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Abstract A mouse with juvenile visceral steatosis (the 
JVS mouse) has been recognized as a novel animal mod- 
el for systemic carnitine deficiency. We examined cardi- 
ac, skeletal and smooth muscle cells in JVS and control 
mice by light and electron microscopy. Cardiac and skel- 
etal muscle cells of  these mice at 4 weeks of age exhibit- 
ed a ragged-red appearance after trichrome staining. 
Electron microscopy, demonstrated increased numbers of 
mitochondria and lipid droplets in the cells. Compres- 
sion or distortion of the myofibril bundles, primarily due 
to the increased number of mitochondria, suggests the 
possible existence of a functional disturbance of the car- 
diac and skeletal muscle. In the urinary bladder, only one 
or two large lipid droplets and slightly increased number 
of  mitochondria were recognized in the perinuclear re- 
gion of the smooth muscle cells. At 8 weeks of age, the 
mouse enzyme histochemistry specific for mitochondria, 
such as cytochrome c oxidase and succinic dehydroge- 
nase, and oil red O staining, confirmed further increases 
in the number of mitochondria and lipid droplets in the 
heart. However, the accumulation of these organelles in 
the skeletal and smooth muscle cells was no greater than 
that noted in JVS mice at 4 weeks of age. In the cardiac 
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muscle cells, autolysosomes or autophagic vacuoles con- 
taining electron-dense membranous,  lamellar or whorled 
structures closely associated with mitochondria and 
pseudoinclusion bodies in the nucleus were recognized, 
and bundles of myofibrils were buried under numerous 
mitochondria, suggesting the existence of disturbed con- 
tractile function in the heart of JVS mice. These results 
indicate that this murine strain associated with system- 
ic carnitine deficiency exhibits a generalized mitochon- 
drial abnormality in the muscle system especially in the 
heart. 
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Introduction 

Koizumi et al. [8] have reported a C3H.OH (formerly 
misnamed C3H-H-2 °) strain of mouse associated with 
visceral microvesicular fatty infiltration which is inherit- 
ed in an autosomal recessive manner. This mouse was la- 
ter named the juvenile visceral steatosis (JVS) mouse 
[4]. At 3-28 days of age, the JVS mouse develops abnor- 
mal features including retarded growth and an enlarged 
abdomen. The activity of all urea cycle enzymes is very 
low in these mice, resulting in hyperammonaemia  [7]. 
The similarity between JVS mice and patients with sys- 
temic carnitine deficiency prompted us to investigate the 
role of  carnitine in pathogenesis of  the model. Conse- 
quently, Kuwajima et al. [9] reported a marked decrease 
in carnitine concentrations in the serum, liver and muscle 
in JVS mice and established them as a model for system- 
ic carnitine deficiency. Abnormalities in the expression 
of urea cycle enzymes abundant in the liver have been 
demonstrated [5, 13]. Tomomura et al. [14] have recently 
reported an increase in the levels of messenger RNAs en- 
coding the proto-oncogenes c-jun and c-fos, ~x-fetopro- 
tein and aldolase A, suggesting that the hepatocytes of  
JVS mice are in an undifferentiated or de-differentiated 
state. 
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Histological examinations of  JVS mice showed lipid 
droplets in hepatocytes and in the epithelium of the prox- 
imal convoluted tubule of the kidney [8]. However, little 
data exist regarding the histological features of  the mus- 
cle, one of the most affected organs. We therefore inves- 
tigated the histological features in the myocardium, skel- 
etal muscle cells and smooth muscle cells of  the urinary 
bladder. This report details the marked histological ab- 
normalities found in these organs. 

cells of JVS mice, suggesting that this change was due to 
an aggregation of mitochondria. At 8 weeks of age, car- 
diac muscle cells became somewhat larger in size, and 
enlarged nuclei were recognized in many cells of JVS 
mice when compared with those of control or original 
C3H.OH mice (Fig. la, b). Lipid droplets were also in- 
creased in number and size (Fig. lc, d). These cells 
showed a striking ragged-red appearance after m-GT 
staining (Fig. 2a, b), and mitochondrial enzymes includ- 
ing CCO and SDH were intensely stained (Fig. 2c-f).  

Materials and methods 

All animals were maintained under specific pathogen free condi- 
tions. Homozygous mutants designated jvs/jvs showed a swollen 
fatty liver through the abdominal wall at 2-5 days after birth and 
these mutants are the test JVS mice. Both normal homozygotes 
(+/+) and heterozygotes (+/jvs) served as controls, since they were 
indistinguishable. Eight JVS mice 4 weeks of age, ten JVS mice 8 
weeks of age and eight age-matched control mice were examined. 
Age-matched C3H-OH mice, the original strain of JVS mice, were 
also studied. 

The animals were anaesthetized by intraperitoneal injection of 
pentobarbital (0.025 mg/g body weight). For light microscopy, a 
portion of skeletal muscle (biceps femoris muscle), heart and uri- 
nary bladder were excised and quickly frozen in a dry ice isopen- 
tane bath. Frozen tissues were cut into 4-8 gm thick sections by 
cryostat and were examined after staining with haematoxylin and 
eosin (H&E), modified Gomori's trichrome (m-GT), succinic de- 
hydrogenase (SDH), cytochrome c oxidase (CCO) and oil red O. 
For electron microscopy, mice were perfused via the ascending 
aorta with 3% glutaraldehyde solution buffered at pH 7.4 with 0.1 
M Millonig's phosphate buffer. Heart, skeletal muscle (biceps 
femoris muscle) and urinary bladder were excised, cut into small 
pieces and fixed with the same fixative for 2 h at 4 ° C. After sec- 
ondary fixation with 1% osmium tetroxide solution buffered at pH 
7.4 with 0.1 M Millonig's phosphate buffer for 1 h at 4 ° C, speci- 
mens were dehydrated and embedded in Epon (epoxy resin). U1- 
trathin sections, cut on a Reichert-Jung Ultracut E ultramicrotome, 
were doubly stained with aqueous uranyl acetate (3.0%) and Rey- 
nold's lead citrate and were then observed using a Hitachi H-7000 
electron microscope. 

For quantitative electron microscopic morphometrical analysis, 
three blocks from cardiac tissues of each animal were randomly 
chosen (2, 4 and 8 weeks of age; four animals in each group), and 
photographs of 20 cardiac muscle cells including nucleus were 
taken from one block at an original magnification of x2,000. The 
number of abnormal mitochondria with a highly electron-dense 
matrix (autolysosomes apparently derived from mitochondria) was 
counted on the prints at a final magnification of x4,000. In addi- 
tion, the total number of autolysosomes or autophagic vacuoles 
including mitochondria sequestrated by a lysosome was also 
counted. For statistical analysis, the unpaired Student's t-test was 
adopted, and P values <0.05 were considered to be statistically 
significant. 

ResuRs 

Cardiac muscle cells 

Light microscopy 

At 4 weeks of age, morphological differences were diffi- 
cult to observe between JVS mice and control of  original 
C3H-OH mice on H&E staining. However, the m-GT 
staining demonstrated a ragged-red appearance in many 

Electron microscopy 

At 4 weeks of age, mitochondria with many tubular cris- 
tae were round or had a short rod-like shape, and were 
relatively rich in cytoplasm when compared with mito- 
chondria in age-matched control mice (Fig. 3b). In JVS 
mice many, but not all, cardiac muscle cells showed an 
increase in the number of  mitochondria. Many mitochon- 
dria had a polygonal shape, possibly due to compression 
by the increased number of  mitochondria and the matrix 
of some mitochondria of lower electron density. The 
number of  lipid droplets was also increased in these cells 
(Fig. 3a). In contrast to the features of cardiac muscle 
cells of  control mice, bundles of myofibrils in JVS mice 
appeared to be distorted or split, and the nuclei were 
often irregular in shape (Fig. 3a). 

At 8 weeks of age, pseudoinclusion bodies containing 
various cell organelles and cytoplasmic materials ap- 
peared in many nuclei (Fig. 4), and the number of  mito- 
chondria and lipid droplets was markedly increased. In 
addition, mitochondria with highly electron-dense matri- 
ces were frequently observed (Fig. 5a). By the examina- 
tion of serial ultrathin sections, such mitochondria were 
often found to be in close contact with lysosomes, or ap- 
peared to be fused with lysosomes, suggesting that they 
were a category of autolysosome (Fig. 5b). Furthermore, 
aggregates of mitochondria probably sequestrated by ly- 
sosomes were also observed, and these mitochondria 
showed various stages of  degeneration (Fig. 6a). In some 
of the cardiac muscle cells examined at this age, a large 
aggregate of  autophagic vacuoles containing mitochon- 
dria and some other cell organelles or cytomembrane 
components could be recognized (Fig. 6b). However, 
muscle fibre necrosis was rarely observed. The number 
of  mitochondria of  the type described above was mark- 
edly increased in JVS mice at 4 and 8 weeks of age when 
compared with that in control mice, and the number of 
such structures per 1,000 g m  2 cytoplasmic area was 
3.30_2.63 at 4 weeks of age and 9.10_2.96 at 8 weeks of 
age in JVS mice, and 0.30___0.48 at 4 weeks of age and 
2.1_0.88 at 8 weeks of age in control mice (values are 
the mean ___standard deviation; P<0.01, P<0.01, respec- 
tively; Fig. 7a). Quantitative morphometric analysis also 
revealed that autolysosomes or autophagic vacuoles in 
cardiac muscle cells of JVS mice were mainly derived 
from mitochondria, although the number of  such struc- 
tures in control mice was slightly increased at 8 weeks of 
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Fig. la -d  Light micrographs of cardiac tissue from 8-week-old 
juvenile visceral steatosis (JVS) and control mice. Cardiac muscle 
cells of the JVS mouse (a) are slightly larger than those of the 
control mouse (b), and large nuclei (arrow) can be observed in the 
former. (Haematoxylin and eosin, x490), c, d In the JVS mouse, 
many lipid droplets (red dots or spots, arrowhead) can be detected 
at this age, while such droplets cannot easily be recognized in the 
control mouse. (Oil red O, x490. Bar=-20 gin) 

ragged-red appearance as seen in the cardiac muscle 
cells (data not shown). Oil red O staining showed exces- 
sive lipid accumulation among fibres. At 8 weeks of age, 
the morphological changes were essentially the same and 
there was no apparent muscle fibre degeneration or inter- 
stitial connective tissue proliferation. 

age when compared with that in control mice at 2 or 4 
weeks of age (Fig. 7b). 

Skeletal muscle 

Light microscopy 

At 4 weeks of age, the structure of skeletal muscle in 
JVS mice appeared to be normal as determined by ob- 
serving tissue sections after H&E staining. Each muscle 
fibre had fine striations in longitudinal sections, and was 
round or polygonal in shape. The nuclei were located at 
the periphery in cross sections. However, m-GT staining 
revealed that many of the fibres of  JVS mice showed a 

Electron microscopy 

Cellular organelles of muscle fibres in control mice had a 
normal ultrastructural appearance as noted in original 
C3H-OH mice at 4 and 8 weeks of age. The mitochondria 
with many tubular cristae were round or had a short rod- 
like shape. They were located between myofibrils, and in 
the perinuclear or subsarcolemmal region. Lipid droplets 
were observed scattered in the same regions. Myofibrils 
showed clear contractile units of sarcomeres. Dark-stain- 
ing A bands and light-staining I bands could clearly be 
observed in longitudinal sections (Fig. 3d). In contrast, 
JVS mice at 4 weeks of age showed ultrastructural abnor- 
malities in some organelles. There was a marked increase 
in the number of mitochondria (Fig. 3c). However, the 
mitochondrial matrix appeared to be virtually the same as 
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Fig. 2a- f  Light micrographs of cardiac muscle tissue sections af- 
ter histochemical staining by modified Gomori's trichrome (m- 
GT), cytochrome c oxidase (CCO) and succinic dehydrogenase 
(SDH) in 8-week-old JVS and control mice. a, b Cardiac muscle 
cells of the JVS mouse (a) show marked ragged-red appearance in 

transverse section. (Cryosections of 8 gm thickness, m-GT stain- 
ing, x490. Bar=20 gm). e - f  In JVS mice, more intense staining of 
CCO and SDH (e and e, respectively) can be seen than in control 
mice (d, f). (Cryosections of 4 ~xm thickness, e, d CCO staining; e, 
f SDH staining; x490. Ba~---20 gm) 
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Fig. 3a - f  Electron micrographs of cardiac, skeletal and smooth 
muscle cells in 4-week-old JVS and control mice. In a cardiac 
muscle cell of a 4-week-old JVS mouse (a), increased numbers of 
mitochondria (M) and lipid droplets (arrowhead) can be seen in 
the cytoplasm, and the nucleus (N) shows an irregular shape when 
compared with a cardiac muscle cell of a control mouse (b). Bun- 
dles of myofibrils (F) appear to be distorted and are buried under 
the numerous mitochondria in (a). In a cardiac muscle cell of the 
control mouse (b), mitochondria can be seen only between bun- 
dles of myofibrils, and in the perinuclear and subsarcolemmal re- 
gion. Small-sized lipid droplets (arrowhead) can be observed, and 
bundles of myofibrils are seen running in an orderly fashion in the 
cytoplasm (a, b x5,700. Bar=2 gm). A longitudinal section of 
skeletal muscle cells (biceps femoris) in the 4-week-old JVS 

mouse (c) also shows increased number of mitochondria localized 
between bundles of myofibrils, and in the subsarcolemmal space. 
Lipid droplets (arrowhead) are also increased in number and size, 
and exist among clusters of mitochondria. In a skeletal muscle cell 
of the control mouse (d), bundles of myofibrils run in a parallel 
fashion. A small number of mitochondria and glycogen particles 
can be seen between the bundles of myofibrits. (c, d x5,700. 
Bar=-2 ~tm). In smooth muscle cells of the urinary bladder in the 4- 
week-old JVS mouse (e), changes in the numbers of mitochondria 
and lipid droplets are not distinct, and only one or two large lipid 
droplets (arrowhead) in the perinuclear region can be seen closely 
associated with mitochondria. However, such large intracellular 
lipid droplets are not seen in smooth muscle cells of the urinary 
bladder in the control mouse (f). (e, f x12,200. Bar=-I gin) 
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Fig. 4a, b Electron micro- 
graph of a cardiac muscle cell 
of an 8-week-old JVS mouse. 
a Numerous mitochondria 
can be seen in the perinuclear 
region and between bundles 
of myofibrils. Lipid droplets 
(arrow), also increased in the 
number and size, exist among 
clusters of mitochondria. Elec- 
tron-dense lysosome-like "gra- 
nules" can be seen (arrow- 
head). (x5,600. Bar=3 gm). b 
Invaginated or distorted nuclei 
formed many pseudoinclusion 
bodies, in which various-sized 
vacuolar (arrowhead) or lamel- 
lar (double arrowhead) 
structures can be seen. (x4,200. 
Bar=2 ~tm) 

in the muscle fibres of control mice with regard to elec- 
tron density. Lipid droplets were also frequently seen in 
close association with clusters of mitochondria. The bun- 
dles of  myofibrils were partially split or disrupted due to 
the increased numbers of  mitochondria and lipid droplets 
(Fig. 3c). At 8 weeks of age, similar ultrastructural find- 
ings were observed in JVS mice and the degree of the mi- 
tochondrial accumulation and lipid droplet appeared to be 
very similar to that seen at 4 weeks of age. 

Smooth muscle cells in the urinary bladder 

No apparent differences were observed between the 
smooth muscle cells of  the urinary bladder in JVS mice 
and those of control or original C3H.OH mice on light 
microscopy. However, electron microscopy demonstrated 
that one or two large lipid droplets were occasionally 
present in the perinuclear region of smooth muscle cells 
in 4-week-old JVS mice (Fig. 3e). Similar large lipid 



Fig. 5a-c Electron micro- 
graphs of abnormal mitochon- 
dria in a cardiac muscle cell 
of an 8-week-old JVS mouse. 
a Many mitochondria are irreg- 
ular in shape, and regularly 
arranged mitochondrial cristae 
appear to be decreased. Mito- 
chondria with highly electron- 
dense matrices show a lyso- 
some-like appearance (arrows). 
(xl 1,400. Bar=-lbtm). b Mito- 
chondrion sequestrated by a 
primary lysosome (arrowhead) 
show highly electron-dense 
matrix. Crista of the mitochon- 
drion appear to be disorganized 
or partially digested, c Mito- 
chondria of an 8-week-old con- 
trol mouse demonstrate normal 
appearance with many regular- 
ly arranged cristae. (b, c 
x22,800. Bar=-0.5 gm) 
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droplets were not present in age-matched control or orig- 
inal C3H.OH mice (Fig. 3f). Lipid droplets were closely 
associated with mitochondria, but the ultrastructure of  
the mitochondria and other cyto-organelles appeared 
normal. These morphological changes were also the ma- 
jor findings in JVS mice at 8 weeks of age. The accumu- 
lation of mitochondria and lipid droplets in the smooth 
muscle cells was the least marked among the three types 
of muscle cells examined. 

Discussion 

The JVS mouse has been established as an animal model 
for systemic carnitine deficiency because of marked de- 
crease of  carnitine concentrations in the serum, liver and 
skeletal muscles [9]. The carnitine concentration in the 
heart of  JVS mice is also decreased, and the levels of 

carnitine content were about 10-20% of those in age- 
matched control mice (Kuwajima et al., in preparation). 

In this study, we have demonstrated that cardiac and 
skeletal muscle cells of JVS mice showed increased 
number of lipid droplets. These cells also showed a 
marked increase in the number of mitochondria. In cardi- 
ac muscle cells, the accumulation of mitochondria be- 
came more remarkable with time. In addition to myofi- 
brillar disarrangement, the appearance of pseudoinclu- 
sion bodies in the nucleus and autolysosomes or autoph- 
agic vacuoles which contained degenerating and/or de- 
generated mitochondria suggested the existence of dis- 
turbed contractile function in the heart of JVS mice. It is 
noteworthy that the increased numbers of  lipid droplets 
in the muscle cells were always closely associated with 
the mitochondria. Since mitochondria contain many of 
the enzymes necessary for fat metabolism including fatty 
oxidases, the increased numbers of  mitochondria and lip- 
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Fig. 6 Autolysosome or 
autophagic vacuoles seen in 
cardiac muscle cells of an 
8-week-old JVS mouse, a 
Mitochondria surrounded by 
membraneous structures 
(arrowheads) were observed. 
These mitochondria showed 
various stages of degeneration, 
although crista of some mito- 
chondria (arrow) can still be 
recognized. (x13,200. Bar=l 
gm). b Autolysosomes or 
autophagic vacuoles were seen 
aggregating in the cytoplasm. 
Electron-dense autolysosome 
which include membrane- 
bound structures (arrowhead) 
and membranous, lamellar 
structures surrounded by lyso- 
somes (arrow) were observed. 
(x22,600, Bar=0.5 gm) 
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id drople ts  might  ref lect  the abnormal  mi tochondr ia l  
funct ion and/or  l ip id  metabo l i sm,  whatever  the cause.  
These  changes  were  also observed  in smooth  musc le  
cel ls  of  the ur inary  bladder ,  but to a lesser  degree.  

S imi la r  morpho log ica l  changes  have been observed  in 
the skeletal  musc le  cells o f  pat ients  with sys temic  carni-  
t ine deficiency.  Ma jo r  and diagnost ic  ul trastructural  ab- 
normal i t ies  can be seen in the skeletal  musc le  cells  of  pa-  
tients with this disorder,  and they are associa ted  with in- 
creases in the number  and size of  mi tochondr ia  and accu- 
mula t ion  of  l ip id  drople ts  [2, 11]. Addi t ional ly ,  the cardi-  
ac muscle  o f  pat ients  with this d isorder  exhibi ts  a l ip id  
s torage m y o p a t h y  with  hyper t rophic  ca rd iomyopa thy  [3]. 
Ultrastructural ly,  cardiac  musc le  cells in b iopsy  speci-  
mens  d i sp lay  excess ive  numbers  of  l ip id  droplets  and ag- 

Fig. 7 The number of autolysosomes derived from mitochondria 
(a), and the total number of autolysosomes or autophagic vacuoles 
(b) in cardiac muscle cells of JVS and control mice. a The number 
of autolysosomes derived from mitochondria which showed highly 
electron-dense matrices in 2-week-old JVS mice was almost the 
same as that in 2-week-old control mice. However, these autolyso- 
somes were significantly increased in number in 4-week-old JVS 
mice. At 8 weeks of age, the number of such structures in cardiac 
muscle cells of JVS mice was further increased, although a slight 
increase in the number of autolysosomes derived from mitochon- 
dria was observed in 8-week-old control mice compared to that 
observed in 2- or 4-week-old control mice. (N.S. not significant). 
b The total number of autolysosomes or autophagic vacuoles, in- 
cluding autolysosomes derived from mitochondria, observed in 
cardiac muscle cells of 4- and 8-week-old JVS mice was signifi- 
cantly increased compared to those in age-matched control mice. 
Comparison of a and b revealed that a marked increase in the 
number of autolysosomes derived from abnormal mitochondria in 
cardiac muscle cells of 4- and 8-week-old JVS mice was responsi- 
ble for the increase in the total number of autolysosomes or au- 
tophagic vacuoles. The uncountable aggregated autolysosomes or 
autophagic vacuoles, each of which was difficult to discriminate 
due to degeneration, were counted as one autolysosome or autoph- 
agic vacuole. Each column is the mean for four animals in each 
group _+ standard deviation 
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gregates of mitochondria [10]. These findings are very 
similar to those found in the present study in the muscles 
of the JVS mouse, although a ragged-red appearance of 
muscle fibres is unusual in human carnitine deficiency. 

The systemic carnitine deficiency occurs in some in- 
herited metabolic disorders, particularly those of [3-oxida- 
tion, such as medium-chain acyl CoA dehydrogenase de- 
ficiency [1] and defects of renal tubular reabsorption [12]. 
Western blot analysis showed no primary abnormalities 
of the enzymes involved in mitochondrial ~-oxidation in 
JVS mice (Hashimoto T, personal communication), and 
the results of histochemical staining for CCO and SDH 
further suggest that there may be no major primary defect 
in mitochondrial function, although a mitochondrial de- 
fect of the respiratory chain cannot be excluded. 

A primary defect in carnitine metabolism in the JVS 
mouse has not yet been defined. However, we have re- 
cently demonstrated that the systemic carnitine deficien- 
cy found in the JVS mouse may be due to a defect in the 
renal carnitine transport system [6]. Since carnitine acts 
as an essential cofactor in the transport of long-chain fat- 
ty acids into mitochondria, the morphological changes 
reported here may be of use in understanding the clinical 
features of patients with systemic carnitine deficiency, 
especially those with a defect in the renal carnitine trans- 
port system. 

This report is the first to describe the abnormal mor- 
phological changes, particularly those of the mitochon- 
dria, in the muscle system of carnitine deficient mice. Al- 
though further investigation will be necessary to clarify 
the pathological features of various organs in these mice, 
this study has demonstrated the usefulness of the JVS 
mouse as a model of human systemic carnitine deficiency. 
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