
Nocturnal enuresis and K+ transport in red blood cells
from patients with sickle cell anemia

Sickle cell anemia (SCA) is one of the commonest
severe inherited disorders affecting millions worldwide.
Complications are extensive although severity varies
markedly.  Renal damage [or sickle cell nephropathy
(SCN)] occurs in approximately one-third of SCA chil-
dren1,2 and a significant number develop renal failure as
adults.3 It is not yet possible to predict which children
will develop SCN and would, therefore, benefit from ear-
lier, more aggressive management.  
Patients have the abnormal hemoglobin (Hb) HbS in

their red blood cells (RBCs).  HbS has a single amino acid
change compared to the normal adult HbA, valine replac-
ing glutamic acid.  Deoxygenated HbS molecules may
aggregate into polymers.4 These cause RBC shape change
(sickling), altered rheology, increased fragility, and other
deleterious sequelae which produce chronic anemia, pro-
gressive organ damage, and acute ischemia.  Life
expectancy is reduced, and whilst better medical care has
extended lifespan, more patients progress to chronic
organ damage, such as SCN. 
Biomarkers for SCN include urea, creatinine, cystatin

C, and experimental biomarkers such as kidney injury
molecule-1 and kallikrein,5 whilst albuminuria, hyperten-
sion and persistent nocturnal enuresis indicate renal dam-
age.6 However, there are no biomarkers predicting early
nephropathy, and there is no clear strategy to identify
children who will develop SCN, nor any prognostic indi-
cators on which to base patient management.
One important manifestation of nephropathy is per-

sistence of nocturnal enuresis in older children and,
sometimes, in adults.  Enuresis causes significant prob-
lems, including sleep impairment, social isolation, and
increased expenditure related to washing and replacing
bedding.  Over 40% of 7-year olds report this to be  a sig-

nificant problem.7 Reduced renal concentrating ability
occurs (hypothesnuria), whilst bladder instability,
decreased bladder capacity, and sleep-disordered breath-
ing may also contribute.  Although desmopressin may be
beneficial, treatment is largely ineffectual.  A better
understanding of the pathophysiology may suggest new,
more efficacious therapies.8

HbS polymerization initiates the symptoms of SCA,
although progression to organ damage may be complex
and indirect.  More closely associated with HbS polymer-
ization is altered RBC phenotype, particularly abnormal
cation permeability.  Three transporters participate:9 the
KCl co-transporter, with coupled K+ and Cl- movement;
the Gardos channel, a Ca2+-activated K+ channel, for rapid
conductive K+ loss with Cl- following through separate
anion channels;  and Psickle, a deoxygenation-induced
non-specific cation conductance. Solute loss via these
transport systems causes RBC dehydration and elevation
of intracellular concentration of HbS. Higher concentra-
tions of HbS markedly encourages sickling through
reduction in the time lag to polymerization following
deoxygenation, which is inversely proportional to HbS.4

Repeated sickling damages the RBC membrane with
lifespan reduced to approximately one-tenth that of nor-
mal RBCs. Ca2+ entry may also activate lipid scrambling
with externalization of phosphatidylserine (PS), making
RBCs sticky and prothrombotic.
The renal medulla is notably hypoxic and acidic with

sluggish blood flow, which encourages HbS polymeriza-
tion, sickling and K+ loss, RBC dehydration and PS expo-
sure, increasing the vulnerability of this organ to damage.
Microalbuminuria and hyperfiltration, indices of renal
damage, associate with the more hemolytic SCA pheno-
types,2-3,10-12 and may also follow from HbS polymeriza-
tion and RBC shrinkage.
Small inherited variations in RBC cation permeability,

maximized on passage through the renal medulla, may
manifest as renal complications.  We, therefore, postulat-
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Table 1A. Clinical profile of patients with sickle cell anemia.  
Clinical parameter N. of patients Median Range

Age (years) 112 10.7 4-19
Sex Male - 57

Female - 55
Hydroxyurea Yes - 43

No - 69
Height (cm) 112 141.7 97 – 181
Weight (kg) 112 32.3 13 – 83
Hb (g/dL) 112 8.38 6.1 – 10.8
MCV (fL) 112 85.4 63 – 121
MCH (pg) 112 28 19 – 39
MCHC (g/L) 112 320 290 – 350
Neutrophil (x109/L) 112 4.5 1.6 - 19.3
Reticulocyte (x109/L) 112 373 121 – 790
HbF (%) 111 8.1 0.8 – 24
Bilirubin (mg/dL) 112 2.28 0.76 – 10.12
Creatinine (mg/dL) 112 0.33 0.03 – 1.02
LDH (IU/L) 112 578 318 – 868
Systolic BP (mmHg) 109 113 80 – 142
Diastolic BP (mmHg) 109 67 47 – 81
ln HbF 111 2 -0.22 - 3.2
ln Neutrophils 112 1.5 0.46-2.9
N: number; Hb: hemoglobin; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean cell hemoglobin concentration; HbF: fetal hemoglobin;
LDH: lactate dehydrogenase; BP: blood pressure.



ed that certain RBC characteristics (sickling, K+ transport,
hemolysis and PS exposure), which may be inherited
independently of the HbS mutation, correlate with renal
pathology, and, importantly, may occur in advance of
damage, thereby providing prognostic markers to inform
patient management.
One hundred and twelve HbSS children (>4 years old)

with SCA attending the Pediatric Hematology clinic at
King’s College Hospital, London, UK, were recruited for
the study.   Patients transfused in the preceding four
months or taking medications known to alter RBC per-
meability (e.g. dipyridamole and Ca2+ channel blockers)
were excluded, but the study included those on hydrox-
yurea.  All patients were in the steady state, and had been
without acute symptoms for at least seven days.
Standard laboratory parameters, together with age,

height, weight, and blood pressure were recorded.
Enuresis was defined as being dry for less than five nights
a week. Patients were divided into two groups:  those
who stopped wetting their bed before the age of five
years and those who were still enuretic at five years of
age, as reported by parents or family members retrospec-
tively using a standardized questionnaire.
Laboratory analyses included: measurement of red cell

K+ permeabilities using 86Rb+ as a congener, sickling, expo-
sure of phosphatidylserine (PS) and non-electrolyte
hemolysis (see Hannemann et al.13 for references to
methodologies). RBC permeabilities and sickling were
measured at 100 mmHg, 35 mmHg, 15 mmHg and 0
mmHg O2, because HbS polymerization, the initial event
in pathogenesis, begins as Hb deoxygenates (P50 c.25-35
mmHg).  Enuresis was analyzed as a binary category (dry
before  5 years of age, enuretic aged 5 years or over).
RBC phenotype (KCC, Psickle, Gardos channel, PS expo-
sure, hemolysis and sickling) and conventional laboratory
indices were compared in the two groups.  Statistical sig-
nificance of normally distributed variables were analyzed
by Student t- and c2 tests, and non-normally distributed
ones by Mann-Whitney U-tests, using Microsoft-Excel,
Seattle or IBM-SPSS,  New York, USA.
The clinical profile of the patients is summarized in

Table 1A. Five children still wetting the bed more than
twice per week were under five years of age  and were
excluded from analysis.  Of the remaining 107, 48 were
dry before  five years of age, and 59 were still enuretic
aged five years or over.  Their RBC transport activities are
given  in Table 2 and Figure 1. Activity of the Gardos

channel was significantly greater in RBCs from children
still enuretic at  five years of age at all hypoxic O2 ten-
sions. Psickle activity also showed significant increased
levels in those still enuretic aged five years or over, but
only in fully deoxygenated RBCs (Table 2).  There were
no significant differences in percentage sickling, activity
of KCC, PS exposure or hemolysis in isosmotic deoxy-
genated non-electrolyte solutions between the enuretic
groups (data not shown).  In previous work, the activity of
one transport system, KCC, was observed to correlate
significantly with age.14 This correlation was confirmed
in the present work  but was not the explanation for our
findings, as enuresis in all children was recorded at five
years of age. In contrast to the transport pathways, no
significant association between routine laboratory
parameters and enuresis was found (Table 1B).  The asso-
ciation between children enuretic after reaching five
years of age and administration of hydroxyurea was not
significant (c2=0.028;  P=0.866)  (Figure 1A), suggesting
that enuresis is not linked to SCA symptoms used to
select patients for this therapy.15

Psickle and the Gardos channel activity are the two RBC
transport functions most directly linked to HbS polymer-
ization.  Psickle activation is associated with HbS deoxy-
genation, polymerization and RBC shape change.9 Its
most important role is to  allow entry of Ca2+.  Should
Ca2+ accumulate sufficiently, it leads to secondary activa-
tion of the Ca2+-activated Gardos channel with high rates
of K+ loss, RBC shrinkage, and increased likelihood of
sickling.  We have previously demonstrated a significant
correlation between Psickle and Gardos channel activi-
ties.13 The hypoxic renal medulla is a region of the circu-
lation expected to promote HbS polymerization, sickling,
and Psickle and Gardos channel activation.  The central
role for Psickle and Gardos channel in pathogenesis of
SCA9 is also present in the case of SCN.
Increased Gardos channel activity was associated with

persistence of enuresis in older children at all hypoxic O2
tensions investigated. Psickle activity showed an associa-
tion only in fully deoxygenated RBCs. Oxygen tensions
are unlikely to fall to such profound hypoxic values in vivo
such that levels of around 15 and 35 mmHg are probably
most relevant. Lack of significant association of Psickle
with enuresis at O2 tensions of 15 and 35 mmHg may be
because K+ permeability through this pathway is not an
ideal marker for  Ca2+ as required for Gardos channel acti-
vation whilst RBC Ca2+ homeostasis is complex,9 factors
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Table 1B. Relationship between laboratory parameters and enuresis in children with sickle cell anemia dry before five years of age (Dry) and
those remaining enuretic when aged five or older (Enuretic).  
Clinical Mean S.D. Mean S.D. P
parameter Dry Dry Enuretic Enuretic

Hb (g/dL) 8.53 0.1 8.44 1.01 0.641
MCH (pg) 27.7 4.5 28.3 4.2 0.488
MCHC (g/L) 324 14 324 10 0.165
Reticulocyte (x109/L) 358.9 105.4 366.6 137.8 0.750
Bilirubin (mg/dL) 2.63 1.54 2.85 1.82 0.492
Creatinine (mg/dL) 0.33 0.14 0.35 0.10 0.411
LDH (IU/L) 569.0 128.0 594.6 117.7 0.283
ln HbF 2.13 0.57 1.94 0.71 0.157
ln Neutrophils 1.54 0.38 1.49 0.43 0.453
S.D.: standard deviation; Hb: hemoglobin; MCH: mean corpuscular hemoglobin; MCHC: mean cell hemoglobin concentration; HbF: fetal hemoglobin; LDH: lactate dehydroge-
nase. Values are given as means and S.D. for n = 48 for Dry children and n = 59 for those Enuretic.  P values were calculated using t tests for equality of means.  fl: femtoliter;
IU/L: international units per liter;  pg: picogram.



which may suggest  activity of the Gardos channel is not
related to that of Psickle. Variation in cation transport
activity in these children with SCA was particularly
marked (Table 2 and  Figure 1).  At least some of this vari-
ability is probably inherited and associated with
sequence variation in the genes and transcription factors
involved in the control of these pathways.
Understanding these genetic factors may allow early
identification of children at risk of renal complications,
including prolonged nocturnal enuresis.
The present findings emphasize the importance of a

thorough appreciation of RBC permeability to SCA
pathogenesis.13,14 They are particularly exciting because
they show that the activity of particular transport path-
ways, abnormally elevated in SCA patients, are associat-
ed with enuresis.  Renal pathology may be central to the
prolongation of nocturnal enuresis into older childhood,
and the early identification of children with increased
Gardos channel and Psickle activity may indicate children
who would benefit from early treatment for nocturnal

enuresis. As changes in RBC permeability are likely to
occur before renal damage, these findings represent a
potential prognostic test for SCN to inform patient man-
agement, whilst treatment targeting Gardos and Psickle
activity may be beneficial in preventing enuresis, and,
potentially, other forms of SCN. 
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Figure 1.  Representative scatter plot of Gardos channel activity in children with sickle cell anemia dry before five years of age (Dry) and those remaining
enuretic when aged five years or over (Enuretic). Oxygen tension was 35 mmHg.  K+ influx values are given in mmol. (l cells.h)-1.  (A)  Data from children on hydrox-
yurea (HU) and those not receiving this medication. (B) Data from all children together.  In each case, Dry and Enuretic children are separated.  Gardos channel
activities correlated with reticulocyte percentage (P<0.001 for both Dry and Enuretic children;  Pearson correlation), and the same was observed at O2 tension
of 0 and 15 mmHg. However,  reticulocytes were not associated with enuresis (P=0.75) (Table 1B).  Statistical analysis was carried out using Mann-Whitney U-
tests with median values indicated. *P<0.03;  n.s.: not significant (P>0.05).

Table 2. Comparison of activities of Psickle and the Gardos channel in children with sickle cell anemia dry before five years of age (Dry) and
those remaining enuretic when aged five years or older (Enuretic). 
Transport pathway Flux values, mmol K+.(l cells.h)-1

Median Range Median Range P
Dry Dry Enuretic Enuretic

Psickle at 35 mmHg 0.83 0.31 – 1.61 0.93 0.37 – 1.88 0.061
Psickle at 15 mmHg 1.26 0.58 – 2.91 1.44 0.63 – 3.19 0.133
Psickle at 0 mmHg 1.48 0.70 – 2.47 1.87 0.72 – 3.30 0.009
Gardos at 35 mmHg 0.45 0.00 – 5.10 0.79 0.00 – 3.55 0.006
Gardos at 15 mmHg 2.12 0.30 – 12.23 3.11 0.32 – 11.32 0.017
Gardos at 0 mmHg 3.43 0.74 – 4.98 4.98 0.59 – 17.14 0.020
K+ influx values, in mmol K+.(l cells.h)-1, are given as medians and ranges for n = 48 for Dry children and n = 59 for those Enuretic.  P values were calculated using the Mann-
Whitney U test.
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