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AssTRACT: Over-expression of the activating transcription factor 3 (ATF3) in transgenic (TG) mice induces
atrial enlargement. This manuscript reports anatomical and structural alterations in TG mice hearts. A
statistical analysis showed that hearts of the TG mice (0.61+0.2 grams) are significantly heavier than those
of non-transgenic (nTG) mice (0.16+0.03 grams) (P<0.05). The average myocyte cross-sectional area of the
TG mice (172.51+72.72 um?) was significantly larger than that of n'TG mice (74.4+16.46 um?*) (P<0.05).
The alterations varied greatly among individual atria, with and without visible calcification. Approximately
56% of TG mice produced recognizable calcification in the right atrium. Moreover, very few apoptotic cells
were observed. Ultrastructural studies of the enlarged atria showed 1) degeneration and degradation of
cytoplasmic components and mineralization of mitochondria leading to total destruction and death of
myocytes, 2) hyperchromatic-hypertrophic nuclei with various nuclear inclusions, 3) fibrosis and
mineralization of the myocardial layer, and 4) thrombus, cartilage and bone formation. It is possible that
cellular injury would cause energy metabolism impairment and/or sarcolemmal malformation leading to
Ca* accumulation and subsequent ultrastructural changes. Although pathogenesis of this alteration remains

unclear, ATF3 could be involved in these abnormalities.
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INTRODUCTION

The activating transcription factor 3 (ATF3) gene
encodes a member of the ATF/cyclic adenosine
monophosphate (CAMP)-responsive element-binding
protein (ATF/CREB) family of transcription factors.
These proteins have abasic region-leucine zipper DNA-
binding domain and function as stress-inducible
transcriptional repressors'”. Rat ATF3 was shown to
have ability to transform primary cultures of chick
embryo fibroblasts by promoting growth factor-
independent proliferation®. ATF3 would possess an
intrinsic oncogenic nature by inducing DNA synthesis
and expression of cyclin-D1 like in hepatocytes. It was
also suggested that ATF3 plays a critical role in
accelerating caspase protease activation during DNA
damaging agent-induced (camptothecinand etoposide)
apoptosis®.

Cardiophysiological effects of ATF3 were studied
in transgenic mice having human ATF3 over-expression
which was generated in the FVB/N background with

ATF3 expression under the control of the o--myosin
heavy chain (a-MHC) gene promoter®. Quantitative
RNA dot-blotanalysis showed significant up-regulation
of mRNA levels of markers for cardiac hypertrophy,
such as o-skeletal actin, atrial natriuretic factor and -
MHC in transgenic mice hearts®. Several interesting
characteristics including biatrial enlargement were
obtained through echocardiography’. The alteration
of myocytes in the myocardial layer directly affects the
function of the atrium and induces various diseases.
The over-expression of ATF3 apparently targets the
atrium and induces destruction and degradation of
cytoplasm®. In this manuscript, we further examined
several structural alterations of the enlarged atria.

MATERIALS AND METHODS

Sample sources

Ten ATF3 over-expressing transgenic (TG) and
fifteen non-transgenic (nTG) control mice with FVB/N
background of both sexes, 2-50 weeks of age, were
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obtained from Neurobiotechnology Center,
Department of Molecular and Cellular Biochemistry,
The Ohio State University, USA. Attheage of 2,4, 6,12,
19,20,21,29,32 and 50 weeks old, the animals were
randomly picked, weighed and then sacrificed by
decapitation. After washing and flushing out excess
blood with 50 mM PBS, hearts were dissected out with
minimal stumps of aorta, cranial vena cava and caudal
vena cava remaining and then weighed.

Histological and ultrastructural study

Samples for light microscopy were processed
accordingto routine procedures. Terminal uridine nick
end labeling (TUNEL) staining was accomplished using
ApopTag® (Intergen, Purchase, NY) to reveal apoptosis.
Staining was done following the manufacture’s
instruction. The samples were observed with a Zeiss
photomicroscope I1I.

Thin sections (~80nm) were cut on an
ultramicrotome using a diamond knife and stained

Fig 1. Hearts of ATF3 transgenic (a,b) and nontransgenic
control mice (¢) were compared. Atrial enlargement
and calcification (Cal) is noticeable in TG mice. RA:
right atrium; RV: right ventricle; LA: left atrium; Lg:
lung; LV: left ventricle. Bar (horizontal in a, vertical in b
and ¢) =1 cm.
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with 1% uranyl acetate followed by Reynold’s lead
citrate. The samples were evaluated with a transmission
electron microscope (Hitachi H-300) at accelerating
voltage of 75 kV.

Measurement of atrial myocyte cross-sectional area

Atotalof 1,370atrial myocyte cross-sectional areas
fromboth TG (733 areas) and nTG mice (637 areas) of
various ages (2-50 weeks) were measured mainly at the
nuclear level. The measurement was performed on
pictures taken undera Zeiss Photomicroscope 11 light
microscope with a digital camera (INSIGHT®) using
SPOT® software (Diagnostic Instruments, Sterling
Heights, MI).

Statistical analysis

Paired Student’s t-tests were performed to evaluate
the mean differences of body weight, heart weight and
atrial myocyte size between the two animal groups. The
analyses were performed with Windows? SPSS (version
11.0).

ResuLts

In general, size of the heart of TG mice appeared
comparatively larger than thatin nTG mice (Fig 1). At
the age of 2 weeks, the right atrium of a TG mouse
appeared to be slightly larger than the left atrium. In
oldermice, atrial enlargement was obvious in hearts of
TG mice compared with those of n'TG mice. The size of
eachatriumincreased by more than 1 centimeter, with
the right atrium being slightly larger than the left and
even larger than the length of ventricles (Fig la, b).
Multifocal calcification of the atrial walls was visible in
about 56% of the TG mice with dilated atria (Fig 1a) in
comparison with the nTG mouse (Fig 1¢). However,
calcification was not found in some of the TG mice
hearts with enlarged atria (Fig 1b). No apparent gross
anatomical changes were observed in the left ventricle
(IV) and right ventricle (RV) of the TG hearts at any age.

Average heart weight of the TG mice (0.61+0.2
grams) was significantly higher than that of the nTG
mice (0.16£0.03 grams) (P<0.05). The average atrial
myocyte cross-sectional area of the TG mice heart
increased more rapidly than in the nTG mice when
increasing age (Table 1). Myocyte cross-sectional area
was approximately two times larger in the TG mice than
in the nTG mice younger than 10 weeks old, and the
difference increased to a factor of three in mice older
than 30 weeks. The average areas varied from 70 pm?
inthe 4-week-old TG mice to 305.1 wm?in the 32-week-
old TG mice, with an overall average of 173+73 pm?.
These areas were significantly much larger than those
inthe nTG groups which ranged from 50.05 pm?in the
4-week-old nTG mouse, t0 96.09 um?in the 12-week-
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old nTG mouse with an overall average of 7416 um?
(P<0.05).

Table 1. Showing number of myocytes counted and average
cross-sectional areas in each age group. TG:
transgenic, nTG: non-transgenic.

Age TG mice nTG mice
(weeks) # of myocytes Average # of myocytes Average
counted area (um?) counted area (pm?)
2 35 100.40 70 70.10
4 58 70.03 38 50.05
6 111 182.30 62 70.00
12 95 195.16 69 96.09
19 69 145.20 46 60.04
20 36 140.28 28 52.61
22 29 138.59 98 81.75
29 130 171.75 34 84.24
32 114 305.10 17 85.56
50 56 276.27 175 93.92
Average 73 173 64 74
+35 +73 +46 +16

Fig 2. H&E (a,c) and trichrome (b) staining sections from
comparable areas show general views in the
development of calcification (Min) in the atria of TG
(b,c) and nTG mice (a).

a) Distribution of myocytes in the myocardium (Mc)
shows a distinct papillar-pleated pattern (arrow).

b) Substantial accumulation of connective tissue (Ct)
within myocardium (Mc).

¢) Dilated vacuolar spaces (star) in the epicardial area
is often filled with blood.

Ac: atrial chamber; Ccebf: circular collagen bundles with
fibroblasts; Ed: endocardium; Ep:epicardium; Ery:
Erythrocytes. Bar = 30 pm (a-c).
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TG Heartis composed of fibroblasts and randomly
oriented collagen fibers with scattered mineral
deposition. The three basic structural layers of the TG
mice hearts (epicardium, myocardium and
endocardium) were altered with myocyte degeneration,
connective tissues increment, circular collagen bundles
with fibroblasts formation, dilated vascular spaces,
and mineralization (calcification) and bone formation
(Fig 2b-c, Fig 3a-b). The myocardial layer lost most of
its myocytes and was replaced entirely by connective
tissue and minerals, as shown in Fig 3a. Advanced
mineralization results in formation of bone enclosing
an area with bone marrow containing various
progenitor blood cells (Fig 3b, inset). Myocyte
degeneration and hypertrophy could often be observed
together with extensive cytoplasmic component
degradation, vacuolization and hyperchromatic-
hypertrophicnuclei (Fig4). Fewnuclei showed TUNEL-
positive staining (Fig 5a, ApN), indicating that lower
degree of apoptosis was present. One rare apoptotic
nucleus with disappearance of nuclear membrane
captured under the electron microscope clearly
indicated that the myocyte was undergoing karyolysis
(Fig 5b). In an advanced stage, atrial myocytes were
extremely irregularin size and shape, and some nuclei
(Fig4a, c-d) became much larger than those inanormal
mouse (Fig 4b, inset) and sometimes became

Fig 3. TG mice atrium stained with H&E. Ac: atrial chamber;

Bm: bone marrow; Ep: epicardium; Ery: erythrocytes.
a) Mineralization (bone formation) (Min) in the
myocardium is shown in later stages of atrial alteration.
Fibrosis network (Fib) is abundant with diminishing in
number of myocyte (arrows). Bar = 30 pm.
b) Bone spicules (Bn) with osteocytes (arrow) in asso-
ciation with connective tissue (Ct) in myocardial area
are shown. In the inset, two megakaryocytes (open
arrows) are observed in bone marrow. Bar =30 pm (b),
7.5 pm (inset).
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Fig 4. H&E staining samples showing progression of atrial
myocyte alteration. Cap: Capillaries; Ery: erythrocytes.
Bar = 15 um (a-f)

a) Both normal (open arrow) and degenerated
myocytes (dMyc) with hyperchromatic and hyper-
trophic nuclei (dark arrow) are shown. Intercellular
connective tissue (Ct) increases with the presence of
dMyec.

b) Cytoplasmic vacuolization often occurs (arrowhead).
Normal myocytes of nTG mouse is shown in inset.

¢) Degraded myocytes (star) with semi-degraded
cytoplasm and irregularly shaped nuclei (arrows) in
comparison with normal nuclei (inset).

d) The hyperchromatic and hypertrophic nuclei
(arrows) appear within hypertrophic myocytes.

e) Intranuclear vacuolizations with hypertrophy
(arrows) are also seen in a TG mouse.

f)  Binucleated myocytes can also be observed (arrow).
An elongated nucleus with bending indicates cell
division in a 29-week-old TG mouse (inset).

Fig 5. Light and electron micrographs showing myocardial
apoptosis in a TG mouse left atrium.
a) ATUNEL peroxidase with methyl green counterstained
sample shows several positive-staining atrial myocyte
nuclei (arrows). The number of observed apoptotic nuclei
(ApN) is low, suggesting that cytoplasmic digestion and
destruction are responsible for most of the cell death.
MycN: normal myocyte nuclei; Fbn: fibroblast nuclei. Bar
=15um.
b) Anapoptotic nucleus (Apn). Bar=1.3 pm.
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binucleated (Fig 4f). Although there were no specific
structural patterns or characteristics of myocyte
alteration with age, older mice seemed to have more
myocyte destruction, which was finally replaced by
bony tissue.

The fine structure of altered myocytes was further
revealed by electron microscopic observation (Fig 6-
8). The destruction of myocytesincluded degradation
of myofibrils and myofilaments, streaming, breakage
and disappearance of Z-lines, degeneration of
mitochondria, accumulation of glycogen particles and
destruction of intercalated discs (Fig 6). In fig 6, most
of the cytoplasmic components in Mycl and Myc5
were destroyed, whereas some myofibril remnants were
still visible in Myc2, Myc3 and Myc4. Various degrees
of myocyte destruction can also be seen in Fig 6 inset
2. Nonmembranous laminar formed nuclear inclusions
(lam) can be clearly distinguished from cytoplasmic
inclusions (Fig 7a, ¢). The crystalline-like Golgi complex
(Fig 7b) can be observed in addition to the abnormal
appearance of the Golgi complex. TG mouse
mitochondria appeared to be much smaller compared
to the mitochondria in normal muscle (Fig 8a). The
deposition of minerals, presumed to be mainly Ca**
salts, started initially with the appearance of mosaic

Fig 6. Electron micrograph showing many myocytes (Mycl—
Myc5) with degenerated cytoplasmic materials (dcyt)
of the right atrium of a TG mouse. An enlargement of
these materials is in inset 2. Typical glycogen (Gly)
accumulation in association with a digested mitochondrial
vacuole (dMt) is observed near the intercalated disc (Id)
(inset 1). Ics: intercellular space. Bar=0.78 pm, 0.67
pm (inset 1), 2 um (inset 2).
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structure (Fig 8b, arrows). Mitochondria further
developed mineral deposition or aggregates to form
vacuolization with and without residues of digested
aggregates (Fig8b-d). Mineralization of the myocardial
layer extends to the intercellular spaces together with
collagen fiber accumulation (Fig 8d, arrow and inset).
In contrast, no such structural transformation was
observed in atria of n'TG mice at any age.

DiscussioN

The biatrial enlargement seen in the TG mice should
be asequel of pathological hypertrophy (i.e., eccentric
hypertrophy or dilated cardiomyopathy) in association
with destruction of myocytes and their components'®
rather than physiological hypertrophy, which is
evidenced by the increase of muscle mass, normal
myofilaments and other cytoplasmic organelles. Both
sexes of mice have been used in this study as explained
in the Materials and Methods. There have been several
studies that reported that there are sex differences in the
electrophysiological properties'’, ventricular
depolarization'®, emergence of ischaemic preconditioning

Fig 7. Electron micrographs of atrial myocytes of a TG mouse.
a) Lamellated inclusions (lam) in nucleus (N) are shown.
Bar=0.67 pm
b) Golgi apparatus occasionally appears in Golgi
crystals (GolgCrys). Bar = 0.3 pm
¢) A nucleus containing lamellated inclusion (Iam)
surrounded by partially degraded myofibrils (dMf), a
degenerated mitochondrial vacuole (dMt) is shown.
Abnormal feature of Golgi apparatus at juxtaposition to
nuclear membrane is also found (inset). Bar=0.75 um,
0.27 pm (inset).
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andischaemia-reperfusion of the mouse heart'®. However,
there was no evidence about influence of sex on size
of the heart and cardiac myocytes for the FVB/N strain
used in this study.

Inaddition, the extremely low number of apoptotic
nuclei suggests that cytoplasmic digestion and
destruction is responsible for most of the cell death
rather than apoptosis. The pathology would probably
be the result of earlier or higher expression of the ATF3
in the atria than the ventricles'™!"?. Cellular injury would
be initiated by proteases which could be activated by
the ATF38. Although we did not examine intracellular
calcium content, it is possible that the initial cellular
injury would further trigger energy metabolism
impairment or sarcolemmal alteration leading to an

Fig 8. Electron micrographs of the left atrium (a-c) and left
ventricle (d) of a TG mouse showing:
a) Normal mitochondrial (Mt);
b) Mitochondria with a dense mosaic structure (arrows)
suggesting deposition of some minerals in their cristae;
¢) Mitochondria with mineral deposition and
vacuolization (CaldMt);
d) Typical mineralization (Min) among collagen fibers
(arrow; inset).
deyt: digested cytoplasm; dMf: digested myofibrils; Ds:
desmosomes; Id: intercalated disc; Mf: myofibrils. Bar
=0.27um (a,b), 0.4 pm (c), 0.75 um (d) and 0.43 um
(d, inset).



270

elevation of the intracellular Ca** concentration®.
Accordingly, the elevated calcium would increase the
activity of proteolytic enzymes causing extensive
cytoskeletal destruction, cell shape alteration and
activation of phospholipases. The cell would finally
undergo membrane damage and mitochondrial
calcification®. Calcification in mitochondria would
probably be the starting point of mineral accumulation
thatallows intracellular deposition of insoluble calcium
phosphate, as has been reported in freeze-thaw injury
of mouse hearts?’. Connective tissue stroma
surrounding mineralized areas was followed eventually
by calcification.

The fast-growing and abnormal expansion of the
myocardium of the atrial wall, along with the ventricular
diastolic load to the atria, could cause the disruption
of the endocardium. With exposure to blood turbulence
in the chamber and accumulation of blood cells,
platelets, fibrin and macrophages, this site could be a
nidus for mural fibrin thrombosis. The thrombibecame
larger and more organized with fibroblast infiltration,
especiallyin the peripheral area. These fibroblasts could
differentiate to chondroblastsand chondrocytes, which
then form cartilage?**’. Osteoblasts, believed to be
derived from bone marrow stromal cells?®, traveled
through the blood circulation to replace the
chondrocytes and form bone. Then, hematopoietic
bone marrow was produced in the area of pathological
ossification!?. Chondrification and ossification in the
vascular thrombi of these mice were similar to other
reports**?*’.

Either macroscopic or microscopic calcification
would occur in response to the ATF3 expression
regardless of the nature of the animal strain and age,
since it was observed only in the TG mice but notin the
non-transgenic control mice. However, there is
evidence that suggests that myocardial calcification is
normal for the some strains of mice, for example, DBA/
2 Furthermore, a dietlow in magnesium and high in
phosphorus can also cause severe calcification of the
heart".

The intranuclear inclusions observed under the
electron microscope could be simply identified through
their electron-dense membrane. Since the inclusion
has the same membrane density as the nucleus or is
composed of single membrane, it is most likely formed
within nucleusand can be considered as true inclusion.
The crystalline-like Golgi complex is extremely
interesting; however, more advanced techniques may
be needed to identify this material.

In conclusion, over-expression of the ATF3 gene
induced atrial hypertrophy in mice. The effects of the
over-expressed protein varied greatly in individual
mouse atria, with and without macroscopically
recognizable calcification. However, all hypertrophic
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myocytes exhibited various cytoplasmic and nuclear
component alterations. The replacement of myocytes
with connective tissue in the myocardial layer
accelerated destruction of the atrial wall. An increase
in dilated vascular space, mineral deposition,
chondrocyte deposition, cartilage formation and bone
formation occurred in myocardial layer. The formation
of cartilagenous thrombi in the atrial chambers
accelerates destruction of the entire heart. Thus far,
pathogenesis of atrial phenotypes especially to explain
why TGrightatria were often much larger than the left
atria remains an open question.
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