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To assess the effect of hypoxia on cellular thallium-201 (201TI)uptake and washout

independent of coronary flow, we studied thallium kinetics during normoxia and hypoxia in
cultured chick ventricular cells. Monolayers of contracting ventricular cells grown on
coverslips were placed in a chamber and perfused to asymptote with media containing 2Â°'TI.

Perfusates were equilibrated with 5% CO2-95% air or 5% CO2-95% nitrogen for normoxia

and hypoxia, respectively. Washout thallium kinetics were then observed during perfusion
with unlabeled media. Twenty paired experiments were performed, randomly alternating the
sequence of normoxia and hypoxia. Pharmacokinetics for thallium were determined by
computer using standard formulae. Thallium uptake and washout were best described by
assuming that intracellular thallium was contained within a single compartment. Cellular
thallium uptake, as well as transfer rate constants for thallium uptake and for thallium
washout during normoxia and hypoxia, were compared using paired t-tests. During normoxia

and hypoxia, respectively, thallium uptake was 22 Â±7% and 19 Â±7% of asymptote (p <
0.01); the compartmental rate constant for uptake by the cell was 0.16 Â±0.07 min~1 and 0.15
Â±0.06 min"1 (N.S.); and the transfer rate constant for washout from the cell was 0.26 Â±0.06
min"1 and 0.23 Â±0.05 min~1 (p < 0.01). We conclude that there was a small (14%) decrease

in thallium uptake during hypoxia. The rate of thallium uptake and washout was slightly less
during hypoxia, although only the rate of washout was significantly less. These data show
that cellular accumulation of thallium and the rate of washout of thallium were minimally
decreased by hypoxia independent of blood flow.
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De 'espite the widespread use of thallium-201 (2Â°'T1)

as a myocardial perfusion imaging agent, the effects of
hypoxia on cellular uptake and washout of thallium
have not been well established. Removal of oxygen
results in prompt alterations of cardiac electrolytes ( 7-

3), including a fall in intracellular potassium levels
within seconds of hypoxia (4). Like potassium, thallium
is a monovalent cafion that is, primarily, intracellularly
localized (5). Both cations have similar ionic radii (5),
and many physiological similarities have been demon
strated (6-8).

Previous attempts to characterize cellular uptake of
thallium during hypoxia have all been limited by the
presence of diffusion barriers and multiple extracellular
compartments (9-11). These barriers complicate the
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determination of intracellular-extracellular ion ex

changes in intact cardiac muscle. Many of these models
are further complicated by increases or decreases in
coronary flow (12), and by an inability to distinguish
the effects of these changes in flow from changes in the
intrinsic cellular ability to extract thallium. Thus, thal
lium kinetics during normoxia and hypoxia were stud
ied in a monolayer of cultured chick ventricular cells
to assess the effect of hypoxia on cellular thallium
uptake and washout, independent of coronary flow and
of diffusional limitations resulting from intervascular
and interstitial compartments.

METHODS

Tissue Culture
Monolayer cultures of contracting chick embryo myocar

dial cells were prepared using the method of DeHann (J3)
with modifications as described by Barry et al. (14). Eight- to
10-day-old chick embryo hearts were removed under sterile

conditions in a laminar flow hood. The ventricles were cut
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into 0.5-mm fragments and placed in calcium- (Ca) and
magnesium- (Mg) free Hanks' solution.* The ventricular frag

ments were gently agitated in 10 ml of 0.025% (wt/vol) trypsin
in Ca- and Mg-free Hanks' solution, at 37Â°Cfor four 7-min

cycles. The supernatent suspension containing the cells, de
canted during each cycle, were then placed in 20 ml of cold
trypsin inhibitor medium (50% heat inactivated fetal calf
serum and 50% Ca- and Mg-free Hanks'). This suspension

was centrifuged at 1,600 rpm for 10 min, the supernatent was
discarded, and the cells were resuspended in culture medium
consisting of 6% heat inactivated fetal calf serum, 40% me
dium 199*, 0.1% penicillin-streptomycin antibiotic solution,
and 54% low-potassium salt solution containing: NaCl, 116
mmol; NaH2PO4, 1.0 mmol: MgSO4, 0.8 mmol; K.C1 1.8
mmol; NaHCO3, 26.2 mmol; CaCl2, 0.87 mmol; and glucose,
5.5 mmol. The cell suspension was diluted to 400,000 cells/
ml and placed in sterile plastic culture dishes containing 25-
mm circular glass coverslips. Cultures were incubated in a
humidified 5% CO2-95% air atmosphere at 37Â°C.Within 2-3

days there were confluent monolayers of cells attached to the
coverslips. Seventy to 90% of the cells contracted synchro
nously.

Experimental Protocol
Two circular glass coverslips with monolayers of contract

ing cells were used to form two surfaces of a chamber.* The
coverslips were separated by a 2.5-mm-thick silicone gasket
that also maintained an internal seal. The coverslips and gasket
were held together by an aluminum ring which had multiple
ports, allowing for entry and exit of the perfusate. The cham
ber volume was 0.75 ml. A sodium iodide detector (3 in. X 3
in.), appropriately shielded with lead, monitored gamma and
x-ray emission from the chamber; while a single channel
spectrometer and sealer timer with automated printing were
used to sequentially record the counts each minute.

The chamber and perfusion media were enclosed in a
Lucite box with controlled temperature (37Â°C).The inlet to

the perfusion chamber was connected to a syringe pump by
high pressure tubing surrounded by polyethylene tubing. Me
dia was infused at a constant rate of 0.76 ml/min. This media
was composed of 94% balanced salt solution (see "Tissue
Culture") and 6% fetal calf serum with no added glucose. In

order to produce the normoxic and hypoxic conditions the
perfusate, prior to infusion, was gassed for 1hr with either 5%
CO2-95% air, or 5% CO2-95% nitrogen, respectively. Pro
longed gassing of these solutions with 5% CO2 resulted in a
pH of ~7.35. Similarly the space surrounding the high pressure
and polyethylene tubing was also gassed with the appropriate
mixture for normoxia or hypoxia.

After 1 hr of gassing, the perfusion medium was aspirated
into a 50-ml glass syringe and infused into the chamber. The
oxygen concentration of the effluent was monitored with a
pH/gas analyzer model 213.* The desired oxygen concentra

tion for hypoxia was <12 mmHg and for normoxia < 120
mmHg. Equilibration with hypoxic media for 30 to 40 min
was required before the chamber effluent oxygen reached the
desired range. After obtaining the desired oxygen concentra
tion, infusion with thallium-201 (20'T1)S(0.5-1 Ci/ml) labeled
media was begun. The thallium-201 count reached an asymp
tote within 30 min of infusion. Perfusion was then continued
with unlabeled media, and the washout of thallium counts
was monitored for 60 min. The same oxygen concentration

was maintained during both infusion with the 2Â°'Tl-labeled

media, and washout with the unlabeled media, respectively.
To determine the characteristics of the perfusion chamber

without myocardial cells, a set of ten experiments was per
formed. Infusion and washout were performed during nor
moxia (number = 5) and hypoxia (number = 5) using cover-
slips without myocardial cells. Twenty experiments were per
formed in a paired (normoxic and hypoxic) manner, with
random alternation of the sequence of normoxia and hypoxia.
To help ensure the responsiveness of the system to metabolic
interventions, a series of experiments was performed with
ouabain, a Na-K. ATPase inhibitor. Paired experiments (n =
4) were done during normoxic conditions with and without
ouabain in concentrations from IO"5to 10~}M.The cells were

observed at the end of each experiment to ensure that they
remained adherent to the coverslips and continued to contract.
If the cells were detached from the coverslip, the experiment
was repeated.

After noting the small magnitude of change in thallium
uptake (see "Results") during hypoxia, an attempt was made

to more closely simulate the clinical situation during hypoxia
by also allowing the pH to fall. Paired experiments (n = 4)
were performed comparing normoxia (pO2 > 120 mmHg, pH
= 7.35) versus hypoxia and mild acidosis (pO2 < 12 mmHg,
pH = 7.10). The mild acidosis was created by addition of IN
HC1to the perfusion media. During exposure of cells to severe
acidosis (pH = 6.5) cells ceased to contract.

Data Analysis
Thallium activity (counts) was plotted versus time (min)

for the 60-min washout period (Figs. 1 and 2). Using manual
sequential curve stripping (75) the experimentally obtained
curves were easily resolved into multiple exponentials (Figs. 1
and 2). These findings were confirmed using the CSTRIP
program (76) that also provided initial estimates of the elim
ination rate constant (XÂ¡)of the ith exponential term (min"'),

and of the coefficient (Q) of the ith exponential term that
represents counts of the ith exponential at time 0. Using these
estimates, counts (C) at time (t) is described by:

nr â€”V r>-*i' \ -*>\
\^ â€” Â¿j \^[C Aj -** Aj+i

i-1

At the start of washout (time = 0) C was set equal to the
asymptote. The initial estimates were then used in the
NONLIN program (17) for derivation of final estimates by
nonlinear iterative least-squares curve fitting. For these esti
mates, thallium activity (counts) was weighted by the inverse
of the square of the observed counts because of the wide range
(two log cycles) of counts (18,19). Goodness of fit was assessed
by visual inspection of residuals, by comparison of the exper
imental and calculated curves, as well as by examination of
R2, and the percent of the derived elimination rate constants

(X,)and coefficients (CÂ¡)(79).
The experimentally obtained curves were accurately de

scribed by two or three exponentials depending on the pres
ence or absence of cells. Compartmental analysis theory (20)
has shown that a system composed of at least a corresponding
number of compartments may be used to model the thallium
kinetics.

In accordance with the experimental design, elimination
occurs from the central compartment (Compartment 1) that
represents media in the chamber. The model assumes that the
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FIGURE 1
Sample plot showing washout of
thallium (counts) from the chamber
without cells. The two exponentials
(E, and E3) derived by the NONLIN
program to describe the experimen
tal data are shown. EL E3 = expo
nentials describing thallium washout
from Compartment 1 (media) and
Compartment 3 (nonspecific binding
to glass and gasket), respectively;
t = time.

central compartment is also reversibly connected to both
"shallow" or cellular, and "deep" or noncellular (glass and

silicone gasket) peripheral compartments, numbers 2 and 3,
respectively (Fig. 3). Once Ci and X| are known, the individual
intercompartmental transfer rate constants (k|2, k21, kn, and
k,3) may be calculated by standard formula (21). Each rate
constant (kÂ¡j)represents the fraction of activity exchanged
from Compartment i to Compartment j per unit time.

Cellular thallium uptake during normoxia and hypoxia was
compared during each paired experiment as a fraction of
asymptote. This was calculated as C2 divided by C. Comparing
the cellular thallium uptake in this manner enabled the com
parison of relative cellular thallium uptake during normoxia
and hypoxia without correction for 2Â°'T1decay (70-hr half-

life), differences in thallium activity, or for variations in the
number of myocardial cells on each set of coverslips. Uptake
by the "deep" peripheral compartment was calculated in a

similar manner, dividing C3 by C. The decrease in cellular
thallium uptake for each intervention (hypoxia, ouabain, hy
poxia, and mild acidosis) was calculated as the difference
between control C2/C and intervention C2/C divided by con
trol C2/C.

Statistical Analysis
Two-way analysis of variance for four groups was used to

compare uptake and pharmacokinetic parameters of the

chamber both with and without cells, during normoxia and
hypoxia. The Student's t-test for paired data (normoxia versus

hypoxia) was used to test for significant differences in cellular
thallium uptake (C2/C), the cellular elimination constant (X2),
and the rate constants (k12, k2!) for transfer between the
cellular and central compartments.

RESULTS

Typical plots of thallium washout from the chamber
without cells (Fig. 1) and with cells (Fig. 2) are illustrated
on a semi-log scale. Using manual sequential curve

stripping (75) and CSTRIP (76), the washout curve for
the chamber with cells was easily resolved into three
exponential curves; while the washout curve for the
chamber without cells was easily resolved into two
exponential curves. Shown in Figures 1 and 2 are the
computer derived exponential curves E,, E2, and E3
(Ei = CÂ¡e~Xit)representing the central (chamber volume),

cellular, and noncellular (chamber walls) compart
ments, respectively. Also illustrated in Figure 2 is the
close agreement between both the observed and calcu
lated data points.
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FIGURE 2
Sample plot showing washout of
thallium (counts) from the chamber
with cells. The three exponentials
(Ei, E2, and E3) derived by the
NONLIN program to describe the ex
perimental data are shown. The bro
ken line connecting the circles rep
resents the thallium counts (C) as
calculated by the model, where C =
E! + E2 + E3. Ei, E3, and t as in
Figure 1. E2= exponential describing
cellular thallium washout.
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FIGURE 3
This three-compartment model ac
curately described thallium distribu
tion. The central compartment rep
resents media (0.75 ml) within the
chamber. The peripheral cellular
compartment represents cellular up
take. The peripheral noncellular
chamber represents nonspecific
binding to the glass and silicone gas
ket. In accordance with the experi
mental design, elimination occurs
from the central compartment. Inter-
compartmental transfer rate con
stants are symbolized by kÂ¡Â¡.
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Cells were no longer attached to the coverslips and
noncontractile in only three experiments that were re
peated. Cells were also noted to be noncontractile dur
ing hypoxia and severe acidosis (pH = 6.5). Observed
data from the experiments that were successfully com
pleted with contractile cells correlated very closely, 1.0
Â±0.0004 with the calculated data. Visual examination
of these data showed a random distribution of weighted
residuals.

Comparison of Chamber With and Without Cells
The fractional uptake by each peripheral compart

ment, and the intercompartmental transfer rate con
stants for experiments with and without cells are shown
in Table 1. Note, there was no significant difference in
the transport rate constant from the central compart
ment k10,regardless of either the presence or absence of
cells. This rate constant was also unaffected by the
oxygen concentration. Relative uptake (C3/C) and
transport rate constants both into (k0) and out of (k/3l)
the noncellular compartment were also unaffected by
either the oxygen concentration, or the presence or
absence of cells. The peripheral compartment, repre
sented by the second exponential (E2), was only ob
served when cells were present. It followed that the
presence of this additional exponential reflected a cel
lular effect.

Differences in Cellular Thallium Distribution During
Normoxia and Hypoxia

The measured oxygen concentration during hypoxia
was 9 Â±3 mmHg (mean Â±s.d.). The cellular elimina
tion rate constants (X2)for normoxia and hypoxia were
0.16 Â±0.02 min'1 and 0.14 Â±0.02 min'1 (p < 0.01),

respectively. The relative uptake and transport rate
constants for the "shallow" or cellular compartment are

shown in Table 1. Thallium uptake C2/C during nor
moxia and hypoxia was 0.22 Â±0.07 and 0.19 Â±0.07 of
asymptote (p < 0.01), respectively (Fig. 4). The rate
constants for cellular uptake (ki2) of thallium during
normoxia and hypoxia were 0.16 Â±0.07 min"1 and
0.15 Â±0.06 min'1 (N.S.), respectively (Fig. 5). There

was a small but significant difference (p < 0.01) in the
rate constants for cellular thallium washout (k2,) during
normoxia and hypoxia 0.26 Â±0.06 min"1 and 0.23 Â±
0.05 min"', respectively (Fig. 6).

The addition of ouabain resulted on a dose dependent
decrease in cellular thallium uptake. The decrease in
cellular thallium uptake compared with control was 31
Â±9%, 42 Â±5% and 61 Â±2% at l()-5M, 10"4M, and
10~3A/ouabain, respectively. Thallium uptake C2/C

during normoxia and hypoxia along with mild acidosis
was 0.23 Â±0.06 and 0.20 Â±0.07, respectively. This
13% decrease in cellular thallium uptake during hy-

TABLE 1
Values of Transport Rate Constants K, (min(~1) and Relative Compartmental Sizes (CÂ¡/C)

Withoutcellsk,o

k,3
ksi
C3/CkÂ»

k*C2/CNormoxia0.1

7 Â±0.05
0.21 Â±0.08

0.016 Â±0.007
0.02 Â±0.01Hypoxia0.16

Â±0.06
0.20 Â±0.07

0.014 + 0.005
0.02 Â±0.01With

cellsNormoxia0.22

Â±0.08
0.26 Â±0.08

0.020 Â±0.005
0.02 Â±0.020.16

+ 0.07
0.26 Â±0.06
0.22 Â±0.07Hypoxia0.19

+ 0.05
0.27 Â±0.07

0.018 Â±0.005
0.02 Â±0.010.1

5 Â±0.06
0.23 + 0.05
0.19 Â±0.07Analysis

of
variancep

> 0.1 (N.S.)
p > 0.1 (N.S.)
p>0.1 (N.S.)
p>0.1(N.S.)Paired

t-testN.S.

p < 0.01
p < 0.01

1 = Central compartment; 2 = Cellular compartment; 3 = Nonspecific binding.
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FIGURE 4
Cellular thallium uptake expressed
as a fraction of asymptote during
normoxia and hypoxia.

poxia and mild acidosis is nearly identical to the 14%
decrease during hypoxia alone.

DISCUSSION

This study using monolayers of cultured chick myo-

cardial cells, suggests that intracellular thallium is con
tained within a single compartment. A decrease in
oxygen concentration was shown to decrease the intra
cellular thallium content by a small but statistically
significant percentage. Rates of uptake and washout of
thallium were slightly less during chronic hypoxia, al
though only the rate of washout was significantly less.
Thus, hypoxia alone has a surprisingly small effect on
thallium transport. This study is the first, to our knowl
edge, to demonstrate an effect of hypoxia albeit small
on cellular thallium uptake independent of flow and of
intervascular or interstitial diffusional limitations.

Cellular Compartntcntalization
McCall et al. (22) using cultured rat myocardial cells

also reported monoexponential uptake and washout of
thallium most consistent with localization of intracel
lular thallium in a single compartment during nor
moxia. They reported the elimination rate constant (X2)
of thallium to be 0.14 Â±0.01 min"1 versus 0.16 Â±0.02
min"1 in this study. Goldhaber et al. (77) reported

biexponential tissue washout due to an extracellular
and cellular related compartment. Llaurado et al. (9)
studied thallium kinetics in isolated rat myocardial
tissue and proposed an extracellular, main intracellular,
and subcellular compartment for thallium. They re
ported enlargment of the subcellular space and in
creased thallium influx into this space after exercise.
Similarly, Krivokapich et al. (70) in the isolated rabbit
ventricular septum found rapidly and slowly exchang
ing cellular compartments. These discrepancies may be

0.4 y
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Rate
Constant 02.

min"

0.1-â€¢

NS

.16t.07 .15Ã•.06

Normoxia Hypoxia

FIGURE 5
Transport rate constant (k12) ex
pressed as min"1 for cellular thallium

uptake during normoxia and hypoxia.
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FIGURE 6
Transport rate constant (k2,) ex
pressed as min~1 for cellular thallium

washout during normoxia and hy-
poxia.
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due to difficulties in distinguishing compartments with
similar elimination rate constants (XÂ¡)as well as to
differences in the models used in these studies.

Effects of Hypoxia and Ischemia on Cellular Thallium
Uptake

Previous studies (12,23) have suggested that initial
myocardial uptake of thallium primarily reflects coro
nary blood flow and cellular viability. This premise
forms the basis of clinical imaging. Weich et al. (12)
reported that thallium uptake in dogs was minimally
affected by hypoxia. They found a small (11%) decrease
in the extraction fraction of thallium along with a 70%
increase in mean coronary flow at an oxygen concen
tration of 30 mmHg. They also reported that increased
coronary flow in excess of myocardial demands was
associated with a decrease in extraction fraction making
it difficult to separate the effects of coronary blood flow
and intrinsic cellular activity.

Goldhaber et al. (77) using fetal mouse hearts dem
onstrated a nonsignificant reduction in thallium con
tent relative to control after 60 min of ischemia, fol
lowed by a progressive decrease in thallium content
during ischemia for up to 10 hr. At 3 hr thallium
content in isolated hearts was 64% of that in control
hearts. Our study showed only a 14% decrease (0.22
versus 0.19 of asymptote) in cellular thallium uptake
after 60 min of hypoxia (oxygen concentration gradu
ally decreasing for 30 min and then maintained <12
mmHg for 30 min) and similarly a 13% decrease (0.23
versus 0.20 of asymptote) in cellular thallium uptake
during hypoxia and mild acidosis. Therefore, during
prolonged hypoxia, these findings are concordant with
those of Goldhaber et al. during ischemia. Leppo et al.
(24) using a dual isotope technique in isolated rabbit
hearts reported that peak myocardial thallium extrac
tion decreased insignificantly during hypoxia but in
creased significantly during ischemia.

Rate of Thallium Washout and Uptake
The suppression of the rate of thallium washout

during chronic hypoxia was concordant with clinical
observations of redistribution and other published data
(25,26). Grunwald (25) reported delayed intrinsic myo
cardial cellular thallium washout during persistently
diminished perfusion in dogs. Okada (26) reported
more rapid thallium loss from the normal as compared
with the reduced flow zone as the mechanism of redis
tribution in dogs with severe flow reduction.

Krivokapich et al. (27) used the isolated rabbit inter-

ventricular septum to demonstrate that perfusion with
media equilibrated with 98% N2-2% CO2 for 20 to 40

min caused a decrease in thallium tissue uptake due to
an increased efflux of thallium with a smaller increase
in thallium influx. During 40 and 60 min of perfusion
with anoxic media, the increased efflux of thallium was
reversed and the increase in thallium influx was absent.
Our experimental design did not permit the evaluation
of the effects of hypoxia on thallium kinetics during the
first 40 min of hypoxia. However, our data do concur
with the findings as reported by Krivokapich (27) for
the period between 40 and 60 min.

Methodological Considerations
The use of monolayers of cells allows direct study of

cellular metabolism without the added complexities of
interstitial and vascular spaces. On the other hand, the
presence of diffusion barriers to oxygen in "intact tis
sues" as the superfused papillary muscle or arterially

perfused muscle result in the effects of hypoxia being
evident with less stringent reductions in perfusate oxy
gen. There is some evidence (28-30) that due to an
enhanced capacity for metabolism via anaerobic gly-

colysis, cultured heart cells may be resistant to the
effects of hypoxia. The level of hypoxia (<12 mmHg)
used in this experiment was selected because it has been
shown to be the critical oxygen concentration at which
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contractile function was impaired in these cells (14).
This was also the oxygen concentration recorded in the
midwall of the left ventricle of dogs subjected to critical
coronary artery stenosis (31). The difficulty obtaining
low oxygen concentrations rapidly with this model lim
its its use in studies of acute hypoxia.

The cultured cell model has been more conducive to
the study of hypoxia than the complex phenomenon of
ischemia. These experiments were designed for the
study of hypoxia. However, an ischemia-like state in
cultured myocardial cells can be produced by markedly
limiting the volume of extracellular medium combined
with total oxygen and glucose deprivation (32). Pre
vious studies have demonstrated that factors secondary
to in vivo hypoxia as the intracellular accumulation of
free fatty acids (33) and the development of acidosis
(34) were more injurious to cultured rat myocardial
cells than hypoxia alone. Several studies (24,27) have
demonstrated differences in the effects of hypoxia and
ischemia on thallium exchange. In this study there was
no apparent difference in the effects of hypoxia versus
hypoxia combined with mild acidosis on cellular thal
lium uptake. These results would not be applicable to
a more severe acidosis.

Clinical Relevance
Numerous questions remain to be answered before

thallium kinetics are fully understood and can be mo
nopolized to improve the accuracy of thallium imaging,
including tomography and quantitative analysis. Ische
mia during thallium scintigraphy results both in de
pressed total accumulation (12,25) and in delayed dis
appearance (25,26) of thallium. Similarly, the present
study is the first to demonstrate a small decrease both
in cellular thallium uptake and washout during chronic
hypoxia without the confounding effects of extracellular
compartments. The 14% decrease in cellular thallium
uptake observed in this study during hypoxia does not
account for clinically observed perfusion defects. Cer
tainly this effect is insignificant compared with that of
reduced myocardial perfusion. In an individual human
study, for example, if determination of thallium trans
port were to be used in an attempt to determine hypoxic
alteration of cell membrane transport, the effects would
be virtually unobservable and probably overwhelmed
by flow-related effects. However, if thallium is to be
used in a quantitative manner or for the study of cellular
viability or complex phenomena as reperfusion, chronic
ischemia, and myocardial infarction, these basic
changes need to be considered.

NOTES
*Grand Island Biological Co., Grand Island, NY.
f Sykes-Moore Chamber, BÃ©licoGlass, Vineland, NY.
*Instrumentation Laboratory, Lexington, MA.
Â§Medi-Physics, Emeryville, CA.
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