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Hypokalemia, in Bartter’'s Syndrome and Other Disorders, Produces Resistance to
Vasopressors via Prostaglandin Overproduction (40234)
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Bartter’s syndrome is characterized by hy-
pokalemia, hyperreninemia, hyperaldoster-
onism, normal blood pressure, hyperplasia of
the juxtaglomerular apparatus of the kidneys,
and a blood pressure response to intravenous
angiotensin II (A II) and norepinephrine
(NE) which is subnormal (1, 2). In addition,
increased synthesis of prostaglandins has
been observed in patients with Bartter’s syn-
drome (3-5), and, as treatment with prosta-
glandin synthetase inhibitors tends to correct
many of the abnormalities of the syndrome,
the hypothesis that prostaglandins are a prox-
imal cause of the disorder has been proposed
(3-6). Recent experience with long-term
treatment of patients with Bartter’s syndrome
with prostaglandin synthetase inhibitors in-
dicates that the inhibitors may correct over-
production of prostaglandins and renin with-
out correction of the hypokalemia (7). Also
in the dog, experimentally-induced hypoka-
lemia was associated with an increase in the
renal synthesis of prostaglandins E (PGE)
and a decrease in the blood pressure response
to A II; treatment with a prostaglandin syn-
thetase inhibitor then restored A II sensitivity
toward control without a change in serum
potassium (8). These observations suggest
that hypokalemia per se may stimulate the
synthesis of prostaglandins and thereby de-
crease the vascular response to A II. This
possibility was studied in patients with Bart-
ter’s syndrome and in patients with hypoka-
lemia of other causes.

Patients and methods. Three girls (9, 14, 17
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years old) and five women (3446 years old)
with histologic and clinical features of Bart-
ter’s syndrome were admitted to an air-con-
ditioned ward for the following two protocols:

The first protocol was designed to evaluate
the effects of expansion of extracellular fluid
and of intravascular volume on A II respon-
siveness in Bartter’s syndrome. In one study
two patients were given sodium intakes of
300400 mEq/day for 16-20 days and the
blood pressure response to A II was deter-
mined at the beginning and the end of the
study. In the second study, two patients were
given constant sodium intakes of 69 (Patient
1) and 109 (Patient 2) mEq/day and, when
they were in sodium balance, they were in-
fused intravenously with salt-poor human se-
rum albumin, 50 g/day and 100 g/day, re-
spectively, for 4 days. Plasma volume mea-
sured by an isotope dilution method with
radioiodinated serum albumin (**'I) and the
blood response to A II was determined before
and after infusion of albumin.

The second protocol was designed to eval-
uate the role of hypokalemia in A II respon-
siveness in Bartter’s syndrome and in patients
with psychogenic vomiting. Seven patients
with Bartter's syndrome and four adult
women with psychogenic vomiting were
given constant diets containing 109 to 115
mEq/day of sodium and 36-61 mEq/day of
potassium. In addition, the patients with
Bartter’s syndrome were given 202 mEq/day
of potassium chloride. The patients with Bart-
ter’s syndrome were studied before and dur-
ing treatment with indomethacin, 100-200
mg/day (except for the 9-year-old girl who
received 75 mg/day) in divided doses for 8-9
days. The patients with psychogenic vomiting
were studied before and after correction of
hypokalemia.

The blood pressure response to A II was
determined in the patients with Bartter’s syn-
drome before and again during treatment
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with indomethacin and in the other hypoka-
lemic patients before and after correction of
hypokalemia, according to the following pro-
tocol. Peripheral venous blood for measure-
ment of sodium, potassium, chloride, carbon
dioxide content, creatinine and “supine”
plasma renin activity (PRA) was drawn be-
fore the test after the patient had been recum-
bent for 1 hr. In order to establish the pressor
dose of angiotensin II, an intravenous infu-
sion of 5% dextrose in water was begun. The
rate of infusion was maintained at 1 ml/min
with a constant-infusion pump. After the
blood pressure had been stable for 3-5 deter-
minations, angiotensin II was added. Pulse
and blood pressure were taken every 1-2 min
throughout the infusion period. Ten-minute
infusions of angiotensin I, alternating with
10-min infusions of 5% dextrose in water,
were given at successive dosages of 2.5, 5, 7.5,
10, 15, 20, 25, 40 and 50 ng/kg/min until an
amount was reached that caused a sustained
elevation of diastolic blood pressure by 20
mm Hg above the averaged control values.
This amount is referred to as the “pressor
dose of angiotensin II”. The pressor dose of
norepinephrine (NE) was determined in a
similar fashion by giving successive dosages
of 25, 50, 100, 150 and 200 ng/kg/min in two
patients with psychogenic vomiting.

Informed consent for all studies was ob-
tained from each patient, and in the case of
children, from their parents as well.

Aliquots of serum were analyzed for so-
dium, potassium, chloride, carbon dioxide
content and creatinine by methods previously
described (9). PRA, urinary aldosterone and
urinary prostaglandin E-like material (iPGE)
was measured by radioimmunoassay (4). Sig-
nificance was determined by Student’s ¢ test
and only those values for P of less than 0.05
were considered significant.

Results. A cumulative positive sodium bal-
ance of approximately 169 and 135 mEq in
two patients with Bartter’s syndrome had es-
sentially no effect on PRA or the pressor dose
of A II (Fig. 1). Expansion of intravascular
volume with albumin which increased plasma
volume from 44 to 59 ml/kg in patient 1 and
from 42 to 60 ml/kg in patient 2 was associ-
ated with a trivial decrease in PRA and no
change in the pressor dose of A II (Fig. 2).

The results of treatment of patients with
Bartter’s syndrome with indomethacin are
shown in Table I. All patients were hypoka-
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Fi. 1. Effects of expansion of extraccllular fluid
volume with sodium chloride (NaCl) on cumulative
sodium balance (Cum Na), plasma renin activity (PRA)
and the pressor dose of angiotensin II (Angio II) in two
patients with Bartter’s syndrome. The open bars indicate
the control responses to Angio II, the hatched bars the
responses after expansion of extracellular fluid volume.
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F1G. 2. Effects of expansion of intravascular volume
with albumin (Alb) on plasma volume, plasma renin
activity (PRA) and the pressor dose of angiotensin 11
(Angio II) in two patients with Bartter’s syndrome. The
open bars indicate the control responses to Angio I1, the
hatched bars the responses after expansion of intravas-
cular volume.

lemic during the control period with a mean
serum potassium of 2.3 £ 0.1 (SE) mEq/L
which increased significantly to 3.1 + 0.2
mEq/L with indomethacin. Supine PRA was
high in all patients with a mean value of 29.4
+ 10 ng/ml/hr which decreased significantly
to 3.1 = 1.1 ng/ml/hr with treatment. Control
urinary iPGE was elevated at 3.1 + 0.6
pg/day (normal 0.696 + 0.24 ug/day) and
decreased significantly to 1.5 = 0.4 ug/day
with indomethacin treatment. Mean basal
blood pressure was normal and did not
change with indomethacin. The mean pressor
dose of A II was elevated at 26 + 5
ng/kg/min and decreased significantly to a
normal value of 10 + 2 ng/kg/min.
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TABLE L*
Basal BP sys- Pressor Dose
] Serum K+ Supine PRA Urinary iPGE tolic/diastolic of A 11
Regimen (mEq/1) (ng/ml/h) (ng/d) (mmHg) (ng/kg/min)
Control
Mean + SE 23+0.1 294+ 10 3106 104/69 + 6/3 265
INDO
Mean + SE 3.1+ 02 31+ 1.1 1.5+04 103/67 + 6/5 10 +2
P <0.01 <0.05 <0.05 NS <0.02

“ Serum potassium (K+), supine plasma renin activity (PRA), urinary immunoreactive prostaglandin E (iPGE),
basal blood pressure (BP) and pressor dose of angiotensin II (A II) before and during treatment with indomethacin

(INDO) in seven patients with Bartter’s syndrome.
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FiG. 3. Change in mean arterial pressure with differ-
ent dosages of angiotensin II (Angio II) before and
during treatment of three patients with Bartter’s syn-
drome with indomethacin.

The dose-response curves of mean arterial
blood pressure to A II for three patients
before and during treatment with indometh-
acin are shown in Fig. 3. With each dose of
A 1II there was a greater increase in mean
arterial blood pressure during the period of
treatment with indomethacin than during the
control period, resulting in a shift of the dose-
response curve to the left with indomethacin
treatment.

Table II shows the findings before and
after correction of hypokalemia in the four
patients with psychogenic vomiting. Mean
serum potassium of 2.3 * 0.2 mEq/L in-
creased significantly to 3.5 = 0.2 mEq/L.
Supine PRA was high in all patients with a
mean value of 27.6 * 9.8 ng/ml/hr which
decreased significantly to 2.4 + 0.4 ng/ml/hr

after correction of hypokalemia. Urinary
iPGE, measured in two of the four patients,
was high at 1.78 and 2.03 ug/d. Mean basal
blood pressure was normal before and after
correction of hypokalemia. The mean pressor
dose of A II, 102 + 34 ng/kg/min decreased
significantly to a mean value of 12 + 2
ng/kg/min after correction of hypokalemia.
Figure 4 shows the dose-response curves of
mean arterial blood pressure to A II in two
of the patients with hypokalemia secondary
to vomiting before and after correction of
hypokalemia. At every dosage of A II the
increase in mean arterial blood pressure was
greater after correction of hypokalemia than
that measured while hypokalemia was pres-
ent, resulting in a shift of the dose-response
curves to the left. Figure 5 shows dose-re-
sponse curves of mean arterial blood pressure
to NE in two of the patients with hypokale-
mia secondary to vomiting before and after
correction of hypokalemia. At every dosage
of NE the increase in mean arterial blood
pressure was greater after correction of hy-
pokalemia than that measured while hypo-
kalemia was present, resulting in a shift of
the dose response curves to the left.
Discussion. In the original descriptions of
Bartter’s syndrome, the decreased sensitivity
of blood pressure to A II observed in those
patients was attributed to a defect in arterial
smooth muscle and this was postulated to be
a proximal cause of the syndrome (1, 2). Since
these publications, hyporesponsiveness to A
II has been observed in hypokalemic patients
with other disorders (10). The report that
experimentally-induced hypokalemia in the
dog is associated with a decreased blood pres-
sure response to A II (8) together with the
present findings in patients with psychogenic
vomiting provide further evidence that hy-
pokalemia per se can decrease the pressor
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TABLE IL“
Basal BP
) Serum K+ Supine PRA systolic/diastolic Pressor Dose of

Regimen (mEq/1) (ng/ml/h) (mmHg) All (ng/kg/min)
Hypokalemia

Mean + SE 23+0.2 27.6 +9.8 92/59 +3/3 102 + 34
Normokalemia

Mean + SE 35+02 24+04 87/54 +4/6 12+2

P <0.01 <0.05 NS <0.05

“Serum potassium (K+), supine plasma renin activity (PRA), basal blood pressure (BP) and pressor dose of
angiotensin I (AII) before and after correction of hypokalemia in four patients with psychogenic vomiting.
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FiG. 4. Change in mean arterial pressure with differ-
ent dosages of angiotensin II (Angio II) before and after
correction of hypokalemia in two patients with psycho-
genic vomiting.
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FiG. 5. Change in mean arterial pressure with differ-
ent dosages of norepinephrine before and after correction
of hypokalemia in two patients with psychogenic vom-
iting.
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responsiveness to A I and probably to NE
as well. The further finding that hypokalemia
with potassium depletion stimulates prosta-
glandin E synthesis in the dog (8) and in
patients with psychogenic vomiting suggests

that hypokalemia may be the basis for in-
creased production of prostaglandins found
in Bartter’s syndrome (3-5).

The increased release of renin which hy-
pokalemia produces (11) may also be me-
diated by prostaglandins, as considerable ev-
idence indicates that prostaglandins function
as an intermediary in renin release. In the
dog, infusion of PGE,; into the aorta (12) and
of PGE; or PGE; into a renal artery (13)
increased PRA and ipsilateral renin secretion,
respectively. In the rabbit, infusion of arach-
idonic acid, the natural precursor of PGEx,
into the aorta increased PRA (14). Stimula-
tion of renin release from renal cortical slices
in vitro by prostaglandin G: has also been
reported (15). Conversely, a decrease in PRA
in association with an inhibition of prosta-
glandin synthesis has been observed in nor-
mal man (16, 17) in Bartter’s syndrome (3-6),
and in normal (13) and hypokalemic dogs
®8).

Not only does inhibition of prostaglandin
synthesis decrease PRA, but it also restores
vascular sensitivity to A II towards normal in
sodium-depleted normal human subjects
(17), in hypokalemic dogs (8) and in Bartter’s
syndrome as reported by others (3, 6) and
confirmed by this study (Table I). These find-
ings support the view that an increased syn-
thesis of prostaglandins in Bartter’s syndrome
and in the patients with psychogenic vomiting
may be the basis for their hyposensitivity to
AIL

Prostaglandins could decrease the pressor
response to A II by increasing PRA with a
consequent increase in plasma A II concen-
tration, through their vasodilator effects on
blood vessels, or both. (Whereas direct effects
of hypokalemia on arterial smooth muscle
contractility cannot be excluded, an increase
in pressor responsiveness to A II can occur in
response to treatment with indomethacin
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without a change in serum potassium (8), or
with only partial correction of hypokalemia
as in this study.)

An inverse relationship between circulating
plasma A II concentration and the pressor
response to infused A II has been observed
and attributed by some to a decrease in avail-
able A II receptor sites because of prior oc-
cupancy of these sites by endogenous A II
(18). Others, however, have attributed this
inverse relationship to an absolute decrease
in the number of receptor sites as a result of
an increase in concentration of endogenous
A 1I (19), a relationship observed in the case
of other peptide hormones (20).

Apart from its effects on receptor function,
circulating A II may also stimulate the syn-
thesis of prostaglandins in vascular tissue (21,
22), and prostaglandins can in themselves
decrease the contractile response to A II (23).
Recent studies indicate that the vasodilator
bradykinin which can also stimulate the syn-
thesis of prostaglandins (24), is increased in
the plasma of patients with Bartter’s syn-
drome (25). Thus, increased formation of
prostaglandins within blood vessels stimu-
lated by hyperreninemia (through A II) and
by bradykinin may contribute to a decrease
in pressor responsiveness to A II. Indeed, the
observation that pressor responsiveness to NE
is also decreased in patients with psychogenic
vomiting (Fig. 5) as well as in patients with
Bartter’s syndrome (2) suggests that prosta-
glandins may be a more important mecha-
nism for the vascular hyposensitivity than
either prior occupancy of receptors by A II
or downregulation of A II receptors, unless,
of course, the receptors for NE are the same
as those for A IL

Previous studies by others have led them
to postulate that a renal salt-losing defect was
responsible for the pathogenesis of Bartter’s
syndrome (26, 27). The failure of expansion
of extracellular fluid volume (Fig. 1) or intra-
vascular volume (Fig. 2) to affect plasma
renin activity or blood pressure response to
AII suggests that this is not the case. These
results also provide additional evidence that
the retention of sodium chloride and water
which occurs when patients with Bartter’s
syndrome are treated with inhibitors of pros-
taglandin synthesis (3-6) contributes mini-
mally, if at all, to the associated decrease in
PRA.
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Recent studies indicate that patients with
Bartter’s syndrome have a prostaglandin-in-
dependent defect in chloride reabsorption in
the thick ascending limb of Henle’s loop (28).
Such a defect could explain the renal loss of
potassium and the hypokalemia which occur
in association with a normal ability of the
kidneys to conserve sodium. The data re-
ported and reviewed in this paper support the
hypothesis that hypokalemia, by the in-
creased synthesis of prostaglandins, can ac-
count for the hyperreninemia and the hypo-
sensitivity of blood pressure to A II in Bart-
ter’s syndrome. The observation that pro-
longed treatment with inhibitors of prosta-
glandin synthesis corrects the hyperreninemia
but not the hypokalemia (7) is consistent with
this hypothesis.

Summary. The role of hypokalemia and
increased synthesis of prostaglandins in the
decreased response of blood pressure to intra-
venous angiotensin II was studied in patients
with Bartter’s syndrome and in patients with
psychogenic vomiting. In patients with Bart-
ter’s syndrome with high urinary prostaglan-
din E, treatment with an inhibitor of prosta-
glandin synthesis corrected the hyperrenine-
mia and restored the pressor response to an-
giotensin II to normal but only partially cor-
rected the hypokalemia. In patients with psy-
chogenic vomiting with high urinary prosta-
glandin E, correction of the hypokalemia cor-
rected the hyperreninemia and restored the
pressor response to angiotensin II and to
norepinephrine to normal. The findings sug-
gest that hypokalemia, by stimulation of the
synthesis of prostaglandin E in the kidney,
produces hyperreninemia. An increase in
synthesis of prostaglandin E in vascular tis-
sue, stimulated by hypokalemia per se or by
angiotensin II (produced by the hyperreni-
nemia) or by both, increases the vascular
resistance to angiotensin II and to norepi-
nephrine.
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