
Abstract To investigate the direct effects of metham-
phetamine (MAP) on cardiac lesions seen in MAP abusers,
isolated adult rat ventricular cardiomyocytes (ARCs)
were exposed to MAP (0.05–1.0 mM) in medium 199
containing 10% fetal calf serum. Isolated ARCs attached
to laminin-coated substrata and began to spread into
polygonal shapes with pseudopodia at day 6 in normal
culture. However, the cell attachment and spreading were
inhibited by exposure to MAP (0.5 and 1.0 mM) for the
first 7 days in culture. On the other hand, exposure to
MAP (0.05 and 0.1 mM) for 7 days after a 6-day period of
normal culture, led to a larger cross surface area of cells
with more abundant actin bundles compared to control
cells (p < 0.05). This development of spreading area re-
sembled that of norepinephrine-treated ARCs. In addition,
immunoreactive atrial natriuretic peptide (ANP) granules
developed and accumulated around the nuclear region of
ARCs exposed to MAP and the number of ANP positive
cells tended to increase in a dose-dependent manner.
These results suggest that chronic exposure to a high con-
centration of MAP may directly inhibit development of
ARCs in culture and that a continuous exposure to a low
concentration of MAP may facilitate the development of
cellular hypertrophy. Therefore, hypertrophied cardiomy-
ocytes in MAP abusers may be provoked by multifactor-
ial incidents of direct and indirect actions of MAP.
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Introduction

The number of methamphetamine (MAP) abusers has
risen again since the 1970s after initially decreasing in the
1960s and a number of sudden deaths in MAP abusers
have also been observed. MAP has been classified as an
indirectly acting sympathomimetic amine such as phenyl-
isopropylamines including ephedrine, amphetamine (AMP)
and tyramine. It facilitates liberation of norepinephrine
from adrenergic nerve terminals and inhibits its re-uptake
(Hoffman and Lefkowitz 1996). Thus, users will be in a
hyperactive, manic, stimulated or euphoric state, charac-
terized by increased mood and libido, depressed appetite
and often by confusion and delusions (Caldwell and Sever
1974). Since Smith et al. (1976) reported a case of car-
diomyopathy induced by dextroamphetamine in a patient
who abused the drug, it has been known that overdose or
chronic administration of amphetamines including MAP
(AMPs) induce various cardiac lesions which might lead
to sudden death. In acute poisoning by AMPs, the major
histological changes of the myocardium are eosinophilic
degradation, myocardial fiber necrosis with myoglobin
loss, cellular infiltration, contraction bands and swollen
mitochondria (Call et al. 1982; Kaiho and Ishiyama 1989;
Katsumata et al. 1993; Maruta et al. 1997) and MAP over-
dose results in cardiovascular manifestations such as
tachycardia, atrioventricular arrhythmia, myocardial isch-
emia and hypertension, thereby causing sudden acute con-
gestive heart failure and death (Derlet and Horowitz
1995). In addition, cardiac hypertrophy, disarrangement
of myofibers, rupture of the myocardium and fibrosis
have been observed in chronic AMP abusers and it has
been indicated that these alterations of the myocardium
were commonly seen in hypertrophic cardiomyopathy
(Smith et al. 1976; Matoba et al. 1984; Fukunaga et al.
1987; Tanaka et al. 1989; Hong et al. 1991; Islam et al.
1995; He et al. 1996). Smith et al. (1976) reported that
cardiomyopathy was associated with chronic AMP inges-
tion and suggested that this might be the end-result of
chronic myocardial hypertrophy induced by AMP. Fur-
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thermore, Matoba et al. (1994) reported that immunoreac-
tive granules of atrial natriuretic peptide (ANP) which is
known as a fetal protein, were observed in the ventricles
of MAP abusers. This peptide is primarily secreted from
atrial myocytes in response to local wall stretch and the
ventricular re-expression is recognized as a hypertrophic
reaction (Eppenberger-Eberhardt et al. 1993). It has been
discussed that some of the cardiac lesions found in AMP
abusers are pathological findings mediated indirectly by
peripheral catecholamines released from nerve terminals
by AMP administration (Uchima et al. 1983; Cho 1990).
However, a direct cardiotoxicity of AMPs is not clear. Al-
though there are some recent reports that in vitro MAP di-
rectly elicits cardiotoxicity during short-term exposure in
isolated adult rat ventricular cardiomyocytes (ARCs)
(Welder 1992; He 1995), a direct effect of chronic expo-
sure to MAP on morphological changes of cardiomy-
ocytes has not been described. Piper et al. (1990) de-
scribed that isolated cardiomyocytes represent a useful
model for studies on cardiac metabolism and function and
cultures may be interesting models to investigate the mol-
ecular mechanism of cardiac hypertrophy. The aim of this
study was to investigate isolated ARCs in culture to show
whether MAP directly influenced cardiac lesions such as
seen in MAP abusers, especially hypertrophic cardiomy-
ocytes and the ventricular expression of ANP.

Materials and methods

Preparation of myocytes

Freshly isolated adult cardiomyocytes were prepared from 8-week-
old male Wistar rats according to the modified protocol of Piper et
al. (1990). Briefly, animals were anesthetized with pentobarbital
and after injecting heparin (300 IU/kg) into the inferior vena cava,
the heart was excised and the aorta was cannulated. The heart was
perfused retrogradely with a modified Ca2+-free perfusion buffer
containing 110 mM NaCl, 2.6 mM KCl, 1.2 mM MgSO4, 1.2 mM
KH2PO4, 11 mM Glucose and 10 mM N-2-hydroxyethylpiper-
azine-N’-2-ethanesulfonic acid (HEPES) (at 37°C, pH 7.4, gassed
with 95% O2-5% CO2, for 5 min.). Then perfusion was switched to
0.03% collagenase solution (CLS 2, Worthington Biochemical)
containing 0.004% pronase (Boehringer Mannheim), 0.005%
trypsin (Sigma, 1 :250) and 0.04 mM CaCl2 in perfusion buffer.
After perfusion with collagenase solution for 20 min, the ventricles
were minced in the collagenase solution containing 1.2% bovine
serum albumin (BSA fraction V, Gibco). After incubating at 37°C
for 10 min in the collagenase solution, the myocytes were filtered
through a nylon mesh and centrifuged at 8 × g for 3 min and the
pellet was washed in perfusion buffer containing 0.1 mM CaCl2.
After separation with a 33% Percoll (Pharmacia) separation me-
dium containing 140 mM NaCl, 5 mM KCl, 0.8 mM MgCl2, 
0.82 mM Na2HPO4, 0.37 mM NaH2PO4, 12.4 mM glucose, 18.7 mM
HEPES, 0.2 mM CaCl2 and 0.034% BSA, myocytes were washed
with perfusion buffer containing CaCl2 which was added stepwise
to a concentration of 1.0 mM. The cells were suspended in me-
dium 199 (Sigma, M199) containing 5 mM creatine, 2 mM L-car-
nitine, 5 mM taurine, 0.1 mM insulin, 10 mM cytosine β-D-ara-
bino-furanoside, 100 IU/ml penicillin-streptomycin and 10% fetal
calf serum (FCS, Gibco). Cardiomyocytes were plated on culture
chamber slides (Nunc, Naperville, Ill.) coated with 5 mg/ml
laminin (Collaborative Biomed. Products) at 3 × 103 cells/well and
incubated in a CO2 incubator at 37°C. The proportion of rod-
shaped cells was approximately 90–95% by phase contrast mi-
croscopy. After 3 h, the medium was replaced with fresh medium

containing 10% FCS and myocytes were cultured until drug expo-
sure. All animal protocols were approved by the Committee for ex-
periments with animals at the Nagoya City University Medical
School in Japan.

Protocol of drug treatment

This protocol consists of exposure to MAP at two stages in the cul-
ture of ARCs. Generally, it has been known that ARCs undergo a
slow morphological transition in culture, which are divided into
two phases: freshly isolated myocytes attach to the substratum and
change from a rod-shaped cell to a round-shaped cell in the early
stage of culture. The transition to these rounded cells is accompa-
nied by the loss of myotypic structures and organelles such as myo-
fibrils (Guo et al. 1986; Eppenberger et al. 1994; Horackova and
Byczko 1997). This stage is called dedifferentiation in culture.
Thus, the first treatment with MAP was carried out from 0–7 days
in culture and freshly isolated cardiomyocytes were exposed to
0.1, 0.5 and 1.0 mM MAP-HCl (Dainippon Pharmaceutical, 
Osaka, Japan) dissolved in culture medium and then the medium
containing each concentration of MAP was changed to chronic ex-
pose to MAP every 2 days up to day 7 in culture (Protocol 1). The
second phase is called redifferentiation in culture where dediffer-
entiated myocytes begin to spread out from 5 or 6 days after cell
plating and then myocytes grow without cell division. In this stage,
the cytoskeletal structures which decreased during dedifferentia-
tion in culture are reorganized. This stage in culture is suitable for
the studies on the mechanism of cardiac hypertrophy (Piper et al.
1990). Therefore, myocytes were exposed to 0.05, 0.1 and 0.5 mM
MAP for 7 days after the first 6-day normal culture (Protocol 2).
Medium with or without MAP was changed every 2 days in cul-
ture.

Immunocytochemistry

In order to observe morphological changes of cultured cells, cells
were fixed with 4% paraformaldehyde, permeabilized with 0.05%
Triton X-100 (Wako, Japan) and reacted with tetramethylrho-
damine B isothiocyanate (TRITC)-conjugated phalloidin (Sigma)
for cytoskeletal actin (F-actin) staining. For immunolabeling of
atrial natriuretic peptide (ANP) in myocytes, a rabbit anti-ANP
polyclonal antibody (Peptide Inst., Japan) and biotin-conjugated
antibody (Donkey anti-rabbit IgG H+L, Jackson ImmunoRe-
search) were used as first and second antibodies, respectively. To
enhance the sensitivity of immunolabeling, fluoroisothiocyanate
(FITC)-conjugated streptavidin (Vector) was incubated as the final
step. Samples were scanned by a laser confocal scanner (BioRad,
MRC-1000) equipped with a Zeiss fluorescence microscope (Carl
Zeiss).

Cell size

Estimation of cell size was conducted on cultures following fixa-
tion and staining with TRITC-conjugated phalloidin. The largest
cross surface area of a cell was measured using an image analyti-
cal system (BioRad, COMOS). Cell images stained with TRITC-
conjugated phalloidin were studied with a 10 × magnification ob-
jective. The number of cells was counted on a fixed field of
730,136.12 µm2 and then the total area of cells was measured. The
number of cells per fixed field was around 40–100 cells. Cell size
was calculated as a quotient of the total cell area and the cell num-
bers. Myocyte size was determined in five randomly selected
fields per culture.

Statistical evaluation

The results were expressed as the mean ± SD and Student’s t-test
was used for evaluation of significance. Values of P < 0.05 were
considered to be significant.
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Results

Influence of MAP exposure on morphological transition
of cultured myocytes during dedifferentiation in culture
(Protocol 1)

Freshly isolated rod-shaped ARCs attached to a substra-
tum and then became rounded within the first 2–3 days in
culture containing 10% FCS. This phase is a period of
dedifferentiation of cultured ARCs. Afterward, some of
the round-shaped cells began to spread out after 5–6 days
culture. After 7 days in culture, ARCs transformed into a
polygonal shape with pseudopodia-like structures which
were filled with abundant actin stress fiber-like structures
(Fig. 1A). In MAP-treated cells, the shapes of cells ex-
posed to 0.1 mM MAP for the first 7 days in culture, were
similar or slightly larger in size than untreated cells, while
the number of cells treated with 0.5 and 1.0 mM MAP de-
creased remarkably and they remained as round-shaped
cells (Fig. 1B-D). Therefore, a concentration higher than
0.5 or 1.0 mM MAP adversely influenced the morpholog-
ical transition of ARCs such as cell attachment and cell
spreading during the first 7 days in culture.

Effect of MAP on myocyte spreading and growth during
redifferentiation in culture (Protocol 2)

After a long-term culture in medium containing 10%
FCS, ARCs began to spread after dedifferentiation and
then the cell size gradually increased with extending and
elongating pseudopodia-like structures containing actin
stress fibers. In 13-day-old ARCs in culture medium with-
out addition of MAP, most of the cells spread out and

some cells connected with the pseudopodia. Furthermore,
a few striated myofibrils appeared in the central part of
the cell (Fig.2A). This phase is called redifferentiation. In
MAP-treated groups, cultured myocytes that were ex-
posed to 0.05 and 0.1 mM MAP for 7 days (day 6–13)
were larger than untreated control cells. On day 7 (day 13
in culture) after exposure to MAP, the spreading area of
the cell was more extended and the pseudopodia-like
structures elongated until they contacted with one another
and the contact area also increased. Actin filaments
stained with phalloidin were longitudinally organized
along the spreading direction of the cell and cell margin,
in particular many radially striated actin filament bundles
were seen in the central part of cells exposed to 0.1 mM
MAP (Fig. 2B and C). However, after treatment with 
0.5 mM MAP, the cell shapes were different from that of
untreated control cells and were characterized by a
broom-like extension and shortening pseudopodia-like
structures, although actin filament bundles were observed
in the central part of the cell (Fig.2D).

It has been reported that cardiac hypertrophy charac-
terized by an increase in cell size was induced by cate-
cholamines (Simpson et al. 1982; Simpson and McGrath
1983; Simpson 1985; Tang et al. 1987; Clark et al. 1991).
Therefore, to confirm whether cellular hypertrophy oc-
curred in ARCs used in this experiment, ARCs were ex-
posed to 0.1, 1.0 or 2.0 µM l-norepinephrine bitartrate
(NE, Wako, Japan) for 7 days (from days 6 to 13 in cul-
ture). After 7 days (day 13 in culture) exposure to NE, cell
spreading with polygonal pseudopodia-like structures
filled with actin filament bundles increased until they con-
tacted with one another and the striated actin filament
bundles were more obvious in the central part of the cell
compared with control cells (Fig.3A-C). These results in-
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Fig.1A–D Confocal micro-
graphs of adult rat cardiomy-
ocytes (ARCs) after 7 days in
10% fetal calf serum (FCS)
supplemented culture with or
without addition of metham-
phetamine (MAP) in protocol 1
described in Materials and
methods, labeled for F-actin
with TRITC-phalloidin. A Un-
treated control ARCs at 7 days
in culture, B, C and D treated
with 0.1, 0.5 and 1.0 mM MAP
for 7 days, respectively. Con-
trol and treated cells with 
0.1 mM MAP showed spread-
ing with pseudopodia-like
structures. Cell attachment and
spreading were inhibited by
exposing to 0.5 and 1.0 mM
MAP during dedifferentiation.
Scale bar is 50 µm



dicated that the 6-day-old ARCs used in this experiment
functioned against ligands to provoke cellular hypertro-
phy. Thus, to estimate those morphological changes such
as cell spreading and growth in the presence of MAP, cell
size was determined at a position close to the substratum
in culture using an image analytical system equipped with
a laser confocal microscope MRC-1000. As shown in Fig.
4, although the largest cross surface area of ARCs treated
and untreated with MAP or NE increased progressively in
a time and dose-dependent manner, treated cell groups

were significantly larger than untreated control groups ex-
cept for 0.5 mM MAP-treated cells. In particular, the 
areas of the treated cells which were exposed to 0.05 
and 0.1 mM MAP at 7 days after a 6-day normal culture
(day 13 in culture) were 7,001.5 ± 2,140.8 and 7,103.4 ±
1,552.0 µm2/cell, respectively and were on average 
1.7-fold larger than the area of the untreated control cells
(4,202.2 ± 1,349.3 µm2/cell) after the same time. After
treatment with 0.1, 1.0 and 2.0 µM NE, the area also in-
creased in a time and dose-dependent manner to 6,951.4 ±
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Fig.2A–D Confocal micro-
graphs of 13-day-old ARCs in
culture with or without addi-
tion of MAP in protocol 2, la-
beling for F-actin with TRITC-
phalloidin. A Untreated control
ARCs at day 13 in culture, 
B 0.05 mM, C 0.1 mM, 
D 0.5 mM MAP exposure for 
7 days after 6-day normal cul-
ture. ARCs exposed to 0.05
and 0.1 mM MAP showed
wider spreading and more
abundant actin fibers than con-
trol cells. Scale bar is 50 µm

Fig.3 Confocal micrographs
of ARCs exposed to A 0.1, 
B 1.0 and C 2.0 µM norepi-
nephrine (NE) for 7 days after
6-day normal culture (protocol
2), labeling for F-actin with
TRITC-phalloidin. More ex-
tensive spreading with abun-
dant actin bundles were seen to
be dose-dependent compared
to control cells (see Fig.2).
Scale bar is 50 µm



1,444.6 (1.7-fold), 8,513.3 ± 1,616.9 (2.0-fold) and
10,269.9 ± 1,142.5 µm2/cell (2.4-fold area), respectively 
(p < 0.05).

Expression of atrial natriuretic peptide ( ANP ) 
in myocytes by MAP treatment

In addition to facilitation of cell spreading and growth in
this experiment, it was an important event of cellular hy-
pertrophy that the ventricular re-expression of ANP and
the formation of granules were observed in cultured
ARCs exposed to MAP. As shown in Fig. 5, immunoreac-
tive ANP granules were strictly confined to the perinu-
clear region of spreading cells and more ANP positive
cells were seen in the treatment groups with 0.05, 0.1 and
0.5 mM MAP for 7 days after 6-day normal culture as

compared with untreated control cells on day 13 in cul-
ture.

Discussion

In this study we describe the direct effects of chronic
MAP exposure on morphological alterations of ventricu-
lar cardiomyocytes using cultured ARCs in the presence
of 10% serum in vitro. The effects seem to relate to cellu-
lar hypertrophy of ARCs.

Generally, isolated ARCs undergo morphological
changes in FCS-supplemented culture. Freshly isolated
ARCs attached to the substratum and most cells become
spherical up to at least 3–4 days in culture. This stage has
been termed dedifferentiation in culture and it is required
for the next stage redifferentiation in culture, namely cel-
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Fig.4 Changes in the maxi-
mum transversal area of
spreading ARCs exposed to
MAP or NE for 7 days after 
6-day normal culture. ARC ar-
eas increased time and dose-
dependently with exposure to
MAP or NE, except for 0.5
mM MAP treatment. Data rep-
resent the mean ± SD from
five different fields. *P < 0.05
versus control

Fig.5A–D Confocal micro-
graphs of ARCs exposed to
MAP for 7 days after 6-day
normal culture (protocol 2), 
labeling with a polyclonal anti-
body against atrial natriuretic
peptide (ANP). A Untreated
control cells (day 13 in cul-
ture), B 0.05, C 0.1, D 0.5 mM
MAP exposure for 7 days 
(day 13 in culture). Note accu-
mulation of immunoreactive
ANP granules around the nu-
cleus of the spreading ARCs
and increases in the number of
ANP positive cells (arrows)
with rising concentration of
MAP. Scale bar is 50 µm



lular spreading and growth (Claycomb and Palazzo 1980;
Guo et al. 1986; Piper et al. 1990; Eppenberger et al.
1994; Horackova and Byczko 1997). In this experiment,
isolated ARCs were cultured in medium containing 10%
FCS to investigate the effect of long-term exposure to
MAP on the morphological transition of ARCs. The cul-
tured myocytes exposed to 0.5 and 1.0 mM MAP for the
first 7 days (in protocol 1) failed to spread out and the
number of cells remaining on the culture substratum after
staining decreased. These results indicate that MAP in-
hibits the onset of the morphological transition of ARCs
in culture. Salomon (1978) demonstrated that AMP inhib-
ited synthesis of cytoskeletal proteins. Tubulin and actin
were inhibited to a very small degree but myosin synthe-
sis was markedly reduced in cultured chick myotubes. In
addition, microtubular structures closely associated with
actin always presented in an organized network and were
necessary for cell attachment during dedifferentiating
ARCs in normal culture (Guo et al. 1986). Therefore, the
MAP-induced morphological changes of ARCs for the
first 7 days in culture in this study may be due to inhibi-
tion of protein synthesis or degeneration of microtubule
structures in ARCs.

Moreover, we have observed the time and dose-depen-
dent facilitation of cell spreading with pseudopodia-like
structures in MAP-treated cells (in Protocol 2). The cell
size when exposed for 7 days to 0.05 and 0.1 mM MAP
after 6-day normal culture was 1.7-fold larger than that of
untreated cells at day 13 in culture, although the size of
untreated cells also gradually increased. In addition, the
area of cell-cell contact also increased and F-actin struc-
tures stained with phalloidin radially developed with stri-
ated thick fibers in the center of the cell when ARCs were
exposed to 0.1 and 0.5 mM MAP for 7 days after 6-day
normal culture. Simpson and colleagues (1982; 1983;
1985) demonstrated that the myocardial cell size evalu-
ated by cell volume, surface area and total protein was
regulated by variation in culture media, including serum
and catecholamines. These regulating factors increased in
a dose-dependent manner with the cell size, indicating
that they induce myocardial cell hypertrophy. In the cul-
ture model used in the present study, NE stimulated time
and dose-dependent cellular hypertrophy such as an in-
crease in cell size and reorganization of myofibrils in re-
differentiated ARCs in culture and MAP-induced mor-
phological changes in cultured ARCs closely resembled 
NE-stimulated cellular hypertrophy. These results suggest
that MAP is likely to possess hypertrophic effects which
are nearly comparable to NE. It has been known that 
NE-stimulated cellular hypertrophy of isolated neonatal
or adult rat cardiomyocytes was mediated through an 
α1-adrenoreceptor (Simpson and McGrath 1983, Simp-
son 1985; Piper et al. 1988; Volz et al. 1991). In this study,
the effect of 0.05 mM MAP on an increase in cell size was
approximately comparable to 0.1 µM NE. We therefore
suspect, that although an action site of MAP on cultured
ARCs has not yet been confirmed, if the action site is the
α-adrenergic receptor, the affinity of MAP for the recep-
tor may be weaker than that of NE.

On the other hand, ARCs exposed to 0.5 mM MAP
failed to show an increase in the area of cell spreading al-
though they contained actin bundle structures, but not as
abundantly as the cells treated with 0.1 mM MAP. This
may indicate that a concentration of MAP higher than 0.5
mM reduces rather than increases cell spreading or pro-
tein synthesis of the redifferentiated ARCs.

To further support the MAP-promoted cellular hyper-
trophy, we carried out immunocytochemical staining of
ANP. This peptide is one of the fetal proteins (Izumo et al.
1987; Woodcock-Mitchell et al. 1989; Eppenberger-Eber-
hardt et al. 1993), re-expressed during a hypertrophic re-
action in cardiomyocytes. Under normal conditions in the
mammalian heart, ANP exists predominantly in the atrium
and the levels are approximately 100-fold greater than
ventricular levels (Gardner et al. 1986), whereas ventricu-
lar expression of ANP increases with conditions of se-
verely altered hemodynamic load (Ruskoaho 1992). In the
present study, immunoreactive granules of ANP were lo-
calized around the nuclei in some spreading ARCs on day
13 in normal culture. This localization is consistent with
that of 7-day-old ARCs in culture containing 20% FCS as
described by Eppenberger-Eberhardt et al (1993). How-
ever, the ANP immunostaining in ARCs treated with
MAP for 7 days after 6-day normal culture was stronger
than that of untreated control cells and the number of
ANP positive cells increased with MAP exposure. These
results suggest that the treatment with MAP facilitates up-
regulation of ANP expression in cultured ventricular my-
ocytes with increased cell area and seems to support the
suggestion that ARCs undergo hypertrophy. Knowlton et
al. (1991) reported that α1-adrenergic agonists could acti-
vate ANP gene expression in neonatal rat ventricular myo-
cytes. Therefore, the appearance of immunoreactive ANP
in the ventricles of MAP abusers (Matoba et al. 1994)
may result not only from a hemodynamic load provoked
by MAP-induced excessive liberation of catecholamines
but also by direct action of MAP on ANP expression.

In conclusion, the results of this study suggest that
MAP has a direct effect on myocytes concerning increase
in cell size and ANP re-expression using cultured ventric-
ular cardiomyocytes of adult rats. A chronic exposure to
high concentrations of MAP reduced cell spreading and
attachment, whereas low concentrations of the drug facil-
itated an increase in cell size, reorganization of myofibrils
and ANP re-expression. Therefore, hypertrophied car-
diomyocytes seen in MAP abusers may be provoked by
not only by indirect but also by direct actions of MAP.
Further studies are required to determine the action site of
MAP that mediate cellular hypertrophy.
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