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Summary 

Morphological changes and fragmentation of human erythrocytes heated at 
various rates through the spectrin inactivation temperature have been examined 
by cinephotomicroscopy. Most cells heated in 0.20 ionic strength buffered 
saline developed a wavy disturbance along the cell rim when heated. Vesicles 
developed from the crests of the growing waves within 0.3 s of the initiation 
of a wave when the heating rate was l°C/s. At an ionic strength.of 0.02, only 
48% of the cells developed a wave outline. The average number of waves per 
cell was half that at 0.2 ionic strength. When the cell surface charge was 
reduced by neuraminidase treatment, only 12% of the cells fragmented. Bovine 
serum albumin or homologous plasma also reduced fragmentation. The depen- 
dence of the wave growth on ionic strength and surface charge was broadly 
consistent with theoretical predictions for the growth of a displacement insta- 
bility on a low interfacial tension interface. Attention has been paid to the 
importance of bending energy in the development of the wave. Where wave 
development was suppressed, the morphological changes due to heating 
appeared to involve membrane internalization in the region of the cell dimple. 

Introduction 

The changes in erythrocyte morphology and deformability which occur at 
temperatures in excess of 48°C are believed to be related to the thermal dena- 
turation of spectrin, an erythrocyte membrane cytoplasmic-face extrinsic 
protein [1--3]. The peak of the first thermal transition of spectrin occurs 
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at 49.5°C [3].  The phosphorylat ion of  spectrin in human erythrocyte  mem- 
brane preparations incubated for 10 min is slightly decreased at 46°C and 
total ly inhibited at 50°C [4].  Schultze [ 5] developed a heatable microscope 
stage to observe the morphological changes that  occurred in heated erythro- 
cytes. Among his detailed observations, made over 100 years ago, he recorded 
that  at 52°C initially superficial indentations on the rim of  some red blood 
cells deepened and rapidly led to the product ion of  spherical fragments which 
usually remained in contact  with the cell, as if on a fine stem. Subdivision of  
heated erythrocytes  can occur wi thout  loss of  haemoglobin. When cells are 
heated over a range of  heating rates, in an environment which protects  them 
against the effects of  shear stress, the threshold temperature for haemolysis 
is over 10°C higher than the threshold temperature for morphological change 
[6]. 

Some recent cinephotomicroscopic observations of  erythrocytes  during 
heating led us to examine heated erythrocytes  as a model  system in which to 
s tudy the interfacial stability of  membranes [6--9].  

The theoretical s tudy of  interfacial instability requires that  the initial state 
of  a system be specified and then that the response of  the system to a pertur- 
bat ion of  that  initial stage be examined [10].  Perturbations can originate 
outside the system, as with various types  of  vibration, or inside, when random 
thermal mot ion leads to small f luctuations in interfacial composi t ion or shape. 
The perturbations that  occur are, therefore,  at least partially dependent  on 
chance. The deformation of  a plane interface which arises from a small per- 
turbat ion can be expressed as a Fourier integral so that  it suffices, for purposes 
of  stability analysis, to determine the response of  the system to simple periodic 
sine and cosine disturbances. If all of  the simple perturbations die out  so will 
the general perturbation,  and the initial state is stable. However,  if a simple 
sine or cosine disturbance of  any wavelength grows then the system is unstable 
[ 10]. In a system which is unstable over a range of  wavelengths, the wavelength 
with the fastest growth rate will dominate the instability growth. Analysis 
of  large perturbations may show whether  the unstable situation approaches 
a new steady state with the interface deformed but  intact, or whether 'cata- 
strophic'  instability occurs with the original interface breaking up to form 
drops or particles [10].  

In our previous work,  the growth of  displacement instabilities on a cylin- 
drical form on one fluid immersed in another,  a classical system for studying 
droplet  formation by  interracial forces [ 11 ], was mimicked by applying hydro- 
dynamic stress to heated cells at tached to a glass surface [7--9].  Some cells 
were pulled away from the surface by the flow stress. A ring of  membrane- 
enclosed cell contents  of ten remained attached to the glass and a tether  from 
the ring restrained the main cell body  in the suspending liquid phase. The 
tether,  a membrane tube  enclosing cell contents,  changed into a string of  
connected vesicles as the cell moved. A ring of  membrane-enclosed material 
which remained attached to the glass also broke up into regularly spaced 
vesicles. The spacing of  the vesicles was less than that predicted by theory 
[11] for the breakup of  an uncharged viscous cylinder of  one liquid immersed 
in another. Measurements, obtained mainly from the rings at tached to the 
glass, of  the growth rate of  the displacement instability which led to vesicle 
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formation suggested a value of  about  1.0 pN/m for the effective interfacial 
tension [8].  

In the present paper, we report  some observations on the fragmentation of  
erythrocytes  heated at different rates through the first thermal transition of  
spectrin, in the absence of  any externally applied hydrodynamic  stress. The 
cells were heated in an environment which protec ted  them from the influence 
of  temperature-gradient-induced currents which can confuse the interpretation 
of  cell breakdown [6].  Attent ion is directed to the influence of  suspending 
phase ionic strength, of  surface charge, and of  the albumin content  of  the 
bulk phase on the response of  the cell to inactivation of  its cytoskeletal  
elements. The results are examined in the light of  current ideas on interfacial 
stability. Our primary interest is not  in determining the properties of  erythro- 
cytes at physiological temperatures.  Rather,  the heated ery throcyte  is studied 
as a model  membrane system from which understanding of  the factors which 
influence membrane bending, membrane displacement instability and therefore 
membrane stability, may emerge. 

Materials and Methods 

Human erythrocytes  were collected by  finger prick into phosphate-buffered 
saline. The buffer  was made up of  145 mM NaC1 in 5 mM KH2PO4 and the pH 
was adjusted with K:HPO4 to pH 7.4. The collected cell concentrat ion was 
about  5.107 cells/ml. Cells suspended as above will be termed 'as collected'  
cells. When preparing samples in which to examine the influence of  the 
suspending phase on the response of  the cells to heat the collected cells were 
centrifuged in a bench centrifuge, the supernatant was decanted and the cells 
were resuspended in an equal volume of  suspending fluid at a pH of  7.4. 
All cells were stored at room temperature  and were heated within 2 h of  being 
collected, unless otherwise stated. 

The ionic strength of the resuspending medium was varied by  prior mixing 
of  appropriate volumes of  buffer  and a 5% (w/v) solution of  sorbitol [12].  
The ionic strength of  the buffer  was 0.20 when allowance was made for the 
contr ibut ion of  the phosphate  salts. 

The surface charge of  the erythrocytes  was reduced by resuspending the 
centrifuged cells in phosphate-buffered saline containing 0.05 to 0.5 units of  
activity of  neuraminidase (EC 3.2.1.18, Type VI, Sigma Ltd.) per ml and 
incubating at 37°C for periods of  up to 30 min. Following incubation the cells 
were centrifuged immediately in a bench centrifuge. The supernatant was 
decanted and the cells were resuspended in buffer  and stored on ice. The 
electrophoretic mobil i ty  of  the cells was measured in a modified Rank appara- 
tus [13].  Measurements were made on at least ten cells from each sample. The 
electrophoretic mobil i ty of  neuraminidase-treated cells was expressed as a 
percentage of  the mobil i ty of control  cells which had been incubated in buffer  
at 37 ° C. The electrophoretic mobilities were measured within 2 h of  incuba- 
tion. 

The influence of  bovine serum albumin on the morphological changes 
resulting from heating was examined following resuspension of  centrifuged 
cells in buffer  containing different concentrat ions of  albumin (Fraction V, 
Armour  Ltd.,  Eastbourne,  U.K.). 
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Samples from cell suspensions prepared for morphological-change studies 
were drawn by surface tension into rectangular glass microcapillaries of  0.1 
mm wall thickness, 0.1 mm pathlength and 1.2 mm width (Microslides, Camlab 
Ltd.). A heating device which consisted of  two thin platinum T-piece electrodes 
attached to a microscope slide was positioned on a microscope stage. The 
microcapillary containing cell suspension was placed between the platinum 
electrodes. A cover slip was placed on the microcapillary and conducting 
saline was introduced between the cover slip and the microscope slide. The 
cells settled on the microcapillary surface during a 3 min waiting period. 
'Glass-effect' echinocyte formation was rarely observed in the microcapillaries. 
The conducting saline was heated at a preset rate from room temperature by 
current from a 20 kHz power supply which was connected to the platinum 
electrodes. A bead thermistor close to the microcapillary monitored tempera- 
ture during heating. The thermistor was in one arm of a Wheatstone bridge. The 
bridge ou tput  was measured on a potentiometric chart recorder. Heating rates 
were controlled by drawing a heating profile on the chart recorder paper and 
adjusting the input from the heating power supply so that  the bridge output  
matched the preset profile. Further details and a sketch of  the heating system 
are available elsewhere [8]. 

The effects of heating were recorded in preliminary studies by still photo- 
graphy of  microscope fields before and after the temperature had passed 
through the spectrin melting temperature. Cine records were obtained at 16 
frames/s with continuous illumination. Sequences recorded at 50 frames/s 
were illuminated by 15-ps exposure stroboscopic flashes from a Strobex 99 
system (Chadwick-Helmuth). Cine records of the morphological changes were 
examined with a cine mot ion analyser. The number of  waves on the periphery 
of  a cell was scored by counting the protuberances which developed on the cell 
boundary as the morphological changes began. Protuberances did not  develop 
all along the circumference of  some cells, but cells on which waves grew on 
more than half of the rim were scored as having the number of waves which 
would result if the spacing of  protuberances were similar over the whole 
circumference. The estimation of the number of waves per cell was carried out 
'blind' in that  the assessor was unaware of  the nature of the suspending 
medium when examining the sequences. 

Results 

A number of sequences illustrating the development of wave-like profiles 
on ceils as they were heated through the spectrin inactivation temperature 
are shown in Fig. 1. The first frame in each of  the four sequences was taken 
when the temperature was just below the temperature at which morphological 
changes first became apparent. The cell  in Fig. la ,  taken from a sample which 
was suspended in 0.02 ionic strength buffer with sorbitol, gradually took up 
a square shape and a four-wave pattern developed on the cell perimeter. The 
time interval from the third to the thir teenth frames of  sequence (a) was 
0.7 s, representing a bulk temperature change of  0.7°C. The sequence in 
Fig. l b  illustrates a development, best described as a five-wavelength distur- 
bance, on the rim of  a cell from an as collected sample. The total  period 
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Fig. 1. (a, 1- -14)  Successive f r ames  (16  f r ames / s )  of  a cell in 0 .02  ionic  s t r eng th  b u f f e r  a t  a h ea t i n g  ra te  
of  l ° C / s .  (b,  1 - -21)  Successive f r a m e s  (16  f r ames / s )  of  an  as co l l ec ted  cell a t  a hea t ing  ra te  o f  0 .33°C/s .  
The  line d r a w n  on  f r a m e  11 shows  t he  axis of  s y m m e t r y  of  the  wave  d e v e l o p m e n t .  (c,  1 - -14)  A l t e r n a t e  
f r a m e s  (50  f r ames / s )  of  an  as co l l ec ted  cell at  a he a t i ng  ra te  of  l ° C / s .  (d ,  1--~14) Successive f r ames  (16 
f r ames / s )  of  a w a s h e d  cell in 0.2 ionic  s t r eng th  b u f f e r  a t  a h ea t i n g  ra te  of  1°C/s ,  
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from frame 2 to frame 20 was 1.15 s, corresponding to a bulk temperature 
change of  0.35°C at the experimental heating rate. The wave development 
has an axis of  symmetry  which is drawn on frame 11. Vesicles develop almost 
simultaneously on the two most prominent  waves on the cell. Both vesicles 
form over a period of  0.25 s, a time interval similar to that  for vesicle forma- 
tion on other cells in the same film field. Some other cells which developed 
a five-wave profile had a more regular star-like appearance. The peaks of  the 
waves on these cells also developed vesicles at the wave crests. Fig. l c  illus- 
trates the development of  a seven-wave profile on a cell from an as collected 
sample. The time interval from frame 4 to frame 11 was 0.28 s, representing 
a bulk temperature increase of 0.28°C. Vesicles were produced from the four 
most prominent  wave crests. The cell in Fig. l d  was in 0.20 ionic strength 
buffer. A short wavelength disturbance developed over a large section of the 
cell rim. The four cells presented in Fig. 1 have the growth of a regular wave 
pattern as a common feature. The evidence for the influence of environmental 
factors in determining the number of  waves per cell will be presented later. 

Some cells which illustrate aspects of wave development and vesicle produc- 
t ion are presented in Fig. 2. Fig. 2a--d illustrates the regular spacing of  distur- 
bances which grew even on a limited section of  the cell perimeter. Fig. 2a, b 
and particularly d show wave growth occurring selectively on straighter parts of  
the outlines of  cells which did not  have a circular shape on initially settling on 
the glass surface. The direction of  the initially straight part of the cell in Fig. 
2d is drawn on the fourth frame of  that  sequence. The growing disturbance 
on this cell can be seen to have an outline which is approximately sinusoidal. 
Microscopic examination of  samples after heating often revealed the presence 
of  a single vesicle on the side of a cell. In sixteen cases in which the develop- 
ment  of  a single vesicle was examined by cine-motion analysis, the develop- 
ment  of  a wave pattern as in Fig. 2e and f was seen before the disturbance 
at one area of  the cell profile grew to a sufficiently high amplitude that  a 
vesicle was pinched off. We found the sequence of  Fig. 2g of  interest because 
at a particular stage of  heating (frames 1--3) one vesicle had been produced 
and an indentat ion was beginning to grow inwards at another point on the 
periphery. In the following four frames, a second vesicle was produced from 
a corner of  the growing indentation. The arrow in frame 5 of  Fig. 2g shows the 
wave growth which contributed to the formation of the second vesicle. It 
appears as though the first vesicle and the corner of the indentat ion had acted 
as boundaries for the growth of  the wave between those two points. Inspection 
of  Figs. i and 2 shows that  in all cases in which vesicles were produced, the 
development was preceded by the growth of  a wave from a base which was 
longer than the eventual diameter of  the vesicle. In no case has a vesicle been 
detected developing by a ballooning mechanism to a diameter larger than the 
scale of  the initial disturbance on the cell rim. In one case, a single vesicle 
developed from a single wave (broad-base} swelling on the side of what other- 
wise appeared to be a circular profile. However, superimposing projections 
of  the cell image during development of the swelling showed a very low ampli- 
tude five-wave development on the cell periphery, but only one of  the crests 
grew to produce a vesicle. This observation suggests that  the structural weak- 
ness which led to the wave growth at only one region was of  dimensions much 
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Fig. 2. Successive f r a m e s  (4 f r ames / s )  of  an  as co l l ec ted  cell a t  a hea t ing  ra te  o f  0 .08°C/ s .  (b)  A l t e rn a t e  
f r ames  (50  f r ames / s )  of  a cell in 0.2 ionic  s t r eng th  b u f f e r  a t  a hea t ing  ra te  of  l ° C / s .  (c) A l t e r n a t e  f r ames  
(50  f r ames / s )  of  a cell in 0.2 ionic s t r eng th  b u f f e r  a t  a h ea t i n g  ra te  o f  l ° C / s .  (d) Successive f r a m e s  (4 
f r ames / s )  of  an  as co l l ec ted  cell. The  uns tab le  d i s t u rba nc e  can  be seen  g rowing  a b o u t  the  line d r a w n  on 
f r a m e  4. (e) Successive f r a m e s  (4 f r ames / s )  of  an  as co l l ec ted  cell at  a h ea t i n g  ra te  of  0 . 0 8 ° C / s  sh o win g  
the  d e v e l o p m e n t  of  a single vesicle.  (f)  Se lec ted  f r a m e s  of  an  as co l l ec ted  cell to  s h o w  the  init ial  wave  
d e v e l o p m e n t  and  the  final single vesicles f o r m .  (g) Se lec ted  f r a m e s  of  an  as co l l ec ted  cell t o  show the  wave  
d e v e l o p m e n t  of  a s econd  vesicle.  T h e  a r row  in f r a m e  5 shows  the  wave  g r o w t h  wh ich  p r e c e d e d  the  fo rma-  
t i on  of  the  s econd  vesicle.  
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T A B L E  I 

T H E  D I S T R I B U T I O N  OF ' N U M B E R  OF W A V E S  PER C E L L '  IN F O U R  SAMPLES OF D I F F E R E N T  
I O N I C  S T R E N G T H S ,  H E A T E D  A T  I ° C / s  

The ' ze ro  waves  pe r  cel l '  class represents  the  percentage  o f  ce l l s  w h i c h  did n o t  dev e lo p  a w a v y  out l ine .  
The  m o d e  and 95% c o n f i d e n c e  l imi t s  for  the  m e a n  n u m b e r  o f  wa v es  per  cell we re  d e t e r m i n e d  f r o m  those  
cells w h i ch  d e v e l o p e d  a w a v y  out l ine .  

Ion ic  N u m b e r  of  Zero  waves  
s trength  cells sco red  pe r  cell 

(%) 

N u m b e r  o f  waves  pe r  cell 

Ra nge  Mode  95% con f idence  l imits  
o f  the  m e a n  

0.2 46  0 7 - -14  11 10 .1 - -11 .3  
0 .12  46  22  4 - -13  9 7 .9 - -  9 .5 
0 .06  35 43  3- -  9 4 4 .7 - -  6 .4 
0 .02  107 52 4 - -  9 4 4 . 7 - -  5.4 

greater than the molecular scale and that  all of  the rim had participated in the 
initial very low amplitude five-wave disturbance. 

The variation of  the wave response of  cells suspended in different ionic 
strength buffers was obtained from cine records and is summarized in Table I. 
It can be seen that  the fraction of cells which did not  develop a wave during 
heating (waves/cell = 0) increased from 0 to 0.52 as the ionic strength was 
decreased from 0.20 to 0.02. The behaviour of  cells which did not  develop a 
wave outline is discussed in more detail later. An average number of  waves per 
cell was calculated for those cells which developed a wave and the 95% confi- 
dence limits of  the mean are shown for each ionic strength in Table I. The 
mean number of waves per cell decreased from 10.7 to 5.1 when the ionic 
strength was changed from 0.20 to 0.02. The results presented in Table I were 
based on film records obtained from samples prepared from a single batch of  
blood. The results for each ionic strength were obtained from two to five 
different heated samples. The mean number of  waves per cell tended to 
increase with time as the blood aged. The order of  treating samples at different 
ionic strengths was varied so that  the t ime-dependent increase in waviness did 
not unduly distort the dependence of  waviness on ionic strength shown in 
Table I. A typical sequence of  morphological changes in a 0.20 ionic strength 
sample on heating through the spectrin inactivation temperature (Fig. 3a) is 
contrasted with a 0.02 ionic strength sample in Fig. 3b. The samples were 
prepared from the same batch of  blood and the heating rates were identical. 
The association of  the higher number of waver per cell with the higher ionic 
strength is clear from Fig. 3. Examples of  the development of  individual 
fragmentation patterns can be observed by following the fate of  single cells 
through the sequences of  Fig. 3. 

The result of  a cine-film analysis of  the response of  control and neuramini- 
dase-treated cells to heat is shown in Table II. The heating and the electro° 
phoretic mobili ty measurement experiments were carried out  concurrently 
and were completely within 21A h of  the blood being drawn. It can be seen that  
the fraction of  cells wi thout  wave development (wave/cell = 0) increased 
markedly as the relative cell charge decreased. The average number of waves 
per cell was significantly less in neuraminidase-treated cells than in controls. 
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Fig.  3.  (a ,  1) CeUs in  0 . 2  i o n i c  s t r e n g t h  b u f f e r  a t  t h e  o n s e t  o f  f r a g m e n t a t i o n  ( 1 6  f r a m e s / s )  a t  a h e a t i n g  
r a t e  o f  1 ° C / s :  (a ,  2 - - 9 )  s e l e c t e d  s h o t s  o f  t h e  f r a g m e n t a t i o n  p a t t e r n .  T h e  en t i r e  s e q u e n c e  (a,  1 - - 9 )  t o o k  
1 . 3 2  s. (b ,  1) Cells in  0 . 0 2  ion ic  s t r e n g t h  b u f f e r  a t  t h e  o n s e t  o f  f r a g m e n t a t i o n  ( 1 6  f r a m e s / s )  a t  a h e a t i n g  
r a t e  o f  1 ° C / s :  (b ,  2 - - 9 )  s e l e c t e d  s h o t s  o f  t h e  f r a g m e n t a t i o n  p a t t e r n .  T h e  en t i r e  s e q u e n c e  (b ,  1 - - 9 )  t o o k  
1 .32  s. 
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T A B L E  II  

T H E  D I S T R I B U T I O N  O F  ' N U M B E R  OF W.AVES PER C E L L '  IN F O U R  SAMPLES OF D I F F E R E N T  
S U R F A C E  C H A R G E S ,  H E A T E D  A T  l ° C / s  

The  ' z e ro  waves  pe r  cell '  class r ep re sen t s  t he  p e r c e n t a g e  of  cells wh ich  did n o t  deve lop  a w a v y  out l ine .  

Cell sur face  N u m b e r  of  Zero  waves  
charge  re la t ive  cells sco red  pe r  cell 
to c o n t r o l  (%) 

N u m b e r  of  waves  pe r  cell 

Ran g e  Mode  95% c o n f i d e n c e  
l imits  of  the  m e a n  

1 .00  64  6 6 - -1 5  11 9 .9 - -1 1 .0  
0.51 24 38  5 - -12  8 7 .6 - -  9 .4  
0 .39  41 76 5 - -1 2  8 7 .0 - -  9 .4  
0 .34  24 88  6- -  7 7 6 . 0 -  7.4 

T A B E L  I I I  

T H E  I N F L U E N C E  OF B O V I N E  S E R U M  A L B U M I N  C O N C E N T R A T I O N  ON T H E  P E R C E N T A G E  OF 
C E L L S  D E V E L O P I N G  A W A V Y  O U T L I N E  D U R I N G  H E A T I N G  IN 0 .20  IONIC  S T R E N G T H  B U F F E R  

A l b u m i n  c o n c e n t r a t i o n  (% w / v )  0 0 . 00 1  0 . 0 0 3 3  0 . 0 0 6 6  0.01 
% of  cells deve lop ing  a w a v e  92 100  33 9 29 
T o t a l  n u m b e r  of  cells sco red  24  24  24 22 38 

T A B L E  IV 

T H E  D I S T R I B U T I O N  OF ' N U M B E R  OF W AVES  P ER C E L L '  ON H E A T I N G  CELLS  W H I C H  H A D  
BEEN W A S H E D  A N D  R E S U S P E N D E D  IN 0 .2  IONIC  S T R E N G T H  B U F F E R  C O M P A R E D  W I T H  T H E  
D I S T R I B U T I O N  IN C E L L S  H E A T E D  AS C O L L E C T E D  IN A B O U T  1% H O M O L O G O U S  P L A S M A  

Cells N u m b e r  of  Zero  waves  
cells sco red  pe r  cell 

(%) 

N u m b e r  o f  waves  pe r  cell 

Range  Mode  95% con f idence  
l imits  of  the  
m e a n  

Washed  and  r e s u s p e n d e d  in b u f f e r  231 7 3 - -17  10 9 .0 - -9 .7  
As co l l ec ted  158  27 4 - -1 1  6 6.0---6.6 

T A B L E  V 

T H E  I N F L U E N C E  OF H E A T I N G  R A T E  ON T H E  A V E R A G E  N U M B E R  OF WAVES PER C E L L  A N D  
ON T H E  A V E R A G E  TIME F O R  A D I S T U R B A N C E  TO G R O W  F R O M  T H E  F I R S T  A P P E A R A N C E  OF 
A W A V E  F O R M  TO T H E  F I N A L  F R A G M E N T E D  S H A P E ,  F O R  C E L L S  IN 0 .2  I O N I C  S T R E N G T H  
B U F F E R  A N D  F O R  AS C O L L E C T E D  C E L L S  

The  95% c o n f i d e n c e  l imi ts  fo r  the  averages  are  inc luded .  

Hea t ing  ra te  Ceils in  0 .2  ionic  s t r eng th  b u f f e r  As  co l lec ted  cells 
(°C/s) 

Average  n u m b e r  Average  t ime  Av e rag e  n u m b e r  Average  t ime  
of  waves /ce l l  fo r  d i s tu rbance  of  waves /ce l l  fo r  d i s t u rb an ce  

d e v e l o p m e n t  (s) d e v e l o p m e n t  (s) 

1.0 9 . 1 ± 1 . 0  0 . 4 2 ± 0 . 0 4  5 . 6 ± 0 . 6  0 . 5 9 ± 0 . 1 4  
0.1 7 . 9 ± 1 . 1  2.7 ± 0 . 8  5 . 7 ± 0 . 7  2.7 ± 0 . 4  
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The effect, on wave development on cells, of  the presence of  bovine serum 
albumin in the suspending medium is shown in Table III. Wave development 
was inhibited at concentrations of  albumin of  0.003% (w/v) and greater. 
Again, the percentage of  cells developing a wave pattern at any concentration 
of albumin increased as the sample aged. Results generally consistent with 
those of Table III were obtained when blood from other batches was heated 
after resuspension in a range of  concentrations of  albumin. 

Table IV compares the response of  cells in 0.20 ionic strength buffer with 
the response of as collected cells. The data was pooled from comparisons 
carried out  on a number  of  different  batches of  cells. It  can be seen from Table 
IV that  a larger proport ion of as collected cells do not  develop waves and that  
the average number of waves per cell is less for the as collected cells than for 
the cells in buffer. A separate experiment showed that  centrifugation and resus- 
pension during the preparation of cells in buffer were not  responsible for the 
different behaviour of those cells from as collected cells. 

The influence of heating rate on the time required for a cell to fragment 
and on the average number of  waves per cell was examined for cells heated 
in buffer and cells heated as collected. It can be seen from Table V that  the 
average number of waves per cell was again greater for cells in buffer than for 
cells as collected, but that  for each environmental condition the number of  
waves per cell was not  strongly dependent  on the heating rate. 

The heating rate had a marked effect on the average time required for a 
wave pattern to grow to the final fragmentation form. The 95% confidence 
limits on the ratios of  the fragmentation times at the two heating rates are 
(6.4 + 2.1) : 1.0 and (4.6-+ 1.3) : 1.0 for cells heated in buffer and for cells 
as collected, respectively. The results imply a strong dependence of  the frag- 
mentat ion time on the rate of loss of  cytoskeletal structure and function.  
However, since the ratios of  fragmentation times are less than the 1 0 : 1  
ratio of the reciprocals of  the heating rates, the fragmentation time at the 
higher heating rate may be approaching a measure of the fragmentation time 
which would be obtained if the loss of the cytoskeletal funct ion were instan- 
taneous. 

The following experiment was carried out  to determine if a t tachment  of  
cells to the glass surface of  the microcapillary had a marked effect on either 
the number  of waves per cell or the disturbance growth rate. An empty micro- 
capillary was placed on the heating microscope slide and prepared for applica- 
tion: of heat as if it contained cells. A drop of  cells in buffer or a drop of  
as collected cell suspension was brought to the open end of  the microcapillary. 
The cell Suspension was drawn into the microcapillary and heating was begun 
almost immediately at l°C/s.  After about 32 s, the temperature was close to 
that  required for cell fragmentation and many of  the cells were still in suspen- 
sion. Cine-film records of  the morphological changes of  these cells in suspen- 
sion showed that  the number of  waves per cell and the disturbance growth 
rates were similar to those observed earlier when the cells were resting on the 
glass surface. 

Some examples of  the behaviour of  cells which did not  fragment by growth 
of a wave in the radial direction in the horizontal plane are shown in Fig. 4. 
As would be expected from Tables I--IV, the sequences are of  heated blood 
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Fig .  4 ,  M o r p h o l o g i c a l  c h a n g e s  i n  ce i l s  h e a t e d  a t  l ° C / s  u n d e r  c o n d i t i o n s  w h i c h  l a r g e l y  s u p p r e s s  t h e  
d e v e l o p m e n t  o f  a w a v e  o n  t h e  ce i l  r i m .  ( a - - d )  S e l e c t e d  f r a m e s  o f  ce l l s  s u s p e n d e d  i n  0 .1% ( w / v )  b o v i n e  

s e r u m  a l b u m i n ;  (a)  t = 0 ,  a c o n t r o l  f r a m e ;  (b )  t = 0 . 1 4  s;  (c) t = 0 . 2 5  s; (d )  0 . 7 6  s. ( e - - h )  S e l e c t e d  f r a m e s  

o f  ce l l s  s u s p e n d e d  i n  0 . 0 2  i o n i c  s t r e n g t h  b u f f e r ;  (e)  t = 0,  o n e  f r a m e  b e f o r e  t he  a r r o w e d  ce i l  h a d  s t a r t e d  t o  
f r a g m e n t ;  (f)  t = 0 . 3 5  s; (g)  t = 0 . 6 8  s;  (h )  t = 1 . 2 3  s. (i---n) S e l e c t e d  f r a m e s  o f  ce l l s  t h a t  r e t a i n e d  34% o f  
t h e i r  c h a r g e  f o l l o w i n g  t r e a t m e n t  w i t h  n e u r a m i n i d a s e  b e f o r e  w a s h i n g  a n d  r e s u s p e n d i n g  i n  b u f f e r ;  (i)  t = 

0 ,  a c o n t r o l  f r a m e  b e f o r e  t h e  a r r o w e d  ce i l  i n  j h a d  s t a r t e d  t o  f r a g m e n t  a t  t = 1 . 1 4  s; (k)  t = 1 . 7 5  s; (1) 
t = 2 .2  s; ( m )  t = 2 .7  s; (n )  t = 3 . 2 5  s. 
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cells under condit ions which reduce the incidence of  waviness, i.e., high bovine 
serum albumin concentrat ions (Fig. 4a--d), low ionic strength of  the sus- 
pending medium (Fig. 4e--h) and low surface charge density (Fig. 4i--n). 
The three sequences have in common the almost complete  absence of  waviness 
on the cell rims. If each sequence is examined by following individual cells 
from frame to frame it can be seen from Fig. 4 that  the size of  the cell dimple 
decreases markedly in some cells in going from frame a to frame d, a time 
interval of  0.76 s and a bulk temperature change of  0.76°C. In the low ionic 
strength sequence from Fig. 4e to h the diameters of  the individual cells 
decreased as the  cells were heated. The arrowed cell on frame e developed a 
wave and fragmented during the sequence showing that the rounding of  the 
other  cells in the frame occurred on passing through the cell fragmentation 
temperature.  When the low surface charge density cells are followed individu- 
ally from Fig. 4j to m, it can be seen that  the cell dimples become much 
smaller during the sequence interval of 1.6 s and bulk temperature increase 
of  1.6°C. The fragmentation of  the cell arrowed in frame 'k '  again demon- 
strated that  morphological changes occurred in the low charge density cells 
on passing through the cell fragmentation temperature.  The three sequences 
suggest that  in the absence of  wave development  the morphological change 
observed involves s tomatocyte  formation and in some cases membrane interna- 
lization. Fig. 4 and independent  measurements show that the times for changes 
of  individual cell diameters or dimples at a heating rate of  l °C/s  are similar 
to the times required for the development  of  a wavy profile on cells passing 
through the spectrin inactivation temperature (Table V). 

Discussion 

We have shown that two major categories of  morphological change can 
occur in human erythrocytes  on heating through temperatures at which spec- 
trin is partially denatured [3] and the phosphorylat ion of  spectrin is reduced 
[4]. The essential difference between the two main responses is that  in one 
case, a wave developing on the rim of the biconcave disc precedes fragmenta- 
tion, while in the second case no wave develops on the rim, the morphological 
changes involve the cell dimple and the cell diameter may decrease. 

The response of  cells to heat  under the environmental and surface charge 
conditions described above was quite repeatable. There was a restricted range 
of  responses to heat under any one set of  condit ions in contrast  to the greater 
variety of  morphological changes reported in some previous studies [5,7,14].  
Two changes in technique,  the use of  microcapillaries and of  fixed heating 
rates, may have been responsible for the greater degree of  reproducibil i ty and 
the smaller number  of  types  of  morphological change observed here. We have 
previously noted [6] that  the microcapillary environment protec ted  cells 
against the effects of  hydrodynamic  stresses which are induced by  tempera- 
ture-gradient<triven flows in more open microscope slide environments. For  
instance, such flows can act on a vesicle so as to pull a chain of  vesicles from 
a cell or can elongate a cell which is at tached to glass so that  the cell splits 
into two fragments separated by  a small satellite bead [7].  In cells heated in 
the microcapillary system very few strings of  vesicles were observed and 
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no cell fragmented by  halving. Indeed, few wavy cells with less than four 
waves on their rims were detected (Tables I, II and IV). The practice of  heating 
cells at predetermined rates gave more reproducible results than could be 
obtained by incubating cells on the microscope slide at a nominal fixed temper- 
ature. The improvement  arose because there is a restricted range of  tempera- 
ture-time .regimes over which heat will produce increased cell deformabili ty.  
Two processes which affect  membrane deformabil i ty operate during the 
exposure of  erythrocytes  to temperatures around 50°C. One process leads 
to greater, deformabil i ty,  presumably because of  inactivation of  spectrin, while 
the second process stiffens the membrane,  possibly by cross-linking denatured 
protein [9].  The deformabil i ty of  a cell incubated at a fixed temperature will 
depend on the net result of  the two  processes, so that  the incubation tempera- 
ture on the microscope slide would need to be very closely controlled. On the 
other  hand, in our present system, heating rates can be selected which will 
guarantee that  the cells will pass through a deformable state in each experi- 
ment.  

Jones [15] lists values ranging from 5.7 to 0.08 mN/m for the measured 
tension at the surface of  some cells and for the interracial tension of  lipid 
bilayers. The stability of  interfaces with interfacial tensions 'less than a few 
mN/m '  [16] has been extensively studied by Miller and Scriven [16,17,19,20] 
and Murphy [18].  Their work forms a useful background to an examination 
of  the role of  interfacial properties in the fragmentation of  heated erythro- 
cytes. An outline of  their approach and results is now presented. When two 
bulk liquids are in contact  and in equilibrium with each other,  the forces on 
a molecule near the physical boundary  are balanced but  anisotropic. The 
pressure near the boundary  is therefore anisotropic, in contrast  to the iso- 
tropic pressure at points deep in the bulk liquids [18].  The presence of  
adsorbed molecules at an interface, or diffuse double  layers near charged inter- 
faces, can introduce further anisotropy at a boundary  [16].  Murphy [18] 
extended earlier modifications by Buff  [21] of  Gibb's [22] surface-excess 
approach to the t reatment  of  interfaces [23].  In the surface-excess scheme, the 
boundary  be tween two bull~ phases A and B is treated as a transition zone of  
finite thickness and significant internal structure. It is assumed that stress is 
transversely isotropic in the stratum-like regions, which can be spanned by a 
family of  parallel surfaces. The bulk phases are extrapolated into the transition 
zone until they  meet  as if uninfluenced by  each other  at one of  the parallel 
surfaces, arbitrarily chosen as the reference surface. Differences in properties 
between the actual and hypothet ical  extrapolated systems are assigned to the 
reference surface. The reference surface is designated ' the interface'. A bound- 
ary, C, is drawn on the reference surface and an orthogonal surface passing 
through C and extending into each bulk phase is constructed. This orthogonal 
surface plus two surfaces parallel to the reference surface are chosen on each 
side of, and very close to,  the reference surface although at such a distance 
that  they do not  lie within the transition zone, to form a closed surface sur- 
rounding a volume, V, designated the interfacial region. This interfacial region 
contains the transition region plus small port ions of  each bulk phase (Fig. 5). 
The movement  and deformat ion of  the interfacial region can be followed by 
observing the mot ion  of  the reference surface. 



369  

Bulk phase A 

?'o 

~ulk phase B 

Fig. 5. A sectional view of an interracial region of volume V= V A + VTA+ VTB+ V B. V A and V B are 
small parts of the bulk phases A and B, and VTA and VTB are those parts of the transition zone which 
are at the A and B sides of the reference surface at h 0 where X = 0. XA and XB are the perpendicular 
distances of the boundaries of the interfacial region from the reference surface. 

Murphy [18] employed stratal integral theorems to relate integrals over the 
volume and outer  surfaces of  the stratal region in Fig. 5 to integrals over the 
reference surface. He derived expressions for (i) the interfacial tension, 7, 
where: 

XA 

~/ = f (PA--B - - P t )  hdX (1) 
~B 

(ii) a bending stress, H,  where: 

XA 

H = f (PA--B--Pt) XdX (2) 
xn 

and (iii) a torsion stress, K, where: 

XA 

f (PA--B - - P t )  ~-2d~, (3) K 

~B 

In the above expressions, X represents distance in the normal direction from 
the reference surface, ~'A and ks are the distances from the reference surface to 
the boundaries of  the interfacial region (in Fig. 5, XB has a negative numerical 
value). The pressure, PA--B, takes the value of  the pressure in the bulk phase A 
for surfaces on the A side of  the reference surface, and at X = 0. PA--B takes the 
value of  the pressure in bulk phase B at the B side of  the reference surface. 
The term, Pt,  is the tangential componen t  of  the pressure in the interfacial 
region at different values of  X. The area-scaling factor, h, in Eqn. 1 is a func- 
tion of  X and the principal normal curvatures C1 and C2 of the reference surface 
[21].  

The excess tangential stress can be wri t ten in pressure terms as PA--B - -P t  
[21] so that  the interfacial tension is the integrated tangential stress over the 
interfacial region (Eqn. 1). The excess tangential stress in an interfacial region 
might be distributed as in Fig. 6. The bending term, H, is the integral of  the 
first m o m e n t  of  the excess pressure about  the reference surface (Eqn. 2). Since, 
by  inspection of  Fig. 6, this momen t  will not  generally be zero (unless the 
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:XA 

(P - p )  - r e  
A-B t 

Fig. 6. A schematic representation of  a possible d i s t r ibu t ion  of  the  excess  stress (PA--B I P t )  within 
the  in terracia l  region. 

position of  the reference surface is chosen to make it zero), Murphy [18] 
argued that  this expression puts in quantitative form the concept  of  Bowcot t  
and Schulman [24] that  altering the condit ions at one side of  an interfacial 
region can affect  net  interfacial tension and interfacial bending. The torsion 
term (Eqn. 3) appears to play a role in breaking up the interface into drop- 
lets [18,25] .  For low interfacial tension highly curved interfaces the free 
energy changes associated with bending or torsion of  the interface can be 
comparable to the free energy changes associated, through area changes, with 
interfacial tension [18].  The concept  of  an interfacial region, which may be 
semi-permeable [22],  as a discrete volume lying between two bulk regions 
is useful in the present context  because the general t reatment  can include 
situations where surface-active material is adsorbed at the interface and where 
surface charge can introduce some structure by establishing a double  layer 
[16].  The interfacial region concept  also provides a f ramework within which 
chemical reactions and interfacial stability can be treated [16,18,20,22].  
Since treatments of  the stability of  an interfacial region can be based on 
thermodynamics,  it follows that the approach may be applied both  to inter- 
facial regions with liquid-like contents  which can readily undergo area change, 
and to systems such as membranes where area change may be restricted by 
interfacial elasticity. 

The condit ion that  a closed system be in internal equilibrium is that  the 
sum, E, of  its internal energy, U, and potential  energy, P, be a minimum, i.e. 

A E = A ( U + P ) > 0  (4) 

for all virtual changes in the system from its equilibrium state. The biconcave 
disc may be considered as the stable equilibrium shape of  the ery throcyte  
under physiological conditions. If a small wavy displacement of  the surface 
leads to a decrease in the internal energy U or in the potential  energy P of  
Eqn. 4 then a compensating change in U would be required to maintain the 
stable shape. Such a change could arise from the elastic response of  the cyto- 
skeletal elements. Evans and Hochmuth  [26] have shown that  at physiological 
temperatures,  the response of  the ery throcyte  membrane to an externally 
applied stress is almost completely determined by  the cytoskeleton,  with the 
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bilayer making a negligible contr ibution.  The cytoskeleton can be considered 
as an array of  spectrin molecules cross-linked by  actin monomers  or very 
short filaments in which the cross-linking is regulated by  the phosphorylat ion 
of  spectrin [27].  A further stabilising increase in U might follow a disturbance 
if spectrin phosphorylat ion leads to increased cytoskeletal  structure. The 
application of  heat to a cell might, therefore,  act to reduce the elasticity 
contr ibut ion to U following a disturbance, both  as a direct result of  a reduc- 
tion in spectrin structuredness and by a thermal reduction in the phosphoryla- 
tion of  spectrin. The biconcave shape would then become unstable and the cell 
would take up a shape associated with a lower energy level over the whole 
surface. 

The membrane area change which occurs when erythrocytes  are stressed 
mechanically at physiological temperatures is small [28].  If some cytoskeletal  
resistance to stretching is retained in our heated cells, then this factor coupled 
with the shear and dilational elasticity of  the bilayer could operate against the 
product ion of  any significant surface area change during a morphological 
change. The morphological changes shown in Figs. 1--3 are all initiated by  the 
growth of  a wavy disturbance, of ten approximately sinusoidal, on the rim of 
the cell. Beads formed by a pinching of  the wave-crest are an example of  the 
development  of  an instability triggered by  a displacement separate from the 
initial deformat ion which led to the growth of  the wavy form. Following 
Murphy [18] and Evans [29] and taking the 'neutral surface', i.e., that  surface 
in the interfacial region which does not  undergo stretching if the region is 
subjected to pure bending, as a reference surface the growth of  a wave around 
the rim of  the red cell may be explained as follows. If a wavy disturbance 
can grow as an instablity, the interfacial region will bend and move in a direc- 
tion normal to the cell rim. The bending interfacial region need not  expand 
significantly bu t  may pull membrane with it so that  the area of  the growing 
disturbance need not  come from an expansion of  the bilayer but  could consist 
of  membrane drawn along behind the wave-crest as the cell shape is altered. 

The dependence of  the morphological changes on ionic strength and surface 
charge (Tables I and II) suggest a role for electrical forces in determining the 
stability of  the heated cells. The analysis of  the influence of  electrical forces 
on interfacial stability in physical and biological systems when charged inter- 
faces or dipole layers are in contact  with ionic solutions is becoming a subject 
of  increasing interest [16,17,19,20,30--33] .  The stability of  a charged inter- 
face is influenced by  diffuse-layer effects at low ionic strengths, while at ionic 
strengths in excess of  0.10 interactions occurring in the Stern layer within a 
distance from the surface of  the order of  the diameter of  a hydrated ion 
become important  [16,17,32] .  

In the low ionic strength analysis of  the stability of  a charged interface by 
Miller and Scriven [16,17] ,  the diffuse layer was included in the interfacial 
region. The integral of  Eqn. 1 over the full interfacial region was defined as the 
total  interfacial tension, ~W, while the integral over that  part o f  the interfacial 
region which excluded the diffuse layer was called the phase interfacial tension, 
~/e. The contr ibut ion of  the diffuse layer to the total  interfacial tension was 
denoted as -~DL. 

The interface was first shown to become unstable to long wavelength distur- 
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bances when: 

'~W ---- '~P - - ' ~ D L  ~ 0 ( 5 )  

For shorter wavelength disturbances, the interface was stable even if 7T < 
0. This stability could be interpreted, in the light of  Murphy's  [18] analysis 
of  bending stress, as a resistance of  the diffuse layer to bending [17,19].  For 
high ionic strengths (greater than 0.10) and high surface charge or dipole 
densities, the effects of  interactions at the interface can destabilize a surface 
when the total interfacial tension is still positive [19,32] .  

The value of  7DL taken from Verwey and Overbeek [34] has been given 
[17,18] as: 

7 D L  ---- 6~6o~(4kTn/ve)2/2(1 -- 72) (6) 

where 5r is the relative permitt ivity of  the suspending medium, 50 is the 
permittivity of  free space, K is the reciprocal of  the Debye  length, k is Boltz- 
mann's  constant,  T is the absolute temperature,  v is the valency of  the ions 
of  the suspending phase and e is the electronic charge. The term, 77, is given 
[15] by:  

7 = tanh(vekO o/4k T) ( 7 } 

where 4 0 is the surface potential,  which will be approximated by measured 
zeta potentials. 

Reduct ion of  the ery throcyte  charge by neuraminidase t reatment  causes 
a marked increase in the number  of  cells which do not  develop a wave on the 
rim {Table II). At constant  ionic strength, a reduct ion in surface charge will 
reduce the zeta potential  [15] thus reducing 7 (Eqn. 7). For the situation of  
interest here, 7 < 1.0 [12] so that  a reduction in 77 will lead to a reduction in 
7DL (Eqn. 6) and will therefore reduce the destabilising influence of  charge, in 
agreement with observation {Table II). 

The effect  on ~[DL of  a 10-fold reduction in ionic strength can be determined 
from measurements obtained by Heard and Seaman [12] at ionic strengths 
of  0.145 and 0.0145. 7 has values of  0.341 and 0.136 and "/DL has values of  
0.193 and 0.085 mN/m for the lower and higher ionic strengths, respectively. 
For a constant  surface charge situation, ~/DL increases as the ionic strength 
decreases so that  7T will go to lower values (larger negative values} as the 
ionic strength decreases (Eqn. 5). However,  the work necessary to bend the 
diffuse layer also increases as 7DL increases [17,19] so that  the diffuse layer 
can stabilize the interface even if ~/T is negative. The wavelength, Xfg, of  the 
fastest growing disturbance is given for the constant  surface charge density 
condit ion [17,19] by:  

Xfg = 5~r2(3 -- 475 + 7') (TDL)/(---~T) (3h:2) (I + 75) (8) 

A 10-fold reduction in ionic strength decreases the average number of waves 
per cell from 10.7 to 5.1 (Table I). The ratio of these averages (2.1 : 1.0) 
underestimates the effect of reducing the ionic strength because the average 
5.1 relates only to those cells which developed a wave and it omits the 
influence of the cells, of which the membrane properties were such that a wave 
disturbance could not grow on the cell rim. If we assume that the instability 
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begins to grow at a fixed value of  the quot ient  (TDL)/(---TT), then substituting 
the above values of  ~ for ionic strengths of  0.145 and 0.0145 in Eqn. 8 gives 
the ratio for kfg over a 10-fold range of  ionic strengths as 2.7 : 1. If the distur- 
bance grows at a fixed value of  --TW, then the ratio of  the wavelengths at the 
two ionic strengths would be 4 : 1. 

The increased wavelength at reduced ionic strengths is consistent with the 
view that  diffuse double  layers can influence the bending of  interfaces. The 
reduct ion in external NaC1 concentrat ion will also effect  the transmembrane 
potential  as a consequence of  changing the ratio of  intracellular to extracellular 
C1- concentrat ions [35].  Available t reatments  for instability growth at charged 
interfaces do not  include a term applicable to the assessment of  the influence 
of  t ransmembrane potential  on membrane stiffness. Lew [36] proposed and 
Glaser [37] has recently demonstrated that  t ransmembrane potential  can 
influence the bending stiffness of  e ry throcyte  membranes at physiological 
temperatures.  We are presently investigating the relative contr ibutions of  
surface potential  and transmembrane potential  to membrane stiffness, employ- 
ing methods  described by Hoffman and Laris [35] which allow the surface 
potential  and transmembrane potential  to be varied independently.  

The number  of  cells developing a wavy outline decreased with increasing 
bovine serum albumin concentrat ion (Table III). The wavelengths associated 
with as collected cells were longer than those associated with cells in buffer  
(Table IV). The interaction of  albumin with the membrane is indicated by the 
ability of  albumin to extract  lysophosphatidylcholine and free fat ty  acids from 
the ery throcyte  [38,39].  Such an interaction may induce a bending stress in 
the membrane leading to s tomatocyte  formation and to suppression of  wave 
development  on heating the erythrocytes .  

The behaviour of  cells which were heated through the spectrin inactivation 
temperature wi thout  wave development  on the cell rim was shown in Fig. 4 
for conditions of  high albumin concentrat ion,  l o w  ionic strength and low 
surface charge. Motion analysis of  cine records of  some cells under the above 
condit ions suggests that  internalization of  the membrane is occurring at the 
cell dimple. There are some similarities between the e ry throcyte  crenation 
and internalization observed in our work  and those changes induced at physio- 
logical temperatures by  amphiphatic molecules. Both systems also have in 
common the suggestion that  bending stresses play a role in producing the 
morphological changes. On the other  hand, neuraminidase t rea tment  of  the 
erythrocytes  does not  appear to influence their response to drugs [40].  

Conclusions 

Our experimental measurements of  the dependence of  wave growth on ionic 
strength and cell surface charge are broadly consistent with the predictions of  
the theory of  Miller and Scriven of  the stability of  a plane charged interface 
be tween inviscid bulk phases. Further  experimental results are required to 
assess the  role of  t ransmembrane potential  in membrane bending resistance. 

The size of  the erythrocyte ,  its relatively low internal viscosity and compa- 
ratively simple structure, together with the fact that  its cytoskeletal  funct ion 
can be thermally impaired over a defined temperature  range, combine to make 
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the heated cell one of  the few model systems in which the growth of  instabili- 
ties on membranes can be examined microscopically. The apparent connection 
between instability growth and membrane bending resistance suggests that the 
methods described here may have applications in the study of  the role of 
some agents which modify membrane bending in those biological systems 
where bending occurs without the obvious wave growth seen in this work. 
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