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Maturation and Adenine Nucleotide Translocator
Expression in Heart In Vivo
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Background—The signal transduction mechanism linking mitochondrial ATP synthesis with cytosolic ATP utilization i
heart changes during postnatal development in vivo. This maturational process occurs in parallel with accumulatic
mitochondrial adenine nucleotide translocator (ANT), which provides a possible site for respiratory control. \
postulated that thyroid hormone regulates these maturational processes.

Methods and Results-We used®P MR spectroscopy to determine the relationship between myocardial high-energ
phosphates, phosphocreatine, and ADP and oxygen consumption,M\Mring epinephrine stimulation in 32- to
40-day-old lambs thyroidectomized after birth (THY) and age-matched controls. Steady-state protein and mRNA le
for ANT isoforms and3-F,-ATPase were assessed from left ventricular tissues by Western and Northern blotting. W
greater doses of epinephrine, THY attained lower pealoptlian controls <0.05). Controls maintained high-energy
phosphate levels, unlike THY, which demonstrated significantly decreased phosphocreatine/ATP and incre.
cytosolic ADP despite lower peak My4. No significant differences iB-F,-ATPase protein or mRNA occurred between
groups. However, ANT isoform mRNA levels were 2-fold greater and protein levels 4-fold greater in control hear

Conclusions—These data imply that the maturational shift away from ADP-mediated respiratory control is regulated
thyroid hormone in vivo. Specific thyroid-modulated increases in ANT mRNA and protein imply that this regulatic
occurs in part at a pretranslational leviTirculation. 2000;102:1323-1329.)

Key Words: mitochondriam magnetic resonance imagimgmetabolism

fficient coupling between cytosolic ATP utilization and mitochondrial protein during cardiac maturatirurther-

mitochondrial ATP production occurs in myocardium in  more, protein expression for ANT coordinates with mRNA
vivo.1-3 The modes of signal transduction that operate be- expression of ANT, the predominant heart skeletal isoform.
tween these processes are developmentally reguldtéd.  This coordination implies that ANT regulation occurs at least
Maturational changes in transduction efficiency and mode in part at a pretranslational level. Regulators of these devel-
have been demonstrated in sheep heart in vivo #iRINMR opmental processes in vivo have not been clearly defined.
spectroscopy*s and in isolated rat heart mitochondria with  Thyroid hormones promote mitochondrial membrane expan-
control flux experiments.Although cytosolic ADP concen-  sion through transcriptional activation of specific nuclear-
trations are maintained during elevated oxidative phosphor- encoded genes, including ANT isoforfs? Furthermore, a
ylation rates in mature myocardium in vivo, the newborn postnatal thyroid hormone surge has been well documented in
myocardium demonstrates increases in ADP during similar the lambt* Thus, thyroid hormone is a likely candidate for
changes in oxygen consumption. Kinetic studies demonstrateregulation of respiratory control maturation in the postnatal
that regulation in the immature heart conforms to simple Period. This study tests the hypothesis that neonatal thyroid
Michaelis-Menten models of respiratory control through hormone deficiency delays ANT accumulation and mitochon-
ADP via the adenine nucleotide translocator (AN‘Results ~ drial respiratory control maturation.
from these kinetic studies in vivo corroborate findings in
isolated rat heart mitochondfighat demonstrate that control Methods
flux through ANT decreases with age. Thyroidectomy

Changes in the respiratory regulation pattern and control Total thyroidectomy was performed in sheep 1 to 24 hours old
through ANT parallel mitochondrial accumulations of this through a subcricoid incision under anesthési@riiodothyronine
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(T3) and thyroxine (7) levels were performed before thyroidectomy

aldehyde agarose gel, transferred to a nitrocellulose transfer mem-

and after 24 hours, 7 days, and 28 days to confirm the effectivenessbrane, and cross-linked to the membrane with shortwave ultraviolet

of the procedure.

Surgical Preparation

At 32 to 40 days, thyroidectomized lambs=(8) and controls of
comparable age 8) were sedated (intramuscular ketamine and
xylazine), intubated, and ventilated with room air and oxygen,
followed by intravenouse-chloralose (40 mg/kg). A femoral arterial

light. The prehybridizing and hybridizing solutions contained 50%
formamide, XX Denhardt’s solution, 8 SSPE, and 1% SDS. cDNA
probes were labeled witd?P]dCTP by random primer extension and
added to the hybridizing solution. After hybridization with previ-
ously reported ANT isoform anfl-F,-ATPase probesi2blots were
washed, and the relative mRNA content was determined by scanning
densitometry. ANT isoform an@-F,-ATPase mRNA loading was

cannula was placed for monitoring systemic blood pressure and Normalized to the 28S ribosomal RNA band. To compare different

sampling blood. After median sternotomy, pacing electrodes were
sutured to the right atrial appendage. Coronary sinus flow was

MRNA levels in the same myocardial sample, d§-total RNA
aliquots from myocardium were analyzed by reprobing.

measured via an extracorporeal shunt fashioned between the coro-

nary sinus and the superior vena cava as previously described.
Hemiazygous vein ligation directed coronary venous flow into the
shunt located within the proximal coronary sinus. A cannulating
ultrasonic transit time probe provided continuous flow data. A
2-cm-diameter round NMR surface coil was sutured to the pericar-
dium overlying the left ventricle. The lamb, wrapped in a heating
blanket to maintain body core temperature~e28°C, was placed

Western Blot Analysis

Frozen tissue samples were homogenized in boiling 2% SDS extract
solution and centrifuged at 20§0Aliquots of supernatants were
fractionated in SDS, 12.5% polyacrylamide gels, transferred to
polyvinylidene difluoride membranes, and blotted with rabbit anti-
sera to purified rat liver mitochondrigd-F,-ATPase and rat heart
ANT.513 The immunoreactive protein was visualized with goat

inside a Lucite cradle and transferred into a spectrometer 26-cm clearanti-rabbit IgG peroxidase conjugate. Band intensities were deter-

bore.

NMR Measurements
The NMR surface coil was tuned to 81 MHz and matched td)50

NMR data were collected with a spectrometer operating at 4.7 T and

using resident software. Shimming on tiefree induction decay at
200 MHz and acquisition of’P spectra were done with cardiac
gating® The interpulse delay was?2 seconds, and the pulse width

mined with laser densitometry. For standardization purposes, the
same amount of protein was run in parallel lanes on SDS gels.
Densitometric scanning revealed no differences in protein quantity
per lane.

In Vitro Measurement of Adenine
Nucleotide Transport
Left ventricular mitochondria were isolated from freshly excised

was optimized for the phosphocreatine (PCr) signal. Spectra were .gniro (n=9) and thyroidectomized 5) sheep hearts. ANT

acquired with a simple 1-pulse sequence, 5000-Hz sweep width, and

efficiency was measured as the exchange of extramitochondrial ATP

2048 data points. Thirty-two spectra were collected into data pyainst intramitochondrial ADP by the back-exchange and stop

acquisition blocks. Spectra were analyzed with a least-squares fitting pathogie Specifically

program and integration. Intracellular pH was determined from the
chemical shift difference of inorganic phosphatg-fCr>

Protocol

After completion of an 8-minute baseline acquisition period in
control sheep, intravenous epinephrine infusion was initiated at 1
ug- kg™ min~tand slowly increased over 8 minutes tpg- kg™ -
min~t. The epinephrine dose was titrated to maintain a steady
coronary sinus flow rate for 8 minutes. After this stage, epinephrine

0.5-mL aliquots of mitochondria (ex) were
loaded with 5uL [**C]ADP (0.02 mCi/mL), resuspended in 5@
buffer, and reincubated. Back exchange was initiated by adding 25
uL unlabeled ADP (1.5 mmol/L) to the suspensions. A similar
volume of the specific ANT inhibitor atractyloside (1 mmol/L) was
added to the control suspensions to determine background radioac:
tivity (con). ADP transport was terminated after 1 minute withy80
atractyloside. The mitochondria and supernatant were separated by
centrifugation, and radioactivity (in counts per minute, cpm) was
determined in both fractions. The following equation was used in

was slowly decreased until near-baseline coronary flow and blood these experiments:

pressure were acquired, and 8 minutes’ worth of data was then
collected as recovery. Preliminary experiments indicated that larger
doses of epinephrine were necessary to stimulate oxygen consump-

tion in thyroidectomized lambs. The protocol in thyroidectomized
lambs was identical to the control, except that doses tag0kg* -
min~* epinephrine were infused. Arterial and coronary venous blood

%Exchange

[(Cprnex.supematarfCprn:on.supematay(cprnax.supernatan_*_Cpnlex,mitochondria]
X100%.

was sampled during the steady-state coronary flow periods at Statistical Analyses

baseline, under epinephrine infusion, and at recovery.

The reported values are meaSEM in the text, tables, and figures.

Oxygen content was determined by use of data obtained from an Data were evaluated with repeated-measures ANOVA within groups

hemoximeter. M\b, was calculated from the coronary arteriovenous
difference times coronary sinus flow rate. At completion of the

and single-factor ANOVA across groups with the Statview 4.5
(FPV) program. When significant F values were obtained, individual

experiment, the heart was rapidly excised, and left ventricular tissue group means were tested for differences by unpaireelst. The

was removed for Western blotting or snap-frozen in liquid nitrogen
and stored at-80°C for Northern blotting and ATP and creatine
analysist

Metabolite Analysis

criterion for significance wa®<0.05.

Results
T;and T, Levels

Tissue ATP and creatine concentrations were determined by perchlo- 1 hyroidectomy caused a rapid drop in circulatingahd T

ric acid extraction and chemical analyses with high-performance
liquid chromatography as previously descrili€these values, along
with PCr/ATP obtained from recovery MR spectra, were used to
calculate free cytosolic ADP from the creatine kinase equilibrium
reaction equatiof.

Northern Blot Analysis
RNA isolation was performed by previously described methods.
RNA (15 ng) was denatured and electrophoresed into a 1% form-

levels (Figure 1). Levels decreased b%0% at 24 hours and
were virtually undetectable by 7 days. Reported values
indicate the lowest levels detectable. Actual values are
somewhat less than these limits reported in the graph.

Hemodynamic Data
The Table summarizes hemodynamic data for the groups at
the 3 states: baseline, peak epinephrine stimulation, and
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0 b ! " t:]4 id t21 s Figure 2. 3'P spectra representing 2-minute acquisitions for 3
ays after thyroldectomy different protocol levels. PCr, ATP, and intracellular P; are noted.
Figure 1. Serum total T; and T, levels before and after thyroid- PCr decreases and P; increases at peak with partial reversal at
ectomy. Levels drop precipitously 24 hours after thyroidectomy recovery.

and remain below detectable range at 7 and 28 days.

High-Energy Phosphates
recovery. Baseline and peak heart rates are significantly The increase in Pand decrease in PCr during elevation in
lower in thyroidectomized sheep. No significant difference MVo, is apparent in spectra obtained from an individual
was found during recovery. The dynamic heart rate range in €xperiment in a thyroidectomized lamb (Figure 2). No dif-
these experiments is greater in the control sheep, possiblyference in saturation-corrected PCr/ATP between the groups
reflecting increaseg,-adrenergic receptor sensitivit.Al- occurs at baseline or recovery (Figure 3). However, PCr/ATP
though baseline mean arterial pressure is higher in the controldecreases significantly at peak in the thyroidectomized sheer

group, differences subside at peak and recovery. Coronary©nly- ATP does not change significantly during epinephrine

blood flow increases substantially in both groups during Nfusions in either group. Thus, changes in PCI/ATP that
epinephrine infusion but is greater in control sheep at baseline 9¢Cur N thyroidectomized sheep are qlue o decre_ases In PCr
and peak epinephrine stimulation. Recovery values for PCr/ATP are similar to baseline for both

MVo, is slightly higher in control sheep at baseline and groups. There were no significant differences in tissue ATP

or creatine levels between groups. No significant differences

increases to substantially higher levels at peak than attalnedin free cytosolic ADP calculated through the creatine kinase

in_ the thyroidectomized_ sheep. These data indicate that reaction occur at baseline (Figure 3). However, ADP rises
greater M\b, elevations in the control group relate tp the significantly during increased My, in the thyroidectomized
greater peak heart rates. The marked differences in peakgroup but exhibits no change in the control group. ADP at
oxygen consumption between groups cannot be explainedpeak MVb, is also greater in thyroidectomized sheep.
entirely by coronary flow discrepancies. Diminished arterio-

venous extraction in thyroidectomized sheep also contributes Intracellular pH

to differences in oxygen consumption. Hemoglobin and Although there is a trend toward lower myocardial intracel-
arterial saturation values were similar between the 2 groups, lular pH (pH) in thyroidectomized sheep (Figurg, 4ompar-
indicating that differences in oxygen content and carrying isons reveal no statistical differences between the groups.
capacity were not responsible for this oxygen extraction Furthermore, no significant changes in;gigcur through the
limitation. experiments in either group.

Steady-State mRNA Levels

Semiquantitative analyses of steady-state mRNA levels for
Baseline Peak Recovery ANT isoforms andB-F,-ATPase were performed for control
(n=5) and thyroidectomized &5) sheep hearts. The repre-

Response of Hemodynamic Indices to Epinephrine

Arterial mean
pressure, mm Hg
Control (n=8) 64+3 103=7t1 58=4 18 0.07
THY (n=9) 48+2* 90+6t 44+2 170 e 006 N
Heart rate, bpm 16
Control 145+7 231+13t  178+14 0.05
15 =
THY 124+6* 179+5%t 156+9 & % 0.04
Coronary flow, L4 o
AP 0.03
mL - min g 8 1.3 2 +
Control 050+0.04 2.01+015  0.56+0.07 002
1.2
THY 0.32+0.03* 1.46+0.21*t 0.59+0.16
MVo,, wmol - min~" - g~ 1.1 001
Control 1.85+0.14  8.52+0.93 2.05+0.37 1.0 0.00
BASE PEAK RECOVER BASE PEAK RECOVER
THY 1.08+0.21*  4.96+0.68"t 1.74+0.59 Level Level
THY indicates thyroidectomized. Figure 3. PCI/ATP and cytosolic free ADP values for 3 different
*P<0.05 vs Control. states. Significant decreases in PCr/ATP and increases in ADP

1P<0.05 vs Baseline. occur at peak in thyroidectomized sheep hearts.
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Figure 4. pH; for 3 states. No significant changes occur.

sentative Northern blot (Figure 5) demonstrates the 28S

ribosomal RNA band, as well as bands for the 3 ANT
isoforms andB-F,-ATPase obtained from successive prob
ings. Relative intensities normalized to 28S intensity are
shown in Figure 6. Steady-stagF,-ATPase mRNA levels
for control and thyroidectomized sheep hearts are similar. In
contrast, control heart ANTANT,, and ANT; mRNA levels

are each~2-fold greater than levels in hearts from thyroid-
ectomized sheep.

Protein Levels

ANT and B-F,-ATPase protein levels were assessed semi

quantitatively by Western blotting. A representative Western
blot is shown in Figure 7, and relative normalized densito-
metric intensities are shown in Figure 8. Like mRNA levels,

protein levels forB-F-ATPase in heart are not perturbed by

thyroidectomy. In contrast, and coordinately with steady-state
mMRNA levels, cardiac ANT protein content in control sheep

hearts is>4-fold greater than in thyroidectomized sheep.

ANT Exchange Efficiency

exchange between the 2 groups: controt-3% and thyroid-
ectomized, 675%.

Discussion
Developmental changes in cardiac mitochondrial ANT accu-
mulation and respiratory regulation have not previously been
linked to thyroid hormone. Studies performed with isolated
liver mitochondria and using control flux analysis provide
limited data, which contribute to formulation of a hypothesis
invoking thyroid modulation of respiratory control matura-
tion. Mitochondria isolated from hypothyroid liver demon-
strate deficits in adenine nucleotide transport and alterations
in respiratory control through AN¥. These deficits cannot
be rapidly reversed by ;Tadministration. This implies that
translocator deficits occur through long-term mechanisms
that limit ANT protein synthesis and not through immediate
T, action at the mitochondrial membrane.

The present experiments were thus designed to examine
the role of thyroid in altering respiratory control patterns in
heart in vivo and promoting ANT accumulation during a
previously documented period of developmental transhion.
The newborn lamb provides such a model for investigation,
considering that Breall et ®l previously documented the
normal ovine perinatal thyroid hormone surge and the dimin-
ished contractile response to isoproterenol in thyroidecto-
mized lambs. Furthermore, the change in the relationship
between high-energy phosphates and oxidative phosphoryla-
tion rate that occurs during maturation in this model has been
well established, as has the maturational accumulation of
ANT.15

Data from this study support the hypothesis that respiratory
control maturation in this neonatal model is thyroid hor-
mone—dependent. The coordinate increases in myocardial
free cytosolic ADP and oxidative phosphorylation rate indi-
cate that an immature respiratory control pattern persists in
thyroidectomized sheep. This deviation from the normal
mature relationship occurs at submaximal oxidative phos-
phorylation levels, because catecholamine stimulation in an
open-chest anesthetized animal does not achieve the maxime

Respiratory control indices were obtained by standard tech- oxygen consumption rates seen in exercising animals of the

niques® to confirm mitochondrial viability. Respiratory con-
trol index values were>6.0 in all heart mitochondrial

same specie¥. Thus, mitochondrial or extramitochondrial
factors, such as myosin ATPase isoform switching or reduc-

suspensions. There was no significant difference in percenttions, which might limit maximal oxygen consumption rates

28s
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ANT,
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ANT,

cC T c T

Figure 5. Representative Northern blot. Each lane was loaded
with 15 ug left ventricular myocardium and probed for 28S,
adenine nucleotide translocase isoforms (ANT;, ANT,, and
ANT;), and B-F;-ATPase. C indicates control; T, thyroidecto-
mized sheep.

in the thyroidectomized sheépshould not confound inter-
pretation of these relationships.

Timing of thyroidectomy might have diminished the mag-
nitude of the high-energy phosphate changes observed in
these experiments. Thyroid hormone; (&nd T,) levels
normally surge immediately after birth in lambsThus, the
present model using thyroidectomy within the first 24 hours
may not prevent the initial postnatal rise in these levels.
Conceivably, differences in cardiac mitochondrial respiration
that were apparent between control and thyroidectomized
lambs would be greater if thyroidectomy had been performed
before birth. Nevertheless, we were still able to establish that
thyroidectomy caused substantial changes in myocardial re-
spiratory patterns and ANT accumulation.

Maturation of respiratory control has previously been
linked to mitochondrial accumulation of ANF® Thus, we
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Figure 6. Relative densitometric intensities for
ANT isoforms and B-F;-ATPase for control and
thyroidectomized sheep hearts. Intensities are
normalized to 28S band intensity. Significantly
lower mRNA levels (*) for each ANT isoform
occur in thyroidectomized sheep heart.
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pursued ANT accumulation as one plausible explanation for subendocardial biopsy samples, does increase during phenyl
the respiratory pattern changes observed after thyroidectomy.ephrine-induced elevations in Myin dogs in vivo. Conclu

The present Western and Northern blot analyses indicate thatsions relating these changes tge-ATPase regulation of
reductions in ANT protein and mRNA expression parallel respiratory control remain speculati¥e Nevertheless, be-
thyroidectomy-induced changes in mitochondrial respiratory cause thyroid hormone deficiency might alter calcium-
control mode. Summation of the metabolic and kinetic data induced activation of this or other mitochondrial proteins,
together with protein and gene expression data from both such a process cannot be excluded as a contributor to the
previous and current experiments further supports the con-observed changes in respiratory regulatory pattern.

tention that alterations in respiratory control occur through  In addition to ANT protein content, conformation or
ANT accumulation. The lack of change ifA-F,-ATPase function of individual ANT sites might be thyroid-dependent.
protein demonstrates that the thyroid-dependent increase inSuch dependency could offer an adjunctive or alternative
ANT is not part of a ubiquitous mitochondrial membrane explanation for persistence of the newborn-type respiratory
protein response. Thyroid does promote other specific mito- control pattern in thyroidectomized sheep. Differences in
chondrial membrane proteins, such as cytochromié1® relative isoform distribution might cause ANT functional
Deficiencies of those components, however, would be more discrepancies between our experimental groups. Dummler et
likely to limit the maximal inherent oxidative capacity than to  al*® demonstrated sfinduced upregulation of the tissue ubiq
alter the respiratory control pattern at submaximal oxygen uitous isoform, ANT, in normal rat hearts. The importance of
consumption rate%:2° Although B-F,-ATPase content is not  this isoform in heart is unclear, because ANgreatly
altered by thyroidectomy, Scholz and Balatfanlemon- predominates in most species. The data in sheep hear

strated that the activity of this protein, as measured in indicate that ANT and ANT; mRNA levels are also present
and thyroid-dependent. However, reductions in transcript

A CTCTCR levels for these isoforms match ANThanges after thyroid

I CONTROL

12 === THYROIDECTOMY
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- 46 kD e
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M' (50 kD) F 0.4
<
Bl Loois & ANT o
(29 kD) 0.2
CTCTC 00
Figure 7. Representative Western blots assess relative amounts ANT PF1ATPase
of ANT and B-F;-ATPase. R is reference lane with migration of Figure 8. Normalized densitometric intensities for protein bands
molecular mass markers. B, Bands for B-F;-ATPase and ANT. C from Western blots. Data indicate that control ANT levels are

indicates control; T, thyroidectomized sheep. ~4-fold greater than levels in thyroidectomized heart.
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ectomy. Thus, assuming that translational efficiencies of the sheep heart might occur and produce subtle changes in
3 isoforms are similar, no changes in relative isozyme PCr/ATP and ADP during epinephrine infusion. However,
expression occur. these should not cause the magnitude of high-energy phos:
Assessments of ANT exchange in isolated mitochondria do phate response observed in this group.

not necessarily reflect overall ANT function under conditions  Thyroid regulation of gene expression for the nuclear-
in vivo. Exchange values reflect the percentage't]ADP encoded mitochondrial proteins ANT argtF,-ATPase in
loaded into the mitochondria that was transported back to the heart has not previously been described in detail. Transcript
extramitochondrial milieu during a specific time period. levels for these genes are coordinately expressed during
Because the available number of ANT sites can influence development in both sheep and rabbit myocardidfChung
[“C]JADP loading, percent exchange is not synonymous with et ap reported that T coordinately regulates expression of
traditional definitions of enzyme activity. However, the hlgh these genes in my0b|ast cell lines through a shared muscle-
percentage exchange values indicate that almost the entirespecific promoter element. However, the present findings
[)C]JADP was transported back across the mitochondrial ngicate that these shared sites are not regulated by thyroid in
membrane within a short time interval after loading. Individ- neart. Instead, thyroid appears to specifically regulate ANT
ual exchanger sites are then highly and similarly efficient in anscript levels, which closely coordinate with the protein
both sheep groups. These data imply that although thyroid |eyels, This coordination provides a potential pathway for

deficiency decreases the number of exchange sites, functional, clear-mediated regulation of myocardial respiratory control
efficiency at an individual translocator site is not altered by \4tration.

assessments made from isolated mitochondria. Thyroid defi-
ciency might cause functional limitations at ANT sites in vivo  cgnclusions

that are not detectable by studies in vitro and contribute to the These studies demonstrate that thyroid regulates postnatal ma
observed changes in high-energy phosphate. ~ uration of myocardial respiratory control. Thyroidectomy-
The influence of thyroid hormone on the mitochondria is g, ced delays in maturation of respiratory control and/or
not restricted to ANT. Conceivably, thyroid hormone ac_tlon efficiency of ADP phosphorylation occur in conjunction with
on enzymes, such as pyruvate dehydrogenase, or at peripherghg . eased accumulation of mitochondrial ANT. The coordi-

tlsbsues ((:joudk.:;falter redu'cmg quluwa:]e.nt SkL)lpp|y and cause tt:jenation between these processes conforms to kinetic modeling
observe ifierences in relationships between ADP and respiratory control through ANT and strongly suggests that

OXIdatIVZ fphosphforylgtltont rafe. Sltu.d|es ]E)erf(()jrrt:]edt\./vlth. these phenomena are causally linked. However, considering
restricted forms of substrate supply in periused heart in vitro . - jexities involved in thyroid regulation, this hypoth-

suggest that cytosolic ADP levels and phosphorylation po- esis cannot be proved without a doubt in an in vivo model. As

tential as we!l as NADH redox potential depgnq on the discussed previously, thyroid regulates other mitochondrial
substrate available to the he&#tSuch substrate limitations . . - - ) .
proteins and processes involved in respiration, including

do not normally occur under in vivo conditions. However, o . . .
. R membrane compositictt. These remain considerations for
myocardial PCr/ATP in vivo can be altered under severe future research

conditions of ketosis or pharmacological inhibition of fatty These results noted in vivo present possible clinical impli-

acid metabolism2-24which are accompanied by either reduc- . e .
cations for the newborn who undergoes artificial disruption of

tion or enhancement of glucose and lactate uptake. Similarity thvroid h tasis duri h q h .
in PCr/ATP between groups during baseline conditions in the yrold homeostasis during such procedures as mechanocir
culatory supporté-27 Conceivably, delays in thyroid-induced

resent study implies that differences in reducing equivalent : . . . .
P y Imp g eq maturation cause decreases in mitochondrial efficiency and

supply do not exist. Lactate oxidation generally provides a ) NN i .
major contribution to the increase in 'Wduring epineph re_g.ulatlon, as \{vgll as limitations in ATP synthesis and
rine infusion in vivoz3 To determine whether substrate uptake Utilization capacities.

was altered in thyroidectomized sheep, calculation of lactate
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