
everal technetium-99m- (99mTc) labeled agents
have been suggested as replacements for thallium-201
(201Tl)for myocardial perfusion imaging (1â€”3).While
these agents produced adequate cardiac images in ani
mals, only one, hexakis(t-butylisonitrile) technetium
(I) ([99mTc]TBI), has produced clinically promising
images in humans (3). Several complexes of99mTcwith
bis(dimethylphosphino)ethane (DMPE) have failed to
produce adequate clinical cardiac images (4,5). Since it
is generally accepted that Tl@ and potassium@ (K@)
show many physiologic, biochemical, and pharmaco
logic similarities (6), early efforts were directed at the
synthesis of a 99mTcmonovalent cation which would
also be a K+ analog (1). Previous work has demonstrat
ed that [99mTc]DMPE is not transported by the
Na@/K@ATPase of either human erythrocytes (7) or
neonatal rat myocytes (8). In this report, the study of
the transport of synthetic monovalent cations was ex
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tended to an agent which has produced successful car
diac images in humans, [99mTc]TBI, and the related
complex, [99mTc]IPI [hexakis(isopropylisonitrile)].
The results demonstrate an uptake mechanism which
differs not only with that of K@ but also with the uptake

characteristics of [99mTc]DMPE in these systems.

MATERIALS AND METHODS

Preparation of [@â€œTcffBIand [@â€˜TcJIPI
The method for the synthesis of [99mTc]TBIhas been

previously described (3). The synthesis of [99mTc]IPI
follows that of [99mTc]TBI substituting the adduct
ZnBr2(i-C3H7NC)2 for ZnBr2(t-C4H9NC)2.

Measurement of [@TcffBI and [@â€œTc]IPIUptake by
Neonatal Rat Myocytes and Human Red Blood Cells

The uptake of the synthetic cations by neonatal rat
myocytes was studied using methods of Delano et al.
(8). Similar studies using human red blood cells used
the methods described by Sands et al. (7). Total myo
cyte cationic uptake was determined by counting the
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The uptake mechanism of two potent@ cardiac imaging agents [99@Fc)iexakis(t-but@1isonft,1Ie)
technetium (I)(TBI)and [99@Tc)iexakis(isopropy1isonitrlIe)technetium (I)(lPl)has been studied
using neonatal rat myocytes and human erythrocytes. Uptake of these complexes was rapid, of
greater magnitude than seen previously for 42K, and was unaffected by either 0. 15 mMouab@n or
10 mM KCI. Both [99@Tc]isonitriIecomplexes had a high affinity for the membranes of the
myocytes and erythrocytes. The data suggest that the uptake is not dependent on the membrane
Na'iK@ ATPase but may be related to the lipophilicityof these agents as evidenced by the
rapidity,tenacity, and quantity of the bindingobserved.
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FIGURE1
Uptake of [@â€˜Tc1TBIby myocytas. (â€¢)Content of whole
calls; (O)Tc-99m associated withcell membranes after the
cells are lysed

99mTcfound in both the washed cells and in the 7%
trichloroacetic acid used to stop the metabolic process
Cs of the cells. Membrane bound 99mTc was determined

by counting the 99mTcassociated with the cell debris
after separating the cell debris from the lysate by cen
trifugation. In a similar fashion, the 99mTcbound to red
blood cell membranes was separated from the unbound
99mTcby placing the cells in distilled water and separat
ing the membrane from the lysate by centrifugation.

Competition Studies
The affect ofouabain on the transport of [@mTc]TBI

and [99mTc]IPI was studied after the incubation of the
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FIGURE3
Uptake of [9@'Tc]IPl by myocytas. (â€¢)Content of whole
cells; (0) [99@Tc]lPlassociated withcall membranes after
cells ware lysad

myocytes at 37Â°with 0.5 mMouabain. Potassium corn
petition studies were as described above except for the
addition of 10 mM KC1 to the incubation media.

Statistical Analysis
Most uptake studies were done in quadruplicate and

the data are reported as the mean Â±s.d. Data were
compared using the two-tailed Student's t-test for un
paired samples. p-Values of <0.05 were considered to
be statistically significant.
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FIGURE2
Uptake of [@Tc]TBl by myocytas. â€œOuabainâ€•indicates 15
mm preincubation cells with 0.15 mMouabain. K@indicates
uptake of [9@â€•Tc]TBlin presence of 10 mM KCI. (D) Con
trol;(D)Ouabain;(D)K@
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RESULTS

Characteristics of [@TcffBI and [@â€œfc]IPIUptake
by Myocytes

The uptake of [99mTc]TBI by myocytes was rapid
and reached a plateau in â€œ20mm (Fig. 1). Neither pre
incubation with 0. 15 mM ouabain nor the addition of
10 mM KC1 had any affect on the [99mTc]TBIuptake
(Fig. 2). Neither ouabain nor K@produced a statistical
ly significant effect at any time point. The uptake of
[99mTc]IPI by myocytes was also very rapid but in
contrast to the uptake of [99mTc]TBI, did not reach a
plateau within 20 mm (Fig. 3). The [99mTc]IPIuptake,
like that of E99mTc]TBI,was not reduced by pre-incuba
tion with 0.15 mM ouabain or the addition of 10 mM
KC1 (Fig. 4). Statistically significant, paradoxical in
creases due to K+ at 1 and 20 mm and to ouabain at 20
mm were probably artifacts of the assay system. Some
of these results contrast with those previously reported
for the myocyte uptake of [99mTc]DMPE (8) in that
while the uptake of [99mTcJDMPE was similarly not
affected by either ouabain or K@it proceeded at a rate
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FIGURE4
Uptake of [99@'Tc]lPlby rnyocytas. â€œOuabainâ€•indicates 15
mm preincubation of cells with 0.15 mMouabain. K@mdi
cates uptake of [9@'Tc]lPl in presence of 10 mM KCI. (0)
Control;(D)Ouabain;(0) K@
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I I Iten times slower than that of either [99mTc]TBI or
[99mTc]IPI. The uptake of [99mTc]TBI and [99mTc]IPI
was found to be about 50-fold more rapid than the
uptake of42K (8).

Binding of [@â€œTcffBIand [@â€œFc]IPIto Myocyte
Membranes

In Figs. 1 and 3, the amount of either [99mTc]TBIor
[99mTc}IPIbound to cellular membranes is compared
with the total 99mTc found in the myocytes. For both
isonitrile complexes the vast majority of the 99mTc ac
tivity was found associated with the myocyte mem
branes. For IPI (Fig. 1) only the difference at the 30-
and 60-mm time points are statistically significant,
while for TB! only the differences were at 5 and 10 mm
statistically significant. These data again are in con
trast with the data previously reported for the myocyte
membrane binding of either 42Kor [99mTc]DMPE (8)
which showed minimal binding.

Characteristics of the Uptake of [@â€œfcJfBIand
[@â€˜Tc]IPIby Human Erythrocytes

The uptake of the two [99mTc]isonitrilecomplexes by
human erythrocytes is shown in Figs. 5 and 6. [99mTc]
isonitrile uptake was several fold more rapid than the
uptake of either 42Kor [99mTc]DMPE (7). In addition,
42K and [99mTc]DMPE uptake continued to increase
over the 60- to 90-mm incubation period, whereas the
[99mTc]jsonitrile uptake rapidly reached a plateau.

Bindingof [@â€œTcffBIand [@â€œFc]IPIto Human
Erythrocytes Membranes

The results of the lysis of erythrocytes previously
loaded with either [99mTc]TBIor [99mTc}IPIare shown
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FIGURE5
Uptake of [99@Tc]TBlby human erythrocytas. (0) Total
[99mTc]TBIassociated with intact arythrocytes; (â€¢)
[99â€•Tc]TBIassociated with membranes of cells loaded with
TBIand then lysed

in Figs. 5 and 6. After lysis ofthe cells, over 50% of each

of the initial radioactivity of the [99mTc]isonitrile corn
plexes were still associated with the erythrocyte mem
branes. Again, this is different from the results previ
ously reported using 42K and [99mTcJDMPE in which
virtually none of the radioactivity was found associated
with the erythrocyte membranes.

DISCUSSION

The initial promising clinical results using the
[99mTc]isonitriles (3) has lead to continued work in the
development of these agents toward a clinically useful
kit preparation. Preliminary work has shown that these
agents have a linear relationship of distribution with
regional myocardial blood flow, minimal washout and
redistribution, high extraction fraction and excellent
imaging ability. This may allow them to replace 201Tlas
a cardiovascular diagnostic agent (9). These results are
an extension of previous work on the mechanism of
uptake of [99mTc]DMPE by myocytes (8) and human
erythrocytes (7). Since the uptake of [99mTc]DMPE
was neither ouabain sensitive, nor inhibited by either
Tl+ or K+, an uptake mechanism unrelated to the
Na+/K+ ATPase was proposed. The results reported
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80 -râ€” agentsindiverseanimalspecieshavefailedtoproducea
truly predictive model for preclinical screening of po
tential 99mTc cardiac imaging agents (11). While the
studies reported here show differences between the up
take of these two complexes in neonatal rat myocytes
and human erythrocytes, their predictive value is also
limited. The mechanism by which the human erythro
cyte takes up synthetic monovalent 99mTc complexes
may not be truly reflective of the cardiac mechanism.
Likewise, species differences may make the neonatal
rat myocyte nonpredictive of the utility in humans.
Ideally, the myocyte experiments would be done using

. human neonatal cardiac tissue, however, such material

is difficult to obtain for routine mechanistic and screen
ing studies.

Several important questions remained unanswered.
It is not known whether the differences seen between
the uptake of [99mTc]isonitrile complexes and
[99mTc]DMPE in the systems employed relate to their

_.L@. ability to accumulate in and image the human heart

90 (3â€”5). Also unknown is whether the high lipophilicity

of the [99mTc]isonitriles is the reason for the relative
lack of species specificity seen with these agents (11).
Lastly, if lipophilicity is an important characteristic for
a human cardiac imaging agent then by what mecha
nism(s) can the 99mTc complexes accumulate in the
myocardium rather than accumulate nonspecifically in
the blood cells and vessels between the injection site and
the heart. Clearly, further explorations at the cellular
level are needed for a more complete understanding of
the mechanism(s) involved in the accumulation of
[99mTc]isonitriles by the heart.
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here suggest that the Na@/K@ATPase is also not in
volved in the uptake of the [99mTcjisonitrilecomplexes.
The mechanism ofthe uptake of [99mTc]DMPE and the
[99mTc]isonitrile complexes may be different based on
the differences in the kinetics and magnitude observed.
The isonitrile complexes are either taken up by or bind
to both myocytes and erythrocytes more rapidly, to a
greater extent and are much more tightly bound to the
membrane component of the cells than is
[99mTcJDMPE The [99mTc]isonitrile complexes are
also much more lipophilic than is [99mTc]DMPE, based
on their octanol:water partition coefficients and high
performance liquid chromatography (HPLC) reten
tion time (10). Since a major component of the cell
membrane is lipid, the high lipophilicity of these corn
plexes could account for the nonspecific uptake by the
cell membrane. The rapidity, tenacity, and quantity of
the binding of the [99mTc]isonitrile complexes to both
erythrocytes and myocytes is consistent with the con
cept that the [99mTc]isonitrile complexes may simply
bind to cell membranes and are not transported across
membranes as are [99mTc]DMpE, 201Tl,and 42K.

Any comparison of the uptake mechanisms of
[99mTc]DMPE with that of [99mTc]isonitrilecomplexes
must deal with the fact that the former have been shown
to produce clinically inadequate cardiac images (4,5)
while the localization of the latter have the potential of
clinical utility (3). A series of studies comparing these
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