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Abstract

 

In Liddle’s syndrome, a rare inherited form of hypertension,
epithelial sodium channel mutations appear to cause high
blood pressure by increasing sodium reabsorption through
sodium channels in the renal distal tubule. This increase in
channel activity has not been confirmed previously by in
vivo measurement. We have made transnasal potential dif-
ference measurements (effective in detection of increased
sodium channel activity in cystic fibrosis) in three brothers
with genetically proven Liddle’s syndrome, their unaffected
sister, and 40 normotensive controls. Maximum potential
difference after 2 wk off treatment in the affected brothers
was 

 

2

 

30.4

 

6

 

1.2 mV (values mean

 

6

 

SD, lumen-negative
with respect to submucosa) and was significantly more lu-
men-negative than that of the control group (

 

2

 

18.6

 

6

 

6.8
mV,

 

 P 

 

5 

 

0.0228) or the unaffected sister (

 

2

 

18.25 mV,

 

 P 

 

,

 

0.01). The change in potential difference after topical appli-

 

cation of 10

 

2

 

4

 

 M amiloride was greater in the Liddle’s pa-
tients, 14.0

 

6

 

2.1 mV, than in controls (7.9

 

6

 

3.9 mV,

 

 P 

 

5

 

0.0126) or the unaffected sister (5.5 mV,

 

 P 

 

, 

 

0.05). This is
the first in vivo demonstration of increased sodium channel
activity in Liddle’s syndrome. If these results are confirmed
in other kindreds with this condition, then nasal potential
difference measurements could provide a simple clinical
test for Liddle’s syndrome. (

 

J. Clin. Invest.

 

 1998. 102:10–
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Introduction

 

Liddle’s syndrome is an autosomal dominant disorder that is
characterized by early onset of high blood pressure, a tendency
to hypokalemia, and low plasma renin and aldosterone levels
(1). Recent genetic analysis has shown Liddle’s syndrome to
be due to mutations of 

 

b

 

 or 

 

g

 

 subunits of the epithelial sodium
channel (2, 3). These mutations disrupt regulatory regions of
the sodium channel and increase channel activity, possibly by
increasing the number of active sodium channels on the cell

surface (4) or by increasing open probability of affected chan-
nels (5). The clinical features of Liddle’s syndrome are thought
to result from excessive sodium reabsorption and sodium re-
tention due to increased sodium channel activity in the renal
distal tubule. In support of this concept, epithelial sodium
channel subunits altered by the mutations found in Liddle’s
syndrome induce an increase in amiloride-sensitive sodium
current when expressed in 

 

Xenopus

 

 oocytes in excess of that
seen when wild-type sodium channel subunits are expressed
(6). Sodium channels in the membranes of lymphocytes from
patients with Liddle’s syndrome have also been shown to be
more active than channels in lymphocytes from unaffected
family members (7). However, no in vivo measurement of so-
dium channel activity has been made in Liddle’s syndrome
since the renal tubule is not accessible to clinical assessment.

Sodium channels with structural and physiological proper-
ties similar to renal channels are present in other tissues in-
cluding the nasal epithelium. Nasal sodium channel activity
can be quantified by transmucosal nasal electrical potential
difference (PD)

 

1

 

 measurements before and after amiloride, a
drug which blocks sodium channels, and this measurement has
been used in the diagnosis of cystic fibrosis (8). Therefore, it
was of interest to see if this technique could be used as a
clinical measurement of sodium channel activity in Liddle’s
syndrome. If abnormal sodium channel activity could be dem-
onstrated in Liddle’s syndrome, then nasal PD (NPD) mea-
surements might have a role in screening for Liddle’s syn-
drome.

 

Methods

 

Subjects.

 

A Caucasian family of three brothers with Liddle’s syn-
drome and their unaffected sister was studied at the Centre d’Investi-
gation Clinique, Hôpital Broussais. The three brothers have been
shown to have a mutation of the 

 

b

 

 sodium channel subunit causing
premature termination of the subunit similar to other reported cases
of Liddle’s syndrome (9). They all had the typical clinical features of
Liddle’s syndrome which had been reversed by long-term amiloride
therapy (20 mg/d). Measurements in the three brothers were made af-
ter amiloride had been withdrawn for 2 wk. In one of the brothers,
measurements were also made 12 h after the last oral dose of
amiloride. Measurements were also made in the unaffected sister who
was not taking any medication.

Control subjects (Caucasian) were recruited from volunteers and
nonconsanguineous relatives of patients of the Blood Pressure Unit
at St. George’s Hospital and were studied there.

All subjects were used to having their blood pressure measured.
Subjects rested supine for 5 min after which blood pressure record-
ings were done in triplicate. Blood pressure was measured in the four
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Abbreviations used in this paper:

 

 CFTR, cystic fibrosis transmem-
brane regulator; NPD, nasal potential difference; PD, potential dif-
ference; PDamil, change in potential in response to amiloride; PDmax,
maximum potential difference.
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siblings using the Baxter-Colin BP 8800 oscillometric method (Colin
Electronics Co. Ltd., Japan) and in normotensive control subjects us-
ing an Omron HEM-705CP oscillometric blood pressure monitor
(Omron, Hamburg, Germany). Normotensive subjects were defined
as those with a supine systolic blood pressure of 

 

,

 

 150 mmHg and di-
astolic pressure 

 

,

 

 90 mmHg. Subjects who had any evidence of acute
or chronic rhinitis, asthma, atopy, or took any drugs including nasal
medications were excluded from the study. All subjects gave their in-
formed consent and the study was approved by the Local Research
Ethics Committee.

 

Measurement of NPD.

 

On the morning of NPD measurements,
subjects were only allowed water to drink and had no food or other
beverages from midnight the previous evening. All NPD measure-
ments were made by the same operator using the same set of equip-
ment. Transmucosal NPD was measured as described previously (10).
The reference electrode consisted of a 23G butterfly needle inserted
in the subcutaneous tissue of the forearm. The exploring electrode
was an 8G nasogastric tube filled with Ringer’s solution introduced
along the inferior surface of the inferior turbinate to a distance of 7 cm.
Both electrodes were connected to the voltmeter by 1% Ringer’s
agar bridges. The output of the voltmeter was recorded continuously
on a chart recorder throughout the experiment. NPD was recorded
from the nasal mucosa and the maximum PD was established as per
previous technique (10). A second measurement of the maximum po-
tential was performed to ensure consistency of recording and the
mean of these two maximum values was taken as the potential differ-
ence (PDmax) for analysis. 10

 

2

 

4

 

 M amiloride in Ringer’s solution was
then infused onto the nasal mucosa and after 4 min the NPD was re-
measured. NPD became less negative in response to amiloride appli-
cation. The change in potential in response to amiloride (PDamil)
was determined by calculating the difference between PDmax and
the postamiloride PD at the same point.

 

Statistical analysis.

 

Group values are given as mean

 

6

 

SD except
where stated. Distributions of maximum PD and amiloride-sensitive
PD measurements were found to be skewed to the left. Therefore, log
transformation was performed to normalize the data. Differences be-
tween groups were tested using two-tailed unpaired 

 

t

 

 tests on log-
transformed data.

 

Results

 

Characteristics of subjects investigated are summarized in Ta-
ble I. Three male subjects affected with Liddle’s syndrome (34,
29, and 27 yr of age) and their unaffected sister (31 yr of age)

were included in the study. Measurements were compared
with a control group comprising 40 Caucasian subjects (29
males and 11 females) with normal blood pressure. Average
age of the control group was 49.3

 

6

 

15.0 yr (mean

 

6

 

SD), range
22–70 yr.

 

NPD measurements in Liddle’s syndrome and control sub-
jects.

 

All PD measurements were lumen-negative with respect
to the submucosal reference electrode and became less lumen-
negative in response to topical amiloride.

In the three patients with Liddle’s syndrome after 2 wk
without amiloride treatment, PDmax values were 

 

2

 

31.8,

 

2

 

29.5, and 

 

2

 

29.9 mV, respectively (mean

 

6

 

SD, 

 

2

 

30.4

 

6

 

1.23
mV). These values were significantly more lumen-negative
than those of the control group (PDmax 

 

5 2

 

18.6

 

6

 

6.8 mV,

 

P 

 

5 

 

0.0228) or the unaffected sister (PDmax 

 

5 2

 

18.25 mV,

 

P 

 

, 

 

0.01) (Fig. 1).
PDamil in the Liddle’s patients was 16, 11.8, and 14.1 mV,

respectively (mean 13.97

 

6

 

2.1 mV). PDamil in the Liddle’s pa-
tients exceeded that of the control group (PDamil 

 

5 

 

7.9

 

6

 

3.9
mV,

 

 P 

 

5 

 

0.0126) and the unaffected sister (PDamil 

 

5 

 

5.5 mV,

 

P 

 

, 

 

0.05) (Fig. 1).

 

Comparison of NPD measurements between Liddle’s and
age-matched control subjects.

 

Previous studies have showed
that NPD measurements do not differ with sex, but become
less negative as a function of age (10). The mean age of our

 

Table I. Clinical Characteristics of Subjects Undergoing
NPD Measurements

 

Control
subjects

Subjects
affected with

Liddle’s
syndrome

Unaffected
sister

 

Number 40 3 1
Age (yr) 49.3 30 31

(Range) (22–70) (27–34)
Sex (male/female) 29:11 3:0 0:1
Systolic blood pressure

125.6

 

6

 

9.6 142.8

 

6

 

3.7* 124(mmHg)
Diastolic blood pressure

75.6

 

6

 

6.9 81.4

 

6

 

3.2 72(mmHg)

Measurements are given as mean

 

6

 

SD unless otherwise stated. Blood
pressure was measured in subjects with Liddle’s syndrome after 2 wk
off amiloride treatment. *

 

P

 

 

 

5

 

 0.0039 compared to control group.

Figure 1. NPD measurements in normotensive Caucasians and in af-
fected and unaffected members of a family with Liddle’s syndrome. 
Maximum PD values are lumen-negative with respect to the submu-
cosal reference electrode. Values are given as mean6SD. Maximum 
PD was more lumen-negative in patients with Liddle’s syndrome 
(230.461.2 mV) than in the control group (218.666.8 mV, P 5 

0.0228) or the unaffected sister (218.25, P , 0.01). The change in PD 
after topical application of 1024 M amiloride was greater in the Lid-
dle’s patients, 14.062.1 mV, than in controls (7.963.9 mV, P 5 

0.0126) or the unaffected sister (5.5 mV, P , 0.05).
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control group was 49.3

 

6

 

15.0 yr, whereas the three Liddle’s pa-
tients were 34, 29, and 27 yr of age, respectively. Therefore, we
examined nine of our control group who were 22–35 yr of age.
PD measurements in this subgroup were similar to those of the
whole control group and lower than those of the age-matched
Liddle’s patients (PDmax 

 

2

 

20.2

 

6

 

9.2 mV, PDamil, 7.9

 

6

 

5.4
mV). The unaffected sister was 31 yr of age and therefore was
of a similar age to the Liddle’s patients and this subgroup of
controls. Her PD values fell within the control range.

 

NPD measurements in a patient with Liddle’s syndrome
during therapy with oral amiloride.

 

One patient with Liddle’s
syndrome had measurements made both while on oral amiloride
and 2 wk after stopping treatment. His usual amiloride dose
was 10 mg twice daily and measurements on treatment were
made 12 h after the last dose. PDmax fell from 

 

2

 

31.8 mV on
no treatment to 

 

2

 

16.6 mV on oral amiloride treatment. On no
treatment the change in potential in response to topical
amiloride was 16 mV, whereas on oral amiloride the change in
potential in response to topical amiloride was 3.6 mV (Fig. 2).

 

Discussion

 

In this study we have shown that both maximum transmucosal
NPD measurements and the change in PD in response to

amiloride are increased in three patients affected with Liddle’s
syndrome compared with their unaffected sister and a group of
normotensive control subjects. This is the first in vivo mea-
surement of increased sodium channel activity in Liddle’s syn-
drome. Our results strengthen the assumption that sodium
channel subunit mutations in patients with Liddle’s syndrome
cause increased sodium channel activity which results in so-
dium retention and thereby high blood pressure. Amiloride
corrects the clinical features of Liddle’s syndrome and is
thought to act by blocking affected sodium channels, thus al-
lowing increased sodium excretion and normalization of so-
dium balance. We have shown in one patient with Liddle’s syn-
drome that oral amiloride at a dose sufficient to normalize
sodium balance does indeed reduce sodium channel activity as
detected by NPD measurement.

In the interpretation of this study it is necessary to consider
whether technical difficulties or other factors may have influ-
enced the results. Transnasal PD measurements have been
used widely in the investigation of cystic fibrosis and have been
shown to be reliable and repeatable (10). We have shown a
change in PD of 0.9

 

6

 

0.95 mV (mean

 

6

 

SEM) between re-
peated measurements in 10 normal volunteers (unpublished
data). In the one patient with Liddle’s syndrome in whom
NPD measurements were made twice off treatment, record-
ings were PDmax 

 

2

 

28 mV, PDamil 15 mV on the first occa-
sion and PDmax 

 

2

 

29.9 mV, PDamil 14.1 mV on the second
occasion 3 mo later.

Our Liddle’s subjects were all male (controls were 29 males
and 11 females) and had an average age of 30.0

 

6

 

3.6 yr (con-
trols 49.3

 

6

 

15 yr). It is important to determine whether these
differences in demographic factors may have been responsible
for the difference in PD measurements between the Liddle’s
and control subjects. Previous studies have not shown any dif-
ference in NPD measurements between male and female sub-
jects but have shown in a small number of normal volunteers
that NPD measurements were lower in older subjects (10). De-
spite this we do not feel that the age difference between our
groups accounts for these results. In our 40 control subjects we
did not find any correlation between age and either PDmax
(

 

R

 

 

 

5 

 

0.04, NS) or PDamil (

 

R

 

 

 

5 2

 

0.03, NS). The observed dif-
ference in PD measurements between Liddle’s subjects and
control subjects persisted when the Liddle’s subjects were
compared with an age-matched subgroup of controls and
finally the PD measurements in the three affected brothers
were significantly higher than those of their unaffected, age-
matched sister.

One potential criticism of our study is that the measure-
ments of sodium channel activity were made in the nasal mu-
cosa and not in the renal epithelium. Nasal epithelial sodium
channels are accessible to clinical measurement unlike renal
channels and share structural and functional features with re-
nal channels which makes them a good model for renal chan-
nel activity. 

 

a

 

, 

 

b

 

, and 

 

g

 

 sodium channel subunits have been
identified both in the renal (11) and nasal epithelium (12) by in
situ hybridization techniques. In cultured cells from both tis-
sues, patch clamp experiments have identified channels selec-
tive for sodium and sensitive to blockade by amiloride which
are thought to be assembled from 

 

a

 

, 

 

b

 

, and 

 

g

 

 subunits (13, 14).
Therefore, mutations of 

 

b

 

 or 

 

g

 

 subunits seen in families with
Liddle’s syndrome might be expected to alter the activity of
both renal and nasal sodium channels.

However, regulation of sodium channels by local factors

Figure 2. NPD measurements in one patient with Liddle’s syndrome 
on and off treatment with amiloride 10 mg twice daily. Values of max-
imum PD (lumen-negative) and change in potential in response to 
topical amiloride are shown for one patient with Liddle’s syndrome 
both on and off oral amiloride treatment. Maximum PD of 216.6 mV 
on oral amiloride treatment rose to 231.8 mV when oral amiloride 
had been stopped for 2 wk. The change in potential in response to 
topical amiloride was 3.6 mV on oral amiloride and rose to 16 mV af-
ter 2 wk off oral amiloride treatment.
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may cause some differences in the activity of nasal and renal
channels. A major influence on sodium channel activity is the
cystic fibrosis transmembrane regulator (CFTR) which is
thought to reduce sodium absorption through epithelial so-
dium channels by a cAMP-dependent mechanism (15). Studies
in cystic fibrosis have suggested that the CFTR is an important
downregulator of sodium channel activity in nasal epithelium
(15). Expression of the CFTR has been demonstrated in hu-
man renal epithelia but its influence on renal channel activity
is not clear (16, 17). Our findings of a significant detectable in-
crease in sodium channel activity in nasal epithelia of patients
with Liddle’s syndrome despite the regulatory effects of CFTR
therefore suggest that sodium channel activity in renal tubules
of these patients will also be significantly increased.

Of additional interest, our Liddle’s patients with raised
maximum and amiloride-sensitive PD measurements did not
suffer from respiratory disease and there are no reports of air-
way abnormalities in other patients with Liddle’s syndrome. In
patients with cystic fibrosis, increased sodium absorption
across respiratory epithelia is associated with lung disease. The
reasons for the difference in lung phenotype between patients
with Liddle’s syndrome and cystic fibrosis are not clear. Pa-
tients with cystic fibrosis have much greater NPD measure-
ments than our patients with Liddle’s syndrome (CF 

 

2

 

46.0
mV, range 

 

2

 

32 to 

 

277 mV, n 5 60 [8], Liddle’s 230.4 mV,
range 229.5 to 231.8 mV, n 5 3) and therefore may have
more severe abnormalities of ion transport. Alternatively,
the absence of lung disease in our Liddle’s patients may add
support to the possibility that the increase in sodium perme-
ability seen in cystic fibrosis is not the major factor responsi-
ble for the lung pathology. This would fit with observations
made in long-term surviving cystic fibrosis mice who do not
develop lesions or functional abnormalities of the lungs (18),
despite altered airway ion transport as evinced by an increase
in airway PD (19).

We have shown in one kindred with Liddle’s syndrome that
the disease is associated with an increase in NPD measure-
ments. If our results are confirmed in other affected families,
then NPD measurement may provide a useful test to assist in
the detection of Liddle’s syndrome. This is important since the
clinical features of Liddle’s syndrome may not differ from
those of essential hypertension, making it difficult to diagnose.
For example, in a recent study of 43 members of the family of
the original patient described by Liddle, 18 family members
were found to be affected (20). At the time of diagnosis
their average blood pressure was only 14865/9762 mmHg
(mean6SD) and serum potassium was 3.660.1 mmol/liter.
The only remarkable features were the strong family history of
hypertension and low urinary aldosterone excretion. In situa-
tions with a lower index of suspicion for Liddle’s syndrome
these features may not be recognized. The difficulty in diag-
nosing Liddle’s syndrome was further illustrated when Gadal-
lah et al. reassessed all patients with hypokalemic hyper-
tension who had regularly attended for management of
hypertension (21). Four such patients were found on clinical
criteria to have a diagnosis of Liddle’s syndrome and had a
dramatic improvement in blood pressure control on treatment
with triamterene or amiloride. Despite its apparent rarity, di-
agnosis of Liddle’s syndrome is very important since it can be
so effectively treated with amiloride alone and since high
blood pressure may be detected and treated in asymptomatic
family members.
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