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Abstract

A defect in urine concentrating ability occurs in individuals with
sickle cell trait (HbAS). This may result from intracellular poly-
merization of sickle hemoglobin (HbS) in erythrocytes, leading
to microvascular occlusion, in the vasa recta of the renal me-
dulla. To test the hypothesis that the severity of the concentrat-
ing defect is related to the percentage of sickle hemoglobin
present in erythrocytes, urinary concentrating ability was exam-
ined after overnight water deprivation, and intranasal desmo-
pressin acetate (dDAVP) in 27 individuals with HbAS. The
HbAS individuals were separated into those who had a normal
a-globin genotype (aa/aa), and those who were either heterozy-
gous (-a/aa) or homozygous (-a/-a) for gene-deletion a-thal-
assemia, because a-thalassemia modulates the HbSconcentra-
tion in HbAS. The urinary concentrating ability was less in the
aa/aa genotype than in the -a/aa or -a/-a genotypes (P
< 0.05). After dDAVP, the urine osmolality was greater in pa-
tients with the -a/-a genotype than with the -a/aa genotype
(882±37 vs. 672±38 mOsm/kg H20) (P < 0.05); patients with
the -a/aa genotype had greater concentrating ability than indi-
viduals with a normal a-globin gene arrangement. There was an
inverse linear correlation between urinary osmolality after
dDAVP and the percentage HbS in all patients studied (r
= -0.654; P < 0.05). A linear correlation also existed for urine
concentrating ability and the calculated polymerization tenden-
cies for an oxygen saturation of 0.4 and 0 (r = -0.62 and 0.69,
respectively). Weconclude that the severity of hyposthenuria
in HbAS is heterogeneous. It is determined by the amount of
HbS polymer, that in turn is dependent upon the percentage
HbS, which is itself related to the a-globin genotype. (J. Clin.
Invest. 1991. 88:1963-1968.) Key words: sickle hemoglobin-
renal function . hyposthenuria

Introduction

Impaired ability to produce a concentrated urine is usually
present in individuals with the sickle cell trait (HbAS)' (1, 2).
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cular hemoglobin concentration.

This defect has been attributed to altered blood flow through
the vasa recta of the renal medulla (3, 4). The concentration of
sickle hemoglobin (HbS) polymer is a major determinant of the
abnormal rheologic behavior of HbS-containing cells (5-1 1).
Even in HbAS, where the erythrocytes are morphologically
normal, HbSpolymer may be present under physiological con-
ditions at reduced oxygen saturations. These conditions are
met in the renal medulla, where hypertonicity and acidosis also
favor the polymerization tendency of HbS (12).

There is a trimodal distribution of HbS levels in carriers of
HbAS(13-15). This is caused by the interaction of HbASwith
a-thalassemia (14, 16-18). Gene-deletion a-thalassemia is
commonin blacks. The deletion of 3.7 kb of DNA, containing
one of the two linked a-globin genes (-a/aa), is found in

- 30%of this population (18-20). 2%are homozygous for this
deletion (-a/-a). Non-gene deletion a-thalassemia is rare
(21). In HbASwith a normal a-globin genotype (aa/aa), eryth-
rocytes contain - 40% HbS. The deficit of a-globin chains
caused by a-thalassemia, modifies the assembly ofthe hemoglo-
bin tetramer (22, 23). The negatively charged #A-chain of nor-
mal hemoglobin forms a(3 dimers with the positively charged
a-globin chain more readily than the less negatively charged
f3s-chain of HbS (18). Therefore, in HbAS, HbA tetramers are
formed in the erythrocyte in preference to HbS tetramers. With
a deficit in a-globin chains, the concentration of HbS falls fur-
ther. In HbAS individuals with the (-a/aa) genotype, there is

- 35%HbS, whereas the HbS level in the (-a/-a) genotype is
- 30% (18). The very rare patient with loss of three a-globin
genes (--/-a) has 20-25% HbS (18, 24).

The primary determinants of intracellular polymer forma-
tion are oxygen saturation, hemoglobin composition, and he-
moglobin concentration (5). For example, at oxygen satura-
tions < 0.4, polymerization in HbAScells becomes important
and increases as oxygen saturation decreases (8). When fully
deoxygenated, HbASerythrocytes at normal mean corpuscular
hemoglobin concentrations (MCHC), can contain 30-40% in-
tracellular polymer (as measured by NMRtechniques) consist-
ing primarily of HbS but containing some HbA (25). The in-
crease in MCHCthat is likely to occur in the renal medulla
further accentuates the polymerization tendency both due to
the increased HbS concentration itself and due to the excessive
crowding, or very nonideal behavior of hemoglobin molecules
at these extraordinarily high intracellular protein concentra-
tions. The acidic milieu of the medulla may decrease intracel-
lular pH, which in turn increases polymerization tendency by
lowering the solubility of deoxy HbS (6, 12) and perhaps in-
creasing cell density (26). The net result of these effects pro-
vides conditions that promote significant intracellular polymer
formation in the HbASerythrocyte at the reduced oxygen satu-
ration of this tissue.

Wehypothesized that the renal concentrating defect of indi-
viduals with HbAS may vary in severity depending upon the
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a-globin genotype, percentage HbS, and the calculated poly-
mer tendency of the erythrocytes at physiologic oxygen satura-
tions. The current study was designed to test this hypothesis.

Methods

Patients. Patients with HbAS were identified from the records of the
VA Sickle Cell Screening and Education Program at the Jackson VA
Medical Center. Onthe basis of hemoglobin electrophoresis, they were
initially separated into groups with HbS levels > 35%, 30-35%, and
< 30%. To be eligible for the study patients had to be at least 21 yr of
age, and have no history of cardiac, liver, or renal disease. Individuals
with diabetes mellitus or psychiatric illness were excluded. The patients
selected for the study had complete blood counts, including erythrocyte
indices, determined on an electronic cell counter, remeasurement of
their HbS levels by HPLC, and determination of their serum creati-
nine. In individuals who were not anemic (PCV > 35) and had normal
renal function (serum creatinine, . 1.5 mg/dl), the a-globin genotype
was determined and their ability to concentrate maximally their urine
was ascertained. This study was approved by the Institutional Review
Board.

a-Globin gene mapping. DNAwas isolated from blood leukocytes
(27) and digested to completion with the restriction endonucleases
BamHI and Bgl II. The restricted DNAwas fractionated by electropho-
resis on 0.8% agarose gels and then transferred to a Nytran membrane
by the method of Southern (28). The membrane was hybridized to a
1.4-kb PST 1 fragment containing the a2 globin gene, that was labeled

with digoxigenin-dUDP. The blot was developed with an anti-digoxi-
genin-alkaline phosphatase conjugant (Boehringer Mannheim Bio-
chemicals, Indianapolis, IN).

Hemoglobin fractionation and quantification. The level of hemoglo-
bin A and S in the hemolysate was determined by HPLCon CX-100
columns (29).

Hemoglobin S polymer calculations. In earlier work, polymeriza-
tion was measured by NMRtechniques as a function of oxygen satura-
tion for HbSS and HbAS cells, as well as HbSS cells fractionated by
density (30-32). It was found that these experimental results could
be reproduced by an algorithm developed for this purpose, based on
our understanding of the physical chemistry of polymerization. Thus,
values of MCHCand the percentages of HbS and HbA can be used to
predict polymer fraction for any given oxygen saturation (9). The cal-
culations are based on a two-phase model in which free hemoglobin
molecules are considered to be in equilibrium with the polymer phase
at a concentration of 69 g/dl. Mixtures of HbS and HbA can form
heterodimeric hemoglobin tetramers (a2IgAjlS). Based on polymeriza-
tion studies of mixtures of HbSand HbAsolutions (25), the polymeriza-
tion tendency of the heterodimer hemoglobin (a2lBAfl) is assumed to be
0.4 times that of a HbS (a282) molecule. The homodimeric HbA
(a2I3A2) molecule does not enter into the polymer phase to a significant
extent. A binomial distribution is used to determine the distribution of
the HbA, HbS, and heterodimer-containing molecules. Due to the ex-
pected high MCHCin the renal medulla, the calculations take into

account nonideal behaviors of both the hemoglobin and the solvent
molecules. To calculate the fraction of polymer at nonzero oxygen
saturation values, the percentage of HbS, HbA, and HbF were used to
determine the solubility, C,, of a hemoglobin mixture of comparable
composition at 40% oxygen saturation and higher. C, is given by the
equation, (-yC.1'y.C.) (a/a0)Y = l/(:i [xiei]), where C. is the solubility
of pure deoxyhemoglobin S, as and ya are the activity coefficients
corresponding to C, and C., a, and a. are the activities of water in the
solvent and deoxyhemoglobin S at C., r is the ratio of moles of solvent
water to moles of hemoglobin in the polymer phase, xi is the mole
fraction of each hemoglobin species, ei is the relative probability that
the hemoglobin species can be incorporated into the polymer phase
relative to deoxyhemoglobin S (e, for deoxyhemoglobin S equals 1) and
Zi represents the summation over all hemoglobin species. The polymer
fraction was determined by using the conservation of mass relationship
in which the polymer fraction plus the soluble fraction equals 1. The
polymer fraction is equal to Cp(MCHC- C,)/[MCHC(Cp - C,)], where
Cp is the concentration of the polymer phase (69 g/dl) (9).

Urinary concentrating ability. Before determining the maximal ur-
ine concentrating ability, diuretics, nonsteroidal antiinflammatory
drugs, and aspirin were discontinued for at least 1 wk. No participant
was taking phenothiazines. The subjects arrived at the hospital after an
overnight fast, having been instructed to discard their first morning
voided urine. After the collection of the next spontaneously voided
urine, each received 10 sg of desmopressin acetate (dDAVP; Rorer
Pharmaceuticals, Fort Washington, PA) by intranasal administration.
The next 30-min voided urine sample was discarded and urine voided
between 30 and 60 min after dDAVPadministration was collected. To
exclude the possibility that a-globin genotype influences the time neces-
sary to achieve maximal urinary osmolality after dDAVP, urine osmo-
lality was measured at 60-min intervals using a double voiding tech-
nique in a subset of each of three groups at a separate clinic visit. Urine
osmolality was measured by freezing point depression using a micro-
osmometer (model 3MO; Advanced Instruments, Needham Heights,
MO). Urine analysis was performed on overnight voided samples in
each of the genotype groups.

Statistical analysis. Analysis of variance was used to determine sta-
tistically significant differences within the groups. If analysis of vari-
ance indicated that a significant difference was present, the Bon-
ferroni's modification of the t test was used to determine statistically
significant differences between the groups. Linear regression was used
to examine the relationship between percentage HbS and sickle poly-
mer and urinary osmolality (33). P < 0.05 was considered significant.

Results

Patients. We studied 27 black patients, one female and 26
males. The means of the ages, serum creatinine, urea nitrogen,
potassium, calcium, and total protein concentrations, hemoglo-
bin concentrations, and HbS levels in the three a-globin geno-
type groups are shown in Table I. One additional patient had
five a-globin genes (aaa/aa) and is included in the (aa/aa)

Table L Laboratory Characteristics of Sickle Cell Trait Individuals Studied

Total
Serum Serum serum

a-Globin genes Age Hemoglobin HbS BUN Creatinine potassium calcium protein

y gidl % mg/dl mg/dl meqlliter mg/dl gidl

aa/aa (n = 15) 53±4 14.3±0.3 41.8±0.5 11.53±0.77 1.05±0.05 4.19±0.09* 9.01±0.09* 7.26±0.13*
-a/aa (n = 9) 48±4 13.7±0.5 36.8±0.8§ 12.33±1.81 1.02±0.06 4.03±0.16 9.03±0.09 7.37±0.22
-a/-a (n = 3) 53±6 14.4±0.3 29.2±0.31 14.67±2.60 1.13±0.09 4.30±0.17 9.13±0.14 7.37±0.24

The values presented are the means±SE. *n = 14, these determinations only; tn = 13, this determination only. IP < 0.001 vs. aa/aa; 11P < .001 vs.

-a/aa.
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Figure 1. a-Globin genotypes and quantification of hemoglobins A and S in individuals with sickle cell trait and four, three, and two a-globin
genes. (Left) Examples of the separation and quantification of hemoglobins A and S in individuals with four, three, and two a-globin genes.
(Right) Examples of restriction endonuclease mapping of the a-globin genes in the same individuals. With the normal complement of four a-

globin genes, the HbSlevel is - 40%. Whenhybridized with an a-globin gene-specific probe, this genotype (aa/aa) produces 14.0 kb BamHi,
and 12.5 and 7.0 Bgl II fiagments. Patients heterozygous for -a37 (-a/aa) have HbS levels of - 35%. Loss of a single a-globin gene leads to
14.0 and 10.0 BamHi, and 16.0, 12.5, and 7.0 Bgl II fragments. Homozygotes for this deletion (-a/-a) have HbS levels of - 30%. Deletion
of a single gene from each chromosome results in a 10.0 kb BamHI and 16.0 kb Bgl II fiagment.

group. The HbS levels differed significantly among these
groups. There were no other statistically significant differences.
The determination of a-globin genotype and the quantification
of HbS in a representative patient from each of the genotypes
examined is shown in Fig. 1.

Urine concentrating ability. The urine concentrating ability
after either overnight water deprivation or intranasal dDAVP
is shown in Fig. 2. The ability to concentrate urine was atten-
uated with increasing number of a-globin genes both after
overnight water deprivation or after intranasal dDAVP. In-
tranasal dDAVP increased urine osmolality above that mea-
sured after overnight water deprivation in each of the three
groups. The percent increase in urinary osmolality after
dDAVPwas 5.4±1.4% in the aa/aa genotype; 6.8±1.2% in the
-a/aa genotype and 12.7±4.6% in the -a/-a genotype. These
values were not different. Urinary osmolality was not different
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Figure 2. Maximal urinary concentrating ability after overnight fluid
deprivation or intranasal dDAVPin individuals with siclde cell trait
and either four, three, or two a-globin genes. *P < 0.05 for compari-
son of results in individuals with four vs. three a-genes; +P < 0.05 for
comparison of results in individuals with three vs. two a-genes.

1, 2, or 3 h after dDAVPfor any ofthe a-genotype groups in the
subset of subjects so studied (Table II). Although trace protein
was frequently observed in overnight voided urines within each
genotype group, there were no consistent abnormalities which
distinguished one group from the other (data not shown).

There was an inverse linear correlation between HbS per-
centage and urinary concentrating ability after dDAVPwith r
= -0.654 (Fig. 3). This correlation approach -1 (r = -0.99)
when the mean values for urine concentrating ability and per-
centage HbS in the three a-globin genotype groups were em-
ployed (Fig. 3).

Polymer formation and urine concentration. The potential
for polymer formation is maximal at complete deoxygenation
and was measured to be - 0.35 by NMRtechniques in cells
from individuals with HbAS and normal a-globin genotypes
(8, 9). For HbASerythrocytes, calculated polymer fraction at
complete deoxygenation vanes, with mean values of
0.34±0.03, 0.29±0.03, and 0.20±0.01 for the (aa/aa), (-a!

Table II. Urinary Osmolality 1, 2, and 3 h after Intranasal
dDAVP in a Subset of the Study Population

Uosp

lh 2h 3h

mosmol/kg H2

aa/aa (n = 9) 530±14 533±15 533±14
-a/aa (n = 6) 639±46 636±44 640±45
-a/-a (n 3) 885±72 873±73 884±78

Values are means±SE.
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Figure 3. Correlation between urinary osmolality after intranasal
dDAVPand percentage sickle hemoglobin in individuals with sickle
cell trait. The group mean values are indicated by the error bars. The
equation for this line is y = 21.2X + 1410; r = 0.999. The squares
represent individual data points. The equation for this regression line
is y = 17.9X + 1280; r = 0.654; P < 0.05.

aa), and (-a/-a) a-globin genotypes, respectively (Fig. 4).
The decrease in polymer fraction with a fall in the number of
a-globin genes reflects primarily the fall in HbSconcentration,
with a small contribution from the variation in MCHC. As
oxygen saturation increases, the hemoglobin solubility in-
creases and the extent of polymerization decreases. The poly-
mer fraction for HbASerythrocytes from individuals with (-a!
-a) is smaller at all oxygen saturations compared with the
genotypes (-a/aa) and (aa/aa). For the (-a/-a) genotype,
polymer fraction becomes zero between 0.4 and 0.5 oxygen
saturation. For the (-a/aa) genotype, zero polymer fraction is
reached at oxygen saturations > 0.5. The (aa/aa) genotype has
the highest level of HbS, and polymer fraction does not become
zero until the oxygen saturation is 0.6 or higher.

It is likely that the MCHCof erythrocytes that traverse the
renal medulla is higher than the MCHCof these cells in other
regions of the circulation as a consequence of the high medul-
lary salt concentration. In Fig. 4 (inset), we show the effect of
raising the MCHCof HbAScells to 40, on the calculated HbS
polymer fraction at different oxygen saturations. In contrast to
HbAS cells with a normal MCHC, the polymerization ten-
dency now becomes zero at an oxygen saturation between 0.8
and 0.9 and the polymer fraction at 0.4 oxygen saturation is
> 0.35.

The low oxygen saturation of the renal medulla suggests
that comparisons of the polymerization tendency at low oxy-
gen saturations may be more meaningful than the examination
of polymer fraction at the oxygen saturations customarily

0.5
Oxygen saturation

Figure 4. Calculated poly-
mer fraction for sickle trait
erythrocytes at varying ox-
ygen saturations. The mean
values for MCHCand per-
centage hemoglobin S for
(aa/aa) (solid line), (-af
aa) (dashed line), and (-a/
-a) (dotted line) were used
to predict the polymer frac-
tion at equilibrium. (Inset)
A similar plot for HbAS
erythrocytes with a normal
a-globin genotype and an
MCHCof 40.

found in the arteriolar circulation. Therefore, the urine con-
centrating ability after dDAVPwas compared to the calculated
polymer fraction for a range of oxygen saturations from 0.5 to
0.1 as well as the saturation at which polymer fraction becomes
zero. A linear correlation between the urine concentrating abil-
ity and polymerization tendencies, represented by the polymer
fraction at 0.4 oxygen saturation and the oxygen saturation at
which polymer fraction became zero, was observed (r = -0.62
and -0.69, respectively) (Fig. 5). The mean polymer fractions
for individuals with the (-a/-a), (-a/aa), and (aa/aa) geno-
types at 0.4 oxygen saturation, were 0.03±0.01, 0.12±0.03, and
0.17±0.03, respectively (Fig. 4).

Estimations have been made that the oxygen saturation at
the papillary tip may be as low as 0.1-0.2 (34). The polymeriza-
tion tendency at 0.25 oxygen saturation was 0.10, 0.19, and
0.25, in individuals with 2, 3, and 4 a-genes, respectively. The
correlations between tests of renal function and polymeriza-
tion tendency were even tighter when the mean values for urine
concentrating ability for each a-globin genotype group were
compared with the mean values for polymer formation. In this
analysis, an r value of > 0.99 was found for 0.4 oxygen satura-
tion and for the oxygen saturation at which polymer fraction
became zero (Fig. 5).

Discussion

The current study demonstrates that the severity of the urine
concentrating defect associated with the HbASgenotype is di-
rectly related to the erythrocyte HbS concentration, a function
of a-globin genotype. Calculation of the expected amounts of
HbS polymer at partial pressures of oxygen of 0.4 and normal
MCHCvalue, shows an inverse linear relationship between the
amount of HbS polymer and urinary concentrating ability.
The polymerization tendency is even greater at the very low
oxygen saturations that are present at the renal papillary tip
and when the MCHCof erythrocytes is increased to approxi-
mate a value likely to occur in the renal medulla. These obser-
vations are consistent with the hypothesis that the tendency for
intracellular sickle hemoglobin polymerization found in the
erythrocytes present in the vasa recta of the renal medulla di-
rectly determines the urinary concentrating ability in HbAS.

Individuals with HbAShave a normal lifespan and do not
suffer the vaso-occlusive episodes that typify sickle cell anemia
(HbSS) (32, 35). Nevertheless, hematuria and a reduction in
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the maximal urinary concentrating ability are frequently pres-
ent in HbAS individuals (1, 32). Whereas these events rarely
are clinically serious, their underlying mechanisms may pro-
vide insight into the pathogenesis of the vaso-occlusive compli-
cations of sickle cell disease.

Experimental measurements using '3C NMRto quantitate
intracellular polymer in HbAS cells showed a maximal poly-
mer fraction of 0.35 and a critical oxygen saturation for
polymerization of 0.6. These values can be calculated based
upon the red cell indices and the percentage of HbS and HbA,
in HbAScells with different a-globin genotypes, under various
conditions of oxygen saturation and MCHC(9, 25). The solute
concentration of the interstitium of the renal medulla may be
as high as 1,200 mosmol (36), an osmolality that may dramati-
cally increase MCHC.The MCHChas a strong effect on the
extent of polymerization due to the crowding (or nonideal be-
havior) of hemoglobin molecules at physiologic concentrations
(reflected in the exponential power dependence ofthe hemoglo-
bin activity coefficient on hemoglobin concentration) (9). The
combined effect of low oxygen saturation, that may reach 0.1
to 0.2 at the papillary tip (34), and increased MCHCwould
significantly increase the polymerization potential of the HbAS
erythrocyte above those calculated for an oxygen saturation of
0.4. For example, decreasing the oxygen saturation from 0.5 to
0.2 increases the polymer fraction by 0.15 at normal MCHC.
Increasing MCHCby as little as 10% would further increase
polymer fraction by another 0. 10 at each ofthese oxygen satura-
tion values. The correlation of polymer formation with renal
concentrating defects would be little changed by these absolute
changes in polymer formation as the ratio remains fairly con-
stant. It is likely that when HbASerythrocytes are exposed to
this harsh physiologic environment, sickle hemoglobin poly-
mer formation would be sufficient to alter the rheologic proper-
ties of the cell, perturb the medullary microvasculature, and
lead to the measured inability to excrete a concentrated urine
and hematuria.

If the extent of polymerization at any given oxygen satura-
tion depends upon the percentage HbS within the erythrocyte,
it could be expected that individuals with HbASwhose erythro-
cytes contain the highest HbS concentrations would have the
greatest morbidity. a-Thalassemia causes distinct hemato-
logical alterations when it is present with HbAS(17, 18). Both
the numbers and type of a-gene deletion may influence these
changes (37-40). As the a-globin deficit increases, the level of
HbS falls, because the ,M-chain competes less effectively than
#A'-chain for the available a-chain (22, 23). In our patients, at
equivalent total hemoglobin concentrations, the percentage
HbSvaried trimodally, with means at 41.8, 36.8, and 29.2%, in
individuals with four, three, and two a-globin genes, respec-
tively, confirming earlier reports (13-15). Consequently, sub-
jects with HbAS-a-thalassemia would seem to be ideal individ-
uals in whom to examine the effect of HbS concentration on
the renal abnormalities of HbAS. The absence of deformed,
dehydrated, and dense cells in the circulation, a characteristic
of HbSS (39, 41), might also afford the opportunity to differen-
tiate the pathophysiologic effects of sickle polymer from those
of the secondarily damaged red cell membrane of HbSS (42).

In earlier work, we found no relationship between percent-
age HbSand clinical events such as pulmonary embolus, myo-
cardial infarction, stroke, and thrombophlebitis in men with
HbAS, separated into four groups on the basis of HbS level
(43). In this study, hematuria was present in only three individ-

uals with a HbS level of < 35%, whereas it was found in nine
patients with HbS > 35%, however, this result was not statisti-
cally significant. In a preliminary report, Reeves and associates
(44) found that individuals with HbASand a HbS concentra-
tion of > 38%did not concentrate their urine as well as subjects
with a HbSlevel of < 38%, after 6 h of water deprivation. These
studies have suggested that a-thalassemia may reduce the inci-
dence of hematuria in HbAS. The current study extends the
observations on urinary concentrating ability to include the
range of HbS concentrations seen in HbAS, calculates HbS
polymer tendency, and examines maximal urinary concentrat-
ing ability. Our results show that the percentage HbS in HbAS
erythrocytes directly determines the severity of the renal con-
centrating deficit in response to dDAVP. Furthermore, the ob-
servation that the calculated HbS polymer at oxygen satura-
tions representative of those present in the renal medulla is also
linearly correlated with the magnitude of the urinary concen-
trating defect in these individuals, is consistent with the hy-
pothesis that the reduction in oxygen saturation in the medulla
is an important factor in the induction of the renal lesion of this
condition.

Despite these observations, a number of additional ques-
tions remain. First, it is uncertain whether the abnormalities
causing the urinary concentrating defect in HbAS are due to
structural damage to the renal medulla (4) or due to changes in
blood flow per se. Second, several other functions of the distal
nephron have been found to be abnormal in HbSS (45).
Whether these are abnormal in HbAS, where the level of HbSis
considerably lower, requires further study. In this regard, Oster
and associates have suggested that renal acidification is normal
in HbAS (46), whereas Ho Ping Kong and Alleyne have re-
ported lower urinary excretion rates of both ammonium and
hydrogen ion in individuals with sickle trait (47).

In summary, the current study shows that the renal concen-
trating defect in HbAS is heterogeneous in severity and is di-
rectly related to the percentage of HbS and sickle polymer, at
oxygen saturations representative of those present in the renal
medulla. The intracellular HbS concentration was directly de-
pendent on the a-globin genotype. As in the clinically severe
sickle hemoglobinopathies, intracellular HbS polymer influ-
ences the pathophysiology of HbAS.
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