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Summary

Human erythrocytes develop vesicles by budding when heated to tempera-
tures close to the thermal transition for spectrin. Regularly spaced strings
of vesicles also develop if cells heated to 51—54°C are pulled into unstable
shapes by flow of liquid between cover slips. These strings of vesicles develop
when cells which had attached to the glass are restrained in the flow by a long
membrane-bound tether which maintains a connection with the attachment site
on the glass. Breakup into regularly spaced vesicles suggests the breakup of a
liquid-like cylinder by growth of Rayleigh instabilities. The ratio of length :
diameter of the fragments of cylinder on which each disturbance grew ranged
from 2.2 to 5.4 to 1 with a peak of 3.2, as measured from scanning electron
micrographs. The upper limit of the range is slightly less than the ratio for the
disturbance most likely to grow if surface tension and viscosity alone con-
trolled the vesicle formation. Similar vesicle formation when the form-
maintaining structures were weakened has been reported in other systems.

Introduction

The morphological changes which can occur in heated human erythrocytes
have been described by Ham et al. [1] and by Ponder [2]. These changes
include (i) the appearance of small bud-like protrusions on some cells, (ii)
multiple buds which are usually connnected by a broad base or filament,
(iii) the conversion of the majority of the cells to spherical fragments on con-
tinued heating, (iv) occasional ghosts and many polymorphic forms and, (v)
the accomplishment of cell subdivision without haemolysis. Ponder [2] sug-
gested that the fragmentation took place during a transition of the red cell
from a body with elasticity through a plastic stage to a cell which behaved like
a highly viscous fluid. In more recent work protein transitions in heated human
erythrocytes [3], the effects of thermal transitions on the elasticity of human
erythrocyte membranes [4,5], and the effects of shear stress on heated cells
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[6] have been examined. However, the mechanisms involved in the process
of fragmentation of heated erythrocytes have received little attention. We
are presently engaged in a study of the fragmentation of heated erythrocytes
using cinephotomicrography and the technique of scanning electron micro-
scopy which was not available to the earlier investigators of fragmentation
[1,2].

We pay particular attention in this report to those cases where chains of
vesicles develop on parts of cells which have been drawn into cylinder-like
unstable shapes. For the first time measurements have been made of the
spacing of such vesicles and the results have been compared with theoretical
predictions for the breakdown, by the growth of surface instabilities, of a
cylinder of one liquid immersed in a second liquid. We also bring together a
number of reports of similar beading on the membranes of other cells and
suggest that the beading in these systems may also arise from Rayleigh instabil-
ity growth when the form-maintaining structures are weakened.

Materials and Methods

Fresh human blood was collected from donors into phosphate-buffered
saline (150 mM NaCl in 5 mM sodium phosphate buffer, pH 7.4). The cell
suspension was diluted to 107 cells/ml, stored at 37°C and treated within one
hour. Samples of 3 ml were incubated in 10-ml test tubes at various tempera-
tures in an aluminium heating block. After an interval the cells were fixed
while in the heating block, by addition of an equal volume of phosphate-
buffered saline containing 6% glutaraldehyde. The fixed cells were washed and
aliquots were air dried and prepared for scanning electron microscopy examina-
tion (Cambridge Stereoscan 600). For cinephotomicrography two drops of the
diluted blood were heated under a glass cover slip on a microscope slide
mounted onto a heating block on a microscope stage. The temperature of some
samples was measured by placing a fine copper/constantan thermocouple
between the cover slip and microscope slide. Temperature equilibrium was
attained within 45 s. However, since temperature gradients existed across the
samples a temperature range is quoted which gives the upper and lower limits
of the temperatures measured with the thermocouple.

To apply gently flow stress to heated cells two drops of cell suspension
were placed between two cover slips on the heated microscope stage and,
after temperature equilibration, a drop of heated phosphate-buffered saline
containing 6% glutaraldehyde was brought into contact with the side of the
cover slips. The resulting flow of glutaraldehyde solution both stressed and
fixed the red cells. The stressed samples were air dried. The cover slips were
sectioned with a glass cutter and the sections were prepared for scanning
electron microscopy.

Results
Cells heated on the microscope stage to temperatures in excess of 50°C

rapidly lost their biconcave shape. Vesicles were soon observed budding from
the cells but remaining attached to the cell body. A single vesicle on cell i is
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shown in Fig. 1a. A Stokes drag force from thermal currents between the cover
slips helped the development of a second vesicle during the 12 s progression
to Fig. 1b. The influence of local thermal flow (not externally applied flow)
on the development of the second vesicle was clear since the chain developed
in the direction of the flow, as determined on the cinephotomicrographs by
the direction of movement of free erythrocytes. In Fig. 1c¢ the second vesicle
on cell i has been drawn out into a cylindrical shape while a large vesicle has
been produced from the fragmenting cell ii. In Fig. 1d the cylindrical form of
the vesicle on cell i has broken down into two vesicles while the elongation of
cell iii has progressed to the development of a neck. This neck elongated in Fig.
le and a vesicle has developed following the collapse of the ends of the neck in
Fig. 1f. The transition from a neck to a clear vesicle occurred in about 2s.
As many as four spherical vesicles were observed by light microscopy along
the necks of cells which were fixed following heating in a test tube at 50°C
for 10 min.

It has been shown elsewhere that heated erythrocytes become significantly
more susceptible to the effects of flow stress at temperatures in excess of 48°C
[4—6] and it has been suggested that a thermal alteration in the structure of
spectrin would account for the observed effect [3—5]. When a cell loses its
biconcave shape the normal erythrocyte area and volume of 138 um? and
94 um?3, respectively, [7] are such that two or more main spherical bodies and
a number of spherical vesicles of a smaller order than the main products could
be formed. There is an abundance of elongated doublet and triplet cell forms
which have developed as on cell iii in Fig. 1, in micrographs of cells heated in
a test tube at 51°C (Fig. 2, a and b). Fig. 2¢ shows a micrograph of a divided
erythrocyte from a sample heated in a test tube at 51°C for 4 min and fixed
with glutaraldehyde. The two spherical ends are joined by a tubular neck on
which perturbations are visible. '

The development of vesicles along a neck, particularly when a single
vesicle grows on the centre of the neck as in Fig. 1f, suggested that we might
be observing the growth of an instability on a cylinder of one fluid immersed in
another. To further investigate the possibility that such instabilities could
grow on membrane-bound cylinders, cells between cover slips on a heated stage
were stressed by flow of phosphate-buffered saline containing glutaraldehyde
and prepared for scanning electron microscopy as previously described. Since
the extent of the flow stress between the cover slips varied from point to point
on the cover slip, response of the cells to the flow varied with position. Cells in
any one area of the cover slip showed similar behaviour so that the variation in
response was due more to physical variation in the flow patterns than to
biological variation in the cell structure. At certain points on the cover slips
cells which had attached to the glass surface were pulled along in the flow and
some developed long tethers which restrained them. Examples of the break-
down of such tethers into vesicles are shown in Fig. 3. Fine connections can be
seen between some of the vesicles. The vesicles were commonly ovoid or dumb-
bell in shape. The beaded tethers of Fig. 3 were not artefacts of the air drying
procedure employed in the preparation for scanning electron microscopy
since beaded tethers were observed both in cinephotomicrographs of cells
while being stressed by flow of phosphate-buffered saline alone, and when wet



Fig. 1. Cinephotomicrographs of erythrocytes heated to 51—54°C, frame speed 2 frames/s; magnification
X1300 (a) time ¢ taken as zero. A vesicle has developed on cell i. (b) ¢ = 12 s. A second vesicle has been
pulled from cell i. (¢c) t =27 s. The second vesicle on cell i has been pulled out into a cylindrical form,
a vesicle has been formed from a protrusion on cell ii. (d) ¢t = 55 s. The cylindrical form of the second
vesicle on cell i has broken into two vesicles, a neck is developing on cell iii. (¢) ¢ = 70 s. The neck on cell
iii increases in length. (f) t = 90 s. A vesicle has developed on the neck of cell iii.



Fig. 2. Scanning electron micrographs of cells heated in a test tube at 51°C, (a) 4 min incubation. Some
cells have been drawn out into dumb-bell shapes with narrow connecting necks. Magnification X5500,
bar = 4 um. (b) 10 min incubation. Two examples of cells which have broken down to form three distinct
portions. Magnification X6000, bar = 4 um. (c) 4 min incubation time. A cell showing two main portions
connected by a tubular neck on which swellings can be observed. Magnification X12 000. bar = 2 um.
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Fig. 3. Scanning electron micrographs of vesicle chains developed when cells heated to 51—84°C were
stressed by flow of phosphate-buffered saline and 6% glutaraldehyde. (a), Magnification X7200, bar =
2 um. (b) shows fine connections between vesicles, magnification X15 000, bar = 1 um. (¢) Magnification
X6500, bar = 2 um. (d) Line of vesicles together with outline of attachment site (arrowed) which has also
broken into vesicles. Magnification X7200, bar = 3 um.




Fig. 4. Scanning electron micrographs of cells stressed by flow of phosphate-buffered saline and glutaral-
dehyde at 51—54°C. (a) A tether, developed in flow, has fallen across another cell (arrowed); Magnifica-
tion X2700, bar = 5 um. (b) A tether exhibiting a regular twist, magnification X11 000, bar =1 um.
(c) An early stage of disturbance growth on a tether in the absence of twist; magnification X18 000,
bar =1 um, (d) A beaded tether associated with a beaded attachment site; magnification X2700, bar =

5 um.




325

preparations of cells stressed and fixed by flow of phosphate-buffered saline
and glutaraldehyde were examined by phase contrast microscopy before air
drying. Cinephotomicrographs showed that the production of a tether could
occur in less than 0.5 s, a much shorter time scale than the 60 s required to
produce the chain of the vesicles in Fig. 1. Fig. 4a shows that the cells were
floating in suspension as they were restrained by the tether since the fixed
tether fell across another cell. This observation rejects the possibility that
the vesicles were produced by the cell rolling along the glass surface leaving
fragments attached to the glass. Some of the tethers which were fixed before
breaking into vesicle form showed clear signs of a twist along the tether
(Fig. 4b). However, the twist was not responsible for the pinching of the tether
into fragments because regular constrictions of low amplitude were observed
on membrane-bound cylinders in the absence of twist (Figs. 2¢ and 4c). Fur-
thermore, the ring of membrane retained on the glass where the cell had been
attached showed constrictions similar to those along the tethers even though
the ring had not been subjected to twist (Figs. 3d and 4d).

We have measured the dimensions of the vesicle forms produced as in Fig. 3
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Fig. 5. Frequency distributions of W, the ratio of cylinder length to diameter involved in disturbance
growth, based on (a) measurements on 153 vesicles and (b) measurements of 81 cases where the dis-
turbance was at an early stage of growth.
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and have calculated the ratio, W, of the length to diameter of the cylinder
from which such vesicle forms could develop if the vesicle retained the volume
and membrane surface area of the cylindrical fragment. A histogram of the
results of 153 measurements on vesicles from 23 tethers is shown in Fig. 5a. The
distribution of 87 measurements of W from 26 tethers on which the perturba-
tion had not grown to the vesicle formation stage and where twist could be
ignored is shown in Fig. 5b.

Discussion

It has been suggested that the dramatic increase in human erythrocyte
deformability between 48 and 50°C may be attributable to conformational
changes in the structural protein ‘spectrin’, a high molecular weight protein
located on the inner surface of the membrane [3—5]. Beading processes similar
to those reported here have been described previously in other systems.
Kitching [8] found that beads developed on the axopodia of the protozoan
Actinophrys sol under pressures of 35 kN/m? and that under favourable condi-
tions the beads on each axopod could be seen to be arranged along a fine
thread. Tilney et al. [9] later showed by electron microscopy that the micro-
tubular structure, which plays an important role in the form stability of the
axopodia of Actinosphaerium nucleofilum, disintegrated in vivo under high
pressure and that beading extended along the axopodia leaving only delicate
strands of connections between the beads. Marsland [10] describes how a
pressure-induced shift in the sol-gel equilibrium in Amoeba proteus leads to
the liquid-like breakdown of well extended pseudopodia into a series of
separated beads. Hogue [11] incubated fibroblasts of embryo chick heart
in hypertonic saline and found ‘light and dark areas, like a striated muscle’
along a cell process ‘which quickly became constricted into a chain of proto-
plasmic beads.” In a study of the elastic properties of red cells, at 25°C, Hoch-
muth et al. [12] found that ‘globules of haemoglobin’ were observed in tethers
when flow stress was suddenly applied. Tethers developed when cells were
stressed slowly but no globules were observed. We have recently reported [13]
that haemolysis of erythrocytes stressed in flow at room temperature occurs at
a shear stress of 3.0 kN/m? if the stress is rapidly applied, i.e., in times as short
as 0.45 ms, but exposure to 1.5 kN/m? for 100 ms produces no haemolysis.
Our observations, taken with those of Hochmuth et al. [12], imply that the
structural network on the erythrocyte membrane is particularly susceptible
to rapidly applied stress. It appears then that if the structures which confer
mechanical strength and form to cell membranes, either in the actinopodea,
amoeba, fibroblasts or human erythrocytes, are disrupted then beading can
occur on membrane-bound extensions of the cell. The examples above show
that removal of the constraints exercised by form-maintaining structures,
rather than the elevated temperature, is the condition required to enable the
membranes to express that property which leads to beading.

The similarity in vesicle sizes in the tethers of Fig. 3 and the fact that the
vesicle in Fig. 1f arose at the centre of the neck sugest that the vesicles
develop from the growth of surface disturbances, as instabilities. Rayleigh [14]
developed a treatment for the stability of a cylinder of a low-viscosity liquid in
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air to a periodic disturbance at right angles to the cylinder axis. He showed that
when the surface of a liquid cylinder of radius ¢ was subjected to a displace-
ment a at right angles to the axis of the cylinder, where o was a small quantity
varying with time, then the potential energy, V, per unit length of the cylinder
due to a surface tension, o, was given by

V = —oma*(1 — k%a?)/2a (1)

where k =2n/\ and A\ is the wavelength of the surface disturbance. If «
increases with time then V decreases if (1 —k%a?) > 0, i.e., if A >nd, where d is
the diameter of the cylinder at rest. If T is the kinetic energy per unit length
due to the motion of the column at right angles to the axis then conservation
of energy requires that if the potential energy, V, decreases with time the
kinetic energy, T, must increase with time. Rayleigh showed that the dis-
turbance will grow at a rate g where

q* = oF(ka)/pa® (2)

F(ka) is a function of ka involving Bessell Functions and p is the density of
the cylinder. The disturbance which will dominate and lead to breakdown
of the cylinder is that for which F(ka) has its maximum value. Rayleigh found
that a cylinder of water in air would be most likely to disintegrate in response
to a disturbance with ka = 0.697 or A = 4.5d.

Tomotika [15] developed a theory for the case of one liquid immersed in
another and included the influences of the densities and viscosities of both
liguid phase. He was, however, unable to obtain a closed-form solution appli-
cable to a wide variety of cases. Meister and Scheele [16] solved the equations
of Tomotika by numerical methods and presented a series of curves from which
the dominant wavelength could be derived for any combination of viscosities
and densities of the continuous and disperse phases. The transition to unstable
behaviour, because of surface tension, occurred for the general case when
A = 7d. Meister and Scheele [16] derived a correlating parameter N, which
was given by

N = (0pDy)?(u' + 3u)™" (3)

where ' and u are the viscosities of the continuous and disperse phases, respec-
tively, and Dy is the diameter of the nozzle from which the cylinder is formed.
Dintenfass [17] gives the ‘apparent’ internal viscosity of the red cell at 37°C
as lying in the range 103 to 6 - 103> N -s-m™, If, at 37°C, we take u=3.5 -
103N -s-m™ and the viscosity of water as 0.7 N -s - m™ then u/u’ = 5.0.
The viscosity of water at 50°C is 5.5 103N s -m™ so that at 50°C we
will assume that u=2.75-10"2N -s - m™2. The cylinder diameter is approxi-
mately 0.5 um and Adams [18] estimates ¢ for the erythrocyte as 107 N/m.
Eqn. 3 then gives N% =7 - 1073, When u/u’, = 5 and N - 0 Meister and Scheele
[16] give A = 6.9d. There is some variation in published estimates of the surface
tension and internal viscosity of erythrocytes. It is instructive therefore to
examine the effect of varying values of o0 and u on the wavelength for
maximum growth. Since the value of 107 N/m quoted above for ¢ leads to
an essentially negligible value of the correlating parameter N, we can see
from Eqn. 3 that taking a smaller estimate of ¢ would not affect N}, and,
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therefore, would not affect A. If we take a high estimate of 0 at 1.2 - 10™° N/m
[19] and take u = p' at 50°C as the case most likely to decrease A, then Ng =
0.35 and A = 5.5d [16]. A low value of N and a high value of u/u' would result
in a high estimate of A\. Above, we took u/u' as 5.5, if we increase the estimate
to 20 then A = 9.0d when N} = 0 [16]. For the purposes of the present discus-
sion the point of importance is that all of the above estimates of A are greater
than 5.5d.

Inspection of the histogram of Fig. ba shows a peak in the distribution of
W at 3.2, which is less than the above values predicted by theory for breakup
under surface tension forces. Our measurements from the beaded tether photo-
graph presented by Hochmuth et al. [12] gave a value of 3.0 £ S.E. of 0.2 for
W, in agreement with Fig. ba. Vesicle production in the tether system differs
from the case in an ordinary liquid since there is probably a limit to the extent
to which the membrane can reduce its surface area as the droplets are formed.
Essentially, 0 in Eqn.1 would then be a function of a and non-linearities
leading to the growth of harmonics might account for the low values of W in
Fig. 5a. Even for a pure liquid cylinder the growth of a second harmonic has
been predicted because of neglect of terms involving «? in the classical theory
[20] and has been observed experimentally [21]. The distribution of the values
of W in Fig. 5b is wider than the distribution of W calculated from vesicle
size in Fig. 5a. The minimum length of cylinder which can break into two
spherical fragments conserving both volume and area is 4.5d. Some of the lower
values in the range of W from 2.3 to 4.7 in Fig. 5a may have arisen from
fragmentation of cylindrical vesicles produced by long wavelength disturbances.

An alternative explanation for the observation that the ratio W is lower than
that predicted by surface tension theory would arise if charge on the membrane
cylinder contributed to the growth of the instabilities since charged liquid
cylinders produce smaller droplets than the uncharged case. Basset [22]
showed that charge destabilizes a cylinder against a radial disturbance of
A< 5.2. Huebner and Chu [23] examined the relative influence of surface
tension and charge terms and showed how these terms can interact to reduce
the droplet size.

The drawing out of the tethers shown in Figs. 3 and 4 takes place much
more rapidly than the slow production of the chain of three vesicles shown in
Fig. 1. The latter situation is analogous to the development of successive drops
on a nozzle when liquid is slowly emerging, while the vesicles of Figs. 3 and 4
appear to develop on a cylinder similar to the jet which emerges from a nozzle
when the liguid flow rate is increased.

The approaches developed above refer to the breakup of Newtonian fluid
cylinders. Goldin et al. [24] have examined the breakup of jets of a number
of different types of non-Newtonian solutions of polymers in water. In separat-
ing viscous and elastic effects they predicted that even for jets of an inviscid
purely elastic liquid as well as viscoelastic liquids, instability will arise if the
elastic modulus E is less than o(1 — k%a?)/6a. The breakup of Newtonian and
non-Newtonian jets was examined experimentally. As expected, the breakup
wavelength of the Newtonian liquid was predictable and at low jet speeds was
independent of jet velocity, i.e., the results apply equally well to jets and
stationary threads. A solution of Carbopol, a non-Newtonian inelastic liquid
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exhibiting a shear dependent viscosity but possessing very small normal forces,
showed a regular breakup with a wavelength similar to that predicted for an
inviscid fluid. Viscoelastic solutions of sodium carboxy-methyl cellulose showed
a growing wave with a clearly defined wavelength. The growth of the wave
was, however, arrested before breakup and a string of regularly spaced droplets
connected by thin threads was formed. Secondly, instabilities of very small
droplets also developed on the same threads. In considerably more elastic
viscoelastic solutions of Separan and Polyox no wave formation was discernible
and the first visible disturbance appeared as a large droplet, isolated in space
from any systematic growth pattern. The distances between drops were
randomly distributed and the drops were connected by threads which narrowed
with distance eventually leading to the breakup of the liquid column.

Scanning electron micrographs of some areas of the cover slips on which
we stressed erythrocytes showed tethers with beads which were less regularly
spaced than those shown in Fig. 3, and resembled the forms reported for
viscoelastic behaviour by Goldin et al. [24]. The regularly spaced beads reflect
either Newtonian or viscoinelastic behaviour while the irregular beads reflect
viscoelastic behaviour. The above results were obtained under conditions where
there was variation of temperature and flow across the coverslip. We are
presently developing a system which will enable us to stress our cells under
controlled conditions of stress, temperature and heating duration. In con-
current work the effect of heating on the structure of spectrin is being
examined by measuring changes in the circular dichroism with time. We also
plan to extend previous investigations of thermally-decreased erythrocyte
membrane phosphorylation [25] and then examine if the above molecular
changes correlate with the transitions from stable to viscoelastic to visco-
inelastic or Newtonian behaviour in the tethers.

We have shown that vesicles similar in character to those observed in other
biological systems have been produced when erythrocyte membranes have
been structurally weakened by heat treatment are pulled into unstable shapes.
A common feature of vesicle production in all the biological systems con-
sidered above is that a property of the membrane which can produce vesicle
fission can be expressed when the form maintaining structures are weakened.
This property of the membrane is normally masked by the elastic properties of
the supporting structure, as shown by the absence of beads on the tethers which
Hochmuth et al. [12] produced slowly compared with the beads which result
in their experiments when stress is rapidly applied. It would appear from the
analysis of Goldin et al. [24] that the stable, no-beading case arises because
the elastic modulus E is greater than o(1 —k%a®)/6a, while formation of
irregularly spaced beads or a uniform pattern, as in Fig. 3, would depend on the
extent to which E is reduced by a specific treatment. The necessary reduction
in E does not always require the imposition of non-physiological conditions
on the membrane since physical contact of two processes of forminifera under
physiological conditions leads to beading [26].

We conclude from the above that beading of extended membrane forms
arises from the growth of instabilities. These instabilities require a mechanical
disturbance, however small, to initiate them. The spacing, regularity and
growth rates of the instabilities provide information on the physical state,
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during the beading process, of those structures which are normally form
maintaining. In view of the wide scale of vesicle production in cells it is sur-
prising that the process of vesicle formation in readily observable systems
[8—12,26] has not received more attention to date.
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