
the level of tissular blood perfusion. It has been demon
strated that the myocardial uptake of the three agents is
indeed grossly proportional to the local coronary blood
flow in situations of acute and irreversible ischemia (3,4)
although this figure could be different in reversible ische
mia (5-7). It has also been clearly shown that energy
dependent mechanisms are involved in the cellular uptake
of 201'fl and sestamibi (8). We have formerly reported on
the kinetics of teboroxime in basal conditions (9) as well
as on the effect of some conditions of metabolic inhibition
and of variations of the extracellular pH on the uptake of
201T1and sestamibi in cultured cells (1 1). Using the same
model, we assessed the effect of mild to strong metabolic
inhibition on the uptake of teboroxime in comparison
with the uptake of 201Tland sestamibi. A lack of effect of
metabolic impairment on teboroxime uptake would mdi
cate unique capabilities for coronary blood flow imaging,
especially in the postischemic situations during which a
mismatch can be observed between tissue blood flow and
metabolic activity.

MATERIALS AND METHODS

MyocardialCell Cultures
The cultures were prepared according to the technique of

Harary (10) with few modifications, as previously described (8).
Briefly, the cells were harvested from the ventricles of 2â€”4-day
old Sprague-Dawley rats by repeated cycles of trypsinization
(trypsin at 0.2% concentration) and centrifuged at 900 g for 5
mm. The pellets were resuspended in a growth medium (Ham
F-10),complementedwith 14 mM NaHCO3,1 mM CaCl2,100
U/mI ofpenicillin, 100 @ig/mlofstreptomycin and 10% fetal calf
serum. The suspension was then placed in a culture dish. To
reduce the proportion of nonmuscular cells, the differential at
tachment technique was applied (11). This is based on the fact
that it takes longer for the myocytes than the nonmuscular cells
such as fibroblast-like cells to attach to the walls of the culture
dish. Therefore all the cells that had attached to the culture dish
during the first 3-hr incubation period were discarded. The final
plating of the supernatant was done in 35 mm diameter culture
dishes (65,000 cells/cm2) with 2 ml of nutrient medium per dish.
By 3 days, confluent monolayers with at least 80% of synchro
neously beating ventricular myocytes were obtained and used for
the experiments. From the beginning of the preparation, the

The effects of metabolic inhibition on the uptake of @â€œTc
teboroxime were assessed in cultured myocardial cells and
compared with @Â°1TIand @â€œTc-sestamibi.Metabolic impair
ment was induced by cyanide (CN), a blocker of the mito
chondrial respiratory chain, iodoacetate (IAA), an inhibitor of
the glycolytic pathway, and ouabain, an inhibitor of Na@-K@
sarcolemmal ATPase. Cellular viability was appreciated by
the trypan blue exclusion method. The effects of low temper
ature and of cellular death resulting from osmotic lysis were
also assessed. Net cellular uptake of the radiotracers and the
amount of proteins in the culture dishes were measured. All
experimentswereperformedinparallelwithcontrolconditions
and the results were expressed relatively to the control val
ues. Teboroxime uptake was clearly decreased at low tem
perature (29.6% Â±2.2% at 0Â°C,p < 0.001), while metabolic
inhibitionor osmoticlysishad no definiteeffect.The uptake
of 201TIand sestamibi was severelydiminished in the presence
of a mixture of 5 mM CN and 0.1 mM IAA, but @Â°1TIwas less
resistant than sestamibi (13.7% Â±0.3% and 73.5% Â±3.3%,
respectively, after 1 hr of preincubation, p < 0.001 for both).
Uptake of both tracers was very low in the presence of dead
cells (12.1% Â±1.3% for 201TIand 4.1% Â±0.2% for sestamibi,
p < 0.001 for both). Ouabain had a detrimental effect only on
201TIuptake at doses higher than 100 @M.Of these three
currently available coronary blood flow imaging agents, te
boroxime shows the lowest sensitivity to metabolic impair
ment.

J NucI Med 1993;34:255â€”259

nitially aimed at the scintigraphic imaging of myocardial
blood flow, 20Tl, 99mTc@methoxyisobuty1isonitrile (sesta
mibi) ( 1 ) and 99mTcteboroxime (2) are now widely inves
tigated for the detection of myocardial viability. Such
capabilities, however, imply conflicting properties. The
ideal agent for blood flow imaging should be passively
extracted like microspheres by the myocardium while vi
ability is a reflection of metabolic integrity, regardless of
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TABLEIEffects
of Preincubation Time in the Presence of 0.1 mM lodoacetate and 5 mM Cyanide on Net Cellular Uptake of@Â°1TI,@â€œTc-Sestamibi

and @Tc-Teboroximeandon the Amountof ProteinsLeft in the CultureDishesNet
celluptake(%controls)

Proteins
Time(inmm) 20111 @â€œTc-sestamibi @â€œTc-teboroxime (%controls)0

(controls) 100.0Â±2.2 (5) 100.0Â±4.6 (5) 100.0Â±1.7 (3) 100.0Â±2.6(5)20
40.6Â±2.8 (6)* 96.7Â±6.1(5) 99.5Â±2.3(4) 95.2Â±5.4(11)60
13.7Â±0.3(6)â€• 73.5Â±3.3(5)* 97.5Â±1.5(4) 85.4Â±5.9(11)*120
3.6 Â±0.1 (6)* 12.3Â±2.3(5)* 96.8Â±2.2(4) 65.0Â±8.6(11)*240
2.1Â±0.5 (6)* 12.8Â±1.1 (5)â€• 80.4Â±1.5 (4)* 54.6Â±7.2(11)**

p < 0.001 when compared withcontrols.Incubation

timefor eachtracerwas20 mm.Dataareexpressedas meanÂ±s.d.(numberof samples).

cultures were kept at 37Â°Cin a water-saturated atmosphere (5% tracers when the cells have developed for more than 2 days, which
CO2,95%air). wasalwaysthe casein the presentstudy.

Inhibitionof CellularMetabolism
Different metabolic inhibitors have been tested, namely, so

dium cyanide (CN) 5 mM, an inhibitor of the respiratory chain
(13); sodium iodoacetate 0.1 mM(IAA), an inhibitor of glycolysis

(14); and ouabain, an inhibitor of the Na@-K@ ATPase (15) at

doses ranging between 10 @Mand 1 mM. CN and IAA were
added to the incubation medium at times ranging between 20
and 240 mm before the tracer was added. Cellular viability was
visually by the trypan blue dye exclusion technique. Ouabain was
always added 15 mm before the tracer.

Fixation in Dead Cells
To define the role of passive mechanisms of cellular and

sarcolemmal fixation, the tracers were incubated in preparations
ofdead cells. In a series, the cells were submitted to osmotic lysis
by a slow wash with distilled water followed by a new wash with
the incubation medium. The success of the lytic membrane
disruption was appreciated by the dosage (DOKC method at
25Â°C)oflactate deshydrogenase (LDH) in the dish. The cells were
then incubated for 20 mm with 37 kBq oftracer added into 2 ml
ofthe usual incubation medium. In another series, cellular death
was obtained by preincubating the dishes at 10 or 0Â°Cfor 10 mm.

Presentation of Results and Statistics
Cellular net uptake was expressed in percent ofthe dose added

to the culture dish. In control conditions, net cellular uptake was
in the 3%â€”5%range for 20â€•fland sestamibi and l5%â€”20%for
teboroxime. Because of variations of these values between differ
ent experiments, likely due to variations in the number of cells
present in the dishes, the net uptake was expressed in percent of
the control values obtained the same day using the same batch
ofcells and the same tracer preparation.

Values are given as mean Â±s.d. Comparisons were undertaken
with Student's t-test for unpaired data. A p value lower than 0.05
wasconsideredstatisticallysignificant.

RESULTS
Table 1 shows that 20 mm of pretreatment by the

mixture of 5 mM NaCN and 0.1 mM IAA rapidly de
creased 201'flnet uptake, but not sestamibi or teboroxime
net uptake. With 1 hr or more ofpreincubation, both 201@fl
and sestamibi net uptakes were severely impaired, but at
a lesser extent for sestamibi than 201'fl Teboroxime net

Tracer Preparations
A 370 kBq (10 @iCi)/ml2OVflsolution was obtained by dilution

ofa 37 M&iJml preparationof thallouschloride(CISBio Inter
national, Gif-sur-Yvette, France). Technetium-99m-sestamibi
(Cardiolite, E.I. du Pont de Nemours, N. Billerica, MA) was
formed from a lyophilized kit containing tetrakis (2-methoxy
isobutyl isonitrile) copper(I) tetrafluoroborate, stannous chloride
and cysteine in a citrate buffer and mannitol matrix (Du Pont de
Nemours, N. Billerica, MA). When mixed with 3 GBq of @mTc@
sodium pertechnetate eluted from a commercial technetium gen
erator (CIS Bio International, Gif-sur-Yvette, France) and after
15 mm of heating at 100Â°Cin boiling water, a hexakis cationic
complex was formed. The solution was diluted to 370 kBqjml.
Reversed-phase thin-layer chromatography with aluminium ox
ide plates in ethanol showed that the purity of the preparation
was always higher than 90%.

Lyophilized teboroxime(Cardiotec, Bristol-Meyers-Squibb Di
agnostics, New Brunswick, NJ) was reconstituted with 3 GBq of
99mTc@ium pertechnetate eluted from a commercial techne
tium generator (CIS Bio International, Gif-sur-Yvette, France).
Technetium-99m-labeled teboroxime was obtained after 15 mm
of heating at 100Â°Cin a boiling water bath. The radiochemical
purity was determined using Whatman 31 ET chromatography
strips developed into a 0.9% NaC1 solution for determination of
the fraction of noncomplexed @mTcand into a 50/50 (vol/vol)
0.9% NaCI/acetone solution for determination ofthe percentage
of reduced/hydrolysed 99mTcteboroxime These values were
lower than 10%.

Tracer Net Uptake Measurements
Thirty minutes before the experiment, the incubation medium

was replaced by 2 ml of serum-free medium, pH 7.4. The cells
were then incubated for 20 mm with 37 kBq of 20111-chloride,
99mTc@@mibi or @mTc@teboroxime.The dishes then were rap
idly washed three times with cold saline. The cells were dissolved
in a water solution with 1% sodium dodecylsulfate and 10 mM
sodium borate and transferred into a test tube. The activity was
measured in a sodium iodide gamma well-counter (1 mm per
sample). The amount of proteins (range 200â€”300@tg)was meas
ured by the method of Lowry (12) using bovine serum albumin
as standard.

It has been verified that the amount oftracer that binds to the
lateral walls ofthe plastic culture dishes is negligible for the three
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TABLE2
Effects of a 15 mm Preincubation with Ouabain on the Net Cellular Uptake of @Â°1Tl,@â€œ@Tc-Sestam

andontheAmountof ProteinsLeftintheCultureDishesibi
and@â€œTc-TeboroximeNet

celluptake(%controls).
Proteins

(%controls)Ouabain @Â°â€˜TI â€œTc-Sestamibi@9â€•Tc-Teboroxime0

(controls) 100.0 Â±4.8 (5) 100.0 Â±9.6 (5) 100.0 Â±5.6 (5)100.0 Â±4.5(5)10
pM 105.8 Â±26.2(10) 125.1 Â±22.2(6) 88.9 Â±2.2(5)*99.8 Â±13.1(6)100
MM 67.7 Â±4.9 (l)t 116.7 Â±17.5 (5) 84.6 Â±1.0 (5)t103.1 Â±5.3(5)500
@M 42.3 Â±7.3 (20)t 128.1 Â±18.4 (5)â€• 79.0 Â±0.9 (5)t100.2 Â±3.2(5)1

mM 36.5Â±3.9 (7)t 140.2Â±13.2(lO)t 80.7Â±3.1 (l0)@99.6 Â±3.2(5)*p<oos;tp<o001

whencomparedwithcontrols.Incubation
timeforeachtracerwas20 mm.DataareexpressedasmeanÂ±s.d.(numberofsamples).

Netcelluptake(%controls).
Proteins

(%controls)Temperature20111@Tc-Sestamit@@rc-Teboroxime37Â°C

100.0Â±4.2(5)100.0Â±4.1(5)100.0Â±2.4(4)100.0Â±8.6(4)10Â°C
45.5 Â±13.5 (5)â€•6.1 Â±4.2 (4)*,@93.6 Â±4.9(4)0Â°C
7.4Â±0.4(5)2.3 Â±0.7(4)*29.6 Â±2.2(4)â€•96.1 Â±9.8(4)p<0.001

whencompared with37Â°C.Incubation
timeforeachtracerwas20mm.Dataareexpressedas meanÂ±s.d.number of samples).

abolic perturbations, but that 201Tl responds to milder
injury. They also demonstrate that teboroxime net uptake
is insensitive to severe metabolic impairment, and in that
sense, it behaves like an almost ideal blood flow imaging
agent. However, low temperature severely lowered tebo
roxime uptake. Since low temperature is known to slow
metabolism and increase membrane viscosity (decrease
membrane fluidity), it is likely that teboroxime uptake is
not mediated by an active phenomenon, but is due to
diffusion through or in the cellular membrane. The small
effect ofa significant loss ofproteins induced by cell death
resulting from either osmotic lysis or metabolic inhibition
over the degree of net uptake of teboroxime could be an
indication about its site of cellular fixation. In the event
of cell death, the cytoplasm is washed away while most of
the membranes remain bound to the walls of the dish.
Therefore, a fraction ofthe protein content is lost with the
cytoplasm, while the remnant is kept within the mem
branes. Since teboroxime uptake is only moderately de
creased even when the protein content is dramatically
reduced, it seems to indicate indirectly that teboroxime
binds to the cell membranes or to the hydrophobic regions
ofmembrane proteins. The role ofouabain, which induces
a moderate but constant inhibitory effect at all tested
concentrations, remains to be elucidated.

Previous experimental studies ofthe biological behavior
of teboroxime focused primarily on the measurement of
its myocardial extraction and washout as a function of

uptake only dropped 20% following 4 hr of inhibition.
The protein content started to decrease after 1 hr of
incubation with the inhibitors, but the relative loss was
always lower than the relative decrease of 201'fland sesta
mibi uptake, and higher than the relative decrease of
teboroxime uptake. Estimation of cellular viability by the
trypan blue exclusion method showed no effect after 1 hr
ofinhibition, then a decline of5O% after 2 hr and a decline
of 75% after 4 hr.

The net uptake response with various concentrations of
ouabain is shown in Table 2. There was no effect on 201T1
uptake with the 10 @.iMdose, but a significant decrease
appeared with the 0. 1 mM dose. Uptake of MIBI was
never decreased by ouabain, but was moderately increased
at high doses. Teboroxime uptake was slightly decreased
at all concentrations.

The effect of low temperatures on the incubation me
dium is shown in Table 3. All tracers demonstrated de
creased uptake in such conditions. Uptake after osmotic
lysis is shown in Figure 1. Thallium-20l and sestamibi
were severely impaired, while teboroxime uptake remained
nearly normal, although the amount of proteins was de
creased by 14%.

DISCUSSION

Effects of Metabolic Inhibition
The results of this study confirm that both 20Tl and

sestamibi accumulation are significantly affected by met

TABLE3
Effects of Low Temperatures on Net Cellular Uptake of @Â°1TI,@Tc-Sestamibiand @â€œâ€˜Tc-Teboroximeand on the Amount of

Proteins Present in the Culture Dishes
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FIGURE 1. Effectof osmoticlysison
the cellularaccumulationof @Â°@Tl,@â€œTc
sestamibiand Â°@â€œTc-teboroximefollowing
20 mm of incubationwith the tracer and
on the protein(prot.)and lactatedeshydro
genase (LDH) contents in the culture
dishes.Valuesarenormalizedto matching
controls.Bars denotestandarddeviation.

coronary blood flow in whole hearts (16,17). However, it
is important to understand the role of metabolism inde
pendently of blood flow delivery since these two parame
ters can be dissociated, especially in the postischemic
situations. Our results suggest that teboroxime uptake
should always faithfully reflect blood flow, which is not
the case for 201fland sestamibi.

As a potassium analog (18), 201'flenters the cell mostly
through the Na'@/K@ATPase, as shown by McCall et al.
(19), and is therefore under the dependence of oxidative
metabolism. The inhibitory effect of ouabain appears at
dose levels similar to those reported to be efficient for
radioactive rubidium and potassium in the same model of
cultured cardiac cells of newborn rats (20). By using a
nearly similar model, Delano et al. observed an inhibition
of 201'fluptake by 0. 15 mM of ouabain and no effect on
sestamibi uptake (21). However, we have found that
around 35% ofthe 201T1uptake by the cells is not inhibited
by ouabain, which suggests the presence of another mech
anism of cellular accumulation.

The detrimental consequences ofa metabolic inhibition
during oxidative phosphorylation or glycolysis on the up
take of 201T1and sestamibi have been observed by several
authors in various experimental settings. The effect of
hypoxia on cellular 201@fluptake independent ofblood flow
was first demonstrated by Friedman et al. on cultured
chick myocardial cells (22). By using cultured fetal mouse
heart in anoxic conditions, Ingwall et al. (23) found that
201T1is more sensitive than sestamibi for indicating cellular
viability. Following cellular damage induced by CN or
sarcolemmal membrane damage induced by detergent Tn
ton X-lOO in isolated rat hearts, Beanlands et al. (24)
found a significantly reduced peak accumulation, a
marked reduction in accumulation rates and an increase
in clearance rates of sestamibi with both treatments even
after correction for variations in regional blood flow dis
tribution. Kronauge et al. (25) observed in cultured chick
heart cells that sestamibi uptake is reduced by 35% in the
presence ofrotenone, an inhibitor ofoxidative phosphoryl

ation. In the same model, depolarization ofthe mitochon
dnal membrane potential by the protonophore carbonyl
cyanide m-chlorophenylhydrazone also decreases sesta
mibi uptake (26), while hyperpolarization by nigencin
shows the opposite effect (27). Recently, it has been dem
onstrated that nearly 90% ofsestamibi activity is associated
with mitochondria in an energy-dependent manner (28).

Previously, we reported that 201'fl @cjnetica,but not ses
tamibi kinetics, are modified by metabolic inhibition (8).
The time ofexposure to metabolic inhibition in the related
experiments did not exceed 20 mm. On the contrary, in
the present study it appears that significant effects are
shown for longer periods of metabolic inhibition. We had
also reported that ouabain does not affect 201Tluptake,
but only the 10 @iMdose had been tested. When using
higher ouabain concentrations, a clear inhibitory effect is
now demonstrated.

An increase of sestamibi uptake induced by high doses
of ouabain has also been reported by Piwnica-Worms et
al. (26) in cultured chick myocardial cells. These authors
suggest that ouabain induces a loss ofcell volume resulting
in a partial depolarization ofthe plasma membrane poten
tial and, consequently, hyperpolarization across the inner
mitochondrial membrane.

Umftations of the Cuftured Cells Model
Results obtained in this model ofisolated cells in culture

do not necessarily apply to clinical situations. Apart from
the species differences, this experimental model lacks an
interstitial compartment. Also, the tracer concentration in
the incubation medium remains nearly constant during all
measurements. This is due to the larger extracellular vol
ume compared to the intracellular volume (2 ml versus
about 1 al), while the blood tracer concentration in hu
mans rapidly decreases following the bolus injection. An
other major difference is the composition of the medium
and of blood, in particular, the higher concentration of
proteins in blood.

The nonspecific binding of the tracers to the dish
appears to be negligible. In the absence of myocardial
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hexakis(2-methoxyisobutylisonitrile)technetium(I)in culturedchick myo
cai-dial cells. Circulation l990;82:1826â€”l838.

27. Chiu ML, Kronauge JF, Piwrnca-Worms D. Effect of mitochondrial and
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Med l992;33:15I6â€”l521.

29. HigginsTiC, Bailey P3. Tbeeffectsofcyani&and iodoacetate intoxication
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Lelkens RRM. Metabolic blocker-induced cell damage in rat cardiac tissue:
comparison of three models currently used: the Isolated heart, heart cell
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cellculture ofcardiac myoblastuultrastructuraldata. I Mo! Cell CardiOl
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cells, the percentage of total activity that binds to the
walls of the dish reaches 3% with sestamibi and 2% with
teboroxime.

Metabolic impairment was produced by incubating the
cells with oxidative phosphorylation and glycolysis block
ers. The efficiency ofthis procedure has been demonstrated
to closely simulate conditions of ischemia (29,30). The
possible consequences of ti-ypsinization on cellular viabil
ity seem negligible, since after 2-3 days in culture the
mother cells have divided several times (31).

CONCLUSION

Teboroxime uptake in cultured myocardial cells is
largely independent of the metabolic status of the cells,
which is a unique behavior when compared with @Â°â€˜Tland
sestamibi. This tracer should be particularly suitable as a
myocardial blood flow imaging agent in situations of dis
crepancy between coronary blood flow and metabolic
activity of the myocardial tissue, as in the postischemic
phase.
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