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Abstract

Background: The importance of fluid intake is well document as metabolic and physiological
processes operate effectively in a homeostatic environment. Normal red cells are more resilient
to changes in serum osmolality compared to other cells, remaining intact when serum
osmolality decreases to as low as 190-mOsM from the 270-290-mOsM reference interval. The
membrane’s ability to deform/reform under shear confers the red cell high resistant to changes
in serum osmolality. Although normal red cells are resilient, the osmolality threshold for
hemolysis of abnormal red cells such as sickle cell blood remains unclear. The primary
objective of this study was to determine the osmolality threshold for hemolysis of sickle cell
blood vis-a-vis that of normal red cells.

Methods: As described under methods, red cells were prepped and exposed to solution of
varying osmolality ranging from 290 to 65-mOsm of sodium chloride. Following incubation,
the supernatant and pellets were analyzed for hemoglobin (spectrometry) and Glycophorin A
(GPA) content by western blotting techniques.

Results: While the osmolality threshold for normal red cells was 190-mOsM, sickle
erythrocytes osmolality threshold for hemolysis was surprisingly 170-mOsM. Both cells
ruptured rapidly displaying an S-shaped-like ‘“cooperativity” pattern. Complete (100%)
hemolysis occurred at <150-mOsM. The hemoglobin retained in pellets decreased to ~50%
(normal red cells) and ~20% (sickle red cells) when solution osmolality drops to 65-mOsM.
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Conclusion: Sickle cell erythrocytes are more resilient than normal red cells to serum
osmolality changes. This finding provides insight into how normal and sickle cell individuals
would withstand changes in serum osmolality during dehydration/rehydration states. To
alleviate pain, intravenous fluids are routinely administered as adjuvant therapy to slow or
reverse the sickling process. Hence, balancing electrolytes and fluid volume during acute pain
episodes may significantly benefit African American who are disproportionately afflicted by
the sickle cell disease.
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Introduction

Water drinking is effective in quenching thirst, replacing water loss, maintaining appropriate
hydration status and decreasing calorie/energy intake during meals [1,2]. Administered
intravenously, isotonic saline (0.85% NaCl) solution is most commonly used in the hospital
settings to replenish fluid volume and correct electrolyte imbalances especially in dehydrated
elderly patients [3]. Over hydration can lead to fluid overload. In some cases, excessive water
creates a hypotonic environment that is deleterious to the proper functioning of many cells
and/or incompatible with life [4-6]. In a hypotonic environment, the cells expand and perhaps
rupture when the pressure derived from the net influx of water exceeds the membrane’s elastic
limit. Hyponatremia is also linked to neurological problems such as loss of appetite,
convulsion, obtundation, coma and even death [5,6]. If rapid and severe, the net influx of
extracellular fluid creates an edematous brain cells and lung tissues that are incompatible with
life [4,6].

Postmortem findings from water intoxication deaths is limited to edema of the brain and lungs.
On further examination of specimen taken from the vitreous humor of the eye, serum
osmolality was found to be 108-mEg/L (216-mOsM), far lower than the physiological
osmolality of 135-145-mEg/L (270-290-mOsM). The red cells functions properly in an isotonic
environment of 270-290-mOsM. In a hypotonic environment, the cells swell and burst when
the pressure from the next influx of water exceeds the membrane’s elastic limit. We recently
reported that normal red cells show resilient to changes in serum osmolality compared to brain
and lung cells [7]. Previous evidence indicated that serum osmolality was 216-mOsM on
postmortem examinations of individuals who died from water intoxication [5]. Brain and lung
cells were severely affected at 216-mOsM. Red cells remain intact at 216-mOsM and only
begins to hemolyze when osmolality decreases to 190-mOsM [7]. The ability of red cells to
change shape moving through peripheral blood vessels without getting trapped in small
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capillaries, withstand shear and different osmotic concentrations without bursting is attributed
to its membrane composition and the network of membrane bound and cytoskeletal protein
interactions.

The flexibility of the normal red cell membrane explains why the osmolality threshold for
hemolysis is 190-mOsM and compared to brain and lung cells. Erythrocytes show more
resilience to changes in plasma osmolality [7]. However, it is unclear whether such resilient
can be associated with abnormal red cells such as sickle red cells or cells with tremendous
variability in size and shape. A defect in red cell proteins such as band 3, ankyrin or spectrin
leads to compromised membrane stability and increased red cell fragility [8]. Hemoglobin
disorders such as the substitution of valine for glutamate in sickle cell disease results in sickled
shape red blood cells of various proportions. This genetic disorder is common and leads to
periodic episodes of painful crisis when the sickled shape cells traps and occludes blood flow.
Exacerbated by decreased fluid volume, the sickling process is managed with medication such
as L-glutamine and hydroxyurea and fluid replacements [9]. The inability of the kidney to
properly regulate fluid volume in sickle cell disease calls for periodic hydration to slow or stop
the sickling process. Fluid replacement increases the plasma volume and decreases the painful
episodes by decreasing blood viscosity and indirectly reducing cellular dehydration as well as
the intracellular concentration of Hemoglobin S in red cells [10]. However, care in
administering fluid is vital to prevent fluid overload and subsequent adverse events such as
heart and lung failure, brain edema and death.

On exposure to changes in plasma osmolality, we hypothesized that sickle red cells are likely
to be more fragile than normal red cells because of the compromised cytosolic and cytoskeletal
protein network. In other words, sickle red cells will rupture at much higher osmolality than
the 190-mOsM threshold for hemolysis reported for normal/intact red cells. In this study, we
investigated and compared the hemolysis threshold for sickle and normal red cells to changes
in solution osmolality. The finding provides insights into how sickle cells patients would
respond to changes in serum osmolality during dehydration/hydration states and vaso-occlusive
episodes.

Experimental Methods

IRB approval was obtained from the Winston Salem State University’s Office of Sponsored
Research. Healthy volunteers provided fresh whole blood in EDTA tube by venipuncture. The
sickle cell blood came from the hematology unit of a local hospital laboratory. Both specimens
were processed as previously described [7]. Briefly, the cells were washed three times using
0.85% (290-mOsM) isotonic solution, each wash centrifuged at 3000rpm for 3 min. The packed
cells were diluted four folds with saline to make approximately a 25% hematocrit suspension.
50-pl of the 25% suspension was added to 2 ml salt solution (~0.5% final hematocrit) of various
osmolality ranging from 290 to 65-mOsM sodium chloride (NaCl).
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The mixtures were incubated for 30 minutes at room temperature on a gently rocking platform.
Post incubation, the samples were centrifuged for 3 min at 3000 rpm to separate cells from
supernatant. The absorbance of the supernatant was measured in a spectrophotometer at 540-
nm to determine the Hemoglobin (Hb) content. Furthermore, the packed cells were processed
and proteins separated by electrophoresis (SDS-Page), transferred unto a nitrocellulose
membrane and probed for hemoglobin and Glycophorin A (GPA) contents with hemoglobin
(1:1000) and GPA (1:500) antibodies. The blots were developed and Hb and GPA bands
quantified using BIORAD chemidoc imaging systems and gel imaging software to determine
the proportion Hb/GPA retained in normal and sickle red cells exposed in isotonic and
hypotonic solutions [10].

Results

The sickle cell blood obtained from a local hospital laboratory was confirmed by demonstrating
the presence of sickled shaped cells in the peripheral smear. As seen in Fig. 1, the modified
Wright-Giemsia stain to the right contained many sickled shaped cells in the investigated
sample.

Figure 1: Modified Wright-Giemsia stain of peripheral smear from Normal (left) and SCD
RBC showing sickle cell RBC (right).

The graph in Fig. 2 depicts an S-shaped curve-like pattern for red cell hemolysis as a function
of solution osmolality in both normal and sickle cell red cells. Erythrocytes hemolysed
resulting in an increased hemoglobin concentration in the solution as the concentration of
sodium chloride (osmolality) decreases. The rate of hemolysis is lower for the sickle cell blood
resulting in a right-shift for the sickle cell curve compared to the curve derived from the normal
erythrocytes. For the normal and sickle cells blood, 190-mOsM and 170-mOsM, respectively
was the minimum threshold osmolality for hemolysis. At 170-mOsM, almost 50% of the
normal red cells were lysed. Below the 150-mOsM, both normal and sickled red cells were
completely hemolysed resulting in approximately the same amount of hemoglobin in the
supernatant.
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Figure 2: Graph of normal and Sickle Cell RBC hemolysis as a function of lonic strength.
Red cells (~0.5% hematocrit) was exposed to solution of decreasing salt content and
incubated for 30 minutes at room temperature. Following incubation, the Hb content was
determined by measuring the absorbance of the supernatant at 540 nm. Each point represent
the average to duplicate samples + error.

To corroborate the findings in Fig. 2, the pellets derived from centrifugation were also
processed as described under methods and probed for hemoglobin and glycophorin A contents
with appropriate antibodies. As indicated in Fig. 3, the hemoglobin content decreased by about
50% and 20% respectively in normal and sickle red cells when solution osmolality drops to 65-
mOsM. The sickle cell blot contained approximately the same amount of hemoglobin content
at 290 and 170-mOsM. As expected, the GPA retained in the blot was approximately the same
in both normal and sickle cell blood irrespective of the solution osmolality.
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Figure 3: 20pg sample loaded on 10% SDS gel and probed anti-Hb and anti-GPA antibodies
as described under method. Approximately 50% and 80% disappearance of Hb in normal and
sickle cell red cells respectively as solution osmolality decreased to 65-mOsM NaCl. GPA
retention in membranes was intact and approximately similar in both normal and sickle cells
following incubation in solution of different osmolality.

Discussion

The hemolysis curve for sickle cells show a similar “S-shaped” pattern as normal red cells on
exposure to decreasing solution osmolality. Surprisingly, we found that sickle erythrocytes
showed more resilient to changes in osmolality. The hemolysis threshold for sickle red blood
cells of was 170-mOsM, more resistant (less fragile) compared to the 190-mOsM for normal
red cell.

The previously established osmolality for normal erythrocyte hemolysis is 190-mOsM and
some of the factors that influences red cells hemolysis in a hypotonic solution such as variation
in cell size, age of the red cells and hemoglobinopathies were discussed [7]. In this study, the
threshold for sickle red cells hemolysis is 170-OsM, indicative of more resistance to changes
in osmolality than normal cells. Although the osmolality dependent exposure curve for normal
and sickle cell erythrocytes show a similar “S-shaped hemolysis pattern” (Fig. 2), a left shift
and decreased Hb content is exhibited in the sickle erythrocytes curve. This is true for the same
osmolality up to 150-mOsM, more resilient of sickle cells compared to normal red cells. This
agrees with previous report that red cells with normal Hemoglobin (HbAA) were more
susceptible than sickle cell Hemoglobin (HbSS) to saline hypotonicity [11,12]. Disorder in beta
hemoglobin and perhaps other hemoglobinopathies lead to highly resistant red cells on
exposure to varying degrees of hypotonic solutions.
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The difference in osmolality threshold for hemolysis between normal and sickle cell blood can
be explained by the variability in cell sizes and the number or proportion of sickle-shaped
(sickling) red cells in the blood. Erythrocytes have an average diameter of 7-8um, but sickle
red cells show remarkable heterogeneity in density, morphology, and rigidity making the
affected cells more rigid and “sticky” compared to normal RBCs [13]. A steeper curve reflects
the more uniformity in the sizes of the cells, which allow the cells to reach their osmolality
threshold for hemolysis at approximately the same time. The proportion and variants of
hemoglobin in sickle cell disease may explain the difference in osmolality threshold for
hemolysis between the normal and sickle cell blood. Evidence suggests that sickling in sickle
cells blood constitute about 5-50% of the total number of red cells in the peripheral smear [14].
The higher the proportion of sickle and fetal hemoglobin compared to the major Hemoglobin
(HbAA), which generally constitutes approximately 97% of the total hemoglobin in normal red
cells, the more prominent the right shift or differences between the two specimens [15].
Previous study demonstrated that the severity of sickle cell disease increases with age and the
proportion of sickle shaped cells [14]. The sickle-shaped cells are more likely to take a longer
time to rehydrate, swell and lyse in a hypotonic environment compared to normal cells. When
osmolality decreases to 150-mOsM, both normal and sickle red cells lysed releasing
approximately about the same Hb content in solution after 30 minutes of incubation (Fig. 2).
For the same hematocrit, sickle cell patients have increased fetal hemoglobin but reduced total
hemoglobin compared to normal cells [15-17]. It was however, surprising that we measured
approximately the same hemoglobin content in the supernatant at much lower osmolality in
both normal and sickle red blood cells. While the total hemoglobin content is low in sickle cell
disease, it is likely that the membrane bound fraction decreased, thus favoring an increased
proportion of the cytosolic to membrane bound fractions of hemoglobin in the supernatant
following hemolysis. Hemoglobin exist as cytosolic and membrane bound fractions [17].

In Fig. 3, the proportion of retained Hb/GPD decreases with decreasing solution osmolality.
This decreased is even more significant in sickle red cells compared to normal cells at 65-
mOsM solution. We attribute this to, perhaps the compromised structure of the sickled beta
subunit of hemoglobin impacted the cytoplasmic to membrane bound ratio. Because
hemoglobin subunits exist in both cytoplasmic and membrane fractions, the retained
hemoglobin at much lower osmolality are most likely membrane bound fractions. The washed
off fractions following complete hemolysis are cytoplasmic, and perhaps constituted mostly
the compromised beta-subunit.

The severity of sickle cell disease correlates with the proportion of sickle-shaped cells in the
peripheral blood smear. Severe hemolysis and vaso-occlusive crisis are more likely and
frequent when the fraction of sickle-shaped cells are high. Perhaps, exploring the osmolality
threshold for sickle cell blood as a function of the proportion of sickle-shaped cells is
worthwhile. Hydration status during the fluid management/treatment is critical to alleviating
the acute pain that sickle cell patients endure during vaso-occlusive episodes [14,18,19].
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Conclusion

We have expanded our understanding on the physiological and functional properties of
normal/intact and sickle red cells on exposure to solutions of varying osmolality. We have
demonstrated that:

1. 190-mOsM and 170-mOsM are respectively the osmolality threshold for normal intact and
sickle red cells hemolysis
The proportion of hemoglobin retained in sickle red cells was significantly lower than in
intact red cells at much lower osmolality

These finding may aid or provide insights into therapeutic interventions directed at correcting
electrolyte imbalances and hydration status for patients with dehydration and/or vaso-occlusive
crisis in sickle cell disease. Vaso-occlusive crisis is complex and requires multiple
interventions such as the use of hydroxyurea, blood transfusion, gene therapy and fluid
replacement in treating/managing patients with sickle cell disease. In a gene therapy study, the
proportions of sickled red cells in the patient’s blood decreased significantly when compared
to untreated patients with the disease. The drop in sickled red cell proportion improved the
oxygen saturation results in treated patient’s blood comparable to that of the heterozygous
control. Because the kidneys of sickle cell patients are unable to concentrate urine and regulate
bodily fluids properly, regular and appropriate fluid administration is necessary. Fluid
replacements helps with rehydration, slow or stop the sickling process, decreases the vascular
trappings and alleviate the pain symptoms.
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