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Local mechanical oscillations of the cell surface within the range 0 .2-30 Hz 
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Ahstraet. This paper describes transverse oscillations, 
within the range 0.2-30 Hz, of the surface of different 
animal cells: human and frog erythrocytes, human 
lymphocytes and monocytes, cultured 3T6 fibroblasts, 
and rat cardiomyocytes. The minimal area of the cell 
surface which undergoes unidirectional transverse move- 
ment is equal to or less than 0.5 x 0.5 ~tm. The amplitude 
of the oscillations recorded on larger surface areas is 
lower than on the smaller ones because of the averaging 
of solitary oscillations. The oscillation amplitude is differ- 
ent in different cells. The highest amplitude is recorded in 
human erythrocytes (350-400 nm), the lowest one, in 
fibroblasts, lymphocytes and monocytes (20-30 nm). The 
oscillations of the human erythrocyte are suppressed on 
hypotonic swelling, after hardening of the cell membrane 
owing to adsorption at the surface of the impermeable 
dye Heliogen Blue, by treatment of the cell with 0.01% 
glutaraldehyde, by treatment with 0.5 m M  4-hydroxy- 
mercurybenzoate, and after crenation caused by 1 - 2  m M  
2,4-dinitrophenol. The amplitude of the surface oscilla- 
tions is decreased in spectrin deficient erythrocytes ob- 
tained from patients with hereditary spherocytosis, which 
indicates an essential role for spectrin in the rapid oscilla- 
tions of the erythrocyte surface. 
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Introduction 

In recent years an interesting type of cell surface motility 
has been discovered: fast movements of the cell surface of 
about 1-5  ms in duration (Levin and Golfand 1980; 
Iwasa et al. 1980; Kachar et al. 1986; Levin et al. 1986; 
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Levin and Malev 1987). They are distinguished from 
other known non-muscle cell movements by higher veloc- 
ities and by direct dependence on electrochemical pro- 
cesses in the cell membranes. Surface movements with 
intermediate velocities (50 ms 1 s in duration) were dis- 
covered on Paramecium caudatum (Levin et al. 1984). 

In the present work we have attempted to detect this 
kind of motility in non-muscle animal cells: frog erythro- 
cytes, human erythrocytes, lymphocytes and monocytes 
and in cultured 3T6 fibroblasts and rat cardiomyocytes. 
We have also made a more detailed analysis of the eryth- 
rocyte surface motility to test the effect of hypotonicity 
and of reagents that cross-link the membrane. Finally, we 
have examined spectrin-deficient erythrocytes obtained 
from patients with hereditary microspherocytosis. 

Materials and methods 

Fresh frog and human erythrocytes were washed by 
two-fold centrifugation in phosphate buffered saline 
(PBS): 130 m M  NaC1, 10 m M  glucose, 9 mM phosphate 
buffer, pH-7.4, supplemented with human serum albumin 
(1 mg/ml) and settled on the bottom glass of an experi- 
mental chamber. Lymphocytes and monocytes were ob- 
tained from human blood: the mononuclear cell fraction 
was isolated in a Ficoll-verographin gradient at 400 g and 
the cells were resuspended in RPMI medium (Difco) sup- 
plemented with 10% heat inactivated serum (Boyum, 
1968). The lymphocytes and monocytes were allowed to 
settle on a coverslip at 37°C for 4 -8  h. The fibroblasts 
and cardiomyocytes from rat heart were grown on 
coverslips (Borisov and Khairutdinova 1986) and placed 
in the chamber together with the coverslips. All the drugs 
used (Heliogen Blue, 1 mM 2,4-dinitrophenol (DNP) 
(Reachim USSR), 0.01% glutaraldehyde (Reanal), 0.5 m M  
4-hydroxymercurybenzoate (4-HOMB)) were added to 
the PBS. The experiments were performed at 18-20 °C. 

Mechanical oscillations of the cell surface were 
recorded using an optical method (Levin et al. 1984) on 
cells attached to the coverslip. The method detects the 



94 

~ 1o 

- - I ~  I 8 

2 3 

11 

12 13 

13 

Fig. 1. Schematic diagram of a photometric unit. 1. Light source, 
2. Collector lens, 3. Field slit, 4. Rectangular prism, 5. Condenser- 
objective, 6. Stage and preparation, 7. Objective, 8. Photometric 
diaphragm, 9. Eye piece, iO. Photomultiplier, II .  Amplifier with 
low and high frequency filters, 12. Spectrum analyser, 13. Recorder 

surface movement by the fluctuation of light scattered by 
a small area of the cell surface which changes its position 
relative to the annular cone of incident light. 

Figure 1 shows a schematic diagram of the apparatus 
used. A special device provided small-spot dark-field illu- 
mination of the lateral cell surface (Korolev and Levin 
1963). A catodioptric (lens-mirror) objective 115 x 0.7 was 
used as a dark-field condenser to image the field di- 
aphragm on the lateral surface of the cell so that only 
scattered light could reach the detector (the objective was 
40 x 0.75). 

Displacement of the cell surface relative to the light 
scattering zone (LSZ) caused a change in intensity of the 
recorded light; entry of the cell margin into the LSZ re- 
sulted in an increase in light intensity. Fluctuations in 
scattered light intensity might also be caused by other 
processes; changes in refractive index, size of light-scatter- 
ing particles, as well as by a whole cell displacement as a 
result of vibrations of the chamber, the apparatus, the 
building etc. In order to analyse the causes of fluctuations 
in scattered light intensity the following method was 
applied: the ratio of alternating/direct components of the 
photocurrent (AF/F) was estimated for two different 
lengths of the LSZ. If the fluctuations were caused by 
changes in refractive index, membrane thickness or dis- 
placement of the whole cell, the AF/F ratio would be 
independent of the length of the LSZ. Such a dependence 
bears evidence of the local character of these oscillations 
which are averaged when light scattered by a large area 
is recorded. Owing to mechanical damping of the appara- 

tus and the use of stable light sources and power supply, 
the fluctuations of intensity of light scattered by immov- 
able defects, e.g., those in the coverslip, did not exceed 
0.2-0.4%, the latter being the sensitivity threshold of the 
device. The power spectrum of the cell surface oscillations 
was recorded on a spectrum analyser X 6-8  (Fig. 1). 

Calibration of the experimental device 
for the measurement of cell surface movement 

To determine AF/F as a function of Al, where A1 is the 
displacement of the cell surface causing fluctuations of 
scattered light, we used a vibrator kindly supplied by 
A. S. Mirkin (Institute of Machine Engineering, Academy 
of Sciences of the USSR). First, to the rod of the vibrator 
we attached a mask which partly covered the slit for a 
known length 1. The vibrator was powered by rectangular 
current pulses and the AF/F ratio was recorded, this was 
assumed to be proportional to the A l/1 ratio. If I is known, 
A1 in nm can be determined from AF/F at a given current 
pulse. These measurements were performed on a special 
device (Levin and Golfand 1980, 1984). From these data 
it was possible to find Al in nm at a known current pulse. 
Then a small chamber formed by two horizontally ar- 
ranged coverslips, 1.5 x 3 mm, was attached to the same 
vibrator and the latter was mounted on the stage of the 
installation shown in Fig. 1. The cells, prefixed with 2% 
glutaraldehyde, were placed on the lower coverslip of the 
chamber. The chamber together with the cells was put in 
motion by the vibrator. Light was directed to the cell 
margin and the intensity of light scattered by the cell 
surface was recorded. Figure 2 shows the dependence of 
AF/F on the displacement of the margin of the human 
erythrocyte. As can be seen, a linear dependence between 
the displacement of the cell margin and the scattered light 
intensity is observed within the range 10 300 nm. The 
minimum fluctuation of scattered light, AF/F, was 0.4%, 
which corresponds to a surface movement of 6 -8  nm. 
This value was close to the basic noise of the device. 

Results 

1. Local oscillations of the cell surface 

Figure 3 A shows the results obtained on 3T6 fibroblasts. 
Records are given of photocurrent changes resulting from 
the fluctuations of light scattered by the cell surface at 
LSZ 0.5 x 0.5 gm (curve 1). It is seen that at long LSZ 
(curve 2) the amplitude of the photocurrent is nearly 3 
times less than at short LSZ. This testifies to the fact that 
a significant part of the fluctuation of the scattered light 
is caused by local displacement of small areas of the cell 
surface comparable in size to the LSZ. A decrease in the 
signal recorded at long LSZ is the result of averaging of 
the signals generated by neighbouring areas moving in 
opposite directions. The change of the photocurrent am- 
plitude at short LSZ corresponds to a displacement of a 
fixed cell in a calibrating device of 10-20 nm. Since the 
minimum wavelength of local oscillations remains un- 
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Fig. 2. The intensity of light scattered by the margin of the glutar- 
aldehyde-fixed human erythrocyte as a function of the displacement 
of the whole cell by a vibrator 
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Fig. 3. Fluctuations of intensity of light scattered by a small area of 
the surface of fibroblast (A), human erythrocyte (B). Data were 
recorded for a short (0.5 x 0.5 gin), curve 1, or long, curve 2, light 
scattering zone. The size of "long" light scattering zone was: 
0.5x5 gm 
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short LSZ (0.5 x 0.5 gm) lie in the range 1 2%, which 
corresponds to a surface displacement of 20-30  nm. In 
the case of long LSZ (0.5 x 4 5 gm) the fluctuation of the 
photocurrent  is close to the intrinsic noise of the device. 

The data represented in Fig. 3B were obtained on 
human erythrocytes. It is seen that in these cells the 
fluctuations of the light scattered by the lateral cell sur- 
face amounts to 18% of the direct photocurrent  compo- 
nent. This value is recorded in the case of short LSZ 
(0.5 x 0.5 pm). With a ten-fold increase in LSZ (which 
corresponds to an increase in the cell surface examined) 
the amplitude of the photocurrent  fluctuation decreases 
by nearly a factor of 4. The results obtained testify that the 
erythrocyte surface undergoes transverse oscillations 
with an amplitude of 310 nm, which exceed, by 10-20  
times, the amplitude of those in other cells studied. An 
increase in the length of the cell surface area tested does 
not lead to a complete disappearance of the fluctuations 
of scattered light in contrast to that observed on mono- 
cytes and fibroblasts. What might be the reason for such 
high fluctuations of the human erythrocyte surface ? Can 
it be due to the displacement of the whole cell because of 
vibration of the device, or to incomplete averaging of 
single high-amplitude waves of opposite direction ? Some 
of our preliminary data show that in hypotonically swollen 
erythrocytes, oscillations of the surface are reversibly sup- 
pressed (AF/F = 0.2-0.4%). Thus, vibrations of the whole 
cell are small in amplitude (not more than 3.5-7 nm), and 
therefore, it can be concluded that the motion recorded at 
long LSZ represents incompletely averaged oscillations 
of the erythrocyte surface. 

The power spectrum of transverse oscillations at LSZ 
0.5 x 0.5 pm (Fig. 4) shows that oscillations occur within 
the range of (0.2 1)-30 Hz. The spectral curve has its 
maximum at 0.2-1 Hz, and tends to zero at higher fre- 
quencies. The half-maximum power frequency (At 1/2) 
falls at frequencies of 2 - 3  Hz. The data available at 
present are not sufficient for a quantitative description of 
the oscillation spectrum since higher accuracy of Fourier 
analysis and a larger number of measurements are re- 
quired. 

In nucleated frog erythrocytes the amplitudes of 
transverse oscillations were ten times lower than in hu- 
man erythrocytes. As in other cells, transverse oscillations 
become averaged when recorded at long LSZ. The power 
spectrum of oscillations of the frog erythrocyte surface 
(Fig. 4 B) is similar to that described for human erythro- 
cytes. These data point to a relationship between the os- 
cillation amplitude and the shear elastic modulus of the 
erythrocyte surface. In nucleated erythrocytes, to which 
the frog erythrocytes also belong, this modulus is 50-100 
times higher than in the un-nucleated ones (Evans and 
Skalak 1980). 

known, their true amplitude can be higher than that ob- 
tained from the "average" signal. 

Similar data have been obtained on rat cardiomy- 
ocytes, human monocytes and lymphocytes. A depen- 
dence of scattered light fluctuation upon the length of the 
LSZ is observed here too. The fluctuations measured at 

2. The effect of cross-linking reagents, hypotonicity 
and spectrin deficiency (hereditary spherocytosis) 
on human erythrocyte surface oscillations 

Effect of hypotonicity. One and half fold dilution of PBS 
with water leads to a significant reduction in the oscilla- 
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tion amplitude. A two-fold hypotonicity change causes a 
complete suppression of transverse waves on the erythro- 
cyte surface. After the hypotonic solution is replaced by 
the isotonic one, the surface movements recover (Fig. 5). 

The anionic phthalocyanine dye, Heliogen Blue (HB) 
does not penetrate the cell membrane and is absorbed by 
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Fig. 4. The power spectrum of oscillations of a small surface area 
of the human erythrocyte (A, 0.5 x 0.5 Fm) and frog erythrocyte 
(B, 2 x 2 gm). The dashed line designates the values of half-maxi- 
mum power frequency of surface oscillations (A f=  1/2) amounting 
in frog and human erythrocytes to 2 .5-3 Hz 

the erythrocyte surface (Kirpichnikova et al. 1981). After 
washing out the poorly bound dye, the residual tightly 
bound dye occupies no more than 1.5-4.5% of the eryth- 
rocyte surface (Brudnaya et al. 1984). It was of interest to 
know if in this case the motility of the erythrocyte surface 
is changed. Physiological properties of such erythrocytes 
are changed: their hypotonic ghosts lose the ability to 
reseal (Brudnaya et al. 1984). The amplitude of local 
surface oscillations of such erythrocytes appeared to be a 
2.5-3 times lower than those in the control (Fig. 6). 

Substances which cause membrane cross-linking in- 
crease the rigidity of both the membrane and the whole 
erythrocyte. This effect is observed with the action of low 
concentrations of glutaraldehyde which crosslink the 
aminogroups of proteins and lipids and with thiol poi- 
sons which form S-S bridges in the membrane proteins. 

All these substances were found to suppress surface 
oscillations. Thus, 0.01% glutaraldehyde irreversibly 
blocks them in 1-1.5 minutes (Fig. 7). It was reported 
that erythrocytes treated in such a way fail to pass 
through the capillaries (Chien 1987). 

Other agents which harden the erythrocyte mem- 
brane owing to the formation of S-S bridges in the mem- 
brane proteins are the thiol poisons. We used 4-HOMB, 
an analogue of parachloromercurybenzoate. At a concen- 
tration of 0.5 mM this drug hinders the penetration of 
erythrocytes through the capillaries (Chien 1987). We 
found that 0.5 mM 4-HOMB suppresses surface oscilla- 
tions (Fig. 8). This process develops in 10 15 min and 
results in a 5-fold decrease in the amplitude of oscilla- 
tions. 

Transformation of normal erythrocytes into echi- 
nocytes was brought about by adding 2,4-DNP to the 
medium (Alhanaty and Sheetz 1981). All the discocytes 
rapidly turned into echinocytes: the cells became rounded 
and spicules appeared. Measurements of surface oscilla- 
tion were made between the spicules. Figure 9 shows the 
results of the experiment in which the amplitude of sur- 
face oscillations decreased from 340 to 160 nm. 

Spectrin plays a principal role in determining the me- 
chanical properties of the erythrocytes and in maintain- 
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Fig. 5 A - C .  Reversible suppression of human erythrocyte surface oscillations in hypotonic medium. A Normal erythrocyte in isotonic PBS. 
B The same cell after a two-fold dilution of the PBS. C Recovery in isotonic PBS 
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Fig. 6A, B. Decrease in the 
erythrocyte surface movement 
induced by the phthalocyanin 
dye Heliogen Blue. A Normal 
erythrocyte. B The same cell after 
treatment with 0.002% Heliogen 
Blue for 60 min and subsequent 
washing in PBS for 50 min 
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Fig. 7. Suppression of erythrocyte 
surface movement by 0.01% 
glutaraldehyde. A normal 
erythrocyte. B The same cell after 
treatment with glutaraldehyde for 
5 min and subsequent washing 
with PBS for 20 min 
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Fig. 8A-C.  Suppression of erythrocyte surface movement by 4-HOMB. A Normal erythrocyte. B, C The same cell after treatment with 
4-HOMB for 7 min (B) or 15 min (C) 

ing their shape. Therefore it was of  interest to analyse its 
effect on the local oscillations of  the cell surface. Wi th  this 
aim we tested the ampli tude of surface oscillations of  
erythrocytes  f rom patients with hereditary microsphero-  
cytosis caused by spectrin deficiency (Knowles et al. 1983; 

Agre et al. 1985). Spherocytes exhibit a decrease in mem-  
brane shear modulus  as well as in m e m b r a n e  viscosity 
(Waugh 1987) and are more  sensitive to osmot ic  shock. 
Table 1 gives averaged data  on the ampli tude of oscilla- 
tions in defective and normal  erythrocytes.  In  the former  
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Fig. 9A, B. Influence of 
discocyte-echinocyte transition on 
cell surface movement. A Normal 
erythrocyte (discocyte). B The 
same cell after echinocytosis caused 
by 1 mM 2,4-dinitrophenol 

Table 1. The amplitude of the local oscillations of the human eryth- 
rocyte surface 

Source of the blood Amplitude, nm 

Healthy donors 310_+ 8 (77) 

Patients with hereditary 195 -t- 16 (7) 
microspherocytosis 140___ 52 (4) 
(two sets of measurements 210-+23 (12) 
for two persons) 195 -+61 (4) 

M._s.d. 185_+12 (n=27) 

the amplitude of oscillations is on average 1.7 times lower 
than in the latter. This fact bears evidence of the partici- 
pat ion of the spectrin in the oscillations recorded on the 
erythrocyte surface. 

Discussion 

Local oscillations of the surface of various cells described 
above bear evidence to the frequent occurence of this kind 
of mot ion of the cell surface. This type of mot ion occupies 
an intermediate position between the slow mot ion found 
in cell spreading, phagocytosis, morphogenic  displace- 
ments, and rapid non-muscle movement  caused by elec- 
trochemical disturbance of the cell membrane.  The nature 
of the surface oscillations described in the present paper  
and their functional role still remains obscure. In human 
erythrocytes a phenomenon of"flicker" (shimmering) was 
described and interpreted as a change in erythrocyte 
thickness (Brochard and Lennon 1975; Fricke and Sack- 
mann  1984; Fricke et al. 1986). In our experiments we 
directly recorded the local oscillations which occur on the 
cell surface. It  is possible that in the case of erythrocytes 
the movements  we observed might underlie the flicker 
phenomenon.  

The membrane  shear modulus of human  erythrocytes 
(/~= 1 • 10 - 2 -  5 • 10 -2 dyne/cm; Evans 1973; Evans and 
La Celle 1975) is 50-100  times lower than in nucleated 
amphibian erythrocytes. A decrease in the oscillation 
amplitude of the human  erythrocyte surface induced by 

glutaraldehyde and 4-HOMB,  which increase the rigidity 
of the membrane  (La Celle et al. 1976), shows that the 
amplitude of the oscillations depends on membrane  elas- 
ticity. It  seems reasonable to associate lower amplitude of 
surface oscillations in frog erythrocytes, cultured fibro- 
blasts and cardiomyocytes,  as well as lymphocytes and 
monocytes,  with higher values of the shear modulus of 
their membrane.  

The results we have obtained on the suppression of 
erythrocyte surface oscillations by hypotonicity are in 
accordance with those reported by Fricke and Sackmann 
(1984) in their studies of flicker phenomenon.  Erythrocyte 
surface motility should evidently be associated with de- 
formability of erythrocytes and similarly, enables them to 
pass through the capillaries. 
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