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SUMMARY

Analogues of amiloride are widely used as pharmacological
probes for inhibition of sodium-hydrogen counter-transport. In
Jurkat celis, a leukemic T lymphocyte cell line, analogues of
amiloride are also potent inhibitors of Na-K-Cl cotransport. The
effects of these agents are not additive with those of g-adreno-
ceptor agonists (which inhibit Na-K-Cl cotransport presumably
by stimulation of adenylyl cyclase). Further, analogues of amilor-

ide potently stimulate cCAMP-dependent protein kinase activity.
The present studies indicate that S-adrenoceptor agonists and
analogues of amiloride both act to inhibit Na-K-Cl cotransport
and both stimulate CAMP-dependent protein kinase activity. Fur-
thermore, these studies demonstrate a novel mechanism by
which amiloride analogues may mediate effects separately from
inhibition of sodium-hydrogen exchange.

Sodium-potassium-chloride cotransport has been extensively
studied in many cell models, where it appears to play an
important role in volume regulation (1). In human lymphocytes,
Na-K-Cl cotransport is an important mechanism for potassium
influx (2).

Regulation of Na-K-Cl cotransport is complex. Cotransport
activity is directly modified by substrate concentration (1).
Furthermore, it may be regulated indirectly by signal transduc-
tion systems. Elevations in intracellular cAMP have variable
effects on Na-K-Cl cotransport and, depending on the system,
may be either inhibitory (3-5) or stimulatory (6-9). In human
lymphocytes, we have recently demonstrated that agents that
increase intracellular cAMP inhibit Na-K-Cl cotransport (2).
The explanation for this variability ((AMP-mediated stimula-
tion versus inhibition) is unknown, but this suggests that the
relationship between intracellular cAMP and regulation of Na-
K-Cl cotransport may be indirect, perhaps mediated through
effects on other ion transport mechanisms.

Consequently, we initiated studies to examine effects on Na-
K-Cl cotransport of agents thought to selectively modulate
other ionic transport mechanisms. The present studies dem-
onstrate that analogues of amiloride (previously thought to be
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relatively selective inhibitors of Na-H exchange) inhibit Na-K-
Cl cotransport and stimulate PKA.

Materials and Methods

Cell culture. Jurkat cells, a leukemic T lymphocyte line, were used.
These cells have been useful in the study of ion transport in lymphoid
cells (2, 10). Jurkat cells were grown in suspension under 5% CO; in
75-cm? flasks, in RPMI 1640 medium (GIBCO BRL, Grand Island,
NY) supplemented with 10% fetal bovine serum and 1 mg/ml genta-
micin sulfate. Cells were grown to densities ranging from 0.75 to 1.5 X
10° cells/ml at the time of the study.

%Rb uptake studies. Rubidium uptake was assayed as described
previously (2), using methods modified from those of Grinstein et al
(11). Cells were taken from culture, sedimented for 15 min at 300 X g,
and resuspended in Dulbecco’s modified Eagle’s medium with 1.8 mm
CaCl;, 5.4 mMm KCl, 0.8 mM MgSO,, 110 mM NaCl, 0.9 mM NaH,PO,,
2.5 uM Fe(NOy)s (GIBCO BRL), and 10 mm HEPES, pH 7.4. Assays
were performed at a final concentration of 5-10 X 10° cells/ml. *Rb
was added at a concentration of 1-2 uCi/ml. Assays were stopped by
aliquoting 100 ul of the reaction mixture into chilled microcentrifuge
tubes filled with 100 ul of a solution of BaCl; (3 mM) and ouabain (0.1
mM) layered over 100 ul of a 3:1 Mazola oil/n-butylphthalate mixture.
Cells were rapidly sedimented through the oil interface (1 min at 15,000
X g). Centrifuge tube tips containing the pellets were clipped and
deposited in vials and radioactivity was determined by scintillation
counting (Beckman LS 6000). Na-K-Cl cotransport was assessed by
the extent of bumetanide (10 uM) inhibition of total *Rb uptake, as
described previously (2).

ABBREVIATIONS: PKA, cAMP-dependent protein kinase; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; BCECF, bis(carboxyethyl)-
5,6-carboxyfluorescein; HMA, N,N-hexamethyleneamiloride; DDA, dideoxyadenosine.
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Assays of adenylyl cyclase activity and cAMP accumulation.
Assays of adenylyl cyclase activity were performed in digitonin-per-
meabilized Jurkat cells according to our previously published methods
(2, 12). Jurkat cells were centrifuged at 300 X g for 15 min and were
resuspended in Hanks’ balanced salt solution without calcium but with
0.5 mM EDTA, 2 mM MgSO,, and 1 mg/100 ml digitonin. Cells were
incubated for 15 min at 4°, washed twice with Hanks’ solution without
digitonin as described above, and finally suspended at a density of 10-
20 x 10° cells/ml for assay. Adenylyl cyclase activity was assessed by
the conversion of [«-**P]ATP to [**P]cAMP, by our modifications (12)
of the methods of Salomon et al. (13). The *?P-labeled nucleotides were
separated by sequential Dowex and alumina chromatography.

Assays of cCAMP accumulation were performed according to our
previously published methods (14). Intact cells were resuspended in
Dulbecco’s phosphate-buffered saline (GIBCO BRL), pH 7.4 at 37°.
Assays were performed in the presence of 100 uM isobutylmethylxan-
thine and 100 uM Ro 20-1724 to inhibit cyclic nucleotide phosphodi-
esterase. After a 15-min incubation, the reactions were terminated by
placing the tubes in boiling water for 5 min. cAMP content was assayed
using a competitive binding protein method (cAMP assay system;
Amersham Life Sciences, Oakville, Canada).

Assessment of PKA activity. PKA activity was determined in
permeabilized cells as described previously (2, 12). To assess PKA
activity in cytosolic preparations, Jurkat cells resuspended in Hanks’
balanced salt solution, as described above, were disrupted by nitrogen
cavitation (600 psi for 15 min, Parr Bomb). After sedimentation at 300
X g for 5 min, the supernatant was centrifuged at 60,000 X g. The
resulting supernatant was assayed for PKA activity.

PKA activity was assessed by **P-phosphorylation of synthetic sub-
strate (Kemptide; Sigma Chemical Co.) using [y-**P]JATP (1-2 uCi/
assay tube). Permeabilized cells or supernatants were incubated for 10
min at 30° with 1 mM Kemptide, a phosphodiesterase inhibitor (0.5
mM isobutylmethylxanthine), 0.8 mmM ATP, and 100 uM GTP, in a
final volume of 100 ul. Phosphorylated substrate was separated by
adherence to phosphocellulose (Whatman P81). After six washes with
phosphoric acid (75 mM), radioactivity on the phosphocellulose strips
was assessed by scintillation counting.

Measurement of cytosolic pH. The cytosolic pH of cells loaded
with the fluorescent pH-sensitive dye BCECF was monitored directly
by fluorescence spectrophotometry as described previously (15). The
Na-H exchanger was activated by acid loading or osmotic shrinking.

Cells were loaded by incubation with BCECF/acetoxymethyl ester
(Molecular Probes, Junction City, OR) and acidified by exposure to 1
uM nigericin in Na*- and K*-free medium containing 140 mM
N-methyl-D-glucamine chloride, 1 mmM MgCl;, 1 mM CaCl,, 10 mM glucose,
and 20 mM HEPES, titrated to pH 7.30 + 0.02 with N-methyl-D-
glucamine at 37° and adjusted to 290 + 5 mOsM (15). Alternatively,
Na-H exchange was activated by allowing cells to equilibrate in hypo-
tonic medium (50% RPMI 1640 medium/50% water) for 15 min,
followed by resuspension in isotonic assay buffer containing 123 mmM
NaCl, 12 mM NaHCOs, 5§ mMm KCl, 1 mm MgCl;, 1 mM CaCl,, 10 mM
glucose, and 20 mM HEPES, equilibrated with 5% CO. at 37°, titrated
to pH 7.30 + 0.02 with NaOH, and adjusted to 290 + 5 mOsM (16).

Fluorescence measurements were made at 37° with continuous mag-
netic stirring and in the presence of 5% C0./95% air. Calibration of
cytosolic pH versus fluorescence was obtained using the K*-nigericin
method (16).

Results and Discussion

Effects of amiloride analogues on Na-K-Cl cotrans-
port. The effects of 5-amino-substituted analogues of amiloride
on Na-K-Cl cotransport were determined by assessing bume-
tanide-sensitive *Rb uptake. HMA (1 uM) induced a 22 + 8%
reduction in Na-K-Cl cotransport. The effect of HMA was
potent, with an ECy, of 5.2 nM (log ECs = —8.3 £ 1.1, three

experiments). Similarly, the potent amiloride analogues isobu-
tylmethylamiloride (1 uM) and dimethylamiloride (1 xM) caused
a 22 + 5% and 18 = 5% inhibition of Na-K-Cl cotransport,
respectively (four experiments, p < 0.05) (Fig. 1). In contrast,
benzamil (1 M), an analogue of amiloride that has a relatively
low potency for inhibition of Na-H exchange (17), did not
significantly inhibit Na-K-Cl cotransport (4 + 7% inhibition,
p > 0.2). In addition, 4,4’-diisothiocyanatostilbene-2,2’-disul-
fonic acid (500 uM), a potent inhibitor of chloride-bicarbonate
transport, had no significant effect on bumetanide-sensitive
rubidium uptake (104 £ 11% of control, six experiments). This
pattern of effects is consistent with a mechanism acting via
inhibition of Na-H exchange (17). However, similar potencies
of 5-amino-substituted amiloride analogues have also been
reported for other effects not clearly linked to the Na-H anti-
port (e.g., binding of amiloride analogues to a,-adrenoceptors)
(18).

We previously demonstrated that agents that increase intra-
cellular cAMP (e.g., the 8-adrenergic receptor agonist isopro-
terenol) inhibit Na-K-Cl cotransport (2). To determine whether
the effects of amiloride analogues and 8-adrenergic agonists are
additive, bumetanide-sensitive *Rb uptake was assessed in the
presence of isoproterenol (10 uM), HMA (1 uM), or both agents
combined (Fig. 2). Isoproterenol caused a 37 + 6% inhibition
of Na-K-Cl cotransport (nine experiments), consistent with our
recent studies demonstrating $-adrenoceptor-mediated inhibi-
tion of Na-K-Cl cotransport. HMA alone caused a 24 + 6%
inhibition of Na-K-Cl cotransport. When HMA and isoproter-
enol were added together, inhibition of Na-K-Cl cotransport
was no greater than that seen with isoproterenol alone (38 +
6%). The nonadditive effects of isoproterenol and HMA are
consistent with a common mechanism for their effects.

Effects of amiloride analogues and g-adrenergic ago-
nists on cytosolic pH. The studies outlined above indicated
that B-adrenergic agonists and those analogues of amiloride
thought to selectively inhibit Na-H exchange both acted to
attenuate Na-K-Cl cotransport. In some systems, agents that
increase CAMP inhibit Na-H exchange (19, 20). Thus, our
initial hypothesis was that these two classes of agents might
act via a common mechanism, namely, alterations in intracel-
lular pH. To assess this directly, S-adrenergic agonist- and
amiloride analogue-mediated alterations in intracellular pH
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®Rb UPTAKE (%)
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Fig. 1. Inhibition of Na-K-Cl cotransport by amiloride analogues. The
effects of dimethylamiloride (DMA) (1 um), HMA (1 M), isobutyimethylam-
iloride (IBMA) (1 um), and benzamil (BENZ) (1 um) on bumetanide-

sensitive *Rb uptake are depicted. Data represent the mean + standard
error from four e: ts performed separately under identical condi-
tions. *, p < 0.05 for a significant inhibition of uptake.
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Fig. 2. Effect of isaproterenol (/ISO) (10 um) and HMA (1 um), alone and

, on Na-K-Cl cotransport. Data represent the mean + standard
error from nine experiments performed separately under identical con-
ditions.

TABLE 1

Effects of isoproterenol and HMA on alkalinization associated with
reguiatory volume increase
Data represent the mean + standard error from 11 experiments.

Treatment Initial rate of alkainization
pH units/min
Control 0.111 £ 0.019
Isoproterenol (10 um) 0.108 + 0.014
HMA (1 um) 0.004 + 0.003

were assessed fluorometrically. However, when assayed under
the conditions used in the assessment of *Rb uptake, neither
isoproterenol (10 uM) nor HMA (1 uM) had a significant effect
on cytosolic pH (threshold sensitivity, <0.01 pH units/min).
The lack of effect of HMA suggested that Na-H exchange is
not active under basal conditions.

The effects of 8-adrenergic agonists on Na-H exchange also
were assessed when the antiport was activated by osmotically
shrinking the cells. Under control conditions, this regulatory
volume increase protocol was associated with significant alkal-
inization (Table 1; Fig. 3), consistent with the osmotic activa-
tion of Na-H exchange, as described previously (16). As ex-
pected, alkalinization was blocked by the addition of HMA (1
uM) (Table 1; Fig. 3). In contrast, isoproterenol (10 uM) had no
significant effect on the rate of alkalinization due to regulatory
volume increase (Table 1). As an alternate approach, Na-H
antiport activity was assessed during recovery from acid load-
ing. Again, isoproterenol (10 uM) had no significant effect on
the initial rate of alkalinization (control, 0.29 + 0.03 pH units/
min; isoproterenol, 0.25 + 0.04 pH units/min; seven experi-
ments).

These studies indicated that, in Jurkat cells, 8-adrenergic
agonists did not inhibit the Na-H antiporter. Furthermore,
under the same conditions in which isoproterenol and amiloride
analogues inhibited *Rb uptake they had no detectable effects
on intracellular pH. Thus, if analogues of amiloride and §-
adrenergic agonists inhibited Na-K-Cl cotransport by a com-
mon mechanism, that mechanism could not be inhibition of
Na-H exchange.

Effects of amiloride analogues on adenylyl cyclase
activity and PKA. To explore an alternative hypothesis, i.e.,
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Fig. 3. Alterations in cytosolic pH with regulatory volume increase and
the effect of HMA. Data represent a typical tracing from one of 11
experiments performed separately under identical conditions. After in-
cubation in a hypotonic solution of 50% water/50% RPMI 1640 medium,
BCECF-loaded celis were resuspended in isotonic assay buffer and the
increase in cytosolic pH was assessed ¥ (feft). The addition
of HMA (1 um) blocked alkalinization associated with osmotic cell shrink-
age (right).
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Fig. 4. Effect of amiloride on PKA activity. The maximal effects
of dimethylamiloride (DMA) (1 um), HMA (1 um),
(IBMA) (1 um), and benzamil (BENZ) (1 um) are expressed as a percentage
of isoproterenol (100 um)-stimulated PKA activity (39 + 9 pmol of
phosphoprotein/min/10° cells). Data are expressed as the mean + stand-
ard error from four experiments. *, p < 0.05 versus basal activity.

B-adrenergic agonists and amiloride analogues both act by
stimulating the adenylyl cyclase/PKA signal transduction sys-
tem, we first assessed PKA activity in permeabilized cells. At
concentrations associated with maximal inhibition of Na-K-Cl
cotransport, the 5-amino-substituted amiloride analogues
HMA, isobutylmethylamiloride, and dimethylamiloride all
stimulated PKA activity to a maximum of approximately 20-
30% of that produced by isoproterenol (Fig. 4). HMA was
potent, with an ECs of 62 nM (log ECs = —7.2 = 0.2, three
experiments), comparable to the ECs, for HMA inhibition of
Na-K-Cl cotransport. In contrast, benzamil, which did not
inhibit Na-K-Cl cotransport, had no effect on PKA activity. It
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should be noted that the effects of these amiloride analogues
were independent of changes in the concentrations of either
sodium or hydrogen ions, because assays were performed in a
cell preparation permeable to small molecules.

To rule out a direct effect of amiloride analogues on PKA,
the PKA activity was assessed in a cytosolic fraction. In this
cell-free preparation cAMP stimulated the activity of PKA to
822 + 34 pmol of phosphoprotein/min/mg of protein (three
experiments). In contrast, neither isoproterenol nor HMA stim-
ulated PKA above basal levels (HMA, 30 + 9 pmol of phospho-
protein/min/mg protein; isoproterenol, 27 + 6; basal, 26 + 12;
three experiments).

To further investigate the site of action of the amiloride
analogues, assays of adenylyl cyclase activity were performed
in permeabilized cells. The effect of HMA (1 uM) was compared
with that of the 8-adrenergic agonist isoproterenol (10 uM, with
100 uM GTP). As demonstrated previously (2), 8-adrenergic
receptor stimulation is associated with a significant increase in
adenylyl cyclase activity. In contrast, HMA did not cause a
detectable increase in adenylyl cyclase activity either alone or
in combination with GTP (100 uM) (Fig. 5).

To determine whether amiloride analogues might mediate a
detectable increase in adenylyl cyclase activity in an intact cell
system, CAMP accumulation was assessed under basal condi-
tions and with the addition of isoproterenol (10 uM) or HMA
(1 uM). Isoproterenol increased cAMP accumulation to 238 +
36% of control (three experiments). In contrast, HMA did not
detectably increase cAMP accumulation (basal, 0.63 + 0.20
pmol/10° cells; isoproterenol, 1.53 + 0.64 pmol/10° cells; HMA,
0.37 £ 0.15 pmol/10° cells).

By direct assay, we were unable to demonstrate that HMA
stimulated adenylyl cyclase activity. However, we realized that
partial agonists that act via elevations in intracellular cAMP
and stimulation of PKA activity may not necessarily mediate
detectable increases in adenylyl cyclase activity. This phenom-
enon is due to the coupling between adenylyl cyclase activation,
stimulation of PKA, and the ultimate functional effect (in this
case, inhibition of Na-K-Cl cotransport). We demonstrated
previously that in Jurkat cells submaximal inhibition of Na-K-
Cl cotransport occurs at concentrations of isoproterenol that
mediate <60% of maximal stimulation of PKA activity and
barely detectable increments in adenylyl cyclase activity (2).

75¢

S0

25+

ADENYLYLCYCLASE ACTIVITY
(pmol/10 min/10° cells)

BASAL HMA

GTP HMA+GTP ISO+GTP
Fig. 5. Effect of HMA (1 um), either alone or with GTP (100 um), on

adenylyl cyciase activity. 5-Adrenoceptor stimulation of adenylyl cyclase
is Mustrated by the effect of isoproterenol (10 uM) with GTP (100 xM)
(ISO + GTP). Data represent the mean + standard error from six
experiments performed separately under identical conditions.

Thus, analogues of amiloride could stimulate adenylyl cyclase
undetectably but still activate PKA via a cAMP-dependent
mechanism.

As an alternative indirect approach to elucidate how amilor-
ide analogues stimulate PKA, we assessed the additivity of
HMA and isoproterenol. Even at maximal concentrations, is-
oproterenol-stimulated adenylyl cyclase activity is associated
with only submaximal PKA stimulation [as defined by cAMP
(1 mM)-stimulated PKA activity]. Thus, if HMA acted directly
on PKA (and thus its effect was independent of elevations in
intracellular cAMP), it would be anticipated that the effects of
isoproterenol and HMA would be additive. However, at maxi-
mal concentrations of isoproterenol and HMA (10 uM and 1
uM, respectively), no additive effect on PKA activity was seen.
This finding is consistent with a common mechanism for these
agents to stimulate PKA via cAMP elevation (Fig. 6).

DDA, a P-site inhibitor of adenylyl cyclase, has been useful
in delineating the role of adenylyl cyclase stimulation in other
hormone-mediated effects (21-23). To determine whether
HMA might act via an adenylyl cyclase-dependent mechanism,
PKA activity was assessed in the presence and in the absence
of DDA (100 uM). cAMP-stimulated PKA activity was not
affected by DDA coincubation (Fig. 7), consistent with a DDA
effect proximal to PKA. In contrast, isoproterenol-stimulated
PKA activity was inhibited by >50% by coincubation with
DDA. These data are consistent with an effect of DDA to
inhibit PKA stimulation by those agents that stimulate aden-
ylyl cyclase. Similarly, HMA-stimulated PKA activity was in-
hibited by DDA, consistent with HMA stimulation of PKA via
adenylyl cyclase activation.

Therefore, despite our inability to detect an HMA-mediated
increase in adenylyl cyclase activity by direct assays, three lines
of evidence suggest that amiloride analogues stimulate PKA by
increasing cCAMP. They are 1) the lack of a direct effect of
HMA on PKA in cell-free preparations, 2) the lack of any
additive effect of HMA and isoproterenol in stimulating PKA,
and 3) the selective inhibition of HMA-stimulated PKA activity
by DDA.

Conclusions

Amiloride analogues were found to inhibit Na-K-Cl cotrans-
port. This effect is potent and common to those agents that

201

10+

PKA ACTIVITY
(% OF cAMP-STIMULATED ACTIVITY)

HMA+ISO

BASAL I1SO HMA

Fig. 6. Effects of isoproterenol (/SO) (10 um) and HMA (1 um), alone and
together, on PKA activity. The data are expressed as a percentage of
cAMP (1 mm)-stimulated PKA activity (156 + 16 pmol of phosphoprotein/
min/10° celis). Data represent the mean + standard error from four
experiments performed separately under identical conditions.
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Fig. 7. Effect of direct adenylyl cyclase inhibiton on HMA (1 um)-
stimulated PKA activity. Adenylyl cyclase was inhibited by DDA (100 um).
Data are expressed as a percentage of control PKA activity (in the
absence of DDA). The effect of DDA on HMA-stimulated PKA activity is
compared with the effect of DDA on isoproterenol (100 um)-stimulated
PKA activity and its lack of effect on CAMP (1 mm)-stimulated PKA
activity. Basal activity was not decreased by DDA (109 + 21% of control).
Data represent the mean + standard error from three experiments
performed separately under identical conditions. *, p < 0.05 versus
control.

inhibit sodium-hydrogen exchange. The effects of 8-adrenergic
agonists and amiloride analogues on Na-K-Cl cotransport are
not additive, suggesting a common mechanism of inhibition.

In other cell systems, elevations in cAMP may have variable
effects on the Na-H antiporter (19, 20, 24). Whether these
effects are direct or indirect is unclear. Previous studies in
lymphoma cells (and enteric endocrine cells) have suggested (-
adrenergic receptor-mediated stimulation of the Na-H anti-
porter via a cAMP-independent mechanism (24). In contrast,
B-adrenergic agonists do not alter Na-H exchange in Jurkat
cells, as assessed by monitoring cytosolic pH using fluorescence
techniques. Thus, inhibition of Na-H exchange cannot repre-
sent a common mechanism by which isoproterenol and amilor-
ide analogues inhibit Na-K-Cl cotransport. In fact, it is unlikely
that inhibition of Na-H exchange could contribute appreciably
to the effects of amiloride analogues on Na-K-Cl cotransport,
because the Na-H antiport appears to be inactive under the
conditions used in our %Rb uptake studies.

Amino-substituted analogues of amiloride potently stimu-
lated PKA activity, although this effect was clearly smaller
than that of isoproterenol. Based on the coupling relationship
between stimulation of PKA activity and inhibition of Na-K-
Cl cotransport by isoproterenol (2), the extent of HMA-stim-
ulated PKA activity would predict the significant but submax-
imal inhibition of Na-K-Cl cotransport seen in the present
studies (i.e., submaximal, compared with the effects of isopro-
terenol).

Analogues of amiloride have been demonstrated to have
multiple effects on adenylyl cyclase-linked signal transduction
systems. Previous studies have focused on their allosteric in-
teractions with receptors. In other cell systems, analogues of
amiloride inhibit a;-adrenoceptor agonist binding (25-27).
Comparable effects in S-adrenergic receptor systems have also
been demonstrated (25, 27). In contrast to these inhibitory
effects, the present studies indicate a novel mechanism of
action of these agents in stimulating PKA.

Beyond the effects of amiloride analogues on the inhibition
of Na-K-Cl cotransport, these studies may have important
implications for those investigators who use these agents as
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selective probes of Na-H exchange. The ECs, of HMA for
stimulation of PKA corresponds closely to that reported for
inhibition of Na-H exchange (17). Thus, effects of these agents
previously ascribed solely to inhibition of Na-H exchange might
also be related to stimulation of PKA.
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