P � 0.0001).
†Significantly greater than controls (HW: 8-week, P � 0.0003; 16–18-week, P � 0.0001; over 26-week, P � 0.0001. LVW: 8-week, P � 0.0003; 16–

18-week, P � 0.0001; over 26-week, P � 0.0001. LVW/BW: 8-week, P � 0.002; 16–18-week, P � 0.0008; over 26-week, P � 0.0001).
‡Significantly greater than 1-week (HW: 8-week, P � 0.0004; 16–18-week, P � 0.0001; over 26-week, P � 0.0001. LVW: 8-week, P � 0.002; 16–18-

week, P � 0.0001; over 26-week, P � 0.0001. LVW/BW: 16–18-week, P � 0.002; over 26-week, P � 0.0001).
§Significantly greater than 4-week (HW: 16–18-week, P � 0.0008; over 26-week, P � 0.0004. LVW: over 26-week, P � 0.0002).
¶Significantly greater than 1.0-cycle (P � 0.0007).
� Significantly greater than 1.0-cycle, 2.0-cycle, 3.0-cycle, and 3-cycle-sham (P � 0.0001).
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sarcomeres longer than controls, respectively, but the his-
togram showed wide divergence of myocyte length with
occasional very long myocytes of �140 sarcomeres in 8
weeks and �180 sarcomeres in 16 to 18 weeks.

Overload removal resulted in a shortening of the elon-
gated myocytes previously induced by 4-week volume-
overload (Figure 7). The number of sarcomeres decreased
by �8 after 1-week, �18 after 3-week, �26 after 4-week,
and �26 after 6-week overload removal. The histogram
showed similar distribution after 1 weeks, 3 weeks, and 4
weeks, which slid parallel to the left (Figure 7). Therefore,
the rate of myocyte shortening is constant (approximately
one sarcomere per day). Myocyte elongation and shorten-
ing occurred during the second and third cycle of overload
and overload removal as well, which repeated similar
changes as observed during the first cycle (Figure 7).

Morphological Change of ICDs

ICDs showed uniquely similar pattern of divergence in
wideness, irregularity level, and interdigitation length in
each heart of all experimental animals. It was difficult to
show statistically their similarity, because we could not
check all ICDs. However, so long as we observed in the
middle layer of the left ventricle, where many myocytes
were parallel to the sliced plane, they showed a uniquely
similar pattern. Even in the layers, where many myocytes
were angled or perpendicular to the sliced plane, pat-

Figure 6. Gross appearance of volume-overloaded hearts. Hearts show dil-
atory hypertrophy after volume overload. Left: Control, Middle: 4-week after
AVF, Right: 30-week after AVF.

Figure 7. Histogram of myocyte length. The left
column is histograms of volume overload exper-
iments. Histograms shift to the right gradually
until 4 weeks. The myocyte length (ML) at 4
weeks is significant longer than that of 2 weeks
(P � 0.0001), which is significantly longer than
that of control (P � 0.0001). At 8 weeks, ML is
significantly longer than that of 4 weeks and
some long myocytes reach 140 sarcomeres. At 16
to 18 weeks and over 26 weeks, the ML is sig-
nificantly longer than that of 8 weeks (P �
0.0001) and very long myocytes reach 180 sar-
comeres. The middle column is histograms of
overload-removal experiments of 4-week over-
loaded animals. Histograms shift to the left grad-
ually until 4-week overload removal. The ML of
4-week overload removal is significantly shorter
than that of 3-week overload removal (P �
0.0001), which is significantly shorter than that
of 1-week overload removal (P � 0.0001). ML of
1-week overload removal is significantly shorter
than that of 1- to 2-hour overload removal (P �
0.0001) or that of 4-week overloaded animals
(P � 0.0001). The right column is histograms of
repeating overload and overload-removal. His-
tograms of 1.0-cycle, 2.0-cycle and 3.0-cycle are
similar to histogram of control, while those of
1.5-cycle and 2.5-cycle are similar to histogram
of 4-week overload (0.5-cycle). ML of 1.5-cycle
and 2.5-cycle are significantly longer than those
of 1.0-cycle, 2.0-cycle, 3.0-cycle and 3-cycle
sham, respectively (P � 0.0001). ML is expressed
mean � SEM in each histogram. (n) is number of
measured myocytes. X bar indicates sarcomere
number in 10-sarcomere steps and Y bar indi-
cates % of myocytes.
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terns of ICDs seemed similar. According to the theory
of Streeter,41 which states that all myocytes would be
arranged so as to work similarly, it was probable that
ICDs changed their patterns synchronously within
each heart.

When we observed ICDs assuming probable synchro-
nization of their patterns during volume overload, we
found a unique tendency after overload: Periodical re-
peats of broadening and narrowing of ICDs by a 2-day
cycle (Figure 8, A�I). With ultrastructural and N-cadherin
immunohistochemical observations, each cycle of ICD
changes was divided into five modes (Figure 4, Figure 9,
A�F, Figure 10, A�F, Table 3). In the first cycle of ICD
changes from normal to 2 days of volume overload (Fig-
ures 4, 9, and 10), ICDs, which were flat and narrow with

short interdigitations (interdigitation length is 1/3-sarco-
mere and ICD width is 1/3-sarcomere) in normal volume
load (controls), which we named “I-mode,” became flat
but thick with �one-sarcomere-long interdigitations at 6
hours of overload (ICD width is �one sarcomere), which
we named “II-mode.” At 12 hours of overload, the ICD
was filled with one-sarcomere-deep grooves and contra-
grooves (when observed from the other side), whose
bottoms were composed of short interdigitations (�1/2-
sarcomere), which we named “III-mode.” The grooves
were 2 to 3 interdigitations wide. At 1 day of overload, the
ICD was filled with one-sarcomere-deep grooves and
contra-grooves whose bottoms were composed of one-
sarcomere-long interdigitations, which we named “IV-
mode.” ICDs broadened nearly �2 sarcomeres by
one-sarcomere-deep grooves plus one-sarcomere-long
interdigitations. At 1.5 days of overload, the ICD was
mostly flat and thin with short �1/3-sarcomere interdigi-
tations, but there were sporadic rows of bilaterally spiked
one-sarcomere-long interdigitations, which we named “V-
mode.” The grooves disappeared, but one-sarcomere-
long spaces, surrounded by several elongated spiked
interdigitations, appeared. At 2 days of overload, the ICD
was again flat and thin with short interdigitations, back to
I-mode. During this cycle, I-mode was consistent with
narrow ICDs and IV-mode was consistent with broad
ICDs. In the second cycle of ICDs, with changes from 2-
to 4-day overload, the five modes shifted similarly to
those during the first 2 days of overload. At 5, 6, 7 and 8
days of overload, ICDs showed principally IV, I, IV, and
I-modes, respectively (Table 3). Considering that, if the
2-day cycle continued, “odd” and “even” numbered days
would show IV-mode and I-mode, respectively, we ob-
served 2-week (“even” number day) and 2-week � 1-day
(“odd” number day), 4-week (“even” number day) and
4-week � 1-day (“odd” number day), 8-week (“even”
number day), and 8-week � 1-day (“odd” number day)
and 16-week (“even” number day) and 16 weeks � 1 day
(“odd” number day) of overload. We found that I-mode
predominated at 2 weeks, while IV-mode predominated
at 2 weeks � 1 day (Table-3). I-mode predominated at 4
and 8 weeks, while IV-mode predominated 4 and 8
weeks � 1 day (Table 3). IV-mode predominated in only
one animal with 16 weeks � 1 day (113-day), but all of the
other animals of 16-week and 16-week � 1-day showed
I-mode. After 18 weeks of overload, all animals showed
I-mode.

After overload removal, we also found a 2-day cycle of
broadening and narrowing of ICD changes (Figure 9F–K,
Figure 11, A�F, Table 4). With ultrastructural and immu-
nohistochemical (N-cadherin) observations, the cycle of
ICD changes was divided into five modes. In the case of
2-day volume overload followed by overload removal,
ICDs, which were flat and thin (I-mode) on the day, were
mostly flat and thin, but there were sporadic rows of
bilaterally spiked one-sarcomere-long interdigitations at
6 to 12 hours of overload removal. Because this mode
was almost similar to the V-mode after overload, we
named it as reverse-V-mode (r-V-mode). On the first day
of overload removal, ICDs were filled with one-sarco-
mere-deep grooves and contra-grooves whose bottoms

Figure 8. Broadening and narrowing of intercalated disks after volume
overload. In controls, ICDs are narrow and simple (A). After 1 (B), 3 (D), 5
(F) and 7-day (H) volume overload, ICDs are broad, while ICDs are narrow
after 2 (C), 4 (E), 6 (G), and 8-day (I) volume overload. ICDs are stained by
N-cadherin. Images are obtained with differential microscopy to define
sarcomeres.
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were composed of one-sarcomere-long interdigitations.
The grooves were 2 to 3 interdigitations wide. ICDs
broadened nearly �2 sarcomeres by one-sarcomere-
deep grooves plus one-sarcomere-long interdigitations.
Because this mode was almost similar to the IV-mode
after overload, we named it as reverse-IV-mode (r-IV-
mode). At 1.5 days of overload removal, many ICDs were
filled with one-sarcomere-deep grooves and contra-
grooves (when observed from the other side), whose
bottoms were composed of short interdigitations. Be-
cause this mode was almost similar to the III-mode, we
named it as reverse-III-mode (r-III-mode). At 1.75 days of
overload removal, many ICDs were flat but thick with
one-sarcomere-long interdigitations. Because this mode
was almost similar to the II-mode, we named it reverse-
II-mode (r-II-mode). At 2 days of overload removal, ICDs
were flat and thin, similar to those of normal flow-load
(control) or 2-day overload (I-mode), and therefore

named reverse-I-mode (r-I-mode). In the case of 3-day
overload followed by overload removal, the ICDs shifted
from IV-mode to r-III-mode at 6 to 12 hours of overload
removal (Table 4). At 1-, 1.5-, 2-, and 3-day overload-
removal, ICDs showed principally r-I, r-V, r-IV, and r-I-
mode, respectively (Table 4). In the case of 4-day over-
load followed by overload removal, modes shifted from
I-mode to r-V, r-IV, r-III, r-I, r-V, r-IV, r-III, and r-I-mode at
12-hour, 1, 1.5, 2, 2.5, 3, 3.5, and 4-day of overload-
removal, respectively (Table 4). In 4-week overloaded,
followed by overload removal (Table 4), r-I-mode pre-
dominated at “even” number day of overload removal (2
and 4 days, and 4 weeks) and r-IV-mode predominated
in “odd” number day of overload-removal (1 and 3 days,
and 1 and 3 weeks). We assumed that five modes shift
reversely from the mode that appears at the end of
overload, and was kept until overload removal was
compensated.

Figure 9. Microscopic appearances of the shift
of five modes of intercalated disk after overload
and after overload removal. Left column (vol-
ume overload): In the control, ICD is narrow and
straight in longitudinal-section (long) and flat
and simple in cross section (cross) (A[C]; Con-
trol; I-mode). After 6-hour (B [6 hours]), ICD is
almost one-sarcomere-wide with elongated in-
terdigitations in longitudinal section and flat and
simple in cross section (II-mode). After 12-hour
(C [12 hours]) ICD separates into two lines with
a distance of one-sarcomere-stretch between
them. Each line is narrow with short interdigita-
tions. Cross section reveals irregular worm-eaten
pattern indicating that disks are filled with one-
sarcomere-deep grooves and contra-grooves
(III-mode). After 1 day (D [1 day]), ICDs
broaden. Disks are filled with one-sarcomere-
deep grooves plus contra-grooves, the bottoms
of which consist of elongated interdigitations
resulting in �two-sarcomeres-wide ICD (IV-
mode). After 1.5 days (E [1.5 days]), the ICD is
flat and thin, but sporadic one-sarcomere-long
interdigitations appear as spikes (V-mode). After
2 days (F [2 days]), ICDs are narrow and simple
like those of control (I-mode). Right column
(overload removal of 2-day overloaded hearts):
After 12-hour (G [2 days�12 hours]), the ICD is
flat and thin, but sporadic one-sarcomere-long
interdigitations appear as spikes (r-V-mode). Af-
ter 1 day (H [2 days � 1 day]), the ICD broadens.
It is filled with one-sarcomere-deep grooves plus
contra grooves, the bottoms of which consist of
elongated interdigitations, resulting in two-
sarcomeres-wide ICD (r-IV-mode). After 1.5
days (I [2 days �1.5 days]), the ICD separates
into two lines with a distance of one-sarcomere
stretch between them. Each line is narrow with
short interdigitations. A cross section reveals ir-
regular worm-eaten pattern showing that disks
are filled with one-sarcomere-deep grooves and
contra-grooves (r-III-mode). After 1.75 days (J [2
days �1.75 days]), the ICD is almost one-
sarcomere-wide with elongated interdigitations
so that cross section reveals a simple flat disk.
These represent flat thick disks (r-II-mode). After
2 days (K [2 days � 2 days]), the ICD is narrow
and simple like those of the control (r-I-mode).
Modes appeared in overload removal are similar
and indistinguishable from those that appeared
after overload. The ICDs are stained with N-
cadherin. The arrow in the left lane (upper to
lower) indicates time course direction of over-
load and the arrow in the right lane (lower to
upper) indicates time course of overload
removal.
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Transition from II to III and IV to V-Mode after
Overload

At 6 to 12 hours after overload, interdigitations were
occasionally obscure within the one-sarcomere-wide
ICDs (Figure 12, A and B). Only tips of the interdigitations
were identifiable with electron dense portions. In Figure
12A, myofibrils, which were almost 3/4 sarcomeres long
with no defined Z-band, appeared within the broad ICDs.
In Figure 12B, one-sarcomere-long myofibrils, with a Z-
band like portion appeared within the broad ICDs. These
ICDs represent assumed transition stage from II-mode to
III-mode. On 1 day after overload, interdigitations occa-
sionally appeared obscurely in the broadened ICDs (Fig-
ure 12, C and D). Only the tips of the interdigitations were
identifiable with electron dense portions. In Figure 12C,

myofibrils, which were almost 3/4 sarcomeres long with
no defined Z-band, appeared within the broad ICDs. In
Figure 12D, one-sarcomere-long myofibrils with Z-band
appeared within the broad ICDs. These ICDs represent
assumed transition stage from IV-mode to V-mode.

Transition from r-V to r-IV and r-III to r-II Mode
after Overload Removal

At 12 hours of overload removal of 2-day overloaded
animals, interdigitations were occasionally obscure in the
broadened ICDs (Figure 13, A and B), in the vicinity of
which foci of scanty fibrils appeared. These ICDs repre-
sent an assumed transition stage from r-V to r-IV-mode.
At 1.75 days’ overload removal of 2-day-overloaded an-
imals, interdigitations were occasionally obscure in the
broadened ICDs (Figure 13, C and D), in the vicinity of
which foci of scanty fibrils appeared. These ICDs repre-
sent assumed transition stage from r-III mode to r-II
mode. We did not find any evidence of autophagy, any
debris of disposed sarcomeres, or any macrophages.

Immunohistochemical and Immunofluorescent
Observation of Filaments

In paraffin sections, actin, myosin, and desmin were reg-
ularly arranged in the myocytes in all modes. Titin was
only slightly stained in the myocytes and it showed no
specific change around ICDs. Nebulin was not stained in
all hearts. As shown in Figures 14 and 15, myosin, actin,
and desmin showed characteristic pattern according to
the ICD modes. In I-mode (control, 2-day AVF, 4-day AVF

Figure 10. Ultrastructural changes of the intercalated disk after volume
overload. The control shows thin and flat disks with short interdigitations
(1/4- to 1/3-sarcomere long) (A [Control]) (I-mode). At 6 hours of volume-
overload, the ICD becomes thick with one-sarcomere-long interdigitations
(B [6 hours]) (II-mode). At 12 hours, the ICD is folded to form �one-
sarcomere-deep grooves (G) and contra-grooves (G) with short interdigita-
tions (C [12 hours]) (III-mode). At 1 day, interdigitations elongate up to one
sarcomere long in the folded ICD (D [1 day]) (IV-mode) so that the ICD
broadens to �two sarcomeres wide. Grooves (G) and contra-grooves (G)
appear in this mode. At 1.5 days, the ICD is thin with mostly short interdigi-
tations, but one-sarcomere-long interdigitations sporadically appear as
spikes (E [1.5 days]) (V-mode). There appear “spaces” (S) surrounded by
several spikes. At 2 days, the ICD is thin and flat with short interdigitations
similar to those of controls, finishing one cycle of ICD changes during
volume overload (F [2 days]) (I-mode). Longitudinal section to myocytes.

Table 3. Shift of Five Modes after Volume-Overload

Duration

Modes

(I) (II) (III) (IV) (V)

0.00-day (Control) 100 0 0 0 0
0.25-day 20 60 20 0 0
0.50-day 0 20 60 20 0
1.00-day 0 0 20 60 20
1.50-day 20 0 0 20 60
2.00-day 60 20 0 0 20
2.25-day 20 60 20 0 0
2.50-day 0 20 60 20 0
3.00-day 0 0 20 60 20
3.50-day 20 0 0 20 60
4-day 60 20 0 0 20
5-day 0 0 20 60 20
6-day 60 20 0 0 20
7-day 0 0 20 60 20
8-day 60 20 0 0 20
13-day 0 0 20 60 20
14-day (2-week) 60 20 0 0 20
15-day 0 0 20 60 20
27-day 0 0 20 60 20
28-day (4-week) 60 20 0 0 20
29-day 0 0 20 60 20
55-day 0 0 20 60 20
56-day (8-week) 60 20 0 0 20
57-day 0 0 20 60 20

Approximate incidence of ICD modes: 0, �0%; 20, �20%; 60,
�60%; 100, �100%.
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and 4-day AVF plus 4-day AVF closure in Figure 14 and
control in Figure 15), ICDs were narrowly interposed be-
tween two myosin-stained sarcomeres. Actin also mar-
gined narrow ICDs, but not clearly demarcated. Desmin
sandwiched narrow ICDs, which demonstrated parallel
two desmin-stained lines around ICD. In IV-mode (1-day
AVF, 3-day AVF and 4-day AVF plus 1-day AVF closure in
Figure 14, and 1-day AVF in Figure 15), wide zone ap-
peared between myosin-stained sarcomeres. Actin was
irregular and less distinct in the zone. In the zone, broad-
ened ICDs, which were stained by N-cadherin, ap-
peared (Figure 15). Desmin was irregularly arranged
and irregularly stained in the zone. However, we could
not observe dynamic changes of individual filament

within broadened ICDs by the magnification of immu-
nohistochemical study.

With the immunofluorescent study by using the frozen
section, actin (phalloidin), myosin, and titin were regular
and well preserved in the body of myocytes (Figure 16).
They showed similar changes as those of immunohisto-
chemical observations.

Western Blotting

Representative Western blots for UNC45B, HSP90,
MuRF1, and TCP-1� proteins are presented in Figure 17,
A�B. There was no significant difference of these pro-
teins in overload experiments group and overload re-
moval experiments group, respectively. There was no
significant difference of these proteins between overload
experiments group and overload removal experiments
group. We could not detect characteristic immunofluo-
rescent activities of these proteins in myocytes or ICDs
(Figure 16).

Figure 11. Ultrastructural changes of the intercalated disk of 2-day over-
loaded hearts followed by overload removal. A 2-day overloaded heart
shows thin and flat disks as observed in Figure 10 (A [2 days]) (I-mode). At
12 hours of overload removal, the ICD is thin with mostly short interdigita-
tions, but there appear sporadic one-sarcomere-long interdigitations (B [2
days � 12 hours]) (r-V-mode). There appear “spaces” (S) surrounded by
several spikes. At 1 day of overload removal, interdigitations elongate up to
one sarcomere long bilaterally so that the ICD is folded to form one-
sarcomere-deep grooves (G) and contra-grooves (G). Elongated interdigita-
tion plus grooves results in �two-sarcomere-wide broad ICDs (C [2 days �
1 day]) (r-IV-mode). At 1.5 days of overload removal, the ICD is folded with
short interdigitations keeping one-sarcomere-deep grooves and contra-
grooves (G) (D [2 days � 1.5 days]) (r-III-mode). At 1.75 days of overload
removal, the ICD is flat with one-sarcomere-long interdigitations (E [2 days �
1.75 days]) (r-II-mode). At 2 days of overload-removal, the ICD is thin and flat
with short interdigitations, finishing one cycle of ICD changes during over-
load removal (F [2 days � 2 days]) (r-I-mode). Modes appeared in overload
removal are similar and indistinguishable from those after overload. Longi-
tudinal section to myocytes.

Table 4. Shift of Reversal Five Modes after Overload-Removal

Duration

Modes

(r-I) (r-II) (r-III) (r-IV) (r-V)

2-day overload
followed by
overload-removal

0.50-day 20 0 0 20 60
1.00-day 0 0 20 60 20
1.50-day 0 20 60 20 0
1.75-day 20 60 20 0 0
2-day 60 20 0 0 20

3-day overload
followed by
overload-removal

0.50-day 0 20 60 20 0
1.00-day 60 20 0 0 20
1.50-day 20 0 0 20 60
2-day 0 0 20 60 20
3-day 60 20 0 0 20

4-day overload
followed by
overload-removal

0.5-day 20 0 0 20 60
1-day 0 0 20 60 20
1.5-day 0 20 60 20 0
2-day 60 20 0 0 20
2.5-day 20 0 0 20 60
3-day 0 0 20 60 20
3.5-day 0 20 60 20 0
4-day 60 20 0 0 20

4-week overload
followed by
overload-removal

1-day 0 0 20 60 20
2-day 60 20 0 0 20
3-day 0 0 20 60 20
4-day 60 20 0 0 20
7-day (1-week) 0 0 20 60 20
21-day (3-week) 0 0 20 60 20
28-day (4-week) 60 20 0 0 20

Approximate incidence of ICD modes: 0, �0%; 20, �20%; 60, �60%.
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Discussion

Although our experiments only showed a cyclic shift of
ICD mode rather than dynamic movement of interdigita-
tions, we assume that interdigitations are repeatedly
elongated and shortened two times per 2-day cycle after
overload. The first elongation and shortening appeared to
synchronize with the appearance of “grooves” and the
second with the disappearance of the “grooves.” We
hypothesize that two-time elongation-and-shortenings
occur in one broadening and narrowing cycle as follows
(Figures 4 and 18). [First-time elongation-and-shortening]
All interdigitations elongate (I-mode to II-mode). Then,
elongated interdigitations retract alternately in one direc-
tion or the contralateral direction to create grooves and
contra-grooves (II-mode to III-mode). Two continual inter-
digitations retract together. These two continual interdigi-
tations eventually form three continual interdigitations ob-
served from the other side of the ICDs. This interdigitation
shortening couples with the creation of one-sarcomere-
long myofibril bundles so that the heart keeps dilating
(red-colored myofibril bundles in Figure 18). [Second-
time elongation-and-shortening] All interdigitations elon-
gate keeping grooves and contra-grooves (III-mode to
IV-mode). Interdigitation elongation plus grooves results
in the two-sarcomere-wide broadened ICDs. Then, elon-
gated interdigitations retract on the first grooves in two
steps. First, interdigitations located in the middle (one

middle interdigitation among three continual interdigita-
tions) retract with the support of the laterally located
interdigitations, which remain elongated (IV-mode to V-
mode). This retraction creates counter-grooves on the
primary grooves so that grooves eventually disappear.
This interdigitation shortening couples with the creation of
one-sarcomere-long myofibril bundles (yellow-colored
myofibril bundles in Figure 18) so that the heart keeps
dilating. Secondly, the spiked interdigitations retract
when new sarcomeres are completed (V-mode to I-
mode). Consequently, two layers of sarcomeres are cre-
ated per one broadening and narrowing cycle of 2 days.
Immunohistochemical studies revealed characteristic
widening of the ICDs at IV-mode with widely separated
myosin, actin, and desmin. Therefore, this ICD mode shift
runs parallel to a dynamic change of these filaments;
however, we could not analyze any changes of individual
filaments within ICDs by this magnification of immunohis-
tochemistry. In the TEM images assumed from II- to III-
mode or IV- to V-mode, we found immature myofibrils with
or without Z-band. We consider that sarcomere assembly
occurs coupled with sliding shortening of interdigitations
within a hollow (or space) circumscribed by grooved wall
(or spiked-interdigitations) so that the supposed mechan-
ical weakness appearing at the moment of sarcomere
assembly is minimized. Although myofibrillogenesis has
been studied extensively,42–44 little is known how sarco-
meres assemble in adult animals. Because all myofibrils

Figure 12. Intercalated disks of assumed transitional II-mode to III-mode
and IV-mode to V-mode after overload. Assumed transitional II to III-mode
(A, B): In (A) (6-hour overload), the ICD is one sarcomere wide. Profiles of
interdigitations are obscure in some portions. Filaments appear to form
bundle in the areas of widened ICD, but they show no Z-band. In (B) (6-hour
overload), there are filament bundles with plausible Z-band in the areas of
widened ICD. Assumed transitional IV to V-mode (C, D): In (C) (1-day
overload), ICD is nearly two sarcomeres wide. Interdigitations are compli-
cated. Filaments within ICDs are going to form bundle formation, but they
show no distinct Z-band. In (D) (1-day overload), ICD is two sarcomeres
wide. Interdigitations are mostly in the middle line, but some elongate
one-sarcomere-long bilaterally like V-mode. Filaments between interdigita-
tion form bundles with Z-band. They would be immature stage of newly
formed sarcomeres. Longitudinal section to myocytes.

Figure 13. Intercalated disks of assumed transitional r-V-mode to r-IV-mode
and r-III-mode to r-II-mode after overload removal. Assumed transitional
r-V-mode to r-IV-mode (A, B): In (A) (2-day overload and 12-hour overload
removal), there appear foci with no filament in the spaces surrounded by
elongated interdigitations. In (B) (2-day overload and 12-hour overload
removal), some foci of no filament appeared, where irregularly elongated
interdigitations were found. Assumed transitional r-III-mode to r-II-mode
(C, D): In (C) (2-day overload and 1.5-day overload removal), there appear
foci with no filament within the widened ICD. In (D) (2-day overload and
1.5-day overload removal), irregular and monotonously electron dense por-
tions appeared within widened ICDs, where intercellular junctions become
obscure. Appearance of no filament zones would be ongoing stage of
sarcomere disposal. Longitudinal section to myocytes.
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that run through myocardial cells terminate into ICDs,
ICDs have been discussed to have a potential to create
new sarcomeres.21–27 It is very interesting that Heiden-
hain21 already described the contribution of ICD to sar-
comere assembly in detail, before TEM was discovered
(1901). However, since his reports, we have found no
reports describing the time course of sarcomere as-
sembly in relation to ICDs in vivo. Recently, Yu and
Russell28 showed focal abnormal sarcomeric disruptions in
the stretched myocytes in vitro during 4 hours. They sug-
gested that myocytes from neonatal rat hearts remodel
by insertion of new sarcomeres throughout the cell
length. At the same time, they suggested that zigzag
pattern of the ICDs might correlate with new sarcomere
appearance and yield progressive lengthening at the
ends of the cell. It is interesting that the “focal heavily

stained sarcomeric abnormalities, showing thick longitu-
dinal strands generally extended out from the Z-disk,
spanned one or more sarcomeres, and ending on the
Z-disk at the other side of the disrupted region” resemble
the IV-mode of ICDs that we have shown in our present
experiments.28 Because it is very difficult to confirm
whether the disrupted portions were actually within indi-
vidual myocytes or on the cell borders, it is possible that

Figure 14. Myosin, actin, and desmin around intercalated disk in I-mode and
IV-mode. Myosin, actin (HHF35), and desmin are individually immunohis-
tochemically stained with paraffin section (nonperfused fixed hearts). They
are regularly stained in the myocyte body; however, around ICDs, which we
suppose to exist in the zones indicated by arrows, myosin, actin, and desmin
show characteristic features as follows. In I-mode [control, 2-day after AVF
(2-day), 4-day after AVF (4-day) and 4-day after overload removal of 4-day
overloaded animal (4-day � 4-day)], the zones are narrow and simple. They
are interposed by two myosin stained lines and two desmin stained lines.
They are vaguely stained by actin. In IV-mode [1-day after AVF (1-day), 3-day
after AVF (3-day), 1-day after overload-removal of 4-day overloaded animal
(4-day � 1-day)], the zones are wide and irregular. Nearly two sarcomere-
wide zones appear between myosin stained lines. Actin is irregular and
vague and desmin is irregular in these zones.

Figure 15. Double immunohistochemical observation of intercalated disk at
I and IV-mode. N-cadherin and myosin (N-cadherin�myosin) and N-cad-
herin and actin (N-cadherin�HHF35) are double immunohistochemically
stained in control (I-mode) and 1 day after AVF (IV-mode). N-cadherin
stained ICD is narrow and simple interposed between two myosin lines and
actin lines in I-mode. N-cadherin stained ICD is wide and irregular in
IV-mode. The zone margined by myosin or actin is filled with irregular and
widened ICDs. Some actin positive portions appear within ICDs.

Figure 16. Immunofluorescent images of major filaments (actin, myosin, and
titin), chaperons (TCP-1�, HSP90 and UNC45B) and ubiquitin ligase
(MuRF1). Upper panel: Actin (phalloidin), myosin, and titin are observed
(frozen section, 1-day after AVF of 4-day overloaded-heart; IV-mode). These
filaments are regularly arranged in the body of myocytes, while ICDs could
not be well identified so long as we observed. Lower panel: Chaperon and
ubiquitin ligase (TCP-1�, HSP90, UNC45B, MuRF1) are observed (paraffin
section, 1.5-day after AVF; V-mode). Their activity could not be identified.
Frozen section also expresses no identifiable activity of these proteins. Laser
confocal microscopy.
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these strange sarcomeric disruptions might be related to
ICDs and be consistent with ongoing sarcomere assem-
bly, although it could not be denied that it might occur
within myocyte. Recently, Bennett et al29 proposed a
Z-disk-like functional subcellular domain named “the
transitional junction” at the bilateral sides of the ICDs.
They postulated that it provided a means for sarcomeres
to be added to the end of the cells during growth. Our
prediction that new sarcomere assembles within the
ICDs, which are interposed between two “transitional
junctions,” support their proposal.

Because ICDs of 2-, 4-, 6-, 8-, 14-, and 28-day over-
loaded hearts showed I-mode (narrow ICD) predomi-
nantly and those of 1-, 3-, 5-, 7-, 13-, 15-, 27-, and 29-day
overloaded hearts showed IV-mode (broad ICD) predom-
inantly, we assume that ICDs keep the 2-day cycle until 4
weeks. When one cycle may create 2 sarcomeres as
discussed above, myocytes would elongate 28 sarco-

meres during this 4 weeks. Because this rate of elonga-
tion is well consistent with approximate one sarcomere
per day increase rate of sarcomeres until 4 weeks, ob-
tained by histometric study, myocytes would elongate
keeping time with 2 day ICD cycle. Because this rhythm
cycle is 2 days, we predict that, if ICDs of “odd” number
day-overloaded hearts show IV-mode (broad ICD), the
cycle would continue. If ICDs of “odd” number day-over-
loaded hearts show I-mode (narrow ICD), the cycle would
stop. Because ICDs showed IV-mode in “odd” number
day-overload and I-mode in “even” number day-overload
around 8-week, we assume that the cycle continue
around 8 weeks. However, average myocyte length was
30 to 35 sarcomeres longer than that of controls, which

Figure 17. Western blot of chaperons (TCP-1�, HSP90 and UNC45B) and
ubiquitin ligase (MuRF1) in volume-overloaded hearts and overload-re-
moved hearts. Left panel shows overload experiments; Lane 1: Control
(0-day), Lane 2: 0.5-day AVF, Lane 3: 1-day AVF, Lane 4: 1.5-day AVF, Lane
5: 2-day AVF, Lane 6: 2.5-day AVF, Lane 7: 3-day AVF, Lane 8: 3.5-day AVF,
Lane 9: 4-day AVF. Right panel shows overload-removal experiments of
4-day overloaded rabbits; Lane 10: 4-day AVF, Lane 11: 4-day AVF plus
0.5-day AVF closure, Lane 12: 4-day AVF plus 1-day AVF closure, Lane 13:
4-day AVF plus 1.5-day AVF closure, Lane 14: 4-day AVF plus 2-day AVF
closure, Lane 15: 4-day AVF plus 2.5-day AVF closure, Lane 16: 4-day AVF
plus 3-day AVF closure, Lane 17: 4-day AVF plus 3.5-day AVF closure, Lane
18: 4-day AVF plus 4-day AVF closure. Upper panel (A) shows one repre-
sentative Western blot of three chaperons (UNC45B, HSP90, and TCP1-�)
and one ubiquitin ligase (MuRF1). Lower panel (B) shows graphs of ratio to
control of these proteins. Error bar indicates mean � SEM. Three chaperons
and ubiquitin ligase shows no significant difference among overload exper-
iments. They show no significant difference among overload removal exper-
iments. They show no significant difference between the group of overload
experiments and that of overload removal experiments.

Figure 18. Hypothetical shift of five modes of intercalated disks after over-
load and overload removal. Volume overload: During volume overload,
modes shift from I to V and then returned to I, finishing one cycle of ICD
changes (black arrows). From I-mode to II-mode interdigitations elongate
one sarcomere. From II-mode to III-mode, two adjacent interdigitations
alternately retract to form folds, which are grooves and contra-grooves
three-dimensionally. Within folds, new one-sarcomere-long myofibril bun-
dles (red) appear. Observing from the other side, top of the grooves consists
of three adjacent interdigitations. From III-mode to IV-mode, interdigitations
again elongate. From IV-mode to V-mode, one center interdigitation among
three continual interdigitations retracts. Laterally located interdigitations re-
main elongated, which resemble spikes. Within spaces, surrounded laterally
by spiked interdigitations and bottomed with retracted interdigitation, new
one-sarcomere-long myofibril bundles (yellow) appear. Because the second
retraction is complementary to the first, new myofibril bundles in the second
retraction are alternately placed between those in the first retraction. From
V-mode to I-mode, spiked-interdigitations retract. After one cycle, two layers
of sarcomere are created at each side of the ICDs. Overload-removal: After
overload-removal of 2-day (or “even” number day) overloaded hearts, modes
shift from I-mode after cycle, r-V, r-IV, r-III, r-II to r-I-mode (I-mode after
reverse cycle) (red arrows). First, interdigitations elongate one-sarcomere-long
sporadically and bilaterally at first (I to r-V-mode). Then, short interdigitations
between sporadically elongated interdigitations elongate bilaterally to dispose
one-sarcomere-long myofibril bundles (yellow) (r-V to r-IV-mode). Elongated
interdigitations shorten from r-IV to r-III-mode. Two interdigitations in the
bottoms again elongate into the grooves to dispose one-sarcomere-long myofi-
bril bundles (red) (r-III to r-II-mode). Because this elongation is exactly com-
plementary to the first elongation, interdigitations line straight. Elongated inter-
digitations shorten from r-II to r-I-mode. This five mode shifts are exactly reverse
manner to those after overload so that two layers of sarcomere are disposed at
each side of the ICDs.
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were not consistent with the assumed myocyte length (56
sarcomeres longer than that of controls, if new sarcomere
formation, 2 sarcomeres per 2-day ICD cycle, might con-
tinue). We consider that this discrepancy is due to the
limitation of the histological measurement (very long myo-
cardial cells over 100 sarcomeres overhang the histolog-
ical sliced plane), because very long myocytes (�140
sarcomeres) appeared occasionally at 8 weeks. Almost
all animals over 16 weeks showed ICDs predominated by
I-mode regardless of “odd” or “even” number-day over-
load except one heart at 113-day overload, which
showed IV-mode predominantly and occasional �180-
sarcomere-long myocytes. We consider that the cycle
ceases after 16-week overload except one animal.

From echocardiographic data, LV dilated gradually
after volume overload, while CO increased rather quickly
as early as 4 weeks with significant increase of EF and
slight elevation of HR. After 8-week CO was almost un-
changed, while Dd kept increasing at 8 weeks and kept
almost unchanged after 10 weeks. EF was around 50%
after 8 weeks and HR gradually decreased. We consider
that the heart compensates acute volume overload by the
combination of the enlargement of left ventricle, the ele-
vation of EF and the increase of HR until 4 weeks. After 8
weeks, the heart can compensate volume overload only
by the enlargement of left ventricle. We consider that the
heart can endure this level of overload without cardiac
failure, because EF was almost as high as that of controls
and 92% of animals survived until 4 weeks and 79% over
8 weeks. If Dd increased simply by myocyte elongation
following our 2-sarcomere per 2-day ICD cycle prediction
(28-sarcomere increase in 60-sarcomere-long myocyte)
for 4 weeks and left ventricular lumen shape was un-
changed, dilatation would increase by 47%, while Dd
increased by 34% at 4-week overload. However, we
found that the left ventricular lumen shape shifted narrow-
and-long to spherical, when it enlarges (Figure 2). There-
fore, when we take left ventricular lumen shape shift into
consideration, our results obtained by echocardiography
will be consistent with our 2-day ICD cycle prediction.
Gradual increases of HW, LVW, and LVW/BW ratio will be
also consistent with the cycle.

After overload removal, we found cyclic shift of ICD
modes (I, r-V, r-IV, r-III, r-II to r-I-mode). Although we did
not observe dynamic movement of interdigitations, we
assume that interdigitations repeatedly elongate and
shorten two times per cycle. The first elongation and
shortening appeared to synchronize with the appearance
of “grooves” and the second synchronized with the dis-
appearance of the “grooves.” We hypothesize two-time
elongation-and-shortenings in one broadening and nar-
rowing cycle of 2-day in case of overload removal of
“even” number day-overloaded hearts as follows (Figure
18). [First-time elongation-and-shortening] All interdigita-
tions elongate from I-mode to r-IV-mode in two-steps.
First, one-sarcomere-long interdigitations grow sporadi-
cally in rows bilaterally like spikes (I-mode to r-V-mode).
Second, into the spaces surrounded by spiked-interdigita-
tions, interdigitations elongate alternately in one direction
and in contra-lateral direction (r-V-mode to r-IV-mode). Con-
sequently, grooves and contra-grooves appear. This inter-

digitation elongation couples with the disposal of one-sar-
comere-long myofibril bundles so that the heart keeps
contracting in this stage (disappearance of yellow-colored
myofibril bundles from r-V-mode to r-IV-mode in Figure 18).
From r-IV-mode to r-III-mode all elongated interdigitations
shorten. [Second-time elongation-and-shortening] Two in-
terdigitations elongate into grooves from r-III to r-II-mode so
that grooves disappear. This interdigitation elongation
couples with the disposal of one-sarcomere-long myofibril
bundles so that the heart keeps contracting in this stage
(disappearance of red-colored myofibril bundles from
r-III-mode to r-II-mode in Figure 18). From r-II-mode to
r-I-mode, all elongated interdigitations shorten. Conse-
quently, ICDs dispose two layers of sarcomere during
one reverse cycle. Immunohistochemical observation re-
vealed wide zones with no myosin filaments, vague and
irregular actin, and irregular desmin at r-IV mode. There-
fore, this ICD mode shift runs parallel to a dynamic
change of these filaments; however, we could not ana-
lyze changes of individual filaments within ICDs with this
immunohistochemical magnification. In the TEM images
assumed from r-V mode to r-IV-mode or r-III-mode to
r-II-mode, we found scanty myofibril spaces, which would
be a kind of sequelae of sarcomere-disposal. Atrophy of
the hearts has recently been discussed with relation to
myocardial cell degeneration45–47; however, we could
not find any evidence of autophagy, any debris of dis-
posed sarcomere or any macrophages cleaning the de-
bris. We consider that sarcomere disposal couples with
sliding elongation of interdigitations within a hollow (or
space) circumscribed by grooved wall (or spiked inter-
digitations) so that the supposed mechanical weakness
appearing at the moment of sarcomere disposal is mini-
mized. This process might be smooth and efficient not to
remain any detectable evidence of autophagy or any
debris of disposed sarcomeres.

Because ICDs of 2-, 4-, 14-, and 28-day (“even” num-
ber-day) overload-removed hearts of 4-week overloaded
animals showed I-mode (narrow ICD) predominantly and
those of 1-, 3-, 5-, 7-, and 21-day (“odd” number-day)
overload-removed hearts of 4-week-overloaded animals
showed IV-mode (broad ICD) predominantly, we assume
that ICDs of 4-week-overloaded hearts keep the 2-day
ICD cycle after overload removal until 4 weeks. When one
cycle may dispose 2 sarcomeres as discussed above,
myocytes would dispose 28 sarcomeres during this
4-week period. This rate of shortening is consistent with
decrease rate of sarcomeres until 4-week (�one-sar-
comere per day) so that we assume that myocytes
shorten keeping time with the cycle. Because this cycle
rhythm is 2-day, we predict that, if ICDs of “odd” number
day-overload-removed hearts show IV-mode (broad
ICD), the cycle would continue. If ICDs of “odd” number
day-overload-removed hearts show I-mode (narrow ICD),
the cycle would stop. Because 6-week overload-removal
of 4-week overloaded hearts (1.0-cycle) showed almost
same myocyte length as 4-week overload-removal of
4-week overloaded heats, it is suspected that overload-
induced elongated myocytes return their original length
after same duration of overload-removal and they stop
shortening at that point. This myocyte shortening was well
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consistent with the echocardiographic data showing nor-
malization of Dd, EDV, SV, and CO and reduction of HW
to the normal level at 1.0-cycle. Because 86% of animals
were survived and EF was 50% at 1.0-cycle, we assume
that there was no heart failure and hearts of 4-week-
overloaded animals would compensate to the decreased
overload during 4-week of overload removal.

Repetitions of overload and overload-removal showed
similar repeat of myocardial elongation and shortening
up to three times, which were well consistent with three-
time enlargement and constriction of the heart shown by
echocardiographic data and gross appearance. Be-
cause 78% of animals survived in 1.5-cycle, 2.0-cycle,
and 3.0-cycle animals, EF at 1.5-cycle and 2.5-cycle was
45% to 50%, and myocytes at 2.0- and 3.0-cycle were as
long as control, we assume that there was no heart failure
and hearts of 4-week overloaded animals would compen-
sate to the decreased overload during 6 weeks of over-
load removal at 2.0 and 3.0 cycles as well. We predict
that overload induced myocyte elongation and overload-
removal-induced myocyte shortening are reversible and
repeatable. Because the five modes that appear during
overload and overload-removal are similar in morphology
and the order of five modes is opposite, we hypothesize
that the disposal of myofibrils is the reversal of myofibril-
logenesis. Therefore at any instance (of modes) during
volume overload or overload removal, myofibrillogenesis
or disposal of myofibrils may shift to disposal of myofibrils
or myofibrillogenesis, when the state of volume overload
changes to the state of overload removal or the state of
overload removal changes to the state of volume over-
load, respectively. This is as if ICDs weave or unravel two
sarcomeres per 2-day ICD cycle (one sarcomere per
day) using elongation-and-shortening of interdigitations
to adapt volume-load change.

Because three chaperons, Tcp1-�, UNC45B, and
Hsp90, and one ubiquitin ligase, MuRF1, showed con-
stant activity during 2-day ICD cycle after volume over-
load and after overload removal of overloaded hearts,
and immunofluorescent observations of these proteins
did not show specifically intensely stained portions within
myocytes and around ICDs, basic chaperon and protein
ligase systems17 would be kept constant during a 2-day
cycle. These findings are consistent with the known evi-
dences that volume overload stimulates protein synthesis
not so distinctive to explain enlargement and dilatation of
volume-overloaded hearts.7,12,15,16 With immunohisto-
chemical and immunofluorescent observations on actin,
myosin, titin, and desmin,42,43 we found preserved sar-
comeres of myocytes throughout cycles after overload
and after overload removal of the overloaded heart. We
consider that volume overload-induced sarcomerogen-
esis and overload removal-induced sarcomere disposal
occur selectively in and around ICDs with keeping basic
molecular dynamics in the body of myocytes.

Volume overload experiments using dog2,12,13 and
rat4–9,11 showed similar gradual enlargement and dilata-
tion of hearts as we observed in the rabbits. Therefore, it
is probable that, in mammalian hearts including human,
myocytes gain (or loose) sarcomere layer according to
the volume overload (or overload removal) using ICD

weaving machinery. Therefore, left ventricle size is al-
ways in equilibrium with its volume load, which inevitably
follows the existence of volume load-sensing mechanism.
It is well known that mechanical stress-strain sensors are
embedded in cardiac cytoskeleton: Z disk, titin, and as-
sociated structures.44,48,49 In these cases, myocytes are
quickly responding to adapt to stress-strain change be-
fore myocytes change their basic structure. However, it is
unclear how myocytes chronically adapt to the stress-
strain change. As retractile interdigitations are supposed
to play important role in the adaptation process in our
present experiments, it is necessary to clarify the dy-
namic molecular change of ICDs during a 2-day cycle.
However, as far as we reviewed, we found no reports
concerning molecular change according to the interdig-
itation elongation-and-shortening. Irregular ICDs, includ-
ing widened ICDs and multiple ICDs, were known to exist
in cardiac hypertrophy,22,24,25 growing heart,23 hypertro-
phic cardiomyopathy,26 and genetically SRF-disrupted
mice.27 It is assumed that some of these ICDs were
attained by the physiological volume-overloaded condi-
tions and some were in the pathological conditions sug-
gesting stressed ICDs caused by failing of compensa-
tion. Therefore, we consider that it is useful to use ICD
microscopic changes as deducing indicator of volume-
overload condition followed by our supposed 2-day ICD
cycle, when hearts are supposed to be clinically loaded
by various flow conditions.

Recently, myocytes have become shown to exhibit a
circadian cycle.50,51 Although our experiments were per-
formed with no regard to the night and day, we eventually
found the 2-day cycle of the broadening and narrowing of
ICD, which consisted of one interdigitation elongation-
and-shortening per day. This cycle seems very accurate,
because it is thought to cycle nearly 28 times without
error. This is to say that ICD cycle synchronizes with
circadian cycle. We speculate that this ICD cycle may
relate to the circadian cycle and therefore both dilatation
and contraction of hearts also relate to the circadian cycle,
although we did not prove circadian related protein activity.
This speculation shall be further investigated.

In summary, we reported a 2-day broadening and
narrowing cycle of ICD after volume overload in propor-
tion to cardiac dilation and myocyte elongation. This cy-
cle consisted of the shift of five ICD modes characterized
by two-time interdigitation elongation-and-shortening. Af-
ter overload removal of overloaded rabbits, hearts con-
tracted and myocytes shortened with similar 2-day
broadening and narrowing cycle of ICD, in which five
modes shifted reversely. We suppose that during each
interdigitation elongation-and-shortening, the one-sarco-
mere layer assembles or disposes. The second of two-
consecutive interdigitation elongation-and-shortening oc-
curs exactly complementary to the first so that ICD
configuration returns to its original configuration after
each cycle. Although we could not provide molecular
evidence explaining the dynamic ICD mode shift, we
suggest that the body of myocytes does not contribute
these assembly and disposal of sarcomeres, because we
found constant activities of chaperons and ubiquitin li-
gase, which are known to contribute to the dynamic
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sarcomere preservation during the two-time ICD cycle
after overload or after overload removal. We consider that
ICDs are the special structure, which manipulates sarco-
mere assembly and disposal like weaving and unraveling
machinery.
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