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The ability of isolated human erythrocytes to exchange Na + for K + via (Na + + K+)-ATPase was used to 
study the characteristics and interactions of the transport of both alkali metal and synthetic monovalent 
cations. Both efflux and influx studies were carried out and the results showed that: (1) Efflux of 22Na+ from 
human erythrocytes was stimulated by the addition of either of K +, or TI + at 10 mM and inhibited by the 
addition of ouabain. Unlabeled K + and the addition of [99Tc(dmpe)2. C121 + (dmpe, 1,2-bis(dimethylphos- 
phino)ethane) at 5 mM had no effect on 22Na+ efflux. (2) Influx of 42K+ was inhibited by the addition of 
ouabain, unlabeled K +, or TI +. 2°!TI + influx was more rapid and of a greater magnitude than 42K+ influx. 
199Tc(dmpe)2 • Ci 2l + bad no effect on 42K + uptake. (3) Influx of Z°lT! + was inhibited by ouabain and by the 
addition of unlabeled I"1 +. Addition of 199Tc(dmpe)2. CI2] + at 5 mM resulted in an inhibition of 2°lTl+ 
influx. (4) 199Tc(dmpe)2 • C121 + influx resembled that of 42K + with respect to rate and magnitude. Influx of 
199mTc(dmpe),'C12] + was shown to be unaffected by ouabain, unlabeled K + or TI +. Addition of 5 mM 
199Tc(dmpe)2.CI21 + initially had no effect on [99mTc(dmpe)2.C121 + influx, however, a time-dependent 
stimulation of the influx of the 199"Tc(dmpe)2 • CI2] + was observed. We conclude that the influx of the 
various alkali, metal and synthetic monovalent cations into erthyrocytes is mediated by different mechanisms. 
Most clearly, the influx of 199m Tc(dmpe) 2 . C121 + is not by a mechanism similar to that of utilized by K + or 
TI + 

Introduction 

2°ITI+ has been used extensively in patients for 
the detection of acute myocardial infarction and 
ischemia [1]. Its main utility is for the in vivo 
determination of myocardial blood flow and tissue 
viability in humans under normal and stress-in- 
duced ischemic conditions. Because T1 ÷ and K ÷ 
shown many physiological biochemical and 
pharmacological similarities, it has been generally 
accepted that 2°tTl+ is acting physiologically as a 
K ÷ analogue [2]. Support for this concept has 

Abbreviation: dmpe, 1,2-bis(dimethylphosphino)ethane. 

been supplied by Skulskii and co-workers who 
demonstrated that: (1) except for the concentra- 
tions of T1 ÷ needed, the (Na ÷ + K+)-ATPase 
were found to be identical to the (Na ÷ + T I + ) -  
ATPases; and (2) T1 ÷ could substitute for K ÷ in 
stimulating Na  ÷ efflux from erythrocytes [3-5]. 
Britten and Blank [6] came to similar conclusions 
using the ( N a + +  K+)-ATPase of rabbit kidney 
membranes. 

While 2°1T1+ has been shown to be useful in 
nuclear medicine [7], its expense, low energy, and 
relatively long physical half life (73 h) have re- 
suited in the search for other cationic species. 
99mTc is a widely available isotope in nuclear 
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medicine which is inexpensive, has optimal decay 
properties and a physical half life of 6 h. A 9°mTc 
complex which is also a monovalent cation and 
acts physiologically similar to K + and TI + has 
been suggested. Several such cationic 99mTc com- 

plexes have recently been reported as potential 
myocardial imaging agents and thus as clinical 
replacement for 2°1T1+ [8]. The efficacy of one, 
[99"'Tc(dmpe)~. C12] + complex to image the dog 
heart has been demonstrated recently [9-12]. 

The mechanism by which [99,,,Tc(dmpe)2' C12] + 
is taken up into the heart is not known. In this 
report, the human erythrocyte's ability to ex- 
change Na + for K + was used as a model for the 
(Na + + K +)-ATPase of the heart. The data dem- 
onstrate that the influx of monovalent cations into 
erythrocytes is mediated by different mechanisms. 
Most clearly, the influx of [99mTc(dmpe)2. Cl2] + 
is not mediated by a mechanism similar to the 
utilized by K + or TI+. 

Materials and Methods 

Preparation of erythrocytes 
100 ml of heparinized human blood was drawn 

weekly from different volunteers, and the erthro- 
cytes were washed twice in a 'maintenance buffer' 
(10 mM NaC1, 1.0 mM MgSO 4 • 7 H20, 1.0 mM 
CaSO 4 • 2 H20,  1.5 mM KNO3, 0.5 mM K H z P O  4, 
2.5 mM dextrose, 2.0 mM adenosine, 8.0 mM 
Trizma base, 3.0 mM NaHCO3; pH adjusted to 
7.4 with 1 M HC1) and resuspended in a volume of 
this buffer equal to the volume of plasma origi- 
nally removed. The cells were stored in the mainte- 
nance buffer for 1-5 days at 4°C, and were used 
for experiments within 5 days after drawing. 

Prior to experimental use, erythrocytes were 
washed three times with ' incubation buffer' (2.5 
mM Na2SO 4, 1.0 mM MgSO 4- 7 H20,  0.5 mM 
CaSO 4 • 2 H20,  20 mM N a H C O  3, 14.0 mM dex- 
trose, 220 mM sucrose, 20 mM choline chloride, 
pH adjusted to 7.4 with 1 M HC1). The cells were 
resuspended in this buffer, and a hematocrit of 25 
was estabiished by diluting the cells with the ' in- 
cubation buffer'. The hematocrit was measured in 
microhematocrit tubes following 1 rain of spinning 
in a microhematocrit centrifuge• 

Efflux studies 
Erythrocytes were loaded with 22Na during an 

overnight incubation at 4°C. As indicated in the 
text the loading buffers containing 22Na+ were 
either the ' incubation buffer' or 'Ringers buffer' 
(100 mM NaC1, 1 mM MgSO 4. 7 H20, 1 mM 
CaSO 4 • 2 H20, 2 mM dextrose, 2 mM adenosine, 
8 mM Tris, and 3 mM NaHCO 3). After the over- 
night loading, the erythrocytes were washed three 
times with the same loading buffer. Efflux of 
22Na+ was determined by a method identical to 
that described for the influx of 42K+, except that 
the data are reported as percent efflux from the 
erythrocyte. 

Influx studies 
Two to four ml of prepared cells were pipetted 

into 20 ml glass vials which were placed in a 37°C 
shaker water bath. All vials were preincubated 
with or without 0.15 mM ouabain for 15-25 rain 
before the addition of one of the labeled monova- 
lent cations (42K+, 2roT1 +, or [99mTc(dmpe)2. 

C12]+). In addition the competing cations at the 
desired concentrations (K +, TI +, or [ 99Tc(dmpe) 2 
• CI2] +) were added simultaneously. Influx studies 
were carried out in the incubation buffer. The 
influx of monovalent cations was followed for 
60-120 rain. Duplicate samples at each time point 
were drawn into hematocrit tubes from the incuba- 
tion vials using a modified 1 ml tuberculin syringe. 
Following sealing of the tubes and one minute 
centrifugation in the microhematocrit centrifuge, 
the tubes were cut at the buffer/erythrocyte inter- 
face. The buffer and erythrocyte portions were 
counted separately in a gamma counter. The per- 
cent of isotopic uptake by the erthrocytes was 
based on the total counts of each hematocrit tube, 
and the counts found in the buffer and erythrocyte 
portions. 

Statistical analysis 
The statistical analysis used was the double 

tailed Student's t-test, p values 0.05 or less were 
considered to be statistically significant. Data are 
reported as the mean alue + S.E. of the mean. The 
number of experiments are indicated as 'n ' .  

Materials 
22Na+ (no carrier added), 42K+ (0.13 mCi/mg) ,  

2°~Tl+ (no carrier added), [99Tc(dmpe)2-C12] + 



and [ 9 9 m T c ( d m p e ) 2 .  C12]  + (no carrier added) were 
obtained from New England Nuclear Corporation, 
(North Billerica, MA). Ouabain and other bio- 
chemical were obtained from the Sigma Co., St. 
Louis, MO. 

Resu l t s  

' - 'Na + e f f lux  
The validity of the cationic efflux system was 

demonstrated in Fig. 1. Erythrocytes were pre- 
loaded in Ringers Buffer with 2ZNa+. Efflux of 
22Na+ was stimulated by 20 mM K + and in- 
hibited by 0•15 mM ouabain. 5 mM [99Tc(dmpe)2 
• C12] ÷ had no affect on the efflux of 22Na+. 
[99Tc(dmpe)2, Clz] + is a very low specific activity 
beta emitting compound, while the [99"Tc(dmpe)2 
• C12] + is a high specific activity, no carrier added, 
gamma emitting analogue. The [99Tc(dmpe)2. 
C12] ÷ was, under these conditions, used as a non- 
radioactive analogue of 99mTc.  The lack of an 
effect of 5 mM [99Tc(dmpe)2.C12] ÷ on Z2Na+ 
efflux, taken with the stimulation of Z2Na+ efflux 
by K ÷ indicated the two monovalent cations are 
not physiologically interchangeable. 

Since T1CI has a poor solubility, the experi- 
ments designed to study the interaction of Na ÷ 
and T1 + were done in 20 mM choline chloride 
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Fig. 1. The efflux of 22Na+ out of human erythrocytes in- 
cubated in Ringers buffer. Conditions of incubation were as 
described under Methods. 
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Fig. 2. The efflux of 22Na+ out of human erthyrocytes in- 
cubated in choline chloride buffer. Conditions of incubation 
were as described under Methods, 

using T1 acetate. No precipitation of T1C1 at 20 
mM C1- was seen and this agreed with Skulskii et 
al. [5]. Under these incubation conditions, K + had 
no effect on the efflux of 22Na+ from the 
erythrocytes (Fig. 2). After 90 min of incubation in 
buffer containing 10 mM T1 ÷ the efflux of 22Na+ 
was inhibited• Similar inhibition of 22Na+ efflux 
by high T1 ÷ concentrations has been reported by 
Skulskii et al. [5]. 

4eK + influx 
As shown in Fig. 3 the validity of the cationic 

influx system was demonstrated in that 4 2 K +  in- 
flux was inhibited by 0.15 mM ouabain and un- 
labeled K + or T1 ÷ at 10 mM competed with 4 2 K +  

influx into the erythrocyte. However, 5 mM 
[99Tc(dmpe)2• C12] + had no effect on 42K+ in- 
flux. This latter result strongly suggests that K + 

35 

~, Ouab. 
g 25 ~T~ (d,~pe),.C,~] + 

~1 TM 

w 

.c 15 

• 5 

• 1 2 0  

Fig. 3. The influx of 42K into human  erthrocytes. Conditions of 
incubation were as described under Methods. 
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Fig. 4. The influx of 2°aTl+ into human erthrocytes. Conditions 
of incubation were as described under Methods. 

and  [99Tc(dmpe)2.C12] + were not  t r anspor ted  
into the erythrocyte  by  the same mechanism.  

2ol Tl influx 
The da ta  on the influx of 2°tTl+ into erythro-  

cytes are presented  in Fig. 4. The rate of  2°lTl+ 
influx was cons iderab ly  faster than that  measured  
for 42K+ and [99mTc(dmpe)2.C12] + (compare  

Figs. 4, 5, 6 - n o t e  change in the o rd ina te  scale). 
2°~Tl+ influx was inhibi ted  by  unlabeled  T1 + or  
K + (both 10 mM)  as well as by  0.15 m M  ouabain .  
[99Tc(dmpe)2 • C12] + at 5 m M  also inhibi ted  2°1T1+ 
influx. At  this concent ra t ion  [99Tc(dmpe)2- C12] + 
had  no effect on the t ranspor t  of  N a  + or K +, 
suggesting that  its effect on 2°~Tl+ uptake  was 
specific and not  due to compound- re l a t ed  toxicity.  
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Fig. 5. The influx of [99mTc.(dmpe)2.C12] + into human 
erthrocytes. Conditions of incubation were as described under 
Methods. 

3 5  

~' 30 o 
.c: 

uJ 2 5  

._= 
+ 

- ~  20 0 
% 

a. 
E 15 

E 1 ( 1  

I - - B  

i i i r 
I "  • 

/ 
/ 

A / 

- - 0  • 

' J i 

15 3~0 4'5 6~0 75 90 105 

Time ( r a i n )  

Fig. 6. The effect of pre-incubation of human erthrocytes with 
5 mM [99Tc(dmpe)2.C12] + on the influx of [99mTc(dmpe)2. 
C12] +. Conditions of incubation were as described under 
Methods. • •,  90 min preincubation with 5 mM 
[99Tc(dmpe)2.C12]+; • •, 5 mM [99Tc(dmpe)2.C12] + 
added after a 90-rain preincubation in 'incubation buffer'. 
• •, 90-min preincubation and incubation in 'incuba- 
tion buffer'. 

99mTc dmpe influx 
Influx of the [99"Tc(dmpe)2.  C12] + was of a 

magni tude  similar  to that  of K ÷ (compare  Fig. 3 
with Fig. 5). Influx of [99mTc(dmpe)2. C12] + dif- 
fered from that  of  K + in not  being inhibi ted by 
unlabeled  K ÷ or T1 ÷ (both  10 mM) or  by 0.15 
m M  ouaba in  (Fig. 5). The add i t ion  of 5 m M  
[99Tc(dmpe)2.  C12] ÷ had  no stat is t ical ly signifi- 
cant  effect on the influx of [99mTc(dmpe)2. C12]+; 

however,  at 60 and 90 min a slight increase in 
[99mTc(dmpe)2. C12] + uptake  was noted.  As can 
be seen in Fig. 5, the influx of  [99mTc(dmpe)2. 
Cl2] + was increased above  control .  If the 
erythrocytes  were p re - incuba ted  for 90 min with 5 
m M  [99Tc(dmpe)2 • C12] + the 5 min t ime poin t  for 
the uptake  of  [99"Tc(dmpe)2.  C12] + was found to 
a lmost  equal  that  of the 90 min t ime po in t  wi thout  
pr ior  incubat ion  (Fig.  6). Clearly,  the presence of 5 
m M  [99Tc(dmpe)2-C12] + d id  not  yield the ex- 
pected effect of i sotopic  di lut ion but  resulted in a 
s t imula t ion  of the influx of the [99"Tc(dmpe)2-  
C12] + by an unknown mechanism.  

Hemolysis of erythrocytes 
When  the erythrocytes  loaded with 201TI +, 42K + 

or  [99"Tc(dmpe) 2 " CI 2 ] + were lysed by hypo ton ic  
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Fig. 7. [99mTc(dmpe)2.Cll] + of human erythrocytes before 
(n l)  and after (o o) lysis of the cells. Incubation 
conditions were as described under Methods in order to load 
erythrocytes with [99m Tc(dmpe) 2' CI 2 ] +. Cells were then lysed 
by being placed in distilled water. 

shock, less than 1% of each labeled cation was 
found associated with the cell ghosts. A typical 
experiment using [99Tc(dmpe)2. C12] + is shown in 
Fig. 7. Essentially similar results were obtained 
using 42K+ and 2°1T1+. This indicates that the 
monovalent  cations were transported inside the 
cells and not bound  to the outside membranes  of  
the erythrocytes. These results were confirmed by 
the use of broken cell membranes  in addit ion to 
erythrocyte ghosts (data not shown). 

Studies using erythrocytes from other species 
In addition to human erythrocytes, similar data 

were obtained using erythrocytes obtained from 
dog, rabbit, pigs, guinea pigs, and baboons.  N o  
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species difference in the efflux of  22Na+, the 
influx of 42K+, 2°1T1+ or [99mTc(dmpe)2. CIz] + 
or in their interactions with each other, was ob- 
served (data not shown). 

D i s c u s s i o n  

Interest in the mechanism of transport  of 
monovalent  cations has recently increased due to 
the widespread use of  201 T1 + for myocardial  perfu- 
sion imaging. Previous reports [2-6] suggested that 
T1 + is taken up by the myocard ium by an (Na + + 
K +)-ATPase active transport  system, and that T1 + 
is being handled by the (Na + + K+)-ATPase  as an 
analogue of  K +. The enzyme appears to have a 
greater affinity for T1 + than for K + [6]. We have 
adapted monovalent  cation ion transport  in 
erythrocytes as a model by which to compare  the 
transport  of  Na  +, K + , TI + and of a potential new 
myocardial  imaging agent, [ 99m Tc(dmpe) 2'  C12 ] +. 
This method may be of value for the detection of 
other potential new, and unique myocardial  imag- 
ing agents. 

The 42K+ influx and 22Na + efflux of the 
erythrocytes observed were in accord with other 
reports in the literature [3-5] (see Table I). Trans- 
port  was reduced by the addition of unlabeled 
cation and inhibited by ouabain. However, high 
T1 + concentrat ions resulted in a decrease in 22 Na  + 
efflux. Similar results have been reported by 
Skulskii, et al. [5]. 2°1T1+ demonstrated uptake 
into the erythrocyte which was faster and of greater 
magnitude than 42K +. This agrees with the reports 
of Skulskii and co-workers [3-5] using erythro- 
cytes and Sessler et al. [13] using tumor cells. 

TABLE I 

SUMMARY OF ERYTHROCYTE MONOVALENT CATION TRANSPORT STUDIES 
n.e., no statistically significant effect; n.d., not done. 

Unlabeled ion Influx 
Labeled ion 42K+ 2°1T1+ [99"Tc(dmpe)2C12] + 

Efflux 
2 2 N a  + 

R i n g e r s  

buffer 

22Na+ 
choline chloride 
buffer 

K + ,L ~, n . e .  

TI + ,L ,L n . e .  

[ 99 Tc(dmpe) 2CI 2 ] + n.e. ,L n.e. 
Ouabain $ J, n.e. 

T 
n . d .  

n.e. 
n.e. 

n.e ,  

n.e, 
n.e, 
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Of great interest are the data on the transport 
of [99mTc(dmpe)2. C12] +. This agent is a monova- 
lent cation with a radius similar to that of the 
hydrated K +. The diameter of the [99"Tc(dmpe)2 
• C12] + is approx. 6 ,~ [9] compared to that of a 
hydrated K + of approx. 5 A [2]. It has been 
suggested in several reports [7-12] that [99myc 

(dmpe)2.Cl2]  + can act as a K + analogue and 
thus replace 2°tTl+ as a myocardial imaging agent. 
While efficacy as a myocardial imaging agent in 
experimental animals has been shown, the sug- 
gested mode of uptake of [99,,Tc(dmpe)2" C12] + is 
not supported by the present data (see Table I). 
The  rate and m a g n i t u d e  of up t ake  of 
[9~"Tc(dmpe)2.C12] + closely parallels that of 
42K+; however, its lack of competition with other 
monovalent cations and failure to show ouabain 
sensitivity suggest an uptake mechanism which 
differs from that of either K + or TI +. In addition, 
the paradoxical stimulation of [99"Tc(dmpe)2- 
C12] + uptake by [99Tc(dmpe)2- C12] + was unique 
to this cation• Preincubation with [99Tc(dmpe)2. 
C12] + had no affect on the uptake of 42K+ or  

2°lTl+ (data not shown). We propose that an 
alternative mechanism independent of the (Na + + 
K + )-ATPase is involved in [ 99n, Tc(dmpe) 2" C12 ] + 
transport. A similar study using the (Na + + K+) - 
ATPase of neonatal rat myocytes confirmed the 
results obtained using human erthrocytes (Delano, 
M.L., Sands, H., Camin, L.L. and Gallagher, B.M., 
unpublished data). The results reported here do 
not support the hypothesis that [99"'Tc(dmpe)2- 
0 2 ]  + represents a K + analogue which is taken up 
the myocardium by a mechanism similar to that of 
2(n T1 +. 
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