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ABSTRACT. Membrane lipid fluidity was reexamined in
red blood cells and ghosts from adults and newborns.
Fluorescence anisotropies of the hydrophobic probes 1,6-
diphenyl-1,3,5-hexatriene (DPH) and perylene were sig-
nificantly and substantially greater in fresh intact red cells
from newborns than from adults; however, no significant
difference was detected with the polar fluorophores, 12-(9-
anthroyl) stearic acid and retinol. These results suggest
that probes in the hydrophobic core of the membrane have
less motional freedom in red cells from newborns than from
adults, whereas probe motional freedom in the polar lipid
headgroup regions of the membranes is similar for both
cell types. DPH fluorescence anisotropy increased upon
making white ghosts or upon storage of blood. Temperature
studies indicated that DPH fluorescence anisotropy in
fresh intact neonatal red cells is increased by an amount
corresponding to that produced by cooling adult red cells
by 22° C. Elevated intracellular calcium decreased red cell
filterability without affecting DPH fluorescence anisotropy
of ghost membranes. This result suggests that the effect
of calcium in reducing filterability is independent of alter-
ations in membrane lipid motional freedom. It is unlikely
that the decreased lipid motional freedom of red cells from
newborns contributes significantly to their decreased filter-
ability. (Pediatr Res 24: 433-437, 1988)

Abbreviations

DPH, 1,6-diphenyl-1,3,5-hexatriene
AS, 12-(9-anthroyl) stearic acid
THF, tetrahydrofuran

Hct, hematocrit

Ca,, intracellular calcium

Ca,, extracellular calcium

Red blood cells from human newborns, in addition to con-
taining HbF, differ from those of adults in having an increased
mean cell volume (1, 2), decreased filterability (3), accelerated
decline of cell deformability and membrane internalization dur-
ing cell aging (1, 4), increased morphological abnormalities (5,
6), greater susceptibility to lipid peroxidation (7), altered enzyme
levels and membrane transport and antigenic properties (8, 9),
and a life span that is shortened by about one-third (10). Also,
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ferritin-conjugated concanavalin A induces endocytosis in red
cells from newborns, but not in those from adults (11). One
hypothesis proposed to explain this difference in endocytosis was
increased lipid fluidity of neonatal red cell membranes. However,
fluorescence polarization studies of Kehry ez al. (12) revealed no
difference in the motional freedom of perylene in ghost mem-
branes prepared from outdated adult red cells, as compared with
ghosts from fresh neonatal red cells. Other studies suggest that it
may be inappropriate to conclude from the data of Kehry et al.
(12) that membrane lipid fluidity is the same for red cells from
newborns and adults for the following two reasons: /) the com-
parison was made with ghost membranes, yet DPH fluorescence
polarization is increased in ghosts as compared with intact cells
(13); and 2) the ghosts from adult cells were prepared from
outdated blood, yet storage of blood reportedly alters membrane
lipid fluidity (14). Our report describes experiments that reex-
amined membrane lipid fluidity of fresh intact red cells from
human newborns and adults using the more sensitive fluorophore
DPH. The results indicate that the motional freedom of both
DPH and perylene is actually less in fresh, intact red cells from
neonates as compared with adults. Experiments with elevated
Ca. demonstrated conditions under which fluidity and filterabil-
ity are independent and uncorrelated parameters. A preliminary
account of some of these results was presented previously (15).

MATERIALS AND METHODS

Preparation of cells and ghosts. Fresh blood was drawn by
venipuncture from normal adult donors, centrifuged at 13,800
X g at 4° C for 5 min, and the buffy coat was aspirated. The red
cells were then resuspended and washed three to four times in
chilled cell wash medium containing (mM) 145 NaCl, 5 KCl,
and 5 HEPES (adjusted to pH 7.6 at 23° C). After the final wash,
the cells were diluted to 50% Hct in cell wash medium and kept
on ice for use on the same day. Blood from healthy term
newborns was collected from the fetal vein of the placenta
immediately after normal vaginal delivery without general an-
aesthetic, and the red cells were prepared using the same method
as for blood from adults.

White ghosts were prepared (16) by hemolyzing the washed
cells from adults or from newborn in 20:1 (vol/vol) ice cold 20
imosmol phosphate buffer (pH 8.0 at 25° C) for 15 min. The
hemolysate was then centrifuged at 39,800 X g at 4° C for 5 min,
the supernatant decanted, and the membranes washed repeatedly
in the hypotonic buffer until white and devoid of Hb. The final
wash was in chilled cell wash medium with final resuspension to
1.5 to 2 mg protein/ml, as determined by the method of Lowry
et al. (17), using bovine serum albumin standards.

Membrane lipid fluidity. Following the method of Schachter
et al. (18), we interpret the fluorescence anisotropy of lipid
fluorophores as indicative of their motional freedom. The rate
of rotation of a fluorophore, and hence the polarization of its
emission, reflects viscous drag of the lipid environment in which
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the extrinsic probe is located. Decreased polarization or ani-
sotropy may indicate a more fluid membrane, whereas increased
polarization or anisotropy may indicate a more rigid environ-
ment. Because the rotational motion of DPH in red cell mem-
branes is hindered (18-20), no attempt has been made to calcu-
late microviscosities.

For fluorescence anisotropy measurements, a solution of 2 uM
DPH (232.3 g/mol, Aldrich Chem. Co., Milwaukee, WI) was
prepared by diluting a stock solution of 2 mM DPH in fresh
THF (Aldrich, stored under N; to prevent peroxide formation)
1/1000 into cell wash medium. The solution was stirred vigor-
ously overnight in the dark at room temperature to evaporate
the THF. Preliminary experiments indicated that use of aged
THF, which forms peroxides during storage, resuited in forma-
tion of methemoglobin and in elevated values of DPH fluores-
cence anisotropy. From the 50% HCT suspension, red cells were
added to the dye solution to 0.05% HCT, and the suspensions
were then incubated 2 h in the dark at 37° C to enable dye
uptake. The labeled cells were kept at 37° C, and fluorescence
anisotropy was measured three to five times at 37° C within the
next hour. The fluorescence intensity and anisotropy of DPH
increased during 1 h of labeling to a value that was then constant
for up to 4 h. At values of more than 0.25% Hct, the fluorescence
of DPH at 427 nm is significantly absorbed by the Soret band of
Hb, centered at 420 nm. A Hct of 0.05%, corresponding to 0.8
OD at 365 nm for both adult and neonatal cells, minimized
absorption as well as light scattering. DPH fluorescence aniso-
tropy was constant between 0.01 and 0.10% Hct, indicating that
errors from scattering depolarization are insignificant, and was
also independent of DPH between 1 and 10 uM. Ghosts were
added to a 2 uM suspension of DPH in cell wash medium (which
has been stirred overnight as for the intact cells) to a final
concentration of 50 ug protein/ml, and then incubated for 2 h
at 37° C to incorporate the dye into the membranes. Fluorescence
anisotropy of ghosts labeled with DPH was constant between 50
and 200 ug protein/ml. The lower concentration was used to
minimize light scattering.

With AS, perylene, or retinol the cells at 0.05% Hct, or the
ghosts at 50 pg protein/ml, were labeled by incubating for 1 h at
37° C in cell wash medium with dye. AS was added to 6 uM
from a stock solution of 2.5 mM in 80% EtOH with 10 mM
HEPES. Perylene was added to 5 uM from a stock solution of 2
mM in 100% EtOH, whereas retinol was added to 1 uM from a
stock solution of 0.4 mM in 100% EtOH.

At 0.05% Hct and at 50 ug protein/ml ghost concentration,
the fluorescence of unlabeled membranes was less than 5% of
the total DPH fluorescence, and the anisotropy of the scattered
light closely approximated that of membranes labeled with DPH.
Scatter corrections did not influence the DPH anisotropy meas-
urements and therefore were not routinely made. For AS, retinol,
and perylene the autofluorescence plus light scattering of unla-
beled membranes was 5, 7, and 20%, respectively, of the total
signal from labeled membranes.

The fluorescence polarization and anisotropy of DPH were
measured on a photon counting fluorimeter (model 8000S, SLM-
Aminco, Urbana, IL) with excitation at 365 nm through a double
monochromator with an 8- or 16-nm bandpass. A T-format was
used, with one emission channel using a single monochromator
set at 427 nm and with a 16 nm slit, and the other emission
channel using a 3-mm thick cutoff filter (GG420, Schott Optical
Glass, Inc., Duryea, PA) in series with a 50% neutral density
filter (NG-11, Schott). The excitation and emission wavelengths
for perylene were 404 and 447 nm, for retinol were 334 and 482
nm, and for AS were 367 and 450 nm. Data were acquired for 5
s for each polarizer setting. The polarization, P, is defined as P
=, — I,)/{; +1,), and the anisotropy, r, is defined as r =
Iy — I)/dy + 2I)), where I and I, are the fluorescence
intensities of the vertically and horizontally polarized emissions
when the sample is exited with vertically polarized light. The
coefficient of variation for three to five repetitive determinations
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on a single sample with DPH averaged 6% for intact red cells
and 2% for ghosts.

Filterability. Filterability was measured with a 5% HCT sus-
pension of red cells that had been washed three to four times
and resuspended in the cell wash medium. The cell suspension
was injected through a large bore needle attached to the upper
reservoir of a Swinnex-25 filter unit (Millipore Corp., Bedford,
MA) containing 25-mm diameter Whatman no. 42 filter paper
(Thomas Scientific, Swedesboro, NJ) premoistened with cell
wash medium. The injected sample filled an attached, vertically
oriented 2-ml pipette up to the 2 ml mark at a height of 23.5
cm, and the unfiltered volume was noted every 15 s for up to 10
min. The volume filtered in 5 min was taken as the filterability.

Effect of calcium on fluidity and filterability. The Ca ionophore
A23187 (Calbiochem, La Jolla, CA, 2.4 mM stock solution in
100% ethanol) was added to a final concentration of 1 uM to 3
ml of 0.05% HCT suspensions of DPH-labeled cells in cell wash
medium containing 0-5 mM Ca,. After 15 min, DPH fluores-
cence anisotropy in the continuously stirring sample was deter-
mined. The fluorescence of 1 uM A23187 was less than 10% of
the total sample fluorescence at the wavelengths used for DPH
studies. Filterabilities were also determined 15 min after adding
1 uM A23187 to 0.05% HCT suspensions of cells in cell wash
medium containing 0-5 mM Ca,.

Statistics. Significance of differences for groups of unequal
sizes was ascertained by means of Student’s 7 test.

RESULTS

Comparison of adult and newborn cells and ghosts. A scatter
diagram showing the fluorescence anisotropy of DPH in fresh
intact red cells and white ghosts from adults and newborns is
shown in Figure 1. The mean DPH fluorescence anisotropy in
red cells from newborns was 0.241 = 0.013 (SD, n = 9), 16%
more (p < 0.001) than the value of 0.208 + 0.010 (n = 17) for
cells from adults. For ghosts membranes, DPH fluorescence
anisotropy for newborns, 0.234 + 0.006 (n = 10), was only 5%
more (p < 0.001) than the value for adults, 0.223 £ 0.005 (n =
26). The biological variation, expressed by the coefficient of
variation of 5% for intact cells and 2% for ghosts, was comparable
to the methodological variation of repetitive determinations on
a single sample (see “Materials and methods”). Others have
reported DPH anisotropies for ghosts from adults with values
ranging from 0.192 to 0.219 (14, 19, 21, 22).
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Fig. 1. Fluorescence anisotropy () of DPH in fresh intact red blood
cells and white ghost membranes from human adults and newborns.
Each point represents the average of five determinations of a sample
from the particular donor. Values in parentheses are means + SD for the
different populations of donors.
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Table 1. Fluorescence anisotropy of four dyes used to compare membrane lipid fluidity of human red blood cells*
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Probe

Intact cells

White ghosts

Aduit fresh

Adult
outdated

Newborn

Adult fresh

Adult
outdated

Newborn

DPH

Perylene

AS

Retinol

0.208 +0.010
(17

0.188 + 0.040
(6)

0.087 + 0.009
@®

0.222 + 0.007
©®

0.234 + 0.005
®)

0.216 £ 0.018
®

0241 £0.013
(€))

0213 £0.017
®)

0.089 + 0.009
“)

0.221 £ 0.007
®)

0.223 + 0.005
(26)

0.095 + 0.022
&)

0.114 = 0.008
™)

0.216 = 0.004
)

0.223 £ 0.003
)

0.093 + 0.004
()

0.234 + 0.006
(10)

0.111 £0.016
(6)

0.118 £ 0.006
“

0.212 + 0.004
&)

* Values are the means + SD for the number of donors shown in parentheses.

The mean DPH fluorescence anisotropy was significantly more
(p <0.001) in ghosts than in intact red cells from adults (Fig. 1;
Table 2), consistent with a previous report by Aloni et al. (13)
who prepared ghosts from fresh adult blood. In four paired
experiments in which DPH fluorescence anisotropy was meas-
ured in cells and then in ghosts made from the same cells, the
increase in ghosts was also significant (p < 0.05). In contrast,
Schachter et al. (18) reported no difference in DPH fluorescence
anisotropy between intact red cells and ghosts, but their study
included the use of outdated bank blood. The results of Table 1
indicate that the fluorescence anisotropies of both DPH and
perylene increase (p < 0.001) in outdated intact red cells. This
increased DPH anisotropy with storage of intact cells and lack
of difference in ghosts prepared from fresh and stored blood,
contrasts with a decrease previously reported to occur with DPH
in ghosts from outdated blood as compared with ghosts from
fresh cells (14). The present data (Fig. 1; Table 1) suggest that
changes during blood storage and during preparation of ghosts
obscure differences in the fresh intact cells from adults and
newborns.

Polar and nonpolar membrane fluidity probes. Both DPH and
perylene are nonpolar molecules that are thought to partition
into and monitor the properties of the hydrophobic core of the
membrane. To probe the outer polar regions of the membranes,
the polar fluorescent probes AS (18) and retinol (23, 24) were
used with red cells from newborns and adults. The fluorescence
anisotropies of both AS and retinol were not significantly differ-
ent in either the fresh intact cells or white ghosts from adults as
compared to newborns (Table 1). The mean value of 0.114 for
AS in ghosts from adults agrees well with the value of 0.120
reported by others (25).

The fluorescence anisotropy of perylene was not significantly
different in ghosts prepared from fresh or outdated red cells from
adults, as compared to ghosts made from red cells of newborns
(Table 1), which is in agreement with the data of Kehry et al.
(12). In contrast, perylene exhibited significantly greater fluores-
cence anisotropy in the fresh intact cells from newborns as
compared with fresh adult red cells ( p < 0.05), again demonstrat-
ing the importance of examining fresh cells and confirming the
difference detected with DPH. The large difference between the
anisotropies of perylene in cells and ghosts (Table 1) may reflect
the problems of its low fluorescence yield and the influence of
light scattering that together make the results with perylene less
reliable than those with DPH.

Effect of elevated Ca, on fluidity and filterability. Elevated Ca.
decreases cellular deformability and filterability in red cells from
adults (26). The results of Figure 2 confirm that red cells from
newborns are less filterable (p < 0.001) than those from adults.
Treating intact cells with 1 uM Ca ionophore A23187 in the
presence of up to 5 mM Ca, decreased the filterability of adult
cells (p < 0.001) but did not significantly affect the filterability
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Fig. 2. The effect of Ca on DPH fluorescence anisotropy (r, right
ordinate) and on filterability (F, left ordinate) of human red blood cells.
Points represent means = SD for three donors.

of the cells from newborns. However, under identical experimen-
tal conditions, the fluorescence anisotropy of DPH remained
constant in the adult cells (Fig. 2). Thus dramatic changes in
filterability occur without detectable changes in the fluidity of
the bulk lipids in the hydrophobic core of the membrane. Similar
experiments using white ghosts from newborns and adults
showed no change in the motional freedom of DPH, AS, or
retinol as calcium was increased to 5 mM (Table 2).

Effect of temperature on fluidity. As temperature was lowered
from 37° C to 5° C, DPH fluorescence anisotropy increased
linearly in the cells or ghosts from either newborns or adults (Fig.
3), consistent with previous studies of the effect of temperature
on membrane lipid fluidity in red cells (13, 25, 27-29). DPH
fluorescence anisotropy was greater at all temperatures between
5° C and 37° C in red cells from newborns, as compared to those
from adults (p < 0.05), but the ghosts from the two cell types
were similar over the entire temperature range. From Figure 3,
it is evident that the fluidity of red cells from newborns at 37° C
opr = 0.260, corresponds to the fluidity of cells from adults at
15° C. Using temperature as a kind of ruler, DPH fluorescence
anisotropy in fresh intact neonatal red cells is increased by an
amount equivalent to that produced by cooling adult red cells
by 22° C.

DISCUSSION

The most important new result in our report is that DPH
fluorescence anisotropy is significantly and substantially greater
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Table 2. Fluorescence anisotropy of DPH, AS, and retinol in
white ghosts from adults and newborns in presence and absence

CRESPO ET AL.

of calcium*
. Fluorescence anisotropy
Calcium
Probe (mM) Adults Newborns
DPH 0 0.223 £ 0.005 (26)  0.234 + 0.006 (10)
0.5 0.227 + 0.003 (3) 0.232 £ 0.004 (3)
5.0 0.226 + 0.003 (3) 0.236 = 0.006 (3)
AS 0 0.114 £ 0.008 (5) 0.118 + 0.008 (3)
0.5 0.119 £ 0.009 (6) 0.114 £ 0.009 (3)
5.0 0.115 £ 0.007 (3) 0.114 £ 0.002 (3)
Retinol 0 0.216 = 0.004 (5) 0.212 + 0.004 (3)
0.5 0.225 = 0.014 (6) 0.207 = 0.004 (3)
5.0 0.215 £ 0.007 (3) 0.212 £ 0.009 (3)

* Values are means =+ SD for number of donors shown in parentheses.
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Fig. 3. The effect of temperature on DPH fluorescence anisotropy in
fresh intact cells (top panel) and white ghosts (bottom panel) from

newborns (closed circles) and adults (open circles). Points represent
means * SD for five donors.

in the membranes of fresh intact red cells from human newborns
as compared to those from adults, but the values are closer in
the ghost membranes of both cell types (Fig. 1; Table 1). The
motional freedom of perylene is also greater in red cells from
adults than from newborns, and similar in ghost membranes
from the two types of red cells, implying that the main result is
independent of the specific probe used. The fluorescence ani-
sotropies of the more polar probes, AS and retinol, are similar
in both cell types (Table 1). These observations suggest that
probes in the hydrophobic core of the intact red cell membranes
from newborns have less motional freedom than in the core of

red cell membranes from adults, but the more polar regions of
the two membranes are stmilar.

In a study of lipid lateral mobility using the technique of
fluorescence photobleaching recovery, Bloom and Webb (30)
found that the diffusion coefficient of the cyanine dye dil-Cis (5)
was reduced by 30% in prenatal murine red cells, and was
reduced by 2-fold in ghosts from human red cells, in qualitative
agreement with our results. Although lipid lateral mobility re-
flects both hydrocarbon chain disorder and molecular packing
in the bilayer, DPH fluorescence anisotropy is primarily sensitive
to chain disorder (30).

Red cell membranes from human newborns, as compared to
those from adults, are known to contain slightly higher ratios of
sphingomyelin to phosphatidylcholine, free cholesterol to phos-
pholipid, and saturated to unsaturated fatty acids (31, 32). These
differences in lipid composition would be qualitatively consistent
with a less fluid hydrophobic membrane core in cells from
newborns with no difference in the outer polar regions of the
bilayer. However, studies of cholesterol-enriched red cells (28)
indicate that an increase in DPH fluorescence anisotropy of the
magnitude found for neonatal red cells would require a 2-fold
increase in the ratio of cholesterol to phosopholipid, much greater
than the 15% increase that actually exists (32). Similarly, the
slight increase in the ratio of sphingomyelin to phosphatidylcho-
line from 0.84 in adults to 0.94 in neonates (31, 32) also seems
inadequate to account for the increase in DPH fluorescence
anisotropy. In patients with spur-cell anemia the red cell sphing-
omyelin to phosphatidylcholine ratio is elevated to values near
1.5 (27), much higher than in neonates, yet DPH fluorescence
anisotropy is less than we find for neonatal red cells (Fig. 1;
Table 1). The increased proportion of saturated fatty acids, from
38% in adults to 43% in newborns (31, 32), is another possible
explanation for the decreased motional freedom of DPH and
perylene in neonatal red cells. The most prominent change in
red cell unsaturated fatty acids during the first month of life is a
progressive increase of linoleic acid (18:2) and a decrease of
arachidonic acid (20:4), reflecting changes in the lipid fractions
of plasma (33). However, no clear relationship between fatty acid
composition and membrane lipid fluidity of red cells has been
demonstrated (34). Moreover, the unsaturation index, or average
number of double bonds per mole or gram fatty acids, is 1.47 in
red cells from newborns, very similar to the unsaturation index
of 1.55 for adult red cell phospholipid fatty acids (calculated
from data in Refs. 31-32).

If known differences in lipid composition cannot explain the
decreased motional freedom of probes in neonatal red cell mem-
branes, then another possible explanation might relate to their
reduced vitamin E content (35). Peroxidation of ghost mem-
branes with phenylhydrazine, leading to accumulation of malo-
nyldialdehyde, does elevate DPH fluorescence anisotropy (36).
In support of this hypothesis, elevated malonyldialdehyde levels
have recently been reported for neonatal red cells (37).

The data in our report for red cell ghosts do agree with those
of Kehry et al. (12) in that little or no difference was found in
the fluidity of ghost membranes from newborns and adults, as
determined by DPH and perylene fluorescence anisotropies (Ta-
ble 1). Preparation of ghosts from red cells of adults alters the
lipids such that DPH has less motional freedom than in cells
(Fig. 1; Table 1), consistent with a previous report by Aloni et
al. (13). Schachter et al. (18) reported an increase in the excited
state lifetime of DPH from 6.0 ns in intact red cells to 9.8 ns in
ghosts, but this change is in the wrong direction to account for
the increased DPH fluorescence anisotropy in ghosts. During
preparation of ghosts in the presence of 5-10 uM calcium,
phospholipid asymmetry is reportedly abolished (38), although
total lipid content is conserved (16). If the outer hemileaflet is
more fluid than the inner (39), and if DPH preferentially moni-
tors the outer leaflet fluidity (18, 39), then loss of phospholipid
asymmetry might contribute to the increased DPH fluorescence
anisotropy in ghosts.
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Unlike cells and ghosts from adults, neonatal red cells and
ghosts showed similar DPH fluorescence anisotropies (Fig. 1;
Table 1). If a loss of phospholipid asymmetry contributes to the
elevated DPH fluorescence anisotropy in adult red cell ghosts,
then this property might also be relevant for intact neonatal red
cells. Partial alteration of phospholipid asymmetry has recently
been reported for red cells from neonates (37).

Inasmuch as red cells from newborns have a shortened life-
span, and thus a younger mean cell age than red cells from
adults, it is also important to consider how fluidity changes
during cell maturation. The fluorescence anisotropy of perylene
was reported to be decreased in reticulocyte-rich blood obtained
from phenylhydrazine-treated rabbits (40). When these cells were
separated according to age by density centrifugation, old cells
being more dense, motional freedom decreased with increasing
density. This change is in the wrong direction to explain the
difference in red cells from human newborns and adults. It is
also of interest that the changes noted during maturation of
intact rabbit red cells were not evident in ghosts prepared from
the cells (40).

Although fluorescence anisotropy studies indicate less mo-
tional freedom in red cell membranes from newborns than from
adults, it is unlikely that this difference contributes significantly
to the decreased filterability of neonatal red cells. Others have
shown that the decreased filterability of neonatal red cells can be
attributed to their large size and to the increased proportion of
rigid cells (3). A previous report with ghosts from adults also
showed that up to 10 mM Ca did not change membrane lipid
fluidity, as monitored with DPH (13). In contrast, electron spin
resonance studies using nitroxide spin-labeled fatty acid (41) and
phospholipids (42) reported increased fluidity upon exposure to
1 mM Ca during hemolysis (41), or after 5-min exposure to 10
uM Ca, with A23187-treated intact cells (42). The result that
elevated Ca. decreases filterability without affecting the motional
freedom of DPH in intact cells (Fig. 2) provides another example
of the independence of membrane lipid fluidity and viscoelastic
properties, and agrees with a similar conclusion from studies of
red cells with modified cholesterol contents (43).

In summary, the substantially increased DPH fluorescence
anisotropy in fresh intact red blood cells from newborns as
compared with adults could reflect increased lipid oxidation or
decreased phospholipid asymmetry. The molecular basis for this
observation and the possible relationship of decreased membrane
lipid fluidity to other functional properties of neonatal red cells,
including their shortened lifespans, remains to be determined.
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