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Endothelial and fibroblast-like cells comprise 5%-1 0% of total
cardiac cell volume and are more resistant to hypoxia than
cardiomyocytes. However, their role in the uptake of radiotracers used for myocardial perfusion imaging has largely been
ignored. Net uptake of 2°1TI and 99"q-c-hexakis-2-methoxyisobutylisonitrile (99"q'c-sestamibi) by cultured rat heart endothelial and fibroblast-like cells and quiescent myocytes was
examined. Over a 30-rain period, endothelial cells continuously accumulated 99mTc-sestamibi. Initial 2°1TI accumulation
paralleled that of 99~l'c-sestamibi; however, after 7 min 2°1TI
accumulation ptateaued whereas there was continued slow
accumulation of 99'~rc-sestamibi. Net uptake of the two radiotracers by fibrobtast-like cells was similar to that of ~ T I by
endothelial cells. In the quiescent myocytes, there was an
initial accumulation of both tracers with 2°~TI net uptake
quickly reaching a plateau, whereas 99mTc-sestamibi accumulation continued throughout the 30-min period reaching a
level 15-fold greater than that for 2°1T1. Myocyte uptake of
99'~l'c-sestamibi was approximately eight times greater than
by the endothelial cells when expressed either as activity per
mg protein or activity per cell volume. Although significant
uptake differences exist among the three cell types, the fact
that there is uptake by endothelial and fibroblast-like cells
should be considered during image interpretation, particularly
in situations in which the hypoxia resistant endothelial and
fibroblast-tike cells might be the remaining healthiest cell
types.
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I n the mammalian heart, endothelial cells and fibroblastlike cells comprise 5%-10% of the total heart cell volume
and these cells are more resistant to the effects of ischemia
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and hypoxia than myocytes (1-3). Following myocardial
infarction, there often continues to be a network of capillaries throughout the scar and the capillary endothelial
cells have active Na-K pumps. Thus, under these circumstances, endothelial cells and fibroblast-like cells could take
up a significant fraction of the injected radionuclides commonly used for myocardial perfusion imaging, Z°IT1 and
99mTe-hexakis-2-methoxyisobutylisonitrile (99mTc-sestamibi). Furthermore, endothelial cells may be an important
transport barrier, especially for 99~Tc-sestamibi (4). Little
quantitative information is available, however, regarding
the uptake kinetics of these important tracers by endothelial and fibroblast-like cells. Therefore, the purpose of this
study was to describe the net uptake of 2°~T1 and 99mTcsestamibi by isolated adult rat heart endothelial and fibroblast-like cells in comparison to uptake by isolated quiescent cardiomyocytes.
MATERIALS AND METHODS
Cell Isolation

Adult Rat tteart Endothelial Cells (RCEC). RCEC were isolated from 250-300-g Lewis rats using a modification of the
method of Diglio as described previously (5,6). On the morning
of the study, perfusion solutions were prepared by adding 5 ml
1.1 M glucose and 5 ml of 400 mM taurine, 100 #g streptomycin
and 1 ml of 500,000 U/ml penicillin to 500 ml of modified
Krebs-Ringer Buffer (MKRB) ( 115 mM NaC1, 2.6 mM KC1, 1.2
mM KH2PO4, 1.2 mM MgSO4, 10 mM NaHCO3, 10 mM 2-(4(2-Hydroxy Ethyl)- t-Piper-azinyl)-Ethane-Sulfonic acid [HEPES]
). The solution was placed in a (37"C) water bath and bubbled
with Carbogen (95% 02 and 5% CO2).
The heart was removed under ether anesthesia and transferred
immediately to a Petri dish containing an ice cold solution of
MKRB. Fat was removed along with the pulmonary vessels and
connective tissue and the heart attached to the perfusion apparatus where it was perfused with MKRB for 10 min at 10 ml/
min. The epicardium was washed with 70% ETOH to fix the
epicardial cells to prevent contamination of the RCEC cultures.
After a 10-min perfusion with enzyme-free MKRB, the per-
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fusate was switched to MKRB with collagenase (30 mg collagenase and 12.5 ~tl 100 m M C a ÷+ in 50 ml MKRB) and perfused for
25 min by recirculating the oxygenated MKRB. The recirculation
was stopped and the perfusate switched to collagenase-free
MKRB. Perfusion was continued until 50 ml of solution had
been run through the heart. The perfusate then was collected in
a sterile centrifuge tube. The collected solution was spun at 200
g for 5 min. The pelleted cells were resuspended in 10 ml RCEC
working medium (400 ml M199 Earle's salt, 400 ml RPMI 1640,
I0 ml 200 m M L-glutamine, 1 ml 5% gentamicin and 2.5 mg
amphotericin B, 20,000 units heparin, 4.0 ml bovine brain extract, and 200 ml inactivated fetal calf serum), centrifuged, resuspended in culture medium and plated out on 3.5 cm diameter
culture dishes precoated with fibronectin.
Three days after the initial isolation and plating, the cells were
covered with growth medium (working medium minus amphotericin B) and allowed to grow to confluence at 37°C under
humidified Carbogen gas. After the cells reached confluence, they
were subcultured until enough plates were available for the radiotracer studies. Uptake studies were performed on cells having
been passaged 3-5 times. Prior to studies, an aliquot of cells from
one plate was removed and tested with antisera to Factor VIII
antigen, monoclonal antibodies to rat lymphatic endothelial cells,
and for evidence of acetylated low-density lipoprotein uptake to
confirm they were pure endothelial cells that retained their functional characteristics (6).
Rat Cardiac Fibroblast-like Cells (RCFLC). RCFLC were
isolated after removing the great vessels, atria, and as much
connective tissue as possible from the heart described above. The
heart was then transferred to a small, sterile petri dish, and minced
very finely with a scalpel. The minced heart was placed in 20 ml
of MKRB containing 5 tal of 100 m M Ca +÷, 12 mg collagenase
and 200 mg of fatty acid free albumin and incubated for 25 min
at 37"C while bubbling with Carbogen. After the tissue was
maximally dissociated, the solution was filtered through a 200um nylon filter and centrifuged at 67 g for 1.5 min at room
temperature. The supernatant was transferred to a centrifuge tube
to which 20 ml of RCEC working medium were added and the
solution was centrifuged at 200 g for 5 min. This was repeated
once. The pellet was resuspended in RCEC working medium and
plated on 10-cm diameter petri dishes precoated with fibronectin.
These cells were then cultured in the same manner as the RCEC
and tested for absence of RCEC-like functional characteristics.
Adult Rat Heart Myocytes (RCMC). To isolate myocytes, the
pellet produced during the first centrifugation during the RCFLC
isolation (see above) was resuspended in 50 ml MKRB and 100
ut Ca ++ (100 mM) and then centrifuged for 1.5 min at 67 g. This
pellet was resuspended in 10 ml MKRB and 50 tA Ca ++ (100
mM) and allowed to settle for 15 min. The pellet was resuspended
a third time in 25 ml MKRB and 250 #1 Ca ++ (100 mM) and
allowed to settle for 15 min. This pellet was resuspended in 5 ml
of RCMC plating medium (190 ml M199 Earle's salt, 2 ml 200
m M L-glutamine, 2.3 ml 7.5% NaHCO3, 2 mI 1 M HEPES,
20,000 units penicillin, 20 mg streptomycin, 8 ml inactivated
fetal calf serum) and an aliquot of the suspension was obtained
for determination of total number of cells and number of rodshaped cardiomyocytes using a counting chamber. The suspension was diluted with plating medium to give approximately 10-~
myocytes/ml, which were plated out on 3.5-cm dishes precoated
with RCMC plating medium. After allowing 4 hr for adherence,
the medium was removed along with nonadherent cells by suc-
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tion, covered with fresh medium and incubated overnight at 37°C
in a humidified Carbogen atmosphere.

Study Protocol
Thallium and 99mTc-Sestamibi Kinetics. Basal Uptake: The
culture medium was removed from 22 plates each of the RCEC,
RCFLC, and RCMC, the plates were washed twice with Hank's
Balanced Salt Solution (HBSS) and allowed to equilibrate for 1530 min at 30-35°C. This solution was then replaced with 1 ml
HBSS containing 2.66 _ 1.6 uCi 2°tTl and 120 + 27 uCi 99mTcsestamibi. Duplicate plates were incubated with radiotracers for
each of the following times: 1, 3, 5, 7, 9, 11, 13, 15, 20 and 30
min. Ten seconds before removal of the radioactive solution a
100-ul aliquot was taken and saved for counting. The radiolabeled
HBSS was removed from a plate, the plate rinsed twice with
nonradioactive 4*C PBS, and the cells killed with 1 ml of 4"C,
0.11 M NaOH. The cells were mechanically loosened from the
plate and transferred to a counting tube. To permit correction
for nonspecific binding to the plates, duplicate plates that had
been coated with the plating medium but without cells were
treated in the same manner (control plates). To determine if nonmetabolic or background binding to the cells occurred, duplicate
plates containing cells were cooled to 4*C after which 1 ml of 4"C
radioactive solution was added to the plates for 1 rain and then
removed. The plates were handled in an identical manner to the
iced plates.
Data Analysis. All samples were counted in a gamma well
counter with a 3-in. NaI detector. The initial counting parameters
were a peak at 140 keV with a 20% window to determine 99mTc
activity. After allowing two to four days for technetium decay,
the samples were again counted using a peak of 70 keV with a
50% window for the 2°ITI. Along with standards for each radionuclide, a 1-ml aliquot of the radiolabeled medium was counted.
All samples from each set of plates were decay corrected to the
time of determination of specific activity of the standards solutions at the beginning of an experiment. After counting, the
protein content of each sample was determined in duplicate using
the Bradford method (7).
Data were corrected in two ways: (a) for nonspecific binding
by subtracting the average activity on the control plates (n = 2)
for an individual study from the activity on cell containing plates
from that study and expressing the remaining activity as CPM/
mg protein; and (b) for non-metabolic or background binding by
subtracting the CPM on the control plates from the CPM on the
iced plates and dividing the remaining activity by mg protein on
the iced plates. This remaining activity represents a reasonable
estimate of the non-metabolic binding of tracer to the cells,
although some minimal residual metabolism may have remained
at the temperature used, 4"C. The non-metabolic binding activity
as determined above was then subtracted from the CPM/mg
protein on each plate corrected for nonspecific binding as determined in (a). Activity on each cell plate was then expressed as a
ratio of (CPM/mg protein)/(CPM/ml supernatant). Using this
ratio assumes there is a constant but unknown relationship
between mg protein and cell volume.
To determine if differences in cell size accounted for differences in uptake among the cell types (vide infra), the data was
also expressed as (CPM/ml cell volume)/(CPM/ml supernatant).
For myocytes, cell volume was assumed to be 0.0055 ml/mg
protein based on an average of the value reported by Farmer et
al. of 0.0050 ml/mg protein and unpublished work from our
laboratory (0.0059 ml/mg protein) (8). Endothelial cell volume
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was assumed to be 0.0108 ml/mg protein calculated from the
data of Anversa et al. and from Simionescu and Simionescu (1,
9). Fibroblast-like cell volume was assumed to be equal to endothelial cell since the two cell lines histologically appear similar in
size and no literature estimates of volume could be found.
Statistics. Corrected 2°'T1 activity, both as (CPM/mg protein)/
(CPM/ml supernatant) and (CPM/ml cell volume)/(CPM/ml
supernatant), for all cell plates (n = 3-5) at each time point was
compared to the 99mTc-sestamibi activity on the same plates using
analysis of variance with the Scheffe procedure for multiple
comparisons and a significance level of 19< 0.05.
RESULTS

For endothelial cells, initial 2°'TI and 99mTc-sestamibi
accumulation, corrected only for nonspecific binding on
the control plates, was in parallel (Fig. 1). Subsequently,
2°'TI net accumulation plateaued, whereas there was continued uptake of 99mTc-sestamibi, such that a statistically
significant difference existed at 30 min. (By simple paired
t-testing, these differences were significant by 11 min.)
This was true when the data were expressed in terms of
(CPM/mg protein)/(CPM/ml supernatant) or when corrected for cell volume (Fig. 1). Subtraction of the nonmetabolic uptake contribution to net accumulation did
not change this relationship. As shown in Table 1, the
difference between mean endothelial cell net accumulation
corrected only for nonspecific binding and mean net accumulation corrected for non-metabolic uptake was very
small for both 2°'TI and 99mTC-sestamibi.
The initial rate of 2°'TI net accumulation by the fibroblast-like cell (corrected only for nonspecific binding) was
slower than by endothelial cells (Fig. 2). However, the net
accumulation during the later time periods was similar to
that for the endothelial cell. Technetium-99m-sestamibi
accumulation (both rate and net) was markedly reduced
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in the fibroblast-like cell and not statistically different from
2°'T1. Correction for estimated cell volume did not change
these observations. There was a small but statistically
significant difference between 99mTc-sestamibi net accumulation corrected only for nonspecific binding compared
to accumulation corrected for the non-metabolic component as shown in Table 1. This was not so for 2°'TI.
Net 2°'T1 accumulation by quiescent myocytes was similar to that by endothelial cells (Fig. 3), whereas net 99mTCsestamibi accumulation was progressive throughout the
observation period reaching a 30-fold greater value by 30
min. Correction for non-metabolic accumulation or for
myocyte volume did not change this relationship. In one
study, uptake was observed through 60 min with accumulation continuing in an almost linear fashion (data not
shown).
DISCUSSION

Myocardial perfusion imaging with the gamma-emitting
radionuclide, 2°'T1, is a clinically useful method for diagnosing coronary artery disease, evaluating the extent of
coronary disease, or evaluating myocardial viability. This
agent is delivered to and deposited in the myocardium in
proportion to myocardial blood flow at low-to-intermedi-
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0.0176 + 0.00
0.0195 + 0.00 t

protein)/(CPM/ml supematant)] for the samples corrected only for
nonspecific binding (control plates) and after correction for nonmetabolic binding (cells at 4°C).
t p _< 0.05 for correction only for nonspecific binding versus
correction for non-metabolic binding.
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FIGURE 3. Uptake of radiotracers by isolated, quiescent myocytes expressed in as a function of duration of incubation. Abbreviations and legend as in Figure 1.

ate levels of flow when compared to microspheres (10).
Numerous studies have suggested that 2°JTI behaves similarly to potassium relative to uptake and clearance from
the myocardium with a large fraction (>60%) of uptake
being a Na-K ATPase-dependent process (11-13). Uptake
of another large fraction is thought to be ATP-dependent
but not related to a monovalent ion gradient (11). Recently, these concepts have been challenged by Maublant
et al. who have suggested that for thallium the uptake is
largely independent of metabolism and that the in vivo
deposition is largely a passive, flow:dependent phenomenon (14). Work by others using isolated perfused hearts
and intact animals would support this position (15,16).
However, no explanation is provided by Maublant as to
the mechanism of uptake other than speculation that 20~T1
uptake is related to the metabolic functions responsible for
maintaining cell membrane integrity and unrelated to
mitochondrial metabolism. Neither the mechanism nor
the kinetics of 2°~T1 uptake in the cardiac endothelial or
the fibroblast-like cell has been evaluated.
There are many 99mTc-isonitrile compounds that have
been evaluated as potential myocardial perfusion imaging
agents. These data have been reviewed recently (17-19).
One of the most clinically promising is 99mTc-hexakis-2methoxyisobutylisonitrile), an ether substituted analogue,
referred to by several names such as 99mTc-sestamibi, RP30, Cardiolite and others. The study of Maublant et al. in
myocyte cultures suggest that its uptake and clearance is
independent of cellular metabolism and was postulated to
be related to Iipophilicity (14). In this study, uptake was
linear with time during the first 45 rain and then demonstrated equilibrium conditions between 2-3 hr. Half-time
for clearance from the cells was 28 min. However, in vivo
studies have suggested that there is little washout over
a 4-hr period (20,21). In another study of a slightly different compound (99mTc-carbomethoxyisopropylisonitrile,
99mTc-CPl), uptake was similar but washout much faster.
The majority of 99mTc-CPI compound was found in the
cell membrane fragment with only 9% in the mitochondria
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and 25% in the cytosol (22). When examined, no evidence
of receptor binding was found (22). In a preliminary
report, it was suggested that the 99mTc-sestamibi compound
is bound to a cytosolic protein (molecular weight --I0,000
D) (23). In the study of Maublant, no significant change
in kinetics was seen when the cells were exposed to agents
that selectively affected various aspects of cell membrane
transport. However, in a study by Piwnica-Worms et aI.,
in which more severe conditions of transport inhibition
were used, initial net uptake was not affected; however
there was suppression at 60 min (24). The data from Chiu
et al. strongly suggest that uptake is a function of the cell
mitochondrial membrane potential (25). Thus, conflicting
mechanisms of trapping are reported. Furthermore, all
these studies have been done in either chick embryo myocytes, neonatal rat myocytes, or mouse fibroblasts that
may have different characteristics of membrane kinetics
and integrity compared to adult myocytes. Prior to our
study, no data has been available relative to 99mTc-sestamibi kinetics in the endothelial cell or fibroblast-like cell.
Diglio et al. have reported a method for obtaining pure
cultures of both endothelial cells and smooth muscle cells
from the adult rat heart (5). These cultures can be maintained through multiple passages for an extended period
of time without loss of functional or structural characteristics. The endothelial and fibroblast-like cells used in this
study were isolated and cultured using a modification of
the Diglio method that we have recently reported (6).
From our data, it is very evident that there are marked
differences between myocytes and endothelial and fibroblast-like cells relative to the net accumulation of radiotracers commonly used for myocardial perfusion imaging as
well as major differences between 2°'TI and 99mTc-sestamibi uptake. Net 2°iT1 uptake by all three cell lines during
the first 10 min of incubation with a subsequent equilibrium is not an unexpected finding given the potassium
analogue characteristics of 2°IT1. The time to plateau for
2°IT1 uptake was earlier than reported by other investigators but was a consistent finding for all our cell lines (11,
12). Unpublished data from a pilot study in our laboratory
demonstrated the time to plateau for 2°~T1 uptake by
myocytes shifted from I0 to 20 min after onset of incubation when the cells were studied in the quiescent state
and then stimulated at a rate of 280 times/min. This level
of stimulation did not affect 99mTc-sestamibi uptake kinetics although measured oxygen consumption increased approximately 25%.
Technetium-99m-sestamibi accumulation was progressive over the 30-min incubation for both the endothelial
cell and myocyte, but not for the fibroblast-like cell. This
suggests a large apparent volume of distribution because
of binding, or deposition in a compartment with high
solubility (partition coefficient) for 99"~Tc-sestamibi or an
active accumulation process. Additionally, myocyte accumulation of 99mTc-sestamibi was more than 8-fold greater
than by endothelial cells. The recent finding ofChiu et al.
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that 99mTc-sestamibi accumulation in mouse fibroblast
cells is a function of the mitochondrial and plasma membrane potential could explain our results (25). If the accumulation is driven to a greater extent by the mitochondrial rather than by the plasma-membrane potential, then
the myocyte, which has a much larger mitochondrial volume than the endothelial cell, would take up a much
greater amount of 99mTc-sestamibi (26). Since both myocytes and endothelial cells presumedly have a much greater
metabolic need than fibroblast-like cells, they should have
a relatively larger mitochondrial to total cell volume ratio
and thus greater total membrane potential to account for
their greater 99mTc-sestamibi accumulation.
Our findings of significant net accumulation of 99mTcsestamibi by endothelial cells also may explain in part the
findings of Leppo and Meerdink. Using the multi-indicator
dilution technique, they observed that the myocyte permeability-surface area product (PSi) for 99mTc-sestamibi was
50 times greater than that for the capillary wall (PSc) (4).
However, they did not account for the endothelial cell. If
the endothelial cell avidity for 99mTc-sestamibi is high, as
our data suggests, then there is little tracer reflux. Failure
to account for endothelial uptake (either by virtue of a
large volume of distribution or by chemical transformation
and retention) forces the estimates of PSp~ to be artifactually too high. Nevertheless, the true PSr~ is likely to be
relatively large given the magnitude of myocyte uptake we
observed. Furthermore, if the endothelial cell is acting as
a barrier to 99mTc-sestamibi ingress to the interstitial space
and ultimately the myocyte, this could account in part for
the relatively low extraction fraction observed by Leppo
and Meerdink and by other investigators in spite of the
large accumulation by isolated myoc~es.
Endothelial uptake and trapping of 99mTc-sestamibi
could also account in part for the reported higher uptake
relative to microsphere measured flow in low-flow reactions of the myocardium (27,28). In addition, the postulated longer transit times in low-flow regions allowing
greater net uptake and the relatively great resistance of the
endothelial cell to ischemia would permit maintenance of
the membrane potential and continued uptake even with
reduced myocyte uptake.
The observation that there is often a small amount of
residual activity seen in images of patients with prior
myocardial infarction has been attributed to partial volume effect and scatter from activity in the blood pool.
Since there are frequently large numbers of capillaries
scattered throughout scar tissue, uptake of both 2°~TI and
99mTc-sestamibi by endothelial cells could account for a
portion of this observed activity. In other clinical settings,
such as during acute myocardial infarction or following
thrombolytic therapy in which there might be relative
sparing of the endothelial cells, uptake, which has been
attributed to myocardial viability, might partially reflect
radiotracer uptake by endothelial and to a lesser extent
fibroblast-like cells.
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In summary, we have shown that the endothelial cell
takes up both 2°~T1 and 99mTc-sestamibi, whereas there is
minimal uptake by the fibroblast-like cell. Although the
endothelial contribution to total cardiac radiotracer uptake
must be small for anatomic reasons, it could have a greater
role if it becomes a relatively large portion of metabolically
active tissue as can occur in some ischemic/infarct states.
Thus, endothelial uptake of 2°~T1 and 99mTc-sestamibi
should be considered in interpretation of myocardial perfusion images. The role of the endothelial cell as a transport
barrier, especially for 99mTc-sestamibi, warrants further
investigation.
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