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Local mechanical fluctuations of the cell membrane of human erythrocytes were shown to involve MgATP- and Mg”+-driven fast membrane 
displacements. We propose that these local bending deformations of the cell membrane arc important for cell passage through capillaries. In order 
to verify this hypothesis, we examined cell membrane fluctuations and filterability ol’crythrocy~cs over a wide mngeofmcdium osmolaliries( 180-675 
mosmol/kg H20). The results indicate the existence of a positive correlalion between the amplitude of local cell membrane displacements and cell 
filterability. WC suggest that the occurrence of metabolically driven membrane displacements on the side surface of the red blood cell diminishes 
its bending stiffness and enables it to fold more efficiently upon entrance into blood capillaries. Thus, local cell membrane displacements seem to 

play an important role in microcirculation. 
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1. INTRODUCTION 

Mechanical fluctuations of the cell membrane are a 
newly recognized dynamic activity of the living cell [ l- 
41. The Auctuations consist of reversible fast local dis- 
placements (frequency range of 0.3-30 Hz) of the cell 
membrane. These cell membrane fluctuations were ob- 
served in different types of cells including red blood cells 
(RBCs) [1,2,4], monocytes, lymphocytes, 3T6 fibro- 
blasts, cardiomyocytes [1] and rnurine lymphoma cells 
[3]. These fluctuations reflect local (SO.25 pm’) bending 
deformation of the cell membrane. They possess the 
highest amplitude of displacement (*240 nm) in RBCs. 
The local bending deformations of the ccl1 membrane 
in RBCs were shown to depend, to a large extent, on 
MgATP- and Mg’+-driven dynamic assembly-disas- 
sembly of the protein network of the menlbrane skele- 
ton [2]. Recently, we have shown that oxygenation of 
the red blood cell leads to an increased amplitude of 
fluctuation. In addition, oxygenated RBCs displayed 
slower kinetics of adhesion to a glass substratum than 
deoxygenated RBCs [4]. In view of these findings we 
suggested that cell membrane fluctuations correlate 
with bending deformability of the RBC during its en- 
trance into capillaries. However, this suggestion was 
based on indirect evidence that the prirnary mode of 
RBC deformation in capillaries is a folding or bending 
about the longitudinal axis of the capillnry [5,6]. The 
correlation between local cell membrane fluctuations of 

RBCs and their capability to pass through capillaries 
still needs experimental verification. 

The present study examines cell membrane fluctua- 
tions and filterability of RBCs through 5 ,uum pore filters 
over a wide range of medium osmolarity and establishes 
a direct correlation between cell membrane fluctuations 
and filterability of RBCs. 

2. MATERIALS AND METHODS 

Correspondem! address: R. Korenstein, Department of Physiology 
and Pharmacology, Sackler Faculty of Medicine, Tel.Aviv University, 
69978 Tel-Aviv. Israel. Fax: (972) [3) 64OOlI3. 

RBCs were obtained on the dayofexperiment from healthy donors. 
Blood (volume of 50-100 ~1) was diluted x 50.fold in PBS (130 mM 
NaCI, IO mM glucose, 5.5 mM phosphate buffer pH 7.4, 1 mS/ml 
BSA) and washed twice with PBS followed by two successive ccntrif- 
ugations (1.500 rpm. 2 min) and Ihe huffy coat was genUy removed. 
The RRCs were suspended in a 310 mosmol/kg HI0 Ringer solution 
(145 mM NaCI, 4 mM KCI, 3 mM CaC&, 5 mM glucose, Tris buffer 
pH 7.4. I mdml BSA). RBC suspensions in Ringer-based solutions 
ofdifferent osmolalitics were obtained by ti previously used procedure 
[7]. The RBC suspension (5 x 10” cclls/mlj in the original Ringer solu- 
tion was divided into several 10 ml aliquots. The samples were rhen 
centrifuged at 1,500 rpm for 2 min and the supernatant Ringer solu- 
tion was partially replaced by volumes of distilled water or with 10% 
NaCI. In this way the osmolality orthe medium was varied in thurangc 
or 180-675 mosmol/kg H,O. The change of medium asmolality is 
accompanied by shifts bl’ ionic strength from 0.1 in hypo-osmotic 
medium up to 0.34 in hyperosmotic medium. In order to separate the 
effect of medium osmolality from that of ionic strength we measured 
the effect of ionic strength changes from 0. I to 0.16 in iso-osmotic (3 10 
mosmol/kg HIO) medium and from 0.16 to 0.34 in hypcrosmotic (675 
mosmol/kg HIO) solution in which ionic strength was varied. The 
required medium osmolality was maintained byaddingan appropriate 
amount of NaCl or sucrose. The osmolality was measured in tripli- 
catcs by a vapor pressure osmometer (Vescor 5500) which was precal- 
ibrated with osmometry standard solutions. The Rl3Cs suspension 
was introduced inlo the experimental chamber consisting of twocover 
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glasses separalcd by a distance of 0.2 mm. The cells were incubated 
for I S-20 tnin in a chamber at 22-24°C allowing them to attach to the 
bottom cover glass. The shape and size of RBCs in the horizontal and 
the vertical positions relative LO the plane of a microscope stage were 
measured by phase-contrast microscopy. 

2,2. Meastmrttcnt of cdl ntetttbrunc dispktrartws of RBCs 
The measurement of local mechanical displacements of the cell 

membrone was carried out on human RBCs by a novel optical method 
based on point dark-field microscopy [I]. Using cells attached to a 
cover glass, WC illuminate a very small area (0.25fitn?) at the cell’s edge 
and record cell membrane displacements by monitoring the time- 
dependent changes of light reflection and scattering. The fluctuation 
of the light intensity depends on the changes of the membrane area 
moving in and out of the focused light spot near the cell’s edge. A 
linear dependence between the relative change in the scattered and 
reflected light @F/F) from the cell surface and the amplitude of the 
cell’s edge displacement was achieved by moving the cover glass. with 
attached glutaraldehyde fixed cells. by a calibrated vibrdtor [I], Lin- 
earity of &F/F with amplitude of displacement was observed over 
distances as long us 300 urn (GFIFoT 1% corresponds to a displacement 
of 17 nm). The sensitivity of the experimental set-up is about I%. The 
amplitude of local membrane displacements was measured on the 
same RBCs population by successive perfusion of cxperimcntal cham- 
ber with modified Ringer solutions ofdiffercnt asmolalities. All meas- 
urements were carried out at 22-24°C. 

2.3. Prepururio~f of RBCs for @whiliry ttt~usifxtttettts 
Blood was obtained on the day of the experiment from healthy 

donors. I5 ml of vein blood was introduced into a test tube prewashed 
with 50 mM EDTA. The blood was centrifuged at 3,000 rpm for IO 
min. The pianna, huffy coat and upper layer of RBCs were removed. 
The RBCs in the pellet were washed twice wilh filtered (through 0.2 
ym Millipore filter) PBS and resuspcndcd in a filtered Ringer solution 
reaching a linal hematocrit of 10%. Solutions of different osmolalities 
wcrc obtained by the procedure described in section 2.1. The possible 
cffe’ea of medium ionic strenght on cell flterability was measured by 
employing a same procedure to the one described in 2.1, using a 
hyperosmotic media (675 mosmol/kg HzO) obtained by adding NaCl 
or sucrose and mannitol, 

The measurement of RBCs filterability was carried out by recording 
the time passage of a constant volume (0. I5 ml) of IO% RBCs suspen- 
sion in a Ringcr~modified solution through 5 pm pores of a polycar- 
bonate filter (Nucleopore) at 25 mm ncgativc water pressure. The 
filtration time of 0.15 ml of RBCs suspension as well as the filtration 
time of the same volume of solution (devoid of RBCs) were measured 
photoelectrically using n Grass amplifier and recorder. The time rcso- 
lution ofthe set-up is E 10 ms. It was possible to perform 3-5 filtrvtion 
experiments of RBCs suepcnsion with the same filter without plugging 
it by RBCs. After each filtration of RBCs suspension, the filter was 
washed out from RBCs by a Row of solution in the oppositedirection. 
Filterability was evaluated as the ratio of the rate filtration of RBCs 
suspension ( V,) to the rate Altration of the modified Ringer solution 
(V,), Since the volume of the different samples being filtered was the 
same (0.15 ml), filterability was equal to ratio of the filtration time of 
the solution devoid of RBCs (I,) to the filtration time of the RBCs 
suspension (I,) [8]. The time of filtration of 0.8-0.95 s that WC obtained 
for a 10% RBCs suspension in Ringer solution was similar to values 
obtained by llanss [S]. 

2.5. Mensunttertr UJ RBC tttcwtbrune curvatures 
Two main curvatures of the RBC membrane on the o*Jtcr side ol’ 

the cell were measured from phase-comrast microphoiopl~aphs at 
magnification I.200 x (objective 100 x, NAr- 1.3). The RBCs were oris 
cnted mosdy with their larger dimension parallel (x-y plane) to the 
plane of the microscope’s stage (Fig. IA, B and C, left panel). The 

curvature of outer surfxe in the x-y plane is defined by the inverse 
radius of membrane contour in this plane. The curvature in the z 
direction (pcrpcndicular to the microscope’s stage) was measured on 
vertically oriented WCs (with their larger dimension perpendicular 
to the microscop’s stage) as the inverse radius of the external RBC 
ring. 

3. RESULTS AND DISCUSSION 

In this study WC examined the effects of medium os- 
molality on local cell membrane displacements in RBCs 
and their filterability through 5 pm pores of a filter, in 
an attempt to correlate the amplitude of fluctuation 
with cell filterability. 

Under isosmotic conditions (310 mosmol/kg H,O) 
the RBC possesses a displacement amplitude of 225 nm 
(Fig. 1A). Under these conditions, RBCs maintain a 
normal biconcave shape with a diameter of 8.2 1: 0.5pm 
(mean L SD., rt=SO). The amplitude of local membrane 
displacement diminished to a value of 140 nm under 
hypo-osmotic conditions (180 mosmol/kg HP) (Fig. 
1 B). Under these conditions, the diameter of the swollen 
cells decreased by 3% to a value of 7.9 zt 0.6 pm (r&O; 
P=O.OO 1 when comparing isosmotic and hypo- osmotic 
states), Under hyperosmotic conditions (675 mosmol/ 
kg H,O) the displacement amplitude declines to a value 
of 140 nm (Fig. IC). Under these conditions the diame- 
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Fig. I. Influence of medium osmolality on cell membrane displace- 
ments and shape of RBCs. (A) RBCs in iso-osmotic solution (310 
mosmol/kg H:O). (B) RBCs in hypo-osmotic solution (I 80 mosmol!lcg 
H,O) and (C) RBCs in hyperosmotic solution (675 mosmaVkg HsO). 
Left panel (A, B and C), phasxontrast microphotographs of living 
cells attached to ;ovcr glzx The shapes of horizontally and vertically 
arranged RBCs are seen. Bar = 10 pm. Right panel (A, B and C). 
typical traces of the displacements (in nm) of a small area (0.25 ,Um’) 

of the IiBC outer silrfxe. 
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ter of the shrinked cells is increased by 6% to a value 
of 8.7 f 0.5 ,um (rt=50; PcO.001 when comparing iso- 
osmotic and hyperosmotic states). 

Thedependence of fluctuation amplitudes and filtera- 
bility of RBCs on medium osmolality in the range of 
180-675 mosmollkg Hz0 is shown in Fig. 2A and B, 
respectively. The amplitude of cell membrane displace- 
ments (225 nm) does not change in the osmolality range 
of 3ia-470 mosmol/kg H&I. However, when medium 
osmolality varies beyond this range, a strong decrease 
in amplitude of displacement is observed (=I50 nm at 
220-l 80 mosmol/kg Hz0 and 140-170 nm at 675-550 
mosmol/kg H20). This decline of displacement ampli- 
tude is reversible when resuspending the RBCs in an 
isosmotic medium (data not shown), The large variabil- 
ity of membrane displacements, which amounts to 15% 
(S.D./mean), reflects variations in the displacement am- 
plitude among the studied cells. 

The dependence of the RBCs filterability on medium 
osmolality is shown in Fig. 2B. We measured RBCs 

Medium OMlalality ~mOsmols/kg II@ 

Fig. 2. Relationship bctwcn the amplitude of local cell membrane 
displacement (A) and ccl1 suspension filterability (8) at various me- 
dium osmolalities. (A) The dependence of local mcmbronr: displace- 
ments on medium osmolality. (B) The dependence of filterability on 
medium osmolality. (C) Correlation between the amplirudc of’ local 
cell membrane iisplnccments and RIKs filterability (normalized to 
isosmotic conditions at 310 mosmoUkg H,O) al various medium os- 

molalitics. 
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Fig. 3. The dependence of outer membrane curvatures of RBCs on 
various medium osmolalitiss. (A) The dependence of the outer RBC 
curvature in the z dir&on on medium osmolality. The curvatures in 
z direction were determined from radius or outer RBC ring. (B) The 
dependence or the outer RBC curvature in x-y plane on medium 
osmolality. The curvature in the x-y plane was determined from radius 
of RLW disc. The mctlsurcmcnt of the two curvatures was performed 
on phase contrast microphotographs of cells oriented perpendicular 
(z direction) and parallel (x-y plane) IO the plane or the microscopic 

stnge. 

filterability at a constant pressure by recording the ini- 
tial flow rates. In the range of 3 1 O-470 mosmollkg l-l@ 
(isosmotic and hyperosmotic conditions), a maximal fil- 
terability (0.48-0.50) is maintained. When medium os- 
molality changes beyond this range limit, a strong de- 
cline in filterability is observed (i.e. filterability of 0.36- 
0.1 1 at 220-180 mosmoflkg Hz0 and filterability OF 
0.35-O. 17 at 550-675 mosmol/kg H,O). A comparable 
dependence of RBCs filterability on medium osmolality 
was previously observed by measuring filterability ai a 
constant flow rate through a 5 pm pore filter by record- 
ing the initial pressure rise [73. 

The dependence o fthe RBCs !Ylterability and of !oca! 
cell membrane displacements on medium osmolality is 
similar (Fig. 2A and B). The correlation between these 
two phenomena is shown in Fig. 2C. It can be seen that 
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the ratio of normalized (to the maximal isosmotic value) 
cell membrane displacements and RBCs filterabilities is 
about I in the medium osmolality range of 220-580 
mosmol/kg H20, This indicates the existence of a posi- 
tive correlation between local cell membrane displace- 
ments and cell filterability. It may be suggested that 
filterability of RBCs through 5 ,~m pores depends on the 
amplitude of local displacements of the cell membrane, 
Only in the two extreme osmolalities of the medium, at 
180 mosmol/kg H,O and 675 mosmol/kg HzO, the ratio 
is about 3.5 and 2.2 in hypo-osmotic and hyperosmotic 
solutions, respectively (Fig. 2C). This reflects the fact 
that under these two extreme medium osmolalities the 
relative change in filterability is larger than the corre- 
sponding relative change of displacement amplitude. 
The higher relative decrease in filterability at 180 mos- 
mol/kg Hz0 may be due to a large cell volume increase 
[7] and an extensive stretching of the cell membrane [9]. 
The large relative drop of filterability at 675 mosmol/kg 
H,O could be associated with the increase of cytoplas- 
mic viscosity (due to elevation of hemoglobin concen- 
tration) [7] and with the increase of RBC membrane 
curvature in the z direction (Fig. 3). 

The curvature of a membrane determines its passive 
bending rigidity [lo]. Therefore, the curvature of the 
outer side of the RBC may be expected to affect the 
amplitude of local displacements and bending deforma- 
bility of the cell membrane, thus affecting the filterabil- 
ity of RBCs. However, the dependence of either of the 
two main curvatures of the outer side of RBC does not 
correlate with either membrane displacement amplitude 
or with cell filterability. The dependence of displace- 
ment amplitude and filterability on medium osmolality 
shows a bell shaped form (Fig. 2A and B), whereas the 
two types of curvature change in a monotonic fashion 
as a function of osmolality (Fig. 3). Thus, it seems that 
the metabolic-dependent dynamic bending properties of 
RBC, expressed by the local membrane displacements, 
are more directly connected to filterability, than static 
curvature characteristics of the RBC. 

The changes of medium osmolality are accompanied 
with variation of the ionic strength. In order to examine 
the contribution of the ionic strength changes to the 
observed variation of membrane displacements and 
RBC filterability we have carried out measurements 
under conditions of constant osmolality while varying 
the ionic strength. Thus, when decreasing the ionic 
strength of the medium from 0.16 down to 0.1, under 
iso-osmotic conditions (310 mosmol/kg H20) the ampli- 
tude of fluctuations (235 +_ 42 nm, rz=13 and 233 + 33 

t1=17 respectively) and RBCs filterability 
;?9 -1- O.Oi, n=4 and 0.49 1- 0.03, n=3. respectively) 
were not affected, Under hyperosmotic conditions (675 
mosmo!/kg I-I,O), where lower values of cell membrane 
displacement and RBCs filterability were obtained, var- 
iation of medium ionic strength from 0.16 up to 0.34 
also did not affect both phenomena. Thus, the ampli- 

tudes of cell membrane displacements were 138 + 27 
nm, rt=21 and 148 f 24 nm, n=8 at ionic strength of 0.16 
and 0.34, respectively. RBCs filterability also did not 
change between ionic strength of 0,16 (0,ll & 0.07, n=4 
and 0.11 & 0.01, 11=3, in sucrose and mannitol, respec- 
tively) and ionic strength of 0.34 (0.11 kO.02, n=3). 
Under both conditions, the change of ionic strength did 
not affect the RBC’s shape. Hence, amplitude changes 
of cell membrane displacements are caused by medium 
osmolality changes and are indcpcndent of the medium 
ionic strength in the range of 0.1-0.34. 

The observed dependence of the displacement ampli- 
tude on medium osmolality may be attributed to the 
stretching and compression of the membrane skeleton 
in hype-osmotic and hyperosmotic conditions corre- 
spondingly. Since the membrane skeleton is semiex- 
panded under isosmotic conditions [l 13, both stretching 
and compression of the skeleton network may lead to 
the attenuation of displacement amplitude [2]. In addi- 
tion to the induced mechanical stresses of the membrane 
skeleton due to shape changes, intracellular concentra- 
tion changes of MgATP and Mg!” may be involved in 
the attenuation of cell membrane displacements [2,4]. 
Moreover, we have recently observed a cGMP induced 
increase of cell membrane displacements, under isos- 
motic conditions, which was accompanied by an in- 
crease of RBCs fiherability (submitted). 

Based on the correlation between cell membrane fluc- 
tuations and cell filterability we would like to suggest 
that the occurrence of metabolically driven mechanical 
nU%IbPdne fluctuations on the side surface of the RBC 
diminishes the bending stiffness of the RBC and enables 
it to fold more efiiciently upon entrance into blood 
capillaries. Thus, higher displacements amplitudes of 
the RBC are expected to lead to a higher filterability of 
the HBC with a concomitant higher ability of an etyth- 
rocyte to penetrate into blood capillaries with a conse- 
quent more efficient oxygen delivery to the tissue. A 
similar interrelation between cell membrane displace- 
ments and cell filterability may be expected to occur in 
other circuiating cells. 
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