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In mammals, cytochrome c oxidase (COX) is composed of 13

different protein subunits. In the rat, two nuclear-encoded

subunits, COX VIa and VIII, exist as tissue-specific isoforms:

heart and liver. Using Northern-blot analysis, the levels of

transcripts for the heart and liver isoforms of VIa and VIII were

examined in developing rat hearts. The liver isoform was found to

be the predominant form of subunit VIa and the exclusive form

of VIII in the 18-day fetal hearts. The mRNA levels of the heart

isoform of both subunits increased dramatically to reach adult

levels by 14 days. Although the levels of the VIa- and VIII-liver

isoform mRNAs remained stable throughout early development,

their levels decreased by 40 and 36% respectively between the

18-day fetal stage and 18-day neonatal stage. Therefore the up-

regulation of the heart isoforms and down-regulation of the liver

INTRODUCTION

During the first 11 days of life, a 5-fold increase in heart weight

is observed in rats [1], illustrating the considerable growth that

the mammalian heart undergoes during early neonatal devel-

opment. Protein and mRNA concentrations [2,3] and the relative

volume of myocytes, mitochondria and capillaries [1,4] increase

greatly, resulting in the rapid growth of ventricular wall thickness

and total myocardial mass. Between 10 and 16 days of postnatal

life, the contractile aspects of cardiac muscle, including peak

active tension, peak passive tension and rate of tension de-

velopment, increase to such a degree that by 16 days old, the rat

heart has reached functional and structural maturity, with no

significant differences compared with the adult heart [5]. The

mitochondria in the myocardium also increase in size and

number, resulting in a 5%}day increase in mitochondrial density

over the first 3–5 weeks of development [1,6], and mitochondrial

cristae appear denser and more organized [1,4,7]. In mito-

chondria, the terminal enzyme of the electron-transport chain,

cytochrome c oxidase (COX) shows large increases in mRNA

levels [8–10], protein content and enzyme activity [10–13] during

development.

Mammalian COX is composed of 13 different polypeptide

subunits ; the three largest subunits are encoded by the mito-

chondrial genome and are responsible for the catalytic function

of the enzyme. The function of the remaining ten nuclear-

encoded subunits remains somewhat unclear, although recent

reports suggest that they may play a role in regulating catalysis

[14–16] or in the assembly of the enzyme complex [17,18]. In

addition, some of the nuclear-encoded subunits have been found

to exist as tissue-specific isoforms, heart and liver [19–21], named

after the tissues where they were first identified. The rat genome

encodes heart and liver isoforms for subunits VIa and VIII

Abbreviations used: COX, cytochrome c oxidase ; MHC, myosin heavy chain.

isoforms appear to be regulated in a co-ordinated manner during

development. To determine if thyroid hormone influences the

expression of these developmentally regulated isoforms, the RNA

was also extracted from the hearts of 2-week-old hypothyroid

rats. The results showed that the levels of VIII-heart and VIa-

liver COX mRNAs were approx. 40% lower in the hypothyroid

hearts, while VIII-liver and VIa-heart COX isoform expression

remained unchanged. These data demonstrate that the isoforms

of COX subunits VIa and VIII are not co-ordinately regulated

by changes in thyroid hormone levels. Therefore we conclude

that, although thyroid hormone influences the expression of

isoforms, it appears to do so via a different mechanism from that

which regulates the developmental transition.

[20–24], and the human has isoforms for at least two subunits,

VIa and VIIa [11]. Typically, the liver isoform is expressed in

variable amounts in all tissues and the heart form is expressed

only in the heart and skeletal-muscle tissues [11,24–27].

However, bovine intestinal smooth muscle [25] and rat brown fat

[22] have been shown to also contain the heart form of subunits

VIIa and VIII respectively. In the rat, the heart and liver

isoforms of subunit VIII are only 39% homologous. In contrast,

comparisons of the rat VIII-heart and bovine VIII-heart isoform

sequences show 56% homology [23]. Therefore it has been

suggested that tissue-specificity appears to over-ride species-

specificity, implicating a tissue-specific function for the presence

of different isoforms.

Thyroid hormone is known to stimulate mitochondrial bio-

genesis in most tissues [28–30], and an induced thyroid deficiency

produces reductions in COX activities and mRNA levels in liver

[29,31], cardiac [10,32,33] and skeletal muscle [10,29,34]. Fur-

thermore thyroid hormone has previously been shown to regulate

the expression of contractile proteins in muscle, causing a

developmental switch of myosin heavy chain (MHC) isoforms in

cardiac and skeletal muscle [35,36]. The switch of isoforms in rats

is associated with the accumulation of serum thyroxine levels,

starting at 2 days after birth [37] and reaching maximal levels by

day 16. By 28 days after birth, the tri-iodothyronine form of

thyroid hormone and the adult form of the heavy chain, α-MHC,

reach mature levels in the rat [36,37]. It is not known whether

thyroid hormone regulates or influences the transition of COX

isoforms during development.

Developmental regulation of COX subunit isoforms has been

observed in human [38], bovine [26] and mouse [9] hearts. In the

heart tissue, there is a switch in gene expression from the liver

form to the heart form as the animal progresses from the fetal to

the adult stage. The mechanisms that may regulate this transition
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have not yet been investigated. The experiments reported here

were designed to determine the developmental time course of VIa

and VIII isoform expression in the rat heart more precisely and

to test the hypothesis that thyroid hormone initiates or influences

the developmental switch of isoforms. The relative levels of heart

and liver isoform mRNA were determined in late fetal to early

neonatal heart development by Northern blotting in order to

investigate developmentally regulated transitions in isoform

expression. In addition, the amount of isoform transcripts in

heart samples from 2-week-old hypothyroid and control rats

were compared to evaluate the influence of thyroid hormone

during this developmental period. Some results have previously

been presented in preliminary form [39].

MATERIALS AND METHODS

Animal procedures

Under ether anaesthesia, hearts and other tissues were removed

from 18- and 20-day fetal, 0±5-, 1±5-, 2±5-, 3-, 11-, 14-, 18-day-old

neonatal, and adult Sprague–Dawley rats. Tissue samples to be

used for RNA isolation were immediately frozen on dry ice and

stored at ®80 °C. In order to produce hypothyroid rats, timed-

pregnant female Sprague–Dawley rats were obtained from Sasco

(Omaha, NE, U.S.A.) and fed methimazole-treated water

(0±025%) starting on the 16th day of gestation, continuing

through the weaning period. The length of rat gestation is 22

days. Methimazole is a drug that inhibits thyroid-gland function

and passes through breast milk, inducing hypothyroidism in rat

pups [40]. At 14 days old, the resulting hypothyroid neonates

were killed by decapitation under ether anaesthesia. Tissues were

collected and samples to be used for RNA extraction were frozen

and stored at ®80 °C. All animal procedures are in accordance

with AALAC animal care policy.

Assay of COX activity

Fresh tissue samples were homogenized in 20 vol. of 0±1 M

phosphate buffer, pH 7±0, to determine COX activity as described

by Cooperstein and Lazarow [41]. This method utilizes a

spectrophotometer and a kinetics analysis software program to

measure the rate at which reduced cytochrome c is oxidized by

the enzyme within the homogenate. The enzyme activity is

expressed as the rate of oxidation per total protein present in the

homogenate as determined by Lowry et al. [42].

Northern-blot analysis

Total RNA was isolated from frozen tissue by the method of

Chomczynski and Sacchi [43]. Total RNA (15 µg) was separated

in a 1±5% agarose gel and transferred to a Zetaprobe nitro-

cellulose membrane (Bio-Rad, Richmond, CA, U.S.A.). Pre-

hybridization of blots was carried out for 2–4 h at 42 °C in

solution containing 40% formamide, 5¬SSC (where 1¬SSC is

0±15 M NaCl}0±015 M sodium citrate), 10¬Denhardt’s solution

(where 1¬Denhardt’s is 0±02% Ficoll 400}0±02% polyvinyl-

pyrrolidone}0±02% BSA), 50 mM sodium phosphate, pH 6±5,

0±2% SDS and 0±5 mg}ml denatured salmon sperm DNA. Probes

labelled with α-$#P-labelled dATP (Amersham, Arlington

Heights, IL, U.S.A.) were prepared according to the protocol of

a Random Priming kit (Gibco–BRL Life Technologies, Gaithers-

burg, MD, U.S.A.). The rat COVIII heart (280 bp) and liver

(391 bp) cDNA probes were contributed by Dr. Bernard

Kadenbach (Fachbereich Chemie der Philipps-Universita$ t,
Marburg, Germany). The human COVIa heart (371 bp) and

liver (546 bp) cDNA probes were contributed by Dr. Margaret

Lomax (University of Michigan, Ann Arbor, MI, U.S.A.). The

α-MHC and β-MHC 3« untranslated region cDNA probes were

contributed by Dr. L. Leinwand (University of Colorado,

Boulder, CO, U.S.A.). Hybridizations were carried out overnight

at 42 °C in solution containing 40% formamide, 3¬SSC,

2¬Denhardt’s, 0±2% SDS and 0±17 mg}ml denatured salmon

sperm DNA. Blots were washed at room temperature in

2¬SSC}0±1% SDS (4¬15 min) and at 56 °C in 0±5¬SSC}0±1%

SDS (4¬20 min). Autoradiography was performed at ®80 °C,

using Kodak XRP-5 film. Blots were stripped in 0±1¬SSC}0±5%

SDS at 100 °C for 30 min, and rehybridized. Densitometric scans

of the autoradiographs were taken and the area of each band’s

peak was determined. The levels of transcripts were normalized

relative to expression of the 18S rRNA. In the hypothyroid study

(see Figure 5), two Northern blots, each with four samples from

both hypothyroid and control rat hearts, totalling 16 samples

altogether, were sequentially hybridized with isoform cDNAs.

Each sample was densitometrically scanned, normalized to 18S

rRNA, and the control values of one blot were normalized to the

controls of the other ; the combined hypothyroid results are given

as a percentage of the control.

Statistics

Values are expressed as means³S.E.M. Differences between

groups were evaluated using Student’s t test and accepted as

significant if P! 0±05.

RESULTS

In this study, our goal was to show a developmental switch of

tissue-specific isoforms of COX subunits VIa and VIII at the

level of mRNA expression in the rat heart. We were able to

confirm the tissue-specificity of the isoforms by performing

Northern-blot analysis of various rat tissues. Similarly to pre-

vious findings in bovine [25,26,44], rat [22] and human [38], we

found that the liver isoform of both subunits, VIII and VIa, was

expressed at variable levels in liver, brain, lung, skeletal muscle,

atria and ventricle tissues, whereas the heart isoform was

expressed in the skeletal muscle, atria and ventricle tissues only

(results not shown).

With tissue-specificity of the isoforms confirmed, their de-

velopmental expression was investigated. Total RNA samples

extracted from fetal, neonatal and adult rat hearts were used for

Northern-blot analysis. Virtually no VIII-heart isoform tran-

scripts were detected in the 18-day fetal sample, but the level

progressively increased to reach mature levels by 11 days (Figure

1A). The expression of the VIII-heart isoform showed a 10-fold

increase in the relative transcript levels in the short period of

development between fetal day 20 and neonatal day 14. A

developmental increase of expression was also observed for the

VIa-heart isoform. However, in contrast with the VIII-heart

isoform, low levels of VIa-heart isoform transcripts were detected

in the 18-day fetal heart (Figure 1B). Earlier time points were not

examined, therefore it is not known whether there is a de-

velopmental age when the liver isoform of subunit VIa is the

exclusive isoform expressed, as was the case for subunit VIII.

The liver isoform of both subunits, VIa and VIII, was the

predominant isoform expressed in the fetal hearts, and the

relative level of mRNAs for the liver isoforms remained stable

until neonatal day 14, but appeared to decrease in the 18-day-old

neonatal and adult hearts (Figures 1A and 1B). Across this same

time course, ventricular tissue showed a 5-fold increase in COX

activity (Table 1).

To verify that no (VIII) or low (VIa) amounts of heart isoform
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Figure 1 Developmental time course of COX isoform expression

Northern blots were sequentially hybridized with cDNA probes to detect VIII-heart and VIII-liver isoform mRNA and 18S rRNA (A) or VIa-heart and VIa-liver isoform mRNA and 18S rRNA (B).

Ventricle tissues were removed from 18- and 20-day fetal hearts and 0±5-, 1±5-, 2±5-, 3-, 11-, 14-, 18-day-old neonatal hearts, and the adult sample (Ad) was obtained from post-partum female

rats.

Table 1 Developmental time course of COX activity

Enzyme activity of ventricular tissue homogenates was measured by spectrophotometry. Adult

hearts were obtained from post-partum female rats. Results are means³S.E.M. for the number

of samples given in parentheses.

Age

COX activity

(nmol/min per µg of protein)

Fetal day 18 223±14³31±10 (3)

Fetal day 20 340±95³47±51 (3)

0±5 days 378±31³40±83 (2)

1±5 days 437±73³11±78 (2)

2±5 days 487±99³15±52 (2)

3 days 743±40³162±92 (3)

11 days 654±47³44±29 (2)

14 days 862±90³300±80 (2)

18 days 682±74³78±11 (3)

Adult 1052±71³86±00 (4)

transcripts are expressed in 18-day fetal hearts and that the liver

isoforms are indeed down-regulated in 18-day-old neonatal and

adult hearts, statistical analysis of the isoform transition was

performed using total RNA from four 18-day fetal and four 18-

day-old neonatal heart samples. No VIII-heart isoform was

detected in any of the four fetal heart samples, whereas relatively

large amounts were detected in the neonatal samples (Figure

2A). Transcripts of the VIII-liver isoform were detected in hearts

from both age groups, but the relative level of the liver transcript

in the 18-day-old neonatal hearts was 36% less (P! 0±05) than

in the 18-day fetal hearts, where the liver form was the only form

of subunit VIII expressed.

A similar pattern of expression was observed for the VIa

isoforms in Figure 2(B). However, unlike the VIII-heart isoform,

VIa-heart isoform transcripts were detected at low levels in all

18-day fetal heart samples, and increased 5±5-fold (P! 0±01)

between the 18-day fetal stage and the 18-day-old neonatal stage.

The VIa-liver isoform was the predominant form of subunit VIa

in fetal hearts, but in neonatal hearts its expression was down-

regulated by 40% (P! 0±05). These results quantitatively sub-

stantiate the developmental up-regulation of heart isoforms and

the down-regulation of liver isoforms that was depicted in Figure

1. Although direct comparisons cannot be made between the

levels of VIa and VIII tissue-specific isoform expression, the

pattern of the isoform transition is very similar, suggesting that

the mechanisms that regulate expression of these genes converge

so that they are co-ordinately regulated.

The regulatory mechanism involved in the developmental

transition of COX isoforms in the rat heart is unknown. One

possibility may involve thyroid hormone which is known to

activate mitochondrial biogenesis [28–30,45]. Thyroid hormone

also causes the developmental transition of rat cardiac MHC

isoforms by up-regulating transcription of the mRNA of α-

MHC and down-regulating transcription of the β-MHC isoform

[36]. In order to demonstrate whether thyroid hormone is

involved in the regulation of COX isoforms in the rat heart, we

used a hypothyroid rat model. It has been determined in the rat

that circulating thyroid hormone levels begin to rise at birth,

surge 4 days after birth, and reach mature levels by 16 days

postnatally [37]. If thyroid hormone does indeed regulate the

developmental transition of the VIa and VIII isoforms, then

the hearts from hypothyroid neonates should express the

liver form predominantly, as in the 18-day fetal hearts. The

reduced body weights of the 14-day-old methimazole-treated rats

(31±25³1±93 g) compared with the control rats (47±5³0±74 g)

and the re-expression of the β-MHC mRNA in hypothyroid

heart samples (Figure 3) clearly demonstrate that hypothyroidism

was induced. Figure 4 shows a representative Northern

blot comparing the expression of VIa and VIII isoforms
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Figure 2 Comparison of fetal and neonatal isoform expression

Northern-blot analysis compares two age groups (n ¯ 4). Each of the four samples from 18-day fetal hearts represents 8–13 hearts pooled from a single litter. Each ventricular neonatal sample

is from a single heart of an 18-day-old rat. Blots were sequentially hybridized with either VIII-heart, VIII-liver and 18S rRNA probes (A) or VIa-heart, VIa-liver and 18S rRNA probes (B). The relative

levels of VIII-liver and VIa-liver isoforms in neonatal hearts were determined by densitometry and were 36 and 40% less respectively than in fetal hearts (P ! 0±05).

Figure 3 MHC transition in hypothyroid rats

A Northern blot comparing 14-day-old control (CONT) and hypothyroid (HYPO) rat hearts

(n ¯ 4) was analysed with α-MHC and β-MHC probes. The level of β-MHC transcripts in

hypothyroid rats was 15-fold higher than in controls.

Figure 4 Isoform mRNA expression in hypothyroid and control rat heart

Representative Northern blot comparing 14-day-old hypothyroid and control rat hearts was

sequentially hybridized with VIII-heart, VIII-liver, VIa-heart and VIa-liver cDNA probes. The first

two lanes of the blot (CONT) contain heart RNA from two control rats ; HYPO is heart RNA from

two hypothyroid rats.

in hypothyroid and control samples. In hearts from 14-day-old

hypothyroid rats, the VIII-liver isoform expression was not

different from controls, whereas the VIII-heart isoform was

expressed at only 61% of control levels (P! 0±001). For subunit

VIa, on the other hand, the expression of the heart isoform in

hypothyroid hearts was no different from controls, but the liver

isoform was reduced in hypothyroid hearts to 58% of controls

(P! 0±001). Therefore the removal of thyroid hormone produced

different expression patterns for the two different isoforms,

indicating that the regulation of the tissue-specific isoforms of

these two subunits can be uncoupled.

DISCUSSION

In this study, we demonstrate that the mRNA expression of

tissue-specific isoforms of COX VIa and VIII is developmentally

regulated in the rat heart. The heart isoforms of both VIa and

VIII increase dramatically as development progresses from the

fetal to the adult stage. Although the expression of the heart

isoform has previously been shown to be highly up-regulated in

bovine (VIa) and human (VIa and VIIa) hearts during de-

velopment, the fetal hearts in these species already expressed the

heart isoform in relatively large amounts [26,38], whereas our

results in the rat demonstrated that the fetal heart expressed little

(VIa) or no (VIII) heart isoform. The liver isoform was the

predominant form of VIa and VIII in the fetal rat heart followed

by a significant down-regulation as the rat approached adult-

hood. In contrast, in the bovine [26] and the human fetal heart

[38], the VIa-liver isoform constituted only 25 and 30% re-

spectively, of the total amount of subunit VIa message. In

summary, we determined quantitatively that there is an isoform

transition in the rat heart during development, and the degree of
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this transition is much greater than that observed in other

species.

The function(s) of tissue-specific isoforms is currently under

investigation. There is some preliminary evidence that the COX

enzyme from bovine liver has a higher V
max

and a lower K
m

than

the enzyme isolated from the bovine heart [21], although this

result has not been reproducible by others [46]. In addition,

subunit VIa isolated from bovine heart was shown to bind the

nucleotide, ADP [14], which exhibited a stimulatory effect on the

activity of the COX enzyme from heart tissue [15], whereas the

enzyme from the bovine liver showed no such ADP binding or

stimulation. These observations suggest that the VIa-heart iso-

form may provide a mechanism by which the COX enzyme in

striated muscle can respond to changes in the energy state of the

tissue, thus inferring a functional significance for tissue-specific

isoforms. The COX enzyme of a strictly aerobic slime mould,

Dictyostelium discoideum, switches isoforms of subunit VII, from

VIIe to VIIs, when exposed to a hypoxic environment [47]. The

level of VIIs expression parallels the degree of hypoxia, suggesting

a physiological significance for the switching of isoforms in the

respiratory enzyme of this species.

The regulation of tissue-specific COX isoform expression in

mammals has yet to be elucidated. Thyroid hormone is known to

enhance mitochondrial biogenesis [28–30] by stimulating tran-

scription of different nuclear-encoded mitochondrial proteins,

such as cytochrome aa
$
, cardiolipin [48], cytochrome c, adenine

nucleotide translocator 2 and F
"
-ATPase subunit c [49]. Also, in

hypothyroid rats, the relative heart weights and the myofibrillar

ATPase, citrate synthase [6] and COX [10,33] enzyme activities in

heart are significantly reduced. We utilized a method for inducing

hypothyroidism in neonatal rats to investigate the role, if any,

that thyroid hormones play in the developmental switching of

tissue-specific isoforms in the heart. We are the first to examine

the effects of thyroid hormone on the regulation of tissue-specific

COX isoforms. Our results show that, in the absence of thyroid

hormone, the expression of VIII-heart and VIa-liver isoforms is

reduced, whereas the expression of VIII-liver and VIa-heart

isoforms is not affected. Rat VIII-heart [50], VIa-heart and VIa-

liver isoform genes [51] have been recently sequenced and do not

appear to contain a thyroid hormone-response element in their

promoter regions. Therefore it is unlikely that thyroid hormone

regulates the transcription of these genes directly ; it appears to

affect a more distal transcription factor. Thyroid hormone

appears to disrupt the apparent developmental co-regulation of

the tissue-specific isoforms so that there is relatively more of

the heart isoform of subunit VIa and more liver isoform of

subunit VIII in hypothyroid animals. These data indicate that

the expression of these COX subunits is subject to different

regulatory pathways for each set of tissue-specific isoforms.

Different regulatory pathways may also be inferred from the

existence of different COX isoenzymes in rat brown fat and

bovine smooth muscle. COX enzyme composition in rat brown

fat includes VIa-liver and VIII-heart isoforms [22]. COX isolated

from bovine smooth muscle includes the VIa-liver, VIIa-heart

and both VIII-liver and VIII-heart isoforms [25]. The fact that

these COX isoenzymes contain various isoform combinations

indicates that different regulatory pathways must exist for each

tissue-specific subunit. The results of the present study dem-

onstrate that thyroid hormone may influence the patterns of

isoform expression via these divergent pathways. Altering the

thyroid status has previously been shown to disrupt the co-

ordinated regulation of the mitochondrial- and nuclear-encoded

COX subunits [28,29,34]. Hypothyroidism induces large de-

creases in the mRNA levels of only three COX subunits, II, III

and Va, in skeletal muscle. In contrast, in the liver, hypo-

thyroidism produces small decreases in mRNA levels of mito-

chondrial-encoded subunits II and III, while causing large

decreases in the level of the nuclear-encoded VIc mRNA [29],

indicating that this disparate regulation of COX subunits by

thyroid hormone appears to be tissue-specific as well.

In the present study, development of the rat heart from the late

fetal to early neonatal stage produced large increases in COX

activity and COX heart isoform transcript levels. A devel-

opmental transition of VIa and VIII isoforms, from liver to

heart, in the rat heart was also demonstrated. The demand for a

higher level of cardiac contractility in the neonatal and adult

heart may provide the impetus for the switch to the heart

isoforms, which may display a higher level of energy efficiency as

discussed by Rohdich and Kadenbach [15]. Thyroid hormone is

known to regulate the expression of other respiratory-chain

transcripts and induce a switch between the α and β subunits of

the heart contractile protein MHC. We have demonstrated that

it also influences the expression of the VIII-heart and VIa-liver

isoforms, but does not appear to direct the switch of the heart

and liver transcripts that is observed across development, since

the expression of the VIII-heart subunit is not completely turned

off and the expression of the VIa-heart subunit is completely

unaffected by the absence of thyroid hormone.

This work was supported by National Institutes of Health grants T32-HL-07692, R29-
AA-08716 and K02-AA-00179.
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