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In UM-X7.1 hamster model of human dilated cardio-
myopathy, heart failure progressively develops and
causes 50% mortality by 30 weeks of age. Through
ultrastructural analysis, we found that many cardio-
myocytes of this model contain typical autophagic
vacuoles including degraded mitochondria, glycogen
granules, and myelin-like figures. In addition, ubiq-
uitin, cathepsin D, and Rab7 were overexpressed as
determined by immunoassays. Importantly, most car-
diomyocytes with leaky plasma membranes were pos-
itive for cathepsin D, suggesting a direct link between
autophagic degeneration and cell death. Meanwhile,
cardiomyocyte apoptosis appeared insignificant.
Granulocyte colony-stimulating factor (10 pg/kg/
day), injected 5 days/week from 15 to 30 weeks of
age, improved survival among 30-week-old hamsters
(100% versus 53% in the untreated hamsters, P <
0.0001); ventricular function and remodeling, in-
creased cardiomyocyte size, and reduced myocardial
fibrosis followed by a dramatic reduction in the auto-
phagic findings were also seen. Granulocyte colony-
stimulating factor also down-regulated tumor necro-
sis factor-a and increased activities of Akt signal
transducer and activator of transcription-3, and ma-
trix metalloproteinases. However, there was no clear
evidence of transdifferentiation from bone marrow
cells into cardiomyocytes. In conclusion, autophagic
death is important for cardiomyocyte loss in the car-
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diomyopathic hamster, and the beneficial effect of
granulocyte colony-stimulating factor acts mainly via
an anti-autophagic mechanism rather than anti-apo-
ptosis or regeneration. (4Am J Pathol 2006, 168:386-397;
DOI: 10.2353/ajpath.2006.050137)

Autophagy was originally defined as the process of se-
questration of intracellular components and their subse-
quent degradation by lysosomal vacuoles." Although au-
tophagy is ongoing as a normal process, abnormal
autophagy can cause various neuromuscular degenera-
tive diseases such as Alzheimer’'s disease, Parkinson’s
disease, and distal type myopathy." In a specific type of
cardiomyopathy (Danon disease), cardiomyocytes in-
clude marked autophagic vacuoles in the cytoplasm,?
where dysfunction of the autophagic process is sug-
gested by deficiency of the lysosomal protein Lamp-2.34
Dilated cardiomyopathy (DCM) is a major cause of mor-
bidity and mortality among congestive heart failure (CHF)
patients and is associated with a continuous loss of car-
diomyocytes.® At present, the mechanism of cardiomyo-
cyte death in DCM is controversial, with apoptosis pro-
posed by some researchers®~8 but no apoptosis by
others, including us.°~'" Recent studies reported auto-
phagic vacuoles in myocytes of heart diseases with fail-
ure such as DCM and aortic stenosis of the terminal
stage,””'* but the pathophysiological significance in
those diseases is still undetermined. Importantly, a basic
issue such as the linkage between autophagic degener-
ation and cell death has not been evidenced in cardio-
myocytes of failing hearts.

The UM-X7.1 hamster is an animal model of autosomal
recessive cardiomyopathy and muscular dystrophy that
is caused by lack of the &-sarcoglycan gene and that
develops a progressive cardiomyocyte death.'®'® The
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condition begins at ~4 weeks of age and then worsens
throughout subsequent weeks. Cardiac hypertrophy is
seen by the time the animals are ~20 weeks of age and
is followed by progressive ventricular remodeling and
fibrosis with CHF. Approximately half of these animals die
by the time they are 30 weeks old. Notably, one family
and two sporadic cases of human DCM were recently
identified in which the patients presented with mutations
in the 8-sarcoglycan gene."”

It is widely accepted that granulocyte colony-stimulat-
ing factor (G-CSF), a regeneration- and/or repair-related
cytokine, can alleviate postmyocardial infarction cardiac
dysfunction and remodeling.'®22 Recently, we reported
that postinfarction treatment with G-CSF accelerated the
healing process of myocardial infarction through aug-
menting macrophage accumulation in the infarcted area,
up-regulating the matrix metalloproteinase (MMP) family,
and inducing transdifferentiation of bone marrow cells
into cardiomyocytes, although the incidence of transdif-
ferentiation was small.2" However, it is unknown whether
the G-CSF treatment is effective against cardiac dysfunc-
tion due to nonischemic origin. Therefore, the aims of the
present study were to define the mode of death of cardi-
omyocytes in UM-X7.1 hamster and to examine whether
G-CSF exerts beneficial effects on the nonischemic fail-
ing hearts.

Materials and Methods

Animals

Male UM-X7.1 hamsters were provided by Drs. T. Ohkusa
and M. Matsuzaki of Yamaguchi University School of
Medicine, Ube, Japan. Male golden hamsters were cho-
sen as the control without heart disease (Clea Japan,
Shizuoka, Japan). The animals were housed in an air-
conditioned room with an automatic 12:12 hours day-
night cycle and maintained on a normal laboratory diet
with free access to tap water. All animals received hu-
mane care in accordance with the Guide for the Care and
Use of Laboratory Animals (NIH publication no. 8523,
revised 1985).

Experimental Protocols
Protocol I: Examination of Autophagy

Male UM-X7.1 hamsters and the sex-matched golden
hamster controls were sacrificed at the age of 30 weeks
(n = 8 each).

Protocol Il: Effect of G-CSF on Hamsters

Recombinant human G-CSF (Chugai Pharmaceutical
Co., Tokyo, Japan) was administered at a dosage of 10
pg/kg/day to 16 male UM-X7.1 hamsters by subcutane-
ous injection on the first 5 days of each week. The injec-
tions were begun when the animals reached 15 weeks of
age and were continued for 15 weeks, until the animals
were 30 weeks of age. In the untreated group of UM-X7.1
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hamsters, the same volume of distilled water (~50 ul per
animal) was given to 15 age- and sex-matched hamsters
throughout the same period. Age- and sex-matched
golden hamsters were similarly treated with G-CSF (n =
8) or with distilled water (n = 6).

In another set of experiments, we examined the pos-
sibility of bone marrow-derived myocardial regeneration.
Bone marrow cells were aspirated from the femoral
bones of 12 UM-X7.1 hamsters at the age of 15 weeks
and labeled by incubation for 30 minutes at 37°C with
fluorescent carbocyanine 1,1'-dioctadecyl-1-3,3,3',3'-
tetramethyllindocarbocyanine perchlorate (Dil; Molecular
Probes, Eugene, OR) as previously described.?® Approx-
imately 3 X 10° labeled mononuclear cells were then
autologously returned to the bone marrow space of the
femurs,®* after which G-CSF or distilled water (n = 6
each) was administered to the animals as described
above. Fifteen weeks later, hearts of hamsters assigned
to this protocol were used exclusively to prepare
cryosections.

Protocol IlI: In Vitro Cell Death Assay

Ventricular cardiomyocytes were isolated from 8-week-
old male Sprague-Dawley rats and cultured overnight by
the method previously described.?®2® Culture media
were replaced with glucose-depleted and 100 mmol/L
mannitol-supplemented on the next day, as starvation is
known to cause autophagic degeneration/death in vari-
ous organs including the heart (glucose-starvation mod-
el).?”#® G-CSF (0, 0.1, 1, 10, or 100 ug/L) was simulta-
neously added to the media, and the cardiomyocytes
were cultured for 96 hours. Cell viability was assessed by
cellular rod shape with trypan blue dye exclusion.?®

Blood Sampling

Blood used for hemocounts was drawn from the retro-
orbital sinus before treatment and from the inferior vena
cava at sacrifice.

Assessment of Cardiac Function

Echocardiography and cardiac catheterization were per-
formed before sacrifice as previously described.?®

Tissue Processing and Histology

One day before sacrifice, Evans blue dye (1% v/v; Sigma,
St. Louis, MO) was intraperitoneally injected to the ran-
domly chosen animals (n = 3 from each group). This was
to detect cardiomyocytes with increased membrane per-
meability.?® The heart was transversely cut at the center
between the atrioventricular groove and the apex. The
basal half was fixed with 10% buffered formalin for histo-
logical examination. From the apical half, a small portion
was removed and prepared as specimens for cryosec-
tions and for electron microscopy, and the rest was
quickly immersed in liquid nitrogen for Western blotting
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and zymographic analyses. Other main organs including
lungs and livers were excised and histologically
examined.

On preparations taken from the center of the ventricle
and stained with Masson'’s trichrome, the percent fibrotic
area (expressed by blue areas) was measured using a
multipurpose color image processor LUZEX F (Nireco,
Kyoto, Japan) by searching the entire ventricular slices.
Cardiomyocyte size (as the transverse diameter of the
cardiomyocyte cut at the nucleus level) was measured in
the cells present in 20 randomly chosen high-power
fields of the left ventricular free wall in each section.
Numbers of cardiomyocytes, leukocytes, and macro-
phages were counted in a whole ventricular slice stained
with hematoxylin and eosin.

In the animals injected with Evans blue dye 1 day
before examination, the hearts were excised and cryo-
sections were examined under a confocal microscope
(LSM510; Zeiss, Jena, Germany) after nuclear staining
with Hoechst 33342 (Sigma). The percentage of Evans
blue-positive cells was calculated in 20 randomly chosen
high-power fields in each section. We also examined
Evans blue-positive cells without a nucleus to check
whether those cells were actually dying.

Immunohistochemistry

The cardiac sections were incubated with a primary an-
tibody against ubiquitin (DAKO Japan, Kyoto, Japan),
cathepsin D (DAKO), Rab7 (Santa Cruz Biotechnology,
Santa Cruz, CA),*° von Willebrand factor (DAKO), phos-
phorylated Akt (p-Akt; Cell Signaling, Beverly, MA), or
phosphorylated signal transducer and activator of tran-
scription-3 (p-Stat3, Cell Signaling). An ABC kit (Vector
Laboratories, Burlingame, CA) was used for the immuno-
staining of the deparaffinized sections with diaminoben-
zidine as the chromogen and nuclei were stained with
hematoxylin. Positive control sections for autophagic de-
generation were obtained from mouse liver after 24 hours
of starvation.?” For immunofluorescence, Alexa Fluor 488
(Molecular Probes) was the secondary antibody and nu-
clei were then stained with Hoechst 33342. After immu-
nofluorescence the sections were observed under the
confocal microscope.

In situ nick end-labeling assays were performed to
detect apoptotic cells using an ApopTag kit (Chemicon
Int., Temecula, CA) according to the manufacturer’s in-
structions. Positive control sections were from mouse
mammary gland. The percentage of immunopositive cells
was calculated in 20 randomly chosen high-power fields
in each section.

Using hearts from the animals receiving autologous
implantation of the Dil-labeled bone marrow cells 15
weeks before, the ventricles were cut into three trans-
verse blocks. At least 20 cryosections (6-um thick) from
each block, and thus more than 60 cryosections from
each heart, were made. They were then immunostained
using the primary antibody against troponin | (Chemi-
con), von Willebrand factor (DAKO), or a-smooth muscle
actin (Sigma). In a preliminary study, we checked the

pattern of Dil uptake by bone marrow cells and by cul-
tured adult rat ventricular cardiomyocytes that were ob-
tained by the method previously described.?>?® For all
sections, unanimous interpretation of the staining was
acquired from two observers blinded to the specimen’s

group.

Electron Microscopy

Cardiac specimens or cultured cardiomyocytes were
fixed with phosphate-buffered 2.5% glutaraldehyde (pH
7.4) and postfixed with 1% osmium tetroxide, after which
they were conventionally processed for electron micros-
copy (H700; Hitachi, Tokyo, Japan). Terminal dUTP nick-
end labeling (TUNEL) assay at the electron microscopic
level (EM-TUNEL) was performed on ultrathin sections as
previously described.®

Western Blotting

Proteins (100 wg) extracted from hearts were subjected
to polyacrylamide gel electrophoresis and then trans-
ferred onto polyvinylidene difluoride membranes. The
membranes were then probed using the antibody against
ubiquitin, cathepsin D, Rab7, p-Akt, p-Stat3, phosphory-
lated extracellular signal-regulated kinase (p-ERK, Cell
Signaling), or tumor necrosis factor-a (TNF-a; eBio-
science, San Diego, CA), and the blots were visualized
by means of enhanced chemiluminescence (Amersham
Biosciences, Piscataway, NJ). The signals were quanti-
fied by densitometry. a-Tubulin (analyzed using antibody
from Sigma) was a loading control.

Gelatin Zymography

The activity of MMP was measured using the gelatin-
zymography kit (Yagai Research Center, Yamagata,
Japan).

Statistical Analyses

Values are presented as means = SEM. Analysis of sur-
vival was evaluated using the Kaplan-Meier method with
the log-rank Cox-Mantel method. The significance of dif-
ferences in the findings was evaluated using Student’s
t-test or one-way analysis of variance followed by the
Newman-Keul’s multiple comparison test. Values of P <
0.05 were considered significant.

Results

Cardiomyocyte Degeneration and Death in
UM-X7.1 Hamsters

Spontaneous cardiomyocyte degeneration occurs in this
strain.’®® Sarcolemmal integrity was assessed by living
staining with Evans blue dye. The dye is excluded by
cardiomyocytes with normal sarcolemmal permeability
but taken up by cardiomyopathic cells with leaky cell
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Figure 1. Confocal micrographs. A: Myocardium from the golden (left) and
untreated UM-X7.1 (right) hamsters injected with Evans blue dye. Red
fluorescence (arrows) indicates uptake of Evans blue; blue fluorescence
shows nucleus. Percentages of cells taking up Evans blue are compared in
the bar graph on the right. C, untreated golden hamster; C-U, untreated
UM-X7.1 hamster; and U-G, G-CSF-treated UM-X hamster. *P < 0.05. B:
Myocardium from the untreated UM-X7.1 hamster injected with Evans blue
(red) and immunostained for cathepsin D (green). Nuclei (blue) are coun-
terstained with Hoechst 33342. Scale bars, 50 um (A); 10 wm (B).

membranes.®® No cardiomyocyte was found to include
Evans blue in golden hamsters. However, the hearts of
UM-X7.1 hamsters exhibited extensive dye uptake (Fig-
ure 1A). Nuclei were absent in 6.7 + 0.7% of Evans
blue-positive cardiomyocytes in the untreated UM-X7.1
hearts, implying ongoing death in those cells.
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Figure 2. A to D: Light and electron micrographs showing severe vacuolar
degeneration in cardiomyocytes from untreated UM-X7.1 hearts. A: A semi-
thin section showing a cardiomyocyte with severe vacuolar degeneration
(arrow). B and D: The vacuoles contained degraded subcellular organelles
(eg, mitochondria) as indicated by arrows in D and thus appeared autoph-
agic vacuoles. C: An example of a cardiomyocyte in which the cytoplasm is
almost replaced by vacuoles. Arrows indicate barely remaining myofibrils.
Such degenerative changes were attenuated in the G-CSF-treated group (E).
Nucl, nucleus. Scale bars, 10 um (A); 1 um (B-E).

Ultrastructural analysis of the hearts revealed various
grades of autophagic degenerative changes in cardio-
myocytes (Figure 2, A-D). By contrast, we found no clear
evidence of interstitial cell degeneration/death in the UM-
X7.1 hearts. In addition, immunostaining for ubiquitin,
cathepsin D, and Rab7 revealed significantly higher in-
cidences of cardiomyocytes in the UM-X7.1 hamsters
than in the hearts of golden hamsters (Figure 3, A-D). In
particular, ubiquitin and cathepsin D were expressed as
granular cytoplasmic inclusions (Figure 3, A and B).
Western blotting confirmed up-regulation of ubiquitin, ca-
thepsin D, and Rab7 in the hearts of UM-X7.1 hamsters
(Figure 3, E and F). Next, to examine whether such de-
generation may be causatively related with cell death, we
observed the hearts of animals injected with Evans blue
after immunostaining for cathepsin D. We found that al-
most all Evans blue-positive cardiomyocytes were also
positive for cathepsin D (Figure 1B), suggesting a direct
linkage between autophagic degeneration and death in
cardiomyopathic cells.

Rare TUNEL-positive cardiomyocytes were found, al-
though significantly more in UM-X7.1 hamsters than in
golden hamsters (Figure 4A). EM-TUNEL revealed that
TUNEL-positive cardiomyocytes exhibited not apoptotic
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Figure 3. Immunohistochemistry and Western blotting for markers of autophagy. A~C: Immunostaining for ubiquitin (A), cathepsin D (B), and Rab7 (C) in the
myocardium. D: Percentages of the immunopositive cells are compared in the bar graphs. E and F: Western blots for myocardial ubiquitin, cathepsin D, and Rab7
(E) and graphs showing densitometry (F). In ubiquitin blotting, the whole gel image is shown to demonstrate the distribution of ubiquitinated substrates. P <
0.05 compared with the value of untreated golden hamsters () or that of untreated UM-X7.1 hamsters (#). Scale bars, 20 wm.

ultrastructure but hypertrophied nuclei (Figure 4B). This
finding was consistent with human DCM, as previously
reported,® and suggests a false-positive TUNEL reaction
as apoptosis. Catalytic activity of both MMP-2 and
MMP-9 in the heart was significantly higher in the UM-
X7.1 hamsters compared with the golden hamsters (Fig-
ure 5A). Cardiac TNF-a levels were up-regulated in the
30-week-old UM-X7.1 hamsters (Figure 5B).

Effect of G-CSF to UM-X7.1 Hamsters
Hemocount

Granulocyte counts in animals treated with G-CSF for
15 weeks reached 14,921 = 1037 cells/ul, which was
significantly greater than the counts obtained from un-
treated controls (774 =+ 65 cells/ul) or the baseline counts
obtained from the groups before the treatment (694 =+
168 cells/ul). There was no significant difference in red
blood cell or platelet counts between the groups.

Improvement of Survival and Cardiac Function and
Structure

Although 7 of 15 untreated UM-X7.1 hamsters died
by 30 weeks of age (survival rate, 53%), all 16 ham-
sters (100%) treated with G-CSF survived 30 weeks
(Figure 6). All golden hamsters, with or without G-CSF-
treatment, survived until the age of 30 weeks. At 30
weeks of age, all of the surviving animals underwent
echocardiography and cardiac catheterization. The
untreated UM-X7.1 hamsters showed severe left ven-
tricular (LV) enlargement and signs of decreased car-
diac function compared with the untreated golden
hamsters (Figure 7): low LV ejection fraction (%EF),
high LV end-diastolic pressure, and reduced *dp/dt.
All of those parameters were significantly improved in
the G-CSF-treated animals (Figure 7). On the other
hand, there was no difference in systolic LV pressure,
diastolic aortic pressure, or heart rates between the
untreated and G-CSF-treated UM-X7.1 hamsters. G-
CSF did not affect cardiac function of golden hamsters
(data not shown).



, 0.08
A . : N
: £ 006 .
. i3 T
v ~ & 0.04]
2 g
\ z$
(S A0 52 0.2
2
0.00

Golden U/C U/G

Figure 4. TUNEL and EM-TUNEL assays. A: Photograph of a TUNEL-positive
cardiomyocyte (arrow) in the heart of untreated UM-X7.1 hamster and graph
showing the percentage of TUNEL-positive cardiomyocytes among groups.
*P < 0.05 compared with untreated golden hamsters. B: An EM-TUNEL-
positive cardiomyocyte reveals that such a cell is not ultrastructurally apo-
ptotic, suggesting a false-positive TUNEL reaction as apoptosis.

The hearts of untreated UM-X7.1 were bigger and
heavier at necropsy than those of golden hamsters, but the
degree was attenuated in the G-CSF-treated UM-X7.1 (Fig-
ure 8, A and C). Histologically, there were numerous fibrotic
foci and abundant interstitial fibrosis in the ventricles of
untreated UM-X7.1 hearts, which were significantly miti-
gated in the ventricles of G-CSF-treated hearts: percent
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graphs summarize the quantifications by densitometry. P < 0.05 compared
with the value of untreated golden hamsters () or that of untreated UM-X7.1
hamsters (#).
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Figure 6. Effect of G-CSF on the survival curve for cardiomyopathic ham-
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area of ventricular fibrosis was 20.2 = 2.3% in the untreated
group versus 8.6 = 1.0% in the G-CSF group of UM-X7.1
hamsters (Figure 8, B and D). In fact the percent area of
fibrosis in the G-CSF group at 30 weeks of age was not
different from that seen before treatment, when the animals
were only 15 weeks of age (7.3 = 1.3%, n = 6). Cardiomy-
ocyte population per ventricular slice was smaller in the
untreated UM-X7.1 compared with that in golden hamsters,
which was partially restored by the G-CSF treatment (Figure
8E). Such an attenuated fibrosis and restored cardiomyo-
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systolic pressure. P < 0.05 compared with the value of untreated golden
hamsters (*) or with that of untreated UM-X7.1 hamsters (#).



392 Miyata et al
AJP February 20006, Vol. 168, No. 2

Golden UM-X7.1
Untreated

UM-X7.1
Untreated G-CSF

G " D _
Q * -
2 41 m =S 207
S o ';V
R 39 28 151 &
2 o
£5 21 EE 10 4
g5 44 &5
=3 1 SEERS
) 0 1
Golden U/C U/G Golden U/C U/G
E %A 4 F 20 s
] * 8 i
%éﬁ 3 % 4 ?E‘ =
CERY £ 101
S58 S8
EEE 1 @ s
ST 8
“Ez 0
o~ Golden U/C U/G Golden U/C U/G
G ow H « 515
£ o s000] 3 ;
- E3000 - 3%510_ *
A 52000 - ssE
2% SEE °f
= @
§E1000 K] EE
> 04 20
Golden U/C U/G = o) Golden U/C U/G

Figure 8. Effect of G-CSF on cardiac pathology. A: Light micrographs of the
whole ventricular slices. Masson’s trichrome stain. B: Highly magnified pho-
tographs of the myocardial tissue. C-E: Graphs showing the heart to body
weight ratio, the percent areas of fibrosis in the ventricles, the numbers of
cardiomyocytes in a whole ventricular slice, the size of cardiomyocytes,
vascular density, and the infiltrated inflammatory cell population. P < 0.05
compared with the value of untreated golden hamsters (*) or with that of
untreated UM-X7.1 hamsters (#). Scale bars: 5 mm (A); 100 um (B).

cyte population in hearts suggest a protective effect of
G-CSF against cardiomyocyte dropout in the cardiomyo-
pathic hamster. The cardiomyocyte size of the untreated
UM-X7.1 hamsters was greater than that of golden ham-
sters, and the increase in the size was significantly aug-
mented by the G-CSF treatment (golden, 12.6 = 0.24 um;
untreated UM-X7.1, 16.7 = 0.27 um; and G-CSF-treated
UM-X7.1, 17.0 = 0.19 um; P < 0.05) (Figure 8F). Vascular
density in myocardium was significantly reduced in UM-
X7.1 hamsters, compared with golden hamsters. Treatment
with G-CSF did not affect the density in UM-X7.1 hamsters
(Figure 6G). Inflammatory cell infiltration into the myocar-
dium was rare in both groups of UM-X7.1, although greater
compared with that in golden hamsters, and the numbers of
infiltrated inflammatory cells (granulocytes, lymphocytes,
and macrophages) were similar between the untreated and
G-CSF-treated UM-X7.1 (Figure 8H). When we examined
the animals for adverse reactions, including splenic rupture,
splenomegaly, thromboembolism, interstitial pneumonia,

and atherosclerosis, we detected no notable adverse effect
of G-CSF.

Preventive Effect of G-CSF on Autophagic Alteration
but Not on Incidence of TUNEL-Positive
Cardiomyocytes

The incidence of cardiomyocytes with Evans blue dye
uptake was clearly decreased in the G-CSF-treated
hearts of UM-X7.1 hamsters, compared to that of the
untreated group (Figure 1A). Cardiomyocytes with auto-
phagic degenerative ultrastructure were diminished in
the G-CSF-treated group (Figure 2E). In addition, immu-
nostaining for ubiquitin, cathepsin D, and Rab7 revealed
significantly lower incidences of cardiomyocytes in the
G-CSF-treated hearts (Figure 3, A-D). Western blotting
confirmed these findings (Figure 3, E and F). These sug-
gest that G-CSF exerts a protective effect against auto-
phagic degeneration and death of cardiomyocytes. The
incidence of TUNEL-positive cardiomyocytes was similar
between the untreated and G-CSF-treated UM-X7.1 ham-
sters (untreated, 0.06 = 0.001% versus G-CSF, 0.04 =+
0.008%, P = n.s.) (Figure 4A).

Activation of Downstream Signals of G-CSF

The binding of G-CSF to its receptor evokes signal
transduction through activation of Janus kinase (Jak)/
Stat; Akt kinase, which has been identified as a down-
stream target of phosphatidylinositol-3’-kinase (PI3K);
and mitogen-activated  protein  kinase = (MAPK)/
ERK.2"3132 Western blot analysis revealed that treatment
with G-CSF resulted in a significant up-regulation of p-
Stat3 and p-Akt, but not of p-ERK, in UM-X7.1 hearts
(Figure 9, A and B).

Immunohistochemistry revealed that p-Stat3 distrib-
uted on cardiomyocytes whereas p-Akt was exclusively
on endothelial cells in the G-CSF-treated UM-X7.1 hearts
(Figure 9C). And, both proteins appeared more intensely
expressed in the G-CSF-treated hearts compared with
the untreated ones. This suggests that Jak/Stat pathway
may contribute for cardiomyocyte protection, consistent
with the previous report.??

Increase in MMP Catalytic Activity and Decrease in
TNF-a Content in the Heart

The MMP catalytic activity was significantly increased
in the G-CSF-treated group, compared to that of the
untreated group (Figure 5A). G-CSF significantly reduced
cardiac TNF-« levels (Figure 5B).

No Dil-Labeled (Bone Marrow-Derived)
Cardiomyocytes and Vascular Cells

In another set of experiment, we evaluated the mobili-
zation of Dil-labeled bone marrow cells into the heart. In
our preliminary study, Dil was taken up by both bone
marrow cells and cultured adult cardiomyocytes and was
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Figure 9. Downstream signals of G-CSF. A and B: Western blotting for myocardial p-Akt, p-Stat3, and p-ERK. The graphs show the densitometry (B). C:
Immunohistochemistry for p-Akt and p-Stat3 in the untreated and G-CSF-treated UM-X7.1 hearts. P-Akt localized on endothelial cells whereas p-Stat3 localized
on cardiomyocytes. Confocal images show p-Akt localization on von Willebrand factor-positive endothelial cells. Scale bars: 10 um (C, top); 50 um (C, bottom).

distributed in a spotty pattern (Figure 10A), similar to that
seen previously in neuronal cells.?® Extensive examina-
tion by confocal microscopy revealed no cardiac cells,
ie, cardiomyocytes, endothelial cells, vascular smooth
muscle cells, or interstitial cells, were positive for Dil in
any hearts, in the G-CSF-treated and untreated hearts
(Figure 10B).

Effect of G-CSF on Cultured Adult
Cardiomyocytes

After 96 hours, survival rate was markedly reduced when
cardiomyocytes were cultured in glucose-depleted media
(Figure 11A). Electron microscopy confirmed many autoph-
agic vacuoles in the cardiomyocytes with glucose starva-
tion (Figure 11A). Addition of G-CSF significantly improved
the survival in a dose-dependent manner (Figure 11B).

Discussion

Autophagy as the Major Mode of
Cardiomyocyte Death in Nonischemic
Cardiomyopathy

In the present study, we found abundant autophagic
degeneration in cardiomyocytes of the cardiomyopathic
hamsters, in which cathepsin D and Rab7 were overex-
pressed. Importantly, we suggested that cardiomyocyte
death succeeds to autophagic degeneration based on
the finding that most of the cardiomyocytes with dis-
rupted plasma membrane were positive for cathepsin D.
Although TUNEL-positive cardiomyocytes were more fre-
quently found in the cardiomyopathic hamsters than in
the healthy hamsters, the positivity rate was very low and
moreover, the false-positive reaction of TUNEL as apo-
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Figure 10. Confocal photomicrographs. A: Merged images of Dil fluorescence (red), immunostaining of the indicated cellular protein (green), and Hoechst 33342
(blue). Top: Smear of bone marrow cells showing Dil labeling and immunostaining of B-actin (green) using anti-B-actin antibody (Sigma). Bottom: Cultured rat
cardiomyocytes labeled with Dil and a-sarcomeric actin (green) detected by anti-a-sarcomeric actin antibody (DAKO). These are positive control sections for Dil.
B: Myocardium from a G-CSF-treated UM-X7.1hamster. No Dil spots (red) are observed, merging with green fluorescence of troponin I, von Willebrand factor,
or a-smooth muscle actin. Nuclei (blue) are counterstained with Hoechst 33342. Scale bars, 10 um.

ptosis was suggested by the EM-TUNEL assay. This is
consistent with a recent report indicating apoptosis does
not significantly contribute to cardiomyocyte dropout in
another DCM hamster model (glycoprotein-sarcoglycan
deficiency) similar to ours.®® Thus, autophagy rather than
apoptosis is the major mode of cardiomyocyte death of
the present cardiomyopathic hamster.

TNF-a, which is elevated in patients with heart failure,
is not only a cytotoxic cytokine that directly depresses
cardiac function,®* it also up-regulates angiotensin Il type
1 receptor, thereby contributing to angiotensin [I-medi-
ated organ fibrosis.®® In general, members of the MMP
family are up-regulated in CHF, and in postmyocardial
infarction models of CHF, their inhibition has a beneficial
effect on cardiac remodeling and function.®® It is be-
lieved that increases in MMP can exacerbate heart failure

by catalyzing collagen degradation. In addition to auto-
phagy of cardiomyocytes, the up-regulation of these cy-
tokines may play an important role as pathogenesis of
cardiac heart failure in this model.

Beneficial Effect of G-CSF on Cardiomyopathic
Hamsters and the Mechanisms

G-CSF treatment improved survival, cardiac function,
and fibrosis. It reduced autophagic degeneration of car-
diomyocytes as indicated by ultrastructure and immuno-
positivity for cathepsin D and Rab7. Although it is known
that G-CSF can induce transdifferentiation of stem cells in
bone marrow into cardiac cells, we could not find Dil-
labeled cardiomyocytes and vascular cells in hearts. Our
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Figure 11. In vitro cell death assay. A: Light microphotographs of adult
cardiomyocytes incubated for 96 hours in glucose-containing media (top
left), glucose-depleted media without G-CSF (top right), and glucose-
depleted media with 10 pg/L G-CSF (bottom left) and electron micropho-
tograph showing autophagic vacuoles in a glucose-depleted cardiomyocyte
(bottom right). Nucl, nucleus; Mt, mitochondria. White arrows indicate
autophagic vacuoles. B: Survival rate of cultured cardiomyocytes after 96
hours of incubation. Glu, glucose. *P < 0.05. Scale bars: 10 wm (top); 0.5 wm
(bottom).

approach certainly underestimated the regenerative ef-
fect of G-CSF because only ~3 X 10° bone marrow
mononuclear cells were labeled with Dil and the others
were not. Therefore, the negative finding does not deny
bone marrow-derived myocardial regeneration. However,
we would be able to say that the incidence may not be
enough to explain the beneficial effects of G-CSF. In
contrast, using an in vitro model, we have demonstrated
that G-CSF directly protected cultured cardiomyocytes
from glucose depletion-induced death. Thus, the benefi-
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cial effects of G-CSF may be associated with the cardi-
omyocyte protection against autophagic degeneration
and death of cardiomyocytes rather than cardiac cell
regeneration.

The G-CSF treatment induced a further increase in the
size (transverse diameter) of cardiomyocytes, compared
with the untreated UM-X7.1 where cardiomyocytes were
already hypertrophied. Hypertrophic growth of the myo-
cardium is thought to preserve pump function, although
prolongation of the hypertrophic state is a leading pre-
dictor of arrhythmias, sudden death, and heart fail-
ure.®”*® However, not all forms of cardiac hypertrophy
are necessarily pathological, as athletic conditioning can
stimulate heart growth without deleterious consequence,
ie, a physiological type of cardiac hypertrophy.®® The
observed G-CSF-induced hypertrophy cannot be simply
explained as a compensatory response because the hy-
pertrophic reaction was more pronounced in G-CSF-
treated hearts, which showed less severe heart failure
than was seen in the untreated hearts. In the present
study, moreover, we detected increased activation of
both Akt and Stat3, ie, increased levels of phospho-Akt
and phospho-Stat3, in the G-CSF-treated hearts. G-CSF
is known to activate not only Akt, a serine threonine
kinase and powerful survival signal in many systems,3?
but also Stat3 in cardiomyocytes.? In that regard, trans-
genic mice with cardiac-specific overexpression of active
Akt not only exhibit hypertrophy but also enhanced LV
function,”®=*2 as do transgenic mice with cardiac-spe-
cific overexpression of Stat3.%3 Immunohistochemistry re-
vealed that p-Stat3 was localized on cardiomyocytes in
the present model. We therefore suggest that these
downstream signals of G-CSF, Jak/Stat in particular, are
associated with the cardiomyocyte hypertrophy ob-
served in the G-CSF-treated hearts.

G-CSF resulted in a reduced heart weight despite
causing cardiomyocyte hypertrophy. This apparent in-
consistency may be partially reconciled by the reduction
in fibrotic volume by the treatment. We also observed
up-regulation of MMP catalytic activity, and down-regu-
lation of TNF-« in the G-CSF-treated hearts. G-CSF was
previously reported to induce both MMP-2 (gelatinase
Altype IV collagenase) and MMP-9 (gelatinase B).** The
increases in MMP activity and down-regulation of TNF-«
would be expected to contribute to the reduction in col-
lagen content seen in G-CSF-treated hearts. It is well
known that fibrosis, in particular interstitial fibrosis, often
becomes excessive in DCM, accelerating cardiac re-
modeling and dysfunction, as is the case in the present
model. Under those circumstances, an increase in MMP
family proteins might exert a protective effect by cata-
lyzing the degradation of the excessive collagen. Con-
sistent with that idea, several earlier studies have shown
that inhibition of MMP causes CHF,*® that targeted dele-
tion of MMP-9 attenuates LV remodeling and collagen
accumulation caused by overexpression of MMP-2 and
MMP-13,%¢ and that an increase in MMP-1-induced by
hepatocyte growth factor has a beneficial effect on
postinfarction heart failure via its anti-fibrotic action.*”

Coronary vascular abnormalities have been proposed
as a primary defect of mice without §-sarcoglycan.*®
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Although these vascular abnormalities could be second-
ary to the cardiomyocyte degeneration,*® verapamil ef-
fectively treated this animal model.*® Moreover, neovas-
cularization seems to be an important part of G-CSF
action in the case of a postmyocardial infarction model.?°
In the present model, we noted reduced vascular density,
compared with the control heart. However, we did not
note its increase in the G-CSF-treated UM-X7.1 hearts
even though more activated Akt, an angiogenetic factor,
was confirmed in the present study.

G-CSF has already been confirmed to be safe and is
widely used in patients with granulocytopenia, as well as
in healthy individuals donating bone marrow for trans-
plantation. The daily dose of G-CSF used in the present
study (10 ng/kg/day) was well within the clinical dosage
range used in humans.®' Thus, G-CSF administration
may represent a new therapeutic strategy for prevention
of development of heart failure, although it will certainly
be necessary to confirm the safety of its long-term ad-
ministration and to carefully construct the appropriate
administrative protocols.
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