
Modulation of Erythrocyte Membrane Mechanical Stability by
2,3-Diphosphoglycerate in the Neonatal Poikilocytosis/Elliptocytosis Syndrome
William C. Mentzer, Jr.,* Terri A. Iarocci,* Narla Mohandas,* Peter A. Lane,* Byron Smith,* Jack Lazerson,t and Taru Hays

*Departments of Pediatrics and Laboratory Medicine, University of California, San Francisco, California 94102;
$The Department of Pediatrics, University of California, Davis, California 95616; §Denver Children's Hospital
and the Department of Pediatrics, University of Colorado School of Medicine, Denver, Colorado 80220

Abstract

To explain the transient anemia and poikilocytosis seen during
infancy in hereditary elliptocytosis (HE), we resealed erythrocyte
(RBC) ghosts from affected children or their elliptocytic parents
with 2,-diphosphoglycerate (DPG) (0-8 mM), a compound that
dissociates membrane skeletons, then measured ghost mechan-
ical stability in the ektacytometer. Without added 2,3-DPG,
ghost mechanical stability was subnormal in infantile poikilo-
cytosis (IP) and HEbut was even more abnormal in hereditary
pyropoikilocytosis (HPP). Addition of 2,3-DPG (2.55 mM) to
IP or HEghosts, decreased their stability to that of HPPghosts
(without 2,3-DPG). Nonphysiological 2,3-DPG levels (6-8 mM)
were required to elicit a similar effect in normal ghosts. The data
suggest that free 2,3-DPG, present in neonatal RBCas a con-
sequence of diminished binding to HbF, may render HEsuscep-
tible to in vivo fragmentation. The developmental switch from
fetal to adult hemoglobin, by diminishing available free 2,3-DPG,
may explain the abatement of poikilocytosis and hemolytic ane-
mia that accompanies maturation.

Introduction

Transient hemolytic anemia and bizarre erythrocyte morphol-
ogy, resembling that seen in hereditary pyropoikilocytosis, may
occur in young infants from kindreds in which one parent has
elliptocytosis (1-5). Affected infants, who have usually been
Black, often require transfusion in early infancy for anemia or
hyperbilirubinemia. At - 6 mo of age, hemolytic anemia dis-
appears or diminishes in severity and, thereafter, erythrocyte
morphology becomes more purely elliptocytic, like that of the
affected parent.

The cause of these transient hematologic abnormalities is
unknown. One proposed explanation is that the skeletal abnor-
mality responsible for elliptocytosis is itself different in fetal red
cells than in adult cells. Although there are definite differences
that distinguish the membrane of the fetal red cell from that of
adult erythrocytes (6), most available evidence indicates that the
membrane skeleton and its component proteins are identical in
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fetal and adult red cells (7-9). Wetherefore considered it more
likely that developmental changes in nonskeletal red cell com-
ponents capable of interacting with the underlying skeletal pro-
tein abnormality were responsible for transient neonatal poi-
kilocytosis and hemolysis. In this report, we provide evidence
that 2,3-diphosphoglycerate (DPG)' can dissociate the flawed
membrane skeleton of elliptocytic ghosts, causing such prepa-
rations to reach the extreme levels of mechanical fragility char-
acteristic of hereditary pyropoikilocyte ghosts.

Wepropose that the uniquely high levels of free 2,3-DPG
in fetal red cells, a consequence of the extremely limited ability
of hemoglobin F to bind 2,3-DPG, render cells with an inherited
membrane skeletal abnormality particularly susceptible to in
vivo fragmentation and premature destruction.

Methods

Glycerate-2,3-diphosphate (pentacyclohexylammonium salt) was pur-
chased from Boehringer Mannheim, Indianapolis, IN; electrophoresis
reagents from Bio-Rad Laboratories, Richmond, CA; Seakem MEagarose
from FMCCorporation, Rockland, ME; DFP from Sigma Chemi-
cal Co., St. Louis, MO; and Trypsin-N-tosyl-L-phenylalanine chloro-
methyl ketone (TPCK) from Worthington/Cooper Biomedical, Inc.,
Malvern, PA.

The study protocol was approved by the Committee on HumanRe-
search of the University of California, San Francisco.

Routine hematology. Routine blood counts were measured by elec-
tronic particle counter. The percentage of hemoglobin F was determined
by alkali denaturation or by densitometric scanning of cellulose acetate
hemoglobin electrophoresis strips. The percentage of elliptocytes was
determined by counting 500 cells on well separated areas of a peripheral
blood smear.

Red cell thermalfragility. Morphologic changes such as membrane
distortions or budding were studied by Nomarski interference phase mi-
croscopy after heating red cells suspended in BSKGbuffer (132 mM
NaCl, 5 mMKCI, 10 mMNaHPO4, 11 mMglucose, 290 mosM, pH
7.4) to various temperatures between 370 and 50°C for 10 min (10).
Fragmentation of heated erythrocytes was estimated by measuring the
accumulation of small particles using a Coulter Counter (model ZBI,
Coulter Electronics, Hialeah, FL) equipped with a channelizer 11 (10).

Deformability measurements. The deformability of intact red cells
was measured in the ektacytometer, a couette viscometer, which applies
a well-defined laminar shear stress to the cell, while simultaneously mon-
itoring the extent of cell deformation by laser defractometry (11). To
obtain information about initial cell surface area, surface area to volume
ratio, and cell water content, the deformability of red cells was contin-

1. Abbreviations used in this paper: DFP, diisopropyl fluorophosphate;
DI, deformability index; DPG, diphosphoglycerate; HE, hereditary el-
liptocytosis; HPP, hereditary pyropoikilocytosis; IP, infantile poikilo-
cytosis; MCHC, mean corpuscular hemoglobin concentration; MCV,
mean corpuscular volume; PAGE, polyacrylamide gel electrophoresis;
PMSF, phenylmethylsulfonyl fluoride; TPCK, N-tosyl-L-phenylalanine
chloromethyl ketone; T60, index of red cell or ghost mechanical stability.
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uously recorded as the suspending medium osmolarity was linearly in-
creased from 50 to 500 mosM/kg (1 1).

Membrane stability assay. Wemeasured membrane resistance to
shear induced fragmentation by subjecting resealed ghosts to a constant
shear stress of 575 dynes per square centimeter in the ektacytometer
(12). Toward the end of 1984, the original analogue processing ektacy-
tometer was replaced by a second generation digital processing machine.
Ghost mechanical stability assays were run at a higher shear stress (650
or 785 dyne/cm2) on this instrument. The major difference between the
two instruments was the geometric location of the areas of the diffraction
pattern selected for scattered light intensity measurements to generate
the deformability index (DI). In the earlier system, the DI values generated
were higher than in the later system. Because of these design changes,
the relative DI changes during membrane stability measurements were
different in the two systems. Ghosts were suspended in a dextran solution
of 97 centipoise (cp) viscosity and the ektacytometer chamber rotated
at a speed of 1 10-150 rpm to generate the desired shear stress. A decrease
in the DI generated by the ektacytometer has been shown to reflect frag-
mentation of the intact membranes into small, undeformable spherical
particles. As an index of the rate of this fragmentation process we selected
the time required for the DI to fall to 60% of its highest value (T60).
The 60% level was chosen because the rate of fall in DI that accompanied
fragmentation exhibited greater variability at lower levels. To minimize
small, day-to-day variation in the absolute value of the T60 due to fluc-
tuations in such uncontrolled variables as room temperature, we always
made comparison to simultaneously studied normal erythrocyte ghosts.
The mechanical stability of intact red cells was also measured in the
ektacytometer, using a higher shear stress (1,300 dyne/cm2) (12).

Red cell membrane protein analyses. Red cell membrane ghosts were
prepared essentially as described by Dodge et al. (13). Phenylmethyl-
sulfonyl fluoride (PMSF) 0.2 mM,was added to all preparative solutions
to minimize proteolysis. Red cell membrane proteins were analyzed by
one-dimensional sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) as described by Laemmli (14) using a 4.5% acrylamide
stacking gel and a 4-15% nonlinear acrylamide gradient separating gel.
A crude spectrin extract was obtained from fresh ghosts by dialysis for
20-24 h at 0-40C in low ionic strength buffer containing 0.1 mMsodium
phosphate, 0.1 mMethylenediaminetetracetic acid, 0.1 mMfB-mercap-
toethanol and 0.2 mMPMSFat pH 8 (10). The percentage of spectrin
dimers (expressed as dimers/dimers plus tetramers) present in this extract
was determined by nondenaturing polyacrylamide gel electrophoresis as
described by Liu and Palek (15). The crude spectrin extracts were also
subjected to limited tryptic digestion at 04'C, essentially as described
by Lawler and his co-workers (8). For these studies, the crude spectrin
extracts were dialyzed for 16 h at 00C against 200 vol of 20 mMTris
buffer, pH 8, in order to remove PMSF. The protein concentration of
the dialysed spectrin extract was determined using a Bio-Rad assay.
Trypsin-TPCK was then added to the extract at ratios of 1:100 or 1:200.
(wt/wt) and limited digestion allowed to proceed for 16-20 h at 0°C
(16). The reaction was terminated by the addition of DFP to a final
concentration of 1 mM(16). Analysis of the spectrin fragments produced
by digestion was carried out using a two-dimensional isoelectric focusing/
SDS-PAGEsystem (17).

Preparation of resealed ghosts containing 2,3-DPG
Fresh red cells were washed three times with Tris-saline buffer (5 mM
Tris, 140 mMNaCl, pH 7.4). 40 ml of cold lysing buffer (5 mMTris, 7
mMNaCl, pH 7.4) was then added to 2 ml of packed red cells. After
gentle shaking, the suspension was centrifuged at 20,000 g for 5 min and
the supernatant removed by aspiration. 2 ml of the ghosts thus obtained
were added to 20 ml of cold resealing buffer (5 mMTris, pH 7.4, plus
140 mMNaCl) to which had been added various concentrations (0-15
mM)of 2,3-DPG (cyclohexylammonium salt). After incubation at 37°C
for 1 h, the resealed ghosts were centrifuged at 20,000 g for 5 min. Packed
ghosts (100 $l) were added to 35% dextran in 180 mosMphosphate-
buffered saline (pH 7.4, final osmolarity, 290 mosM) and the ghost me-
chanical stability determined immediately in the ektacytometer as de-
scribed earlier. Resealed ghosts could be held on ice for at least 2 h

without any change in mechanical stability. All measurements were
completed in < 1 h from completion of ghost preparation. For deter-
mination of 2,3-DGP levels, an aliquot of the packed ghosts were washed
and suspended in saline at a hematocrit of 30-40%, then extracted with
perchloric acid. To prepare the extracts, an aliquot (0.5 ml) of ghosts
was added to 1 ml of ice-cold 1%perchloric acid. The clear supernatant
was neutralized with 5 Mpotassium carbonate and stored for subsequent
assay. 2,3-DPG was assayed spectrophotometrically by the method of
Keitt (18).

Case histories
Family B. A.B., a Black infant born at term (birthweight, 3,525 g), re-
quired a two volume exchange transfusion at 48 h of life for hyperbili-
rubinemia. On the first day of life the hemoglobin was 13.4 g/dl, the
mean corpuscular volume (MCV) 79 fl, and the reticulocyte count 5%.
Bizarre poikilocytes and elliptocytes were noted on the peripheral blood
smear. At 19 wk of age the hemoglobin reached a nadir of 7.4 g/dl. The
reticulocyte count was 12.8% and the spleen tip was palpable. At 51 wk
of age, the hemoglobin was normal (10.9 g/dl) but the reticulocyte count
remained elevated (3.8%), and the red cell indices were abnormal (MCV
65 fl, [mean corpuscular hemoglobin count] MCHC36.2%). At the age
of 2 yr, following 2 d of fever (1040) and diarrhea, he required transfusions
for an episode of severe anemia (Hb = 5.9 g/dl). Red cell morphology
continued to resemble that of hereditary pyropoikilocytosis and the spleen
was now palpable 2 cm below the left costal margin. Peripheral blood
counts and reticulocyte counts were normal in both parents. Red cell
morphology was normal in the father but numerous elliptocytes were
evident on the mother's peripheral blood smear.

Family D. Patient B.D., born at term (birthweight, 3,059 g), required
hospitalization at day 4 of life for neonatal hyperbilirubinemia (peak
bilirubin 16.7 mg/dl). On admission, the hemoglobin was 11.7 g/dl, the
reticulocyte count 2.8%, and the red cell morphology resembled that of
hereditary pyropoikilocytosis, with occasional pyknocytes also noted. By
5 wk of age, the hemoglobin had fallen to 6.5 g/dl and the patient was
transfused. Thereafter, the hemoglobin remained above 9 g/dl and the
reticulocyte count and red cell indices were normal. Elliptocytes became
increasingly prevalent on the blood smear, but even at 22 mo of age
poikilocytic, microcytic fragments were still evident. Elliptocytes were
abundant in the peripheral blood of the father, who was Black, but his
peripheral blood counts were normal. Blood counts and red cell mor-
phology were entirely normal in the mother, who was Caucasian. Patient
P.D., the younger sibling of B.D., was treated with phototherapy for
neonatal hyperbilirubinemia. A poikilocytic, hemolytic anemia (Hb
= 13.3 g/dl on day 5 of life), exactly like that noted in B.D., was present
and gradually worsened, reaching a nadir (Hb = 8 g/dl) at 6 wk of age.
Transfusions were not required and by 10 mo of age the hemoglobin
(10.9 g/dl) and reticulocyte count (0.2%) were normal.

Family W. S.W., a full-term Caucasian male, required phototherapy
for neonatal hyperbilirubinemia. At birth, the hematocrit was 39% and
the erythrocyte morphology resembled that of hereditary pyropoikilo-
cytosis. By 6 wk of age, the hemoglobin had fallen to 7.9 g/dl and the
reticulocyte count was 13.7%. By 25 wk of age the hemoglobin had risen
to 12 g/dl but reticulocytosis persisted (5%). The red cell indices were
normal and the erythrocyte morphology was now that of elliptocytosis
rather than pyropoikilocytosis. The patient's mother, who was reportedly
anemic during pregnancy but not at other times, had elliptocytosis but
a normal reticulocyte count. The only sibling of S.W. required treatment
for hyperbilirubinemia at birth and currently has elliptocytosis and re-
ticulocytosis (1.8%) but not anemia (hemoglobin 11.8 g/dl). The father
was hematologically normal.

Family C. J.C., a full-term Caucasian female, (birthweight, 3,380 g),
required phototherapy for neonatal hyperbilirubinemia. On the eighth
day of life, the hemoglobin was 14.1 g/dl. Mild to moderate abnormalities
of erythrocyte morphology were noted (anisocytosis, poikilocytosis, el-
liptocytosis). By 9 wk of age the hemoglobin had dropped to 7.5 g/dl.
The reticulocyte count was 4.1% and the erythrocyte morphology resem-
bled that of hereditary pyropoikilocytosis, with 12%pyknocytes also noted
on the peripheral blood smear. By 30 wk of age, anemia was no longer
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present (hemoglobin 10.8 g/dl). The reticulocyte count and red cell indices
were normal and the blood cell morphology was now consistent with
hereditary elliptocytosis. The mother was not anemic but had ellipto-
cytosis. The father and one sibling were hematologically normal.

Hematologic studies
The duration and extent of anemia in affected infants from the four
families is shown in detail in Fig. 1. In general, the anemia reached a
nadir at from 1 to 3 moof age and was no longer present at 6 mo. Tests
for immune hemolysis were negative in each infant. The postnatal decline
in the amount of hemoglobin F is also depicted in Fig. 1. In the four
infants with poikilocytosis, the fall in hemoglobin F appeared to be slightly
accelerated but still remained within the normal range. Serial red cell
size distribution plots obtained in two infants are shown in Fig. 2. In
patient B.D., a persistent population of extremely microcytic red cells
was evident even at 22 mo of age. An equivalent population was not
seen in the elliptocytic father. Red cell size distribution analyses were
not performed on B.D., during the first few months of life, but were
carried out on P.D., his younger brother, who had an identical poikilocytic
anemia (Fig. 2). A sharp decline in the microcytic cell fraction was evident
by 8 wk of age in P.D. In another infant (A.B.), unrelated to the first
two, the fraction of cells that were extremely microcytic exceeded the
fraction that were normal until 34 mo of age (data not shown). Even
then, a large fraction of microcytic cells were present, the plot resembling
that shown for P.D. at birth.

Red cellfragmentation and deformability
The temperature at which heated erythrocytes first exhibited morphologic
changes (budding or fragmentation) is reported in Table I. Erythrocytes
from the three Black infants (A.B., P.D., and B.D.) underwent thermal
changes at temperatures up to 5 degrees below those characteristic of
control erythrocytes. Between 1 and 2 yr of age the temperature required
to induce morphologic changes rose toward normal in B.D. but showed
no improvement in A.B. Erythrocytes from the elliptocytic parent of
B.D. but not A.B. were susceptible to heat induced morphologic changes
and fragmentation at temperatures 1-2 degrees lower than normal. The
two Caucasian infants (S.W. and J.C.) and their family members were
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normal (J.C.) or exhibited a one degree decline (S.W.) in the temperature
at which thermal changes occurred.

To evaluate whole cell deformability and investigate cell surface to
volume relationships, erythrocytes were studied by the technique of os-
motic gradient ektacytometry (Fig. 3). In this procedure the deformability
of erythrocytes in a continuously changing osmotic environment is mea-
sured in the ektacytometer. Erythrocytes from three infants with transient
poikilocytosis exhibited varying reductions in maximal deformability.
In these three infants (J.C., S.W., and B.D.), the results were nearly
identical to those obtained using erythrocytes from their elliptocytic par-
ents (data not shown). In a fourth infant (A.B.), whose poikilocytosis
persisted beyond age 2 yr, the reduction in deformability was more severe
than that noted in his elliptocytic mother but not so severe as that typical
of classic hereditary pyropoikilocytosis. In this family, but not in the
others, the nonelliptocytic parent also exhibited a modest reduction in
red cell deformability.

The mechanical stability of erythrocyte ghosts was measured by ek-
tacytometry. In the infants with transient poikilocytosis and in their
elliptocytic parents, ghost mechanical stability was reduced to roughly
half normal (Table I). No consistent changes in ghost mechanical stability
were associated with maturation in those infants in whom sequential
studies were performed. In three families, the nonelliptocytic parent had
no abnormalities of ghost mechanical stability but in the fourth (family
B) a moderate reduction (to 74% of normal) was noted.

In family D, the mechanical stability of intact red cells was also
evaluated by ektacytometry. Red cells from P.D. (age 5 d), B.D. (age 22
mo) and normal adult or neonatal controls were separated from sub-
populations of equivalent buoyant density by Stractan density gradient
centrifugation and a representative layer from the center of each gradient
(red cell density = 1.093-1.098) was subjected to ektacytometry. Red
cell mechanical stability (T60 expressed as a percentage of the normal
control), was subnormal (30% of normal) in B.D. and even more strikingly
abnormal in P.D. (T60 = 20% of normal). Subsequently, when P.D. was
10 moold and no longer had poikilocytic hemolytic anemia, these studies
were repeated. Red cell mechanical fragility, which had improved in
both P.D. (51%) and B.D. (42%), now was identical to the value obtained
for their elliptocytic father (45%).

Red cell membrane proteins
One-dimensional SDS-PAGEof membrane proteins obtained from in-
fants with transient poikilocytosis and their relatives was normal in three
families. In the fourth (S.W.), an abnormal alpha spectrin mutant (ap-
parent 235,000 mol wt) which migrated between the positions of normal
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Table L Properties of Erythrocytes from Children with Infantile Poikilocytosis and Their Families

RBCmorphology RBCthermal changes Ghost mechanical stability
Spectrin

Age Appearance* Elliptocytes Morphology5 Fragmentation Analogue' Digital" dimers

wk %

Family B
Infant (A.B.)

Mother
Father

16
32
51
82

2 yr
2 "/,2 yr

Family D
Infant (P.D.) 1

9
40

Infant (B.D.) 5
17
32
45
57
73
97

2'/12 yr
Father
Mother

Family W
Infant (S.W.)

Mother
Sibling
Father

Family C
Infant (J.C.)

Mother
Father

HPP
HPP
HPP
HPP
HPP
HPP
HE
N

IP
IP
IP/HE
IP
IP/HE
IP/HE
IP/HE
IP/HE
IP/HE
HE
HE
HE
N

7 IP/HE
25 HE
70 HE

HE
5 yr HE

N

8
18

4'0/12 yr

Normal
controls

IP/HE
HE
HE
HE
N

N

24
26
36
39
39
46
45
<1

29
29
42
31
47
51
48
54
56
63
43
62
<1

56
71
64
83
70

2

9
26
22
35

3

<4
10

<46
44
45
45
45

49
49

46
47

47
46
46
47
47
48

48
49

49
48
48
49
49
49

49
49

49
30

48
49
49
50
49

50
50

49
49

49
49
49
49
50
50

49
50

50
50
49
50
50
50

50
50

50
50

50
30

39 35
42
29 28.5

12 27.7

16 -
60 36 20.5
74 39 16.1

6+
21+ -
23

45 18.9
57 13.5
41
31 15

19
29
18+
24

41 30+, 16
92 100

36
46

12
67 32
46 12
95 100

59
78

55
77 61

100 88

100
18

100
18

14.7

15.5
4.4

22.8
15.3
15.1
15.7

3.4

9.0
7.4
5.2
5.1

5.72±2.05
45

* HPP, hereditary pyropoikilocytosis; HE, hereditary elliptocytosis; IP, infantile poikilocytosis; IP/HE, transitional morphology; N, normal.
t Lowest temperature (0C) at which membrane budding observed in > 109% of RBC. I Determined at 575 dyne/cm2 in 1st generation analogue
processing ektacytometer. II Determined at 653 (+) or 784 dyne/cm2 in Technicon 2nd generation digital processing ektacytometer. Note that
simultaneous assay of mechanical stability on the same sample yielded different results in the two ektacytometer systems (as an example see results
for family B parents).

alpha and beta spectrin, was identified. Details of this unique mutant
are presented elsewhere (19). The percentage of spectrin dimers present
in low ionic strength extracts of membrane ghosts, prepared at 0°C, was
considerably greater than normal in three infants and in their elliptocytic
parents (Table I). No consistent change in the amount of spectrin dimers
was detected during the evolution from poikilocytosis to elliptocytosis
in these infants. In the fourth family, the percentage of spectrin dimers
was normal to slightly increased in the affected infant (J.C.) and was
normal in both parents.

Spectrin extracts were also subjected to limited tryptic digestion and
the tryptic fragments obtained were analyzed by two-dimensional (iso-
electric focusing/SDS-PAGE) electrophoresis. In one Black family, the
infant (A.B.) exhibited a striking reduction in the normal 80-kD spectrin
alpha chain fragment accompanied by the appearance of 65-, 50-, and
21-kD fragments. Digested spectrin from this infant's father, who was
not elliptocytic, exhibited a less striking reduction in the 80-kD fragment.
Two of the abnormal fragments (50 kD, 21 kD) noted in infant A.B.
were also found in the father's digest. Digested spectrin from the ellip-
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tocytic mother of infant A.B. contained less than the normal amount of
the 80-kD fragment along with a reciprocal increase in a 65-kD fragment.
In the second Black family (family D), the spectrin tryptic digestion
pattern in the elliptocytic father and in both elliptocytic children (B.D.
and P.D.) showed an increase in the amount of a 65-kD fragment and
a concomitant reduction in the amount of the normal 80-kD fragment.
The mother's pattern was normal. In the two Caucasian infants (S.W.
and J.C.) and their parents, the pattern of tryptic fragments was normal.

Effect of 2,3-DPG on membrane mechanical stability
To evaluate the effect of 2,3-DPG on membrane mechanical stability,
ghosts were resealed in the presence of varying amounts of 2,3-DPG.
The mechanical stability of 2,3-DPG loaded ghosts was then measured
using the ektacytometer. As shown in Fig. 4, a reduction in ghost me-
chanical stability was first noted in normal ghosts (from either adults or
newborns) at 2,3-DPG concentrations > 3 mmol/liter of ghosts. A half-
maximal effect was evident at 5 mmol/liter of ghosts. Sufficient blood
was obtained to pefform similar experiments in two of the four infants
with poikilocytosis. At the time they were studied, the 2,3-DPG concen-
tration in fresh red cells (normal = 4.5±0.6 mmol/liter red blood cells,
RBC) was 6.7 mmol/liter RBCin infant A.B. (age 7 mo) and 5.4 mmol/
liter RBC in infant B.D. (age 8 mo). Ghost mechanical stability was
considerably less than normal, even in the absence of 2,3-DPG. In the
presence of 2,3-DPG, ghost mechanical stability decreased further,
reaching the extremely fragile levels charceristic of hereditary pyro-
poikilocytosis at 4 mmol/liter of ghosts. Ghosts from the elliptocytic
parent of each of the four poikilocytic infants also exhibited diminished
mechanical stability in the absence of 2,3-DPG. The addition of 2,3-
DPGfurther diminished their mechanical stability and, as was the case
with the poikilocytic infants, they became as fraile as hereditary pyro-
poikilocyte ghosts at 2,3-DPG levels of 3.5-5 mmol/liter of ghosts.

In one family (D), a direct comparison between two individuals with
an identical molecular defect in spectrin was possible. In this family, the
poikilocytic infant's ghosts (B.D.) reached the level of mechanical fragility
characteristic of hereditary pyropoikilocytosis at a 2,3-DPG level of 2.5
mmol/liter ghosts (Fig 4), while ghosts from his elliptocytic father (LD.),
studied on two separate occasions, reached the same level at 2,3-DPG
levels of 4.5 mmol/liter ghosts (Fig. 4) or 2.6 mmol/liter ghosts (data not
shown).

Discussion

The five infants described in this report each had significant
nonimmune hemolytic anemia during the first few months of
life. In three, (J.C., B.D., P.D.), anemia and reticulocytosis dis-

Figure 3. Red cell osmotic gradient ektacytometry in
wj~i four infants (J.C., age 9 mo; S.W., age 7 wk; B.D., age

5 wk; A.B., age 16 wk) with neonatal poikilocytosis
and transient hemolytic anemia. Results are identified

500 by last name initial. Normal values (shaded area) and
representative results in a patient (age 4 yr) with clas-
sic HPPare also indicated.

appeared by 6 mo of age, poikilocytes disappeared or became
less prevalent, and elliptocytes became the predominant circu-
lating red cell. The residual erythrocyte abnormality now present
in these children is best classified as the mild form of common
hereditary elliptocytosis (20). The fourth infant (S.W.), also now
has mild common hereditary elliptocytosis but, unlike the first
two infants, shows evidence of persistent compensated hemolysis
at age 2 yr. The last infant (A.B.), who at age 2 yr and 10 mo
also continues to exhibit compensated hemolysis, appears to
represent an example of mild or variant hereditary pyropoikilo-
cytosis, since his red cells remain bizarrely poikilocytic and ex-
hibit striking thermal fragility that has not improved as he has
matured. The abnormalities in red cell rheology and in spectrin
biochemistry discovered in both parents suggest that this infant
is a compound heterozygote for two different membrane ab-
normalities, an inheritance pattern reported previously in he-
reditary pyropoikilocytosis (10). In contrast, in the other three
families, one parent had elliptocytosis accompanied by a reduc-
tion in ghost mechanical fragility while the other parent was
normal, suggesting that the cytoskeletal abnormalities present
in the infant were inherited solely from the elliptocytic parent.

Our attempts to define the erythrocyte membrane protein
abnormalities present in these infants highlighted the differences
between them. A spectrin alpha subunit defect (Spa"65) was
detected in family D, and in family Wa previously undescribed
electrophoretic variant of the spectrin alpha subunit was found.
In family B, two different spectrin mutations (Spa"/65, Spa1/50)
were found in the parents. Both mutations appeared to have
been inherited by the infant (A.B.), who had hereditary pyro-
poikilocytosis. In family C, no evidence of a spectrin mutation
was discovered. Thus the clinical, rheological, and biochemical
evidence all indicated that a different membrane skeletal defect
was present in each of the four families.

In searching for a commoncause for the transient hemolytic
anemia, we considered three possibilities. The first was that
unique fetal membrane skeletal proteins were present at birth
but were replaced during early infancy by adult counterpart pro-
teins. This possibility seemed unlikely since others have found
no evidence that the normal erythrocyte membrane skeleton is
structurally different in neonatal red cells than in adult cells (7-
9). Consistent with these observations, we found that ghosts pre-
pared from either normal neonatal or adult erythrocytes had
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established that 2,3-DPG dissociates membrane skeletons or
ghosts in vitro (22, 23), probably by interfering with spectrin-
actin binding (24). Our studies with 2,3-DPG loaded ghosts pre-
pared from normal red cells demonstrate a similar effect on
ghost mechanical stability with a half maximum effect noted at
a 2,3-DPG concentration of 5 mmol/liter of ghosts. At 2,3-
DPGlevels greater than 6 mmol/liter of ghosts, normal adult
or neonatal ghosts become as fragile as those of hereditary pyro-
poikilocytes (studied in the absence of 2,3-DPG).

To explore the effect of 2,3-DPG on the membrane skeletal
defects present in the four families we studied, we obtained blood
from two affected infants and from each elliptocytic parent. Be-
cause elliptocytic ghosts were more mechanically fragile than
normal ghosts, less 2,3-DPG was required to reduce their fragility
to the levels encountered in pyropoikilocytosis. These effects of

.... 2,3-DPG on membrane stability are unlikely to be of any phys-
iologic relevance in adult red cells because most of the 2,3-DPG

.......... ... ..... in such cells is bound to deoxyhemoglobin A. However in new-
...........Ji born red blood cells, the predominant hemoglobin is fetal he-

............... moglobin which binds 2,3-DPG only to a very limited extent
........,,.. #a (25). Therefore, the majority of intracellular 2,3-DPG should

\ ...... ...... be continually available to interact with cytoskeletal membrane
;\ A. proteins. The concentration of 2,3-DPG in neonatal red cells is

5.4±1.0 mmol/liter of red cells, a level that is maintained
throughout the first year of life (26). Expressed per liter of red
cell water, which should more accurately reflect the concentration
of 2,3-DPG in the vicinity of the membrane, the value would
be - 30% higher, or - 7 mmol/liter cell H20. Bunn and his

4 6 8 colleagues have calculated for adult red cells, assuming the total
)PG 2,3-DPG concentration to be 7.2 mmol/liter cell H20, that free

2,3-DPG levels in oxygenated red cells would be 5.9 mmol/liter
mechanical stability. Ghosts cell H20 and in deoxygenated red cells 0.53 mmol/liter cell H20
2,3-DPG in vitro and their me- (27). In both oxygenated and deoxygenated neonatal red cells,
he ektacytometer. Shaded area, the free 2,3-DPG concentration should be equivalent to that of
neonatal (- --- *) red cell oxygenated adult cells, since deoxyhemoglobin F does not bind
(A t~A = mother of J.C., 2,3-DPG. Clearly, such levels are sufficient to weaken the mem-
= mother of A.B., o o brane skeleton. The effect would be particularly striking in the
neonatal poikilocytosis and
n a=B.D., o -*l-ci- = A.B.) presence of an inherited defect of the membrane skeleton. As
area labeled HPP indicates the hemoglobin F is replaced by hemoglobin A during the first several
ded 2,3-DPG) found in five pa- months after birth an increasing proportion of 2,3-DPG is bound
tary pyropoikilocytosis. The to hemoglobin A and thus unavailable to interact with the mem-
inatal red cells (25), expressed in brane skeleton. Once hemoglobin A levels have risen beyond a
the horizontal bar (mean±SD) certain critical point, the membrane dissociating effect of 2,3-

DPGshould largely vanish and only the underlying inherited
protein abnormality responsible for elliptocytosis would remain.

Several questions raised by our observations cannot be fully
nd the same susceptibility to addressed at this time. First, if the cells that contain HbF are
gility. In the anemic infants, preferentially destroyed, one might expect HbFlevels to fall more
lip between ghost mechanical precipitously than normal after birth in affected infants. The
ange in the percent of spectrin limited data available (Fig. 1) is inconclusive in this regard and
ies carried out in three infants. cannot be interpreted since the possibility of compensatory
Aility that the hypofunctional stimulation of HbF synthesis remains unexplored. Second, in
eonate (21) might not remove one of our patients (B.D.) and in several described by others (5),
allow the accumulation of a the transition from poikilocytic to elliptocytic morphology and
er, a prolongation rather than the rise toward normal in the temperature at which heat induced
uld be anticipated under these morphological abnormalities are seen did not occur until after
ysis associated with infantile 12 mo of age, long after hemoglobin F levels had declined to
Plained by altered reticuloen- < 5%. The underlying basis for these events is not clear but,

unlike the extent of hemolysis, they are unlikely to be related
lered was that developmental to changes in hemoglobin F or free 2,3-DPG levels. Third, not
ree 2,3-DPG might result in all individuals with HE exhibit poikilocytosis and hemolysis
mia. The work of others has during infancy, despite the fact that all newborns have high levels
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of HbF. The molecular basis of HE is heterogeneous and, in the
majority of instances, not well defined (20). Presumably, the
location or severity of the membrane skeletal defect does not

always favor the appearance of poikilocytosis and hemolysis in

the presence of increased levels of free 2,3-DPG. Lastly, our

studies were largely carried out in ghosts. Whether the effects of
2,3-DPG on ghosts will also be seen in intact red cells has recently
been questioned by Waugh (28). Our data in infant P.D. shows
that red cell mechanical stability improves during the transition
from neonatal poikilocytosis to elliptocytosis, consistent with
the hypothesized effect of free 2,3-DPG. However, a direct eval-
uation of the effect of 2,3-DPG on the mechanical stability of

red cells remains to be performed.
Our studies confirm that physiologic levels of 2,3-DPG can

produce striking mechanical fragility in red cell ghosts obtained
either from adults with elliptocytosis or from their infants with
transient poikilocytosis. The abatement of hemolysis in these
infants coincides with the developmental decline in hemoglobin
F levels. It is reasonable to expect that 2,3-DPG would exert a

similar dissociating effect upon a variety of other skeletal protein
defects, explaining the heterogeneous nature of the elliptocytic
defects susceptible to transient neonatal hemolysis. In fact, the
striking degree of hemolysis in early infancy with modest im-
provement after 6 mo of age observed in severe spherocytosis
associated with spectrin deficiency (29) suggests that other, non-
elliptocytic, membrane skeletal disorders may also be influenced
by 2,3-DPG. Finally, it is conceivable that the membrane dis-
sociating effects of free 2,3-DPG may also contribute to the long
recognized but poorly understood shortened lifespan of normal
fetal and neonatal red cells (30). Such speculations are the stim-
ulus for further investigations now under way in our laboratories.
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