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Ouabain-insensitive, halide-sensitive Tl * uptake by canine iliac arteries
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Ouabain-insensitive Tl * uptake by canine iliac arteries was studied. A significant fraction was halide-sensi-
tive, with Br ™ substituting well for Cl . The halide-sensitive component was inhibited by diuretics (MK196,
bumetanide), PCMBS, low temperatures and external cations K*, Rb*. External but not internal Na™ was
necessary for the uptake process. The process was not sensitive to disulphonic stilbenes. The halide-sensitive
uptake appears to represent the operation of a (Na*/K™/Cl ™)-cotransport process in arteries.

Introduction

In canine iliac arteries, total TI* uptake can be
partitioned into an ouabain-sensitive and an
ouabain-insensitive component. The former com-
ponent which accounts for 70% of total uptake by
Na™*-loaded segments was modulated in a predict-
able manner by manoeuvers known to alter the
activity of the Na* pump and thus represented
inward TI* movement on the K* limb of the
classical (Na*-K*) exchange system (the Na*
pump). We sought to define further the character-
istics of the ouabain-insensitive component and
considered the possibility that this could represent
part of a (K*/Cl7)- or (Na*/K™*/Cl™)-cotrans-
port system. We found that replacement of chlo-
ride in the bathing solutions by nitrate signifi-
cantly reduced the ouabain-insensitive component
and have thus adopted an operational definition of
a halide-sensitive component as being the dif-
ference in T1* uptake in halide and nitrate solu-
tions, ouabain being present in both. In this study,
we report some of the characteristics of ouabain-

Abbreviations: DIDS, diisothiocyanostilbene-2,2’-disulphonic
acid; PCMBS, p-chloromercuribenzenesulphonic acid.

insensitive, halide-sensitive Tl* uptake by canine
iliac arteries.

Materials and Methods

All studies were carried out using segments of
canine iliac arteries obtained from adult mongrel
dogs that had been euthanised with sodium penta-
barbitone (100 mg/kg) (see Ref. 1). After removal,
the arteries were dissected in normal K *-contain-
ing solutions that were continuously bubbled with
95% 0,/5% CO, and incubated subsequently in
the same solutions for 60 min at 37°C. Following
this recovery period, the tissues were transferred to
K *-free nitrate solutions for a further incubation
period of 90 min. Following this preincubation
period, the tissues were transferred to incubating
solutions containing 2**T1,S0, with TINO, in
varying amounts (0.125-5 mM). After a 20 min
incubation period with isotopes, the tissues were
removed, quickly blotted and weighed into vials.
They were then either dried in an air-oven to
constant weight (in experiments where dry weights
were measured) or were digested with 1 ml Proto-
sol and 100 gl H,0, in an air-oven at 70°C. The
digested tissues were processed for counting in a
Beckman liquid scintillation counter [1]. Aliquots
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of the incubation media were taken and processed
to estimate total added counts. The uptake of T1*
was expressed as pmol /g wet or dry weight.

The above protocol was a modification of the
one used in the earlier study [1]. In K*-free solu-
tions, the Na™ pump is inhibited and readmission
of K* or TI* sets the pump functioning at a
maximal rate, yielding a better signal. In the cur-
rent study, we followed the procedure of prein-
cubating in K*-free solution since we noted in
preliminary experiments that the ouabain-insensi-
tive TI™ uptake was higher when tissues were
preincubated in K*-free solution than in tissues
that had been preincubated in normal K *-contain-
ing solutions (0.147 compared to 0.092 pmol/g
per min). As pointed out (in introduction), we
operationally defined halide-sensitive uptake by
comparing uptakes in halide and nitrate solutions
and, therefore, we even preincubated the tissues in
nitrate solutions.

To summarise, the experimental design was as
follows: Arteries were preincubated in K™*-free
NO; solutions for 90 min, following which they
were transferred to incubation vials containing
either K*-free NO; or K*-free halide solutions
with TINO;, **T1,S0, and ouabain at 107> M
being present in all vials. The uptake in the nitrate
solution was taken as the residual so that
ouabain-insensitive halide-sensitive T1™ uptake was
by definition: T1* uptake in halide solutions minus
TI* uptake in nitrate solutions. Hereafter, we will
refer to this component as the halide-sensitive
component (omitting repetition of the qualifying
expression ouabain-insensitive).

In most cases, we pooled data from experiments
done on different days and have chosen to ‘nor-
malise’ our data with respect to appropriate con-
trol values. In each instance, the choice of the
control value is stated and this method of ex-
pressing our results helps emphasise the points we
wish to make.

Results

Linearity of uptake. The halide-sensitive uptake
was linear for at least 30 min as shown in Fig. 1.
The results shown are those of a single experiment.
From four such experiments, we estimated that the
rate of uptake was 0.042 + 0.009 pmol /g per min.
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Fig. 1. The ouabain-insensitive, halide-sensitive uptake of T1*
was linear for at least 20 min. (Data are taken from a single
experiment).

In all subsequent experiments, incubations were
carried out for 20 min with the isotope.

Dependence on external chloride. The halide-sen-
sitive uptake of T1* showed a significant depen-
dence on external chloride, being saturated at con-
centrations close to the concentrations normally
present in physiological salt solutions (120 mM).
The apparent K, for this process would be in the
order of 45 mM external chloride (see Fig. 2). As
noted, in the above experiments, the concentration
of external TI* was kept constant at 1 mM.

Dependence on external T!*. To determine
whether the concentration of T1* used in the above
experiment was optimal, we studied the halide-
sensitive uptake of T1* as a function of external
T1* concentration. The results are shown in Fig. 3,
where the uptakes are normalised to the uptake of
TI* at an external T1* concentration of 1 mM. The
curve shows a peak at 2 mM external T1* con-
centration and tends to decline at higher con-
centrations. In all subsequent experiments (except
where stated), the concentration of T1% in the
external solution was kept at 1 mM.

Effect of other halides. In the above experi-
ments, we had studied the uptake of T1* in solu-
tions containing Cl~ as the predominant halide.
To determine whether other halides could sub-
stitute for chloride, we attempted to measure the
uptake of TI* in the presence of Br~ and I™.
Unfortunately, thallous iodide precipitated out of
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Fig. 2. Halide-sensitive T1* uptake was a saturable function of
external Cl. Uptakes were measured for 20 min and all values
are expressed relative to the uptake observed with 120 mM
external Cl. (Composite curve from seven experiments.)

the solution and so uptakes could not be mea-
sured. With bromide replacing chloride, a precipi-
tate was also noted if the thallium concentrations
were higher than 0.5 mM, so uptakes were mea-
sured with TI* concentrations of 0.125 mM. This
was clearly suboptimal as judged from the earlier
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Fig. 3. The halide-sensitive uptake of T1™ as a function of
external T1*. Uptakes were measured for 20 min and all values
are expressed relative to the uptake observed with 1 mM
external T1*. (Composite curve from five experiments.)
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experiments. Nevertheless, we found that the up-
take was significantly higher in bromide- than in
chloride-containing solutions (Fig. 4) at every con-
centration of the halide tried. In the figure, all
values have been normalised to the Tl uptake
observed in 120 mM CI™. We attempted to de-
termine the effects of other anions on T1* uptake.
Unfortunately, the thallous salts of a number of
anions are insoluble and thus, precipitates formed
in solutions. Acetate, as an anion substitute, failed
to stimulate T1" uptake. In the presence of acetate,
ouabain-insensitive, T1* uptake was 94.0 + 5% of
the uptake in the presence of nitrate.

Effects of the diuretic MKI196. A number of
diuretics, e.g. furosemide, have been shown to
inhibit (Na*/K* /Cl~)-cotransport in a variety of
cells and tissues. We tested the effects of the
diuretic MK196 on halide-sensitive T1* uptake in
the presence of nitrate and Cl™ and subtracted the
appropriate residual uptake. In Fig. 5, all values
are related to halide-sensitive uptake in the ab-
sence of the drug. Clearly, the diuretic markedly
reduces the uptake of T1*, though even with con-
centrations as high as 1.0 mM, 10% of the uptake
temained insensitive to the diuretic. Br~-sensitive
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Fig. 4. Comparison of the uptake of T1* in the presence of
external Cl and bromide. The T1* concentration was reduced to
0.125 mM to prevent precipitation of T1-Br. Here again uptakes
were measured for 20 min and all values expressed relative to
the uptakes measured with external Cl of 120 mM. (Composite
curve from five experiments.)
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Fig. 5. The effect of the diuretic MK196 on halide-sensitive
TI* uptake. The values are expressed relative to the uptakes
observed in the absence of the drug. (Data are taken from three
experiments.)

TI* uptake was similarly affected. The diuretic,
bumetanide, also inhibited Cl -sensitive TI1* up-
take.

Effects of the -SH reagent, PCMBS. The -SH
reagent, PCMBS present in the incubation media,
reduced halide-sensitive uptake of T1*. Here again,
the effects of the drug were compared in NO; and
C17 solutions (Fig. 6).

Effects of other cations. The effects of external
Rb*, K* and Li" on the uptake of TI" were
studied. We tested the effects of 30 mM Rb*, K™
or Li* used as the nitrate salts and, Cl~ concentra-
tions being reduced to 90 mM. This would not
have seriously affected T1* uptake. At any rate,
the values are normalised to control uptakes in the
presence of 90 mM CI7, In three separate experi-
ments, we found that with an external TI* con-
centration of 1 mM, Rb* and K™ inhibited up-
takes by 82.9 + 3.3% and 86.7 + 1.7%, respectively.
Li*, on the other hand, appeared to stimulate
uptake but the effects were not statistically signifi-
cant (by 18 + 22% in three experiments). We re-
peated the above experiments using Br~ as the
anion and reducing the concentration of T1" to
0.125 mM. Once again, Rb* and K™* inhibited
Br ~-sensitive T1* uptake by 86.0 + 3.0% and 87.0
+ 1.7%, respectively in three experiments, whereas
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Fig. 6. The effect of the -SH reagent PCMBS. Here again the
values are expressed relative to the uptakes observed in the
absence of the -SH reagent. (Data are taken from three experi-
ments.)

Li™ appeared to produce a slight stimulation (6%).
Thus, both Rb* and K* inhibited halide-sensitive
TI™ uptake. External Li* at least used in a con-
centration of 30 mM did not appear to inhibit the
process.

Effects of Na* removal on halide-sensitive Tl
uptake. To determine whether total replacement of
external Na* by lithium would alter halide sensi-
tive TI* uptake, we did the following experiment.
Na“-loaded tissues were incubated for 6 min in
one of the following solutions: NaCl-Krebs,
NaNO;-Krebs, LiCl-Krebs, LINO,;-Krebs, and the
ouabain-insensitive uptakes of TI* were moni-
tored. The shorter incubation period was chosen,
to exclude the possibility that sufficient Na* would
have leaked out into the lithium solution. In two
separate experiments, incubation in lithium solu-
tions reduced halide-sensitive T1™ uptake by 48%
and 63%, respectively. Clearly then, total replace-
ment of external Na® by lithium does reduce
uptake of TI". To determine whether internal Na™*
was necessary, we repeated the above experiments
using lithium-loaded tissues. When lithium-loaded
tissues were incubated in Na*-containing solu-
tions, the halide-sensitive uptake was comparable



to those observed with Na*-loaded segments (in
fact, a slight stimulation being noted). As with the
Na*-loaded segments, removal of external Na*
significantly reduced halide-sensitive uptake.
Clearly then, internal Na™ did not seem critical for
the operation of the uptake process.

Effect of disulphonic stilbenes (DIDS): DIDS
used in fairly high concentrations (0.2 mM) failed
to produce any effect on halide-sensitive (T1" up-
take. This could imply the lack of involvement of a
CI"HCO; exchange process in the uptake of T1*
or the lack of suitable binding sites for DIDS.
Total replacement of HCO; in the external
medium did not alter uptake either. )

Effect of temperature. Lowering the circulation
temperature significantly reduced halide-sensitive
Tl uptake, in some experiments to negligible
levels. In one representative experiment, there was
no measurable halide-sensitive uptake at 4°C but
at 37°C, the uptake measured was 0.104 pmol/g
per min. We have not, however, attempted to
characterise in detail, the temperature dependence
of the process and estimate activation energies.

Effect of chloride removal on tissue water con-
tents. In other tissues, the (Na*/K*/Cl")-
cotransport system has been suggested to control
cell volume [2]. The regulation of cell volume in
smooth muscle is a difficult problem [3,4] and
there appears to be both species and tissue vari-
ations. In canine iliac arteries, inhibition of the
Na™ pump does not lead to tissue swelling [3] and
it is thus possible that an alternative mechanism
could regulate cell volume. We carefully estimated
water contents of tissues that had been incubated

TABLE 1
TISSUE WATER CONTENTS OF INCUBATED ARTERIES

Values are expressed as H,O g/kg wet wt. and refer to
means +S.D. of five replicates in each group. None of the
values was statistically significantly different from the others.
Thus, neither the presence of ouabain nor removal of Cl~ alters
significantly the water contents of incubated arteries.

[Cle ] (mM) — QOuabain + Ouabain
130 708.4+6.84 7140484
433 704.4+8.2 707.0 +7.03
11.8 704.4+7.02 705.8+8.7
0 710.8+6.6 705.5+6.13
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in solutions of differing ionic compositions and
noted as shown in Table I that neither the pres-
ence of ouabain nor the removal of C1™ had any
significant effects on water contents estimated from
wet weight /dry weight ratios.

Discussion

The purpose of the present study was to char-
acterise ouabain-insensitive T uptake by canine
iliac arteries and test the hypothesis that this up-
take represented the operation of a (Na*/K™*/
Cl™)-cotransport process, such systems having
been described in a variety of cells and tissues
[2,5-11}

The positive findings of this study were as
follows: (1) A significant portion of ouabain-in-
sensitive TI* uptake was reduced by replacing C1~
with NOj . (2) Br™ substituted well for C1™ in
enhancing ouabain-insensitive T1" uptake but other
anions such as acetate were ineffective. (3) The
uptake was significantly reduced by the diuretic
MK196 and bumetanide as well as the -SH re-
agent, PCMBS. (4) External cations particularly
Rb* and K™ in concentrations of 30 mM reduced
markedly the uptake of T1*. (5) Total replacement
of external Na* by Li* significantly reduced
halide-sensitive TI* uptake but internal Na* did
not appear to be critical with Li* being able to
substitute effectively. (6) The uptake process was
reduced by low temperatures. (7) The uptake was
unaffected by disulphonic stilbene derivatives.

The simplest explanation for the above observa-
tions is that part of the ouabain-insensitive TI1*
uptake represents the operation of a (Na*/K™*/
Cl7)-cotransport system. Internal Na* appears to
be less critical since the operation of a halide-sen-
sitive T1* uptake could be demonstrated even in
lithium-loaded tissues, provided external Na* was
present. Detailed analyses on the relative depen-
dence on internal and external Na* have not as
yet been done.

Other possibilities remain to be tested. We have
argued following earlier reports [11] that the de-
cline in T1" uptake at high concentrations arises
from the lower solubility of T1* salts, but it is
possible that at higher concentrtions, T1* could
bind to the Na™ site forming an ineffective com-
plex. Again, the differences in uptakes observed
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with C1I7 and Br™ may not reflect merely dif-
ferences in affinity but may be related to other
factors such as increased permeability of a TI-Br
complex in comparison with a TI-Cl one. These
neutral complexes may dissociate in the cell and
the resultant T1" being less permeable would tend
to accumulate [12}. This could be one explanation
for the observed uptake against a concentration
gradient. Alternatively, TI* could be sequestered
and bound to negatively charged intracellular sites.

(Na*/K*/Cl")-cotransport systems have now
been demonstrated in a variety of cells and tissues
[5-11]. In early studies, human red cells were
found to exhibit ouabain-resistant influxes of Na™*
and K" that appeared to be interdependent, and
Wiley and Cooper [5] described a (Na*/K™)-
cotransport system that was inhibited by fur-
osemide and other diuretics. Subsequently, these
fluxes were shown to be dependent on external Cl
[6,7]. Other cells and tissues possessing similar
transport systems include Ehrlich ascites cells [2],
duck red blood cells [8], mammalian kidney [9],
flounder intestine [10] as well as the rabbit
myometrium [11]. The role of the cotransport sys-
tem in smooth muscle is uncertain. In Ehrlich
ascites cells, Geck et al. [2] argued that the
ouabain-inhibitable Na®™ pump and the fur-
osemide-sensitive cotransport system worked
antagonistically to regulate cell volume, the first
acting against cell swelling and the second against
cell shrinking. The mechanisms controlling cell
volume in smooth muscle are unclear. Canine iliac
arteries do not undergo any tissue swelling in the
presence of ouabain [3] nor does Cl™ removal
produce any marked changes in water contents
(this study). At the present time, it is not possible
to present persuasive arguments implicating the
(Na*/K*/Cl™)-cotransport system in regulation
of cell volume in smooth muscle. Conversely, some
of the experimental manipulations we have used
(such as elevated concentrations of K*, Rb* or
removal of Na™) could have altered cell volume
which could have affected the transport processes
studied. These possibilities have not been critically
tested as yet.

Total T1" uptake by canine iliac arteries can be
subdivided into three components: a ouabain-in-

hibitable component that clearly represents trans-
port on the K* limb of the classical Na*/K™*
pump, a ouabain-insensitive but halide-sensitive
component which may reflect the existence of a
(Na*/K*/Cl7)-cotransport process and a resid-
ual component, which may involve Tl *-permeating
biological membranes as a lipid permeable cation.
In the latter context, it is instructive to note that
Gutknecht [12] has recently noted that the permea-
bility of T1* across lipid bilayer membranes is very
low and that lipid permeability may, in fact, in
volve diffusion of TI* as a complex with other
inorganic and organic anions (such as TI-Cl, TI-
NOj;). Although such complex formation cannot
explain the characteristics of the halide-sensitive
T1" uptake noted here, it could explain residual
T1™* uptake reasonably well.

Acknowledgements

This study was supported by an operating grant
from the Heart and Stroke Foundation of Ontario.
P.K.R. is a Scholar of the Canadian Heart Foun-
dation. We thank Dr. A.K. Grover for his com-
ments.

References

—

Rangachari, P.K., Grover, AK. and Daniel, E.E. (1983)
Hypertension 5, 436-441
2 Geck, F., Pietrzyk, C., Burckhardt, B.C., Pfeiffer, B. and
Heinz, E. (1980) Biochim. Biophys. Acta 600, 432-447
3 Rangachari, P.K. (1985) Can. J. Physiol. Pharmacol. 63,
101-106
4 Rangachari, P.K., Daniel, EEE. and Paton, D.M. (1973)
Biochim. Biophys. Acta 323, 297-308
Wiley, J.S. and Cooper, R.A. (1974) J. Clin. Invest. 53,
745-755
Chipperfield, A.R. (1980) Nature (Lond.) 286, 281-282
7 Dunham, P.B., Stewart, G.W. and Ellory, J.C. (1980) Proc.
Natl. Acad. Sci. USA 77, 1711-1715
8 Haas, M. and McMann, T.J. (1983) Am. J. Physiol. 245
(Cell Physiol. 14), C235-C240
9 McRoberts, J.A., Erlinger, S., Rindler, M.J. and Aaris,
M.H. (1982) J. Biol. Chem. 257, 2260-2266
10 Musch, M.W., Orellana, S.A., Kimberg, L.S., Field, M.,
Halon, D.R., Krasny, E.J. and Frizell, R.A. (1982) Nature
(Lond.) 300, 351-353
11 Johns, A. and Cutshaw, S.V. (1983) Am. J. Physiol. 245
(Renal & Electrolyte Physiol. 14), F778-783
12 Gutknecht, J. (1983) Biochim. Biophys. Acta 735, 185-188

w

[}



