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ABSTRACT Electrical stimulation of neonatal cardiac
myocytes produces hypertrophy and cellular maturation with
increased mitochondrial content and activity. To investigate
the patterns of gene expression associated with these pro-
cesses, cardiac myocytes were stimulated for varying times up
to 72 hr in serum-free culture. The mRNA contents for genes
associated with transcriptional activation [c-fos, c-jun, JunB,
nuclear respiratory factor 1 (NRF-1)], mitochondrial prolif-
eration [cytochrome c (Cyt c), cytochrome oxidase], and
mitochondrial differentiation [carnitine palmitoyltransferase
I (CPT-I) isoforms] were measured. The results establish a
temporal pattern of mRNA induction beginning with c-fos
(0.25–3 hr) and followed sequentially by c-jun (0.5–3 hr), JunB
(0.5–6 hr), NRF-1 (1–12 hr), Cyt c (12–72 hr), and muscle-
specific CPT-I (48–72 hr). Induction of the latter was accom-
panied by a marked decrease in the liver-specific CPT-I
mRNA, thus supporting the developmental fidelity of this
pattern of gene regulation. Consistent with a transcriptional
mechanism, electrical stimulation increased c-fos, b-myosin
heavy chain, and Cyt c promoter activities. These increases
coincided with a rise in their respective endogenous gene
transcripts. NRF-1, cAMP response element, and Sp-1 site
mutations within the Cyt c promoter reduced luciferase
expression in both stimulated and nonstimulated myocytes.
Mutations in the NRF-1 and CRE sites inhibited the induction
by electrical stimulation (5-fold and 2-fold, respectively)
whereas mutation of the Sp-1 site maintained or increased the
fold induction. This finding is consistent with the appearance
of NRF-1 and fosyjun mRNAs prior to that of Cyt c and
suggests that induction of these transcription factors is a
prerequisite for the transcriptional activation of Cyt c expres-
sion. These results support a regulatory role for NRF-1 and
possibly AP-1 in the initiation of mitochondrial proliferation.

Hearts subjected to hemodynamic stress increase intermediate
early gene and contractile protein expression as part of the
hypertrophic response. Mechanical stimuli applied to cardiac
myocytes in culture also enhance c-fos expression and re-
expression of b-myosin heavy chain (b-MHC), both charac-
teristic of the hypertrophic growth response (see ref. 1 for
review). Electrical stimulation of neonatal ventricular myo-
cytes in culture increases both the amount and organization of
myofibrillar proteins accompanied by expression of cardiac
myosin light chain 2 and atrial natriuretic factor (2). We find
that electrical stimulation elevates cardiac myocyte mRNA for
the nuclear-encoded mitochondrial protein cytochrome oxi-
dase (COX) subunit Va, with a simultaneous enhancement in

mitochondrial number and activity (3). The latter results
suggest that mitochondria are induced to proliferate as a result
of increased energy demand. Although this was documenta-
tion of induced mitochondrial proliferation in cardiac myo-
cytes in response to increased mechanical activity, similar
increases in mitochondrial protein expression have been as-
sociated with exercise training or chronic electrical stimulation
in skeletal muscle (see ref. 4 for review).

The mechanisms governing expression of nuclear-encoded
mRNAs whose products function in the mitochondria are not
well understood in mammalian systems. Serum or growth
factors have been shown to stimulate mitochondrial mRNA
levels (5). In cardiac myocytes undergoing hypertrophic
growth, calcium signaling may mediate intermediate early
gene expression (6, 7), with subsequent growth-dependent
increases in mitochondrial protein. The promoters of many
nuclear genes encoding respiratory subunits are at least par-
tially dependent on nuclear respiratory factors (NRF-1 and
NRF-2) (ref. 8; reviewed in ref. 9). These nuclear transcription
factors also act on genes encoding key components of the
mitochondrial transcription, replication (8, 10) and heme
biosynthetic machinery (11), suggesting that they play a role in
nuclear–mitochondrial interactions (12). Although the contri-
bution of transcriptional and posttranscriptional mechanisms
has not been established, increases in mitochondrial protein
expression in response to electrical stimulation may be medi-
ated in part through these and possibly other transcriptional
activators.

Mechanical stress may also enhance mitochondrial differ-
entiation by mediating expression of cardiac-specific proteins
which should accompany myofibrillar organization and mat-
uration (13). In heart, a major pathway for energy production
is b-oxidation which is regulated by malonyl-CoA control of
carnitine palmitoyltransferase I (CPT-I), which exists in both
liver and muscle isoforms in the heart (14). Whereas the liver
isoform contributes to greater than 25% of the total CPT-I
activity in neonatal heart, this contribution decreases to less
than 3% in adult heart (15). The CPT-I isoforms are encoded
by different genes and demonstrate differing affinities for
carnitine as well as differing sensitivities for malonyl-CoA.
One indicator of mitochondrial differentiation in electrically
stimulated cardiac myocytes has been characterized as isoform
switching from the liver CPT-I (3), the predominant species
found in the neonatal heart, to the muscle isoform that is
characteristic of adult heart (15).
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The present study establishes that electrical stimulation of
cardiomyocytes results in sequential activation of nuclear gene
expression leading to mitochondrial proliferation and differ-
entiation. This result represents a developmentally significant
pathway because it is accompanied by a switch from liver to
muscle-specific CPT-I isoform expression. Increases in both
myogenic and respiratory function were documented by co-
ordinate up-regulation of mRNAs encoding b-MHC, COX
subunit Va (COXVa), and cytochrome c (Cyt c). We demon-
strate that the increased expression of Cyt c mRNA is con-
trolled at the transcriptional level and is preceded by induction
of the mRNAs for fosyjun (AP-1) and NRF-1. The latter is an
activator of Cyt c transcription (8) and elimination of the Cyt
c NRF-1 site by mutation markedly diminishes the stimulatory
response. The results are consistent with NRF-1 induction
being an early event in the pathway leading to respiratory gene
expression and mitochondrial proliferation.

MATERIALS AND METHODS

Cell Culture and Electrical Stimulation. Neonatal (1–3 days
old) cardiac myocytes were isolated and plated in 12-well
dishes in DMEM supplemented with 10% hyclone calf serum
at a plating density of 4 3 105 cellsycm (16). After 24 hr, the
serum-containing medium was removed, and the cells were
washed and maintained for 72 hr in DMEM in the absence of
serum, containing 1% BSA (fraction V). The medium was
exchanged for fresh serum-free medium at 2 days. After 4 days
in culture (24 hr plus serum, 72 hr minus serum), three wells
containing myocytes were stimulated for 10 different time
points, ranging from 15 min to 72 hr as described by Brevet et
al. (17) and modified by McDonough et al. (6). Stimuli were 80
V with a pulse duration of 10 msec at a pacing frequency of 5
Hz. Three additional wells in the dish were maintained in the
same medium as the stimulated cells, but in the absence of
contractile stimulation. During the experimental period, the
medium bathing the control and stimulated cells was changed
after 48 hr to fresh DMEM plus 1% BSA.

Preparation of cDNA Probes. The cDNA probes for liver CPT-I
(L CPT-I), muscle CPT-I (M CPT-I), and b-MHC were generated
as described (3). The primers were designed from published
sequences as follows: L CPT-I, P1, 59-GGAGGATCCTGAG-
GCATCCATCGA-39, and P2, 59-GTGAGTCGACTGCTG-
CAAGATACTTGG-39; M CPT-I, P1, 59-AGTTCAGAAAC-
GAACGGCCCTGC-39, and P2, 59-AACCAACACTAGGCAC-
CTAAGG-39; b-MHC, P1, 59-TGCGACCAGCTGA TCA-
AGAACAAG-39, and P2, 59-CTTTGCTCGCTCCA-
GCTCCATGC-39.

The cDNA probes were obtained using total RNA from
neonatal rat liver (L CPT-I, 738 bp), neonatal rat skeletal
muscle (M CPT-I, 428 bp), or neonatal rat heart (b-MHC, 408
bp) using reverse transcription–PCR (PCT-100; MJ Research,
Watertown, MA). The PCR products were cloned to the TA
cloning vector using the TA Cloning Kit (Stratagene). The
cDNA probes were sequenced by the dideoxy-mediated chain
termination method and sequence analysis was performed
using the Genetics Computer Group sequence analysis pack-
age, version 7.2 (University of Wisconsin, Madison). L CPT-I,
M CPT-I, and b-MHC probes were released from the TA
cloning vectors by EcoRI digestion. The 650-bp fragment of
COXVa was released from the vector pOC 1318yEco (pro-
vided by Eric Schon, Columbia University) after digestion with
EcoRI. The 960-bp genomic fragment of Cyt c, cloned into
pRC4, was released by digestion with BamHI and EcoRI. The
cDNA fragment of c-fos (780 bp, a gift of Ann-Bin Shyu,
University of Texas Medical School, Houston, with permission
of Inder Verma, Salk Institute) was released from pUC12
(pF100) by digestion with NcoI. The 1.6-kb cDNA fragment of
c-jun was digested from pJAC.1 (gift of Ann Bin Shyu and
permission obtained from Daniel Nathans, Johns Hopkins

University). Sue-Hwa Lin (M. D. Anderson Cancer Center)
provided the 18S rRNA which had been purchased from
Ambion (Austin, TX). The cDNA was obtained by digestion
with EcoRI and HindIII, resulting in a 150-bp fragment for use
as an internal standard of RNA loading. The cDNA probes
were purified by 1% agarose gel electrophoresis and were
labeled to high specific activity using random primer labeling
(Promega).

RNA Isolation and Northern Blot Analysis. RNA was
isolated (Ultraspec RNA isolation system, Biotex Labora-
tories, Houston) from cultured neonatal rat cardiac myocytes
in serum-free medium after 10 different time periods in the
absence or presence of electrical stimulation (0, 15 min, 30 min,
1 hr, 3 hr, 6 hr, 12 hr, 24 hr, 48 hr, and 72 hr). For Northern
blot analysis, 20 mg of total cellular RNA was electrophoresed
in 1% agarose containing 0.6% formaldehyde at 45 V for 3 hr.
After prehybridization, hybridization and washing, the blots
were visualized by autoradiography following storage at 270°C
for 24–72 hr. The relative amounts of each RNA present were
assessed by densitometric scanning in the linear response
range.

Preparation of NRF-1 Riboprobe and RNase Protection
Assay. The MNRFIRP plasmid containing the 487-bp ClaI–
SphI fragment includes coding exon 2 of the mouse NRF-1
gene in pGEM7Zf. Radiolabeled RNA transcripts were syn-
thesized from template DNA linearized with Eco0109 as
described by the Promega technical manual using SP6 RNA
polymerase, ATP, GTP, UTP, and [a-32P]CTP (0.5 mM each)
in the presence of RNasin and spermidine. After DNase
digestion, the cRNA probes were hybridized to 20 mg total
RNA. The unhybridized RNA was digested with RNase A
(Boehringer Mannheim) and the RNAyRNA hybrid was an-
alyzed using 3.5% PAGE in the presence of 8 M urea.
Autoradiography and densitometric scanning of x-ray films
was performed as described above for Northern blots.

Preparation of Plasmids for Transfection. The pFOS.Luc
plasmid was constructed by cloning the SmaI and HindIII
fragment of pFOS.CAT (Russell Lebovitz, Baylor College of
Medicine) containing 12 bp of exon 1 and 360 bp of the 59
f lanking sequence of mouse genomic c-fos into the pGL3-Basic
vector which contains the cDNA encoding modified firefly
luciferase (Promega). The pb-MHC.Luc plasmid was con-
structed by cloning the SmaI and HindIII fragment containing
300 bp of 59 f lanking sequence of rat genomic b-MHC from
KSVOCAT (Eugene Morkin, University of Arizona) into
pGL3-Basic vector containing the cDNA for modified firefly
luciferase. Plasmids pFOS.Luc and the pb-MHC.Luc were
sequenced as described above to confirm the identity of each
cDNA probe. The plasmid pRC4Lucy2326 was constructed by
cloning the BglII and XhoI fragment containing 1.1 kb of the
first intron and the 59 f lanking sequence of rat Cyt c from
RC4CATy2326 into the pG13-Basic vector. The plasmids
containing the mutated Cyt c promoter constructs (Sp1,
NRF-1, and the cAMP response element (CRE) double
mutant, see below) were generated by cloning the BglII and
XhoI fragments of the respective mutant promoters into
pGL3-Basic vector. The RSV-gal Luc plasmid was used as a
monitor of transfection efficiency (Frank Booth, University of
Texas Medical School, Houston).

DNA Transfection. Cardiac myocytes were grown in serum-
containing medium for 24 hr, changed to serum-free medium
containing 1% BSA, and maintained for another 24 hr. The
myocytes were transfected by the (Ca)3(PO4)2 precipitation
method (18). For cotransfection, either 2 mg of pb-MHC.Luc,
2 mg of the wild-type pRC4.Luc reporter plasmid or 2 mg each
of the series mutants of Cyt c reporter plasmids (below) was
cotransfected with 2 mg of Rous sarcoma virus (RSV) b-
galactosidase (b-gal) expression plasmid. Six hours after trans-
fection, the cells were washed twice and maintained in serum-
free medium for another 12 hr. Electrical stimulation was then
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initiated and cell extracts were isolated either at the point at
which electrical stimulation began (zero time) or after 6, 12, 24,
48, and 72 hr. To identify the elements in the Cyt c promoter
that are responsive to electrical stimulation, the wild-type Cyt
c promoter, RC4y2326 [or its mutants, NRF-1: 2172y2147,
BamHI linker insertion at SphI (19); the double activating
transcription factor (CRE) mutant: 2119y296, from
CTACGTCAC to CTAatTaAt, and 2281y2256 from
TGACGTCA to TGAatTaA; and the Sp-1 mutation in the first
intron: 183y1100; bases 1103 and 1104 mutated from CC to
ag] were cotransfected with RSV b-gal, as above, and the cell
extracts subsequently isolated following 24 hr of electrical
stimulation. The control cells were maintained under the same
conditions as the stimulated cells, only in the absence of
electrical stimulation. Luciferase and b-gal assays were per-
formed (19) and normalized to protein content (20).

Statistical Analysis. Student’s t test for paired and non-
paired variates was employed to determine significant differ-
ences between groups. Results are expressed as the mean 6 SE.

RESULTS

Electrical stimulation is known to increase sarcomeric gene
expression and to produce cardiac myocyte hypertrophy (2, 6).
Increased contractile protein content in the hypertrophied
cells is accompanied by increased energy demand, as demon-
strated by elevated mitochondrial mRNA and COX activity
(3). The time course of increased mRNA expression during
electrical stimulation should provide information on the co-
ordination of sarcomeric and mitochondrial gene expression in
the cardiac myocyte. Over the experimental time period of 15
min to 72 hr, tissue levels of b-MHC mRNA began to rise after
6 hr of stimulation and peaked at 24 hr (Fig. 1). Induction of
COXVa mRNA began by 12 hr, with a peak at 24 hr. Both
b-MHC and COXVa message levels were approximately seven
times higher compared with control cells at 24 hr and remained
elevated after 72 hr of electrical stimulation. These data
suggest that electrical stimulation leads to a proliferation of
mitochondrial respiratory complexes within the same time
frame as the increase in mRNA for the contractile protein
b-myosin.

In contrast, the change in mitochondrial CPT-I isoform
content seen after electrical stimulation (3) is a result of later
events that ‘‘turn on’’ expression of the muscle CPT-I isoform
mRNA, and at the same time decrease that of the liver CPT-I
isoform mRNA. This ‘‘switch’’ is initiated beginning at 48 hr
of stimulation (Fig. 2), suggesting that differentiation to mus-
cle-specific mitochondrial isoforms is subsequent to mitochon-
drial proliferation. Quantification of muscle CPT-Iy18s RNA
optical density ratios demonstrated significant increases (P ,
0.005) in the stimulated cardiac myocytes at 48 and 72 hr
compared with baseline values. The fact that the liver CPT-I
mRNA is appropriately diminished (P , 0.005, liver CPT-Iy
18s RNA compared with baseline) at the time of muscle CPT-I
induction confirms that the temporal pattern of mRNA ex-
pression observed throughout the course of electrical stimu-
lation results from physiologically significant developmental
changes.

To determine whether mRNA induction is accompanied by
enhanced gene transcription, luciferase promoter constructs
for c-fos, b-MHC, and Cyt c were tested for their response to
electrical stimulation following transfection. Transfection of
the pb-MHC.Luc promoter construct into control and stimu-
lated cardiac myocytes resulted in peak luciferase expression
at 24 hr (Fig. 3 and Inset), coincident with the peak rise in
b-MHC mRNA (Fig. 1). A similar response was observed for
the rat Cyt cyluciferase construct (RC4Lucy2326) (Fig. 3).
Promoter activation was observed by 12 hr with maximal
luciferase expression seen at 24 hr.

Increases in b-MHC, COXVa, and Cyt c mRNAs are
preceded by an elevation in c-fos mRNA (at 15 min) which
peaks at 30 min and returns to control, nonstimulated levels by
6 hr (Fig. 4), an observation which is consistent with the
hypertrophic response (21, 22). To verify that the transient
appearance of c-fos mRNA in the stimulated myocyte results
from gene activation, the c-fos promoteryluciferase construct
was also transfected into cardiac myocytes. Luciferase expres-
sion was significantly elevated (P , 0.01) when measured after
6 hr of electrical stimulation, confirming a transcriptional
response (Fig. 3 and Inset). Thus, the coincidence in promoter
activation and increased mRNA levels for c-fos, b-MHC, and
Cyt c suggests that enhanced gene transcription is a major
contributor to both early and later responses to electrical
stimulation.

The above results suggested that a temporally ordered
cascade of gene transcription may contribute to the final
hypertrophic phenotype in stimulated cardiomyocyte cultures.
If this is the case, induction of Cyt c mRNA may be preceded
by induction of transcriptional activators that control its ex-
pression. One such factor is NRF-1, originally identified as an
activator of Cyt c gene transcription (23) and subsequently

FIG. 1. Increases in b-MC and COXVa mRNA following electrical
stimulation in neonatal rat cardiac myocytes. Total RNA was extracted
from cardiac in the absence (control cells; �, b-MHC; F, COX) and
in the presence of electrical stimulation (ƒ, b-MHC; E, COX).
Quantitation of Northern blots was carried out by densitometric
scanning as described. The results represent the mean 6 SE of
determinations on three different cultures.

FIG. 2. Induction of mRNA for the muscle isoform of CPT-I and
decreased mRNA for the liver CPT-I isoform following electrical
stimulation. RNA was isolated in the absence and presence of elec-
trical stimulation. Northern blots for the liver and muscle CPT-I
mRNA were quantified by densitometric scanning and normalized to
18s RNA for statistical analysis. ‘‘C’’ and ‘‘S’’ are results from control,
nonstimulated myocytes and from electrically stimulated myocytes.
The results are representative of RNA isolated from at least three
different cultures. RNA loading controls are presented.
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found to act on many nuclear genes required for mitochondrial
respiratory function (8, 10, 12). In addition, the Cyt c promoter
has functional binding sites for the activating transcription
factorycAMP response element binding protein (ATFy
CREB) family of transcription factors. These sites can respond
to cAMP stimulation through CREB binding but may also be
activated by AP-1, which binds a nearly identical site (23, 24).

To determine whether NRF-1 mRNA is induced prior to
that of Cyt c, its steady-state level of expression was assayed
throughout the time course of electrical stimulation. The
results show that NRF-1 mRNA is induced relative to the
nonstimulated control beginning at 1 hr and extending through

12 hr (Fig. 4). Quantification of the NRF-1y18s RNA optical
density ratios at these times confirms significant increases (P ,
0.005) from baseline values in the stimulated cells. This period
overlaps with the late induction of c-fos (0.25–3 hr, where
c-fosy18s RNA increases significantly from baseline, P ,
0.005), and the initial time of Cyt c mRNA induction at 12 hr
(P , 0.005 compared with baseline). The peak of NRF-1
mRNA induction (between 3 and 6 hr) clearly precedes the
peak of Cyt c mRNA induction (between 24 and 48 hr).
Because AP-1 consists of a fosyjun heterodimer, it was also of
interest to determine whether jun mRNA was induced along
with c-fos. As shown in Fig. 5, both c-jun and JunB are induced
with similar kinetics by electrical stimulation. The induction of
both jun mRNAs occurs between 0.5 and 6 hr in the time frame
intermediate between c-fos and NRF-1. These results are
consistent with the interpretation that the induced synthesis of
NRF-1 and fosyjun (AP-1) may contribute to Cyt c gene
transcription in response to electrical stimulation.

If the increased Cyt c promoter activity is mediated through
these transcription factors, mutations in the Cyt c NRF-1 site
and CREs should weaken or eliminate the inductive response.
The relative importance of these promoter elements was
therefore determined by transfection of mutated promoter
constructs into nonstimulated and stimulated cardiac myo-
cytes. Luciferase expression was determined after 24 hr.
Mutations of the NRF-1, CRE, and Sp-1 sites reduced lucif-
erase expression in both the stimulated and nonstimulated
cells. The NRF-1 and CRE mutations inhibited luciferase
expression to a greater degree for the stimulated myocytes
compared with the nonstimulated myocytes. Therefore, the
fold-induction by stimulation was diminished for these muta-
tions (as shown by the SyN column in Fig. 6). Mutations in the
NRF-1 site (2172y2147) resulted a 5-fold decrease in the
induced level of luciferase expression compared with cells
transfected with the wild-type promoter whereas double mu-
tations in the CREs reduced the level of induction by 2-fold
[Fig. 6, compare ratios of luciferase expression in stimulated
(S) and nonstimulated (N) myocytes]. Although the Sp-1
mutations reduced luciferase expression, the fold-induction by
stimulation was maintained or even increased. Therefore, the
NRF-1 site and to a lesser extent the CREs make a specific
contribution to the response of the Cyt c promoter to electrical
stimulation, whereas the Sp-1 site may be more important for
general regulation of expression from the Cyt c promoter.
These results support the conclusion that the induced expres-
sion of NRF-1, c-fos, and c-junyJunB is a prerequisite to the
later induction of Cyt c and possibly other genes required for
mitochondrial proliferation.

DISCUSSION

Induction of hypertrophy in neonatal cardiac myocytes using
a variety of model systems and hypertrophic stimuli is associ-

FIG. 3. Increases in luciferase activity using promoter constructs
for c-fos, b-MHC and Cyt c following electrical stimulation of neonatal
rat cardiac myocytes. Plasmids pFOS.Luc, pb-MHC.Luc, and
pRC4Lucy2326 were cotransfected with RSV b-gal expression plas-
mid. After 18 hr in serum-free medium, luciferase expression was
measured in control (nonstimulated; h, E, and ‚, c-fos, b-MHC, and
Cyt c, respectively) and in parallel cultures of electrically stimulated
cells (■, F, and Œ, c-fos, b-MHC, and Cyt c, respectively). The inset
histograms are luciferaseyb-gal ratios at the 24-hr time period after
electrical stimulation (■) and directly compared with control expres-
sion (h), where . 5 P , 0.01. The results represent three separate
cultures each for luciferase and b-gal determinations (mean 6 SE).

FIG. 4. Sequential induction of mRNA for c-fos, NRF-1, and Cyt
c after electrical stimulation. RNA was isolated from neonatal rat
cardiac myocytes cultured in serum-free medium either in the absence
or presence of electrical stimulation. Northern blots for c-fos and Cyt
c mRNA were quantified by densitometric scanning. Quantitation of
NRF-1 expression was carried out using densitometric scanning with
normalization to 18s RNA following generation of the riboprobe and
separation of the RNAyRNA hybrids. ‘‘C’’ and ‘‘S’’ represent results
from control, nonstimulated myocytes and from electrically stimulated
myocytes. The results are representative of RNA isolated from three
different cultures. RNA loading controls for each time point are
summarized in Fig. 2.

FIG. 5. Sequential induction of mRNA for c-jun and JunB after
electrical stimulation. RNA was isolated from neonatal rat cardiac
myocytes cultured in serum-free medium either in the absence or
presence of electrical stimulation. Northern blots for c-jun and JunB
expression were quantitated by densitometric scanning. ‘‘C’’ and ‘‘S’’
represent results from control, nonstimulated myocytes and from
electrically stimulated myocytes.
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ated with increases in intermediate early gene expression,
induction of embryonic isoforms and contractile protein syn-
thesis (25–28). Contractile stimulation of cardiac myocytes in
serum-free culture results in cardiac growth and increased
myofibrillar organization in vitro, suggesting that the alter-
ations in myofibrillar content may occur by an autocrine
pathway (29, 30). The mechanism by which increases in the
contraction rate—e.g., by long-term electrical stimulation—
influences the process of cardiac growth and differentiation is
an intense area of investigation. McDonough et al. (6) have
suggested that regulation of atrial natriuretic factor secretion
by electrically stimulated neonatal rat cardiac myocytes is
primarily dependent on contractile calcium transients and
calmodulin kinase, independent of protein kinase C. Release
of basic fibroblast growth factor from paced myocytes into the
medium has been proposed to account for the hypertrophic
response in adult rat ventricular myocytes (26). Other inves-
tigators have demonstrated that mechanical stretch activates
phosphorylation cascades, including protein kinase C, mito-
gen-activated protein kinases and p90rsk (27). Cardiac myo-
cyte hypertrophy can also be evoked by exogenous factors
including angiotensin II (31), a-agonists, and insulin-like
growth factors (29, 30).

Work from this laboratory has demonstrated that electrical
stimulation of neonatal rat cardiac myocytes for 72 hr in
culture produces increases in cellular mitochondrial profiles as
well as myocyte content of COX mRNA (3). Although pro-
longed electrical stimulation could be argued to have delete-
rious effects on the cells, the fidelity of the CPT-I isoform
switch and the high activity of muscle CPT-I and COX (3) at
72 hr are consistent with the highly differentiated morphology
of these cells at late times. Other investigators have demon-
strated that human mitochondrial adenine nucleotide trans-
locase mRNA is increased by mitogens in a variety of cell types
and is decreased in response to agents that induce terminal
differentiation (5). A similar increase in selected mitochon-
drial proteins in the cardiac myocyte as a result of electrical
stimulation suggests that increased mitochondrial biogenesis is
an important intracellular response to growth initiators. In the
present study, we have extended the electrical stimulation
model of gene activation to examine the relationship between
contractile protein gene expression and the induction of

nuclear-encoded genes involved in mitochondrial biogenesis.
Induction of b-MHC mRNA by electrical stimulation is first
observed at 6 hr and slightly precedes increases in Cyt c mRNA
(first observed at 12 hr), suggesting that the signals which give
rise to contractile proteins and associated increases in energy
demand are closely coordinated with the pathways leading to
up-regulation of mitochondrial constituents.

The demonstration that electrical stimulation results in
transcriptional activation of b-MHC is consistent with the
reported increases in b-MHC mRNA and protein content in
animal and cellular models of cardiac hypertrophy (see ref. 27
for a review). Sadoshima et al. (32) reported induction of
intermediate early genes by stretch, an observation that is
consistent with our findings of induction of intermediate early
gene expression in the electrically stimulated neonatal cardiac
myocytes, However, in the former studies, transfection of the
59 f lanking sequences of the b-MHC gene followed by 48 hr of
stretch in serum-free culture medium produced no significant
induction of a b-MHC–chloramphenicol acetyltransferase
(CAT) construct (32). This finding is in contrast to the present
studies where in the electrically stimulated neonatal cardiac
myocyte, transcriptional activation of fetal contractile proteins
occurs early, as actin is becoming organized into myofibrillar
arrays and contractile activity is enhanced. The coincidence of
the time course of promoter activation and mRNA accumu-
lation observed here suggests that the increases in Cyt c and
b-MHC mRNA in the stimulated myocyte are largely due to
transcriptional activation, although any additional contribu-
tion resulting from message stabilization cannot be ruled out.

The regulatory mechanisms governing the expression of
nuclear and mitochondrial genes encoding the respiratory
apparatus in multicellular organisms are largely unknown. The
presence of functional binding sites for nuclear respiratory
factors (NRF-1 and NRF-2) in many nuclear genes encoding
respiratory chain subunits as well as key constituents of the
mitochondrial transcription, replication, and heme biosyn-
thetic machinery is suggestive of a role for these transcription
factors in respiratory chain biogenesis and function (reviewed
in ref. 9). In the present study, the induction of NRF-1 mRNA
prior to that of Cyt c is consistent with NRF-1 induction being
a prerequisite for respiratory chain synthesis. Interestingly, the
time course of Cyt c mRNA induction is very similar to that

FIG. 6. Luciferase expression of the transfected Cyt c promoter and its mutant constructs in control myocytes and following electrical stimulation.
After 18 hr in serum-free culture, plasmids containing the wild type (RC4Lucy2326) and the mutated constructs (dCRE-1 mt, NRF-1 mt, and
Sp1 mt) were cotransfected with b-gal. Cell extracts were isolated from stimulated cells (h) 24 hr after electrical stimulation, and after 24 hr from
parallel cultures of nonstimulated myocytes (■). The results (mean 6 SE) represent activities from three different cultures. p, P , 0.05 compared
with wild-type stimulatedynonstimulated ratio (SyN).
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brought about by transcriptional activation of Cyt c gene
expression in response to thyroid hormone (33). Moreover,
c-fos mRNA induction displays its characteristic early response
observed in this and other systems (27, 32) and the develop-
mental switch in CPT-I isoform mRNA expression occurs as
expected. These observations support the physiological signif-
icance of this temporal pattern of mRNA expression and are
consistent with the idea that NRF-1 mediates a transcriptional
response to a physiological signal. Thus, NRF-1 and possibly
other transcription factors that have been implicated in respi-
ratory gene expression may play an important role in mito-
chondrial biogenesis in the heart.

This model of sequential gene activation allows separation
in time of transcriptional events in mitochondrial biogenesis
from those leading to mitochondrial differentiation. For ex-
ample, the ‘‘switch’’ in CPT-I isoform expression (differenti-
ation) occurs much later than does the transcriptional up-
regulation in respiratory protein mRNA content (prolifera-
tion). Electrical stimulation produces an increase in the
mRNA and protein expression of the muscle CPT-I isoform
whereas coincidentally, the mRNA and protein expression of
the liver isoform are decreased. Although the signal leading to
this response is not known, the ‘‘on’’ and ‘‘off’’ nature of the
change in mRNA as well as the time delay in the switch both
suggest that a mechanism other than NRF-1 activation may be
involved. A potential candidate for targeting the muscle iso-
form of CPT-I to the heart is the nuclear receptor response
element (NRRE-1) which confers cardiac and brown adipose
tissue expression to another fatty acid metabolizing enzyme,
medium chain acyl-CoA dehydrogenase (34). Other potential
cardiac regulatory sequences present in the 59 f lanking se-
quences of the human CPT-I promoter (sequence obtained
from the GenBank database) include a single NK2 binding site
(‘‘tinman’’), E BOX sequences that play a role in cardiac
morphogenesis and postnatal skeletal muscle development
(35), and GATA factor and MEF2 binding sites important in
cardiac muscle gene expression (36). Alternatively, Izquierdo
et al. (37) have suggested that although proliferation of mito-
chondria is controlled at the transcriptional level, differenti-
ation may be controlled by an increase in message stability and
postnatal activation of translational rates affecting mitochon-
drial proteins. The latter effect may reflect the elevated rates
of ribosomal biogenesis in contraction-induced hypertrophy,
reflecting increased transcription of the UBF gene (38).

In summary, electrical stimulation is associated with in-
creased levels of mRNA for the mitochondrial proteins, COX
and Cyt c. The rise in mRNA content is associated with
activation of Cyt c promoter activity, which is preceded by the
up-regulation of the transcription factors c-fos, c-jun (and
JunB), and NRF-1. We conclude that the increase in mito-
chondrial content and activities in the electrically stimulated
cardiac myocyte is due to transcriptional activation of nuclear-
encoded respiratory chain components. The sequential pro-
duction of mRNA for candidate binding proteins provides a
means to determine which transacting proteins are physiolog-
ically relevant during growth and differentiation of the cardiac
myocyte.
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