Biophysical Journal Volume 93 August 2007 1369-1379 1369
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ABSTRACT We investigate the mechanical strength of adhesion and the dynamics of detachment of the membrane from the
cytoskeleton of red blood cells (RBCs). Using hydrodynamical flows, we extract membrane tethers from RBCs locally attached
to the tip of a microneedle. We monitor their extrusion and retraction dynamics versus flow velocity (i.e., extrusion force) over suc-
cessive extrusion-retraction cycles. Membrane tether extrusion is carried out on healthy RBCs and ATP-depleted or -inhibited
RBCs. For healthy RBCs, extrusion is slow, constant in velocity, and reproducible through several extrusion-retraction cycles.
For ATP-depleted or -inhibited cells, extrusion dynamics exhibit an aging phenomenon through extrusion-retraction cycles:
because the extruded membrane is not able to retract properly onto the cell body, each subsequent extrusion exhibits a loss of
resistance to tether growth over the tether length extruded at the previous cycle. In contrast, the additionally extruded tether
length follows healthy dynamics. The extrusion velocity L depends on the extrusion force f according to a nonlinear fashion. We
interpret this result with a model that includes the dynamical feature of membrane-cytoskeleton association. Tether extrusion
leads to a radial membrane flow from the cell body toward the tether. In a distal permeation regime, the flow passes through the
integral proteins bound to the cytoskeleton without affecting their binding dynamics. In a proximal sliding regime, where mem-
brane radial velocity is higher, integral proteins can be torn out, leading to the sliding of the membrane over the cytoskeleton.
Extrusion dynamics are governed by the more dissipative permeation regime: this leads to an increase of the membrane ten-
sion and a narrowing of the tether, which explains the power law behavior of L(f). Our main result is that ATP is necessary for
the extruded membrane to retract onto the cell body. Under ATP depletion or inhibition conditions, the aging of the RBC after

extrusion is interpreted as a perturbation of membrane-cytoskeleton linkage dynamics.

INTRODUCTION

Membrane mechanical properties of living cells provide
remarkable features to achieve crucial functions, such as ad-
hesion, motility, and intra/extracellular communication. This
versatility resides in the association of a fluid lipid bilayer
with an elastic, and often dynamic, network of proteins: the
cytoskeleton.

Red blood cells (RBCs) have been a good candidate for
membrane mechanics studies for many reasons. First of all,
they are very simple cells, devoid of nucleus or any organ-
elles: they are pictured as soft bags, made of a lipid bilayer
linked to a cortical cytoskeleton, used to transport hemo-
globin. Moreover, important progress has been achieved in
the structural characterization of the RBC skeleton (1-5). It
is organized as a roughly hexagonal lattice underlying the
membrane, made of flexible spectrin filaments linked to-
gether by short stiff actin protofilaments, band 4.1 proteins,
and tropomyosin. This network is linked via band 4.1 pro-
teins or ankyrins to integral proteins embedded in the lipid
membrane, the main ones being sialoglycoproteins and band
3 proteins (Fig. 1). These links are dynamics and character-
ized by their dissociation and association rates, ko ~ min
and k,, ~ ms, respectively. Because k,, > ko, the integral
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proteins are seen to be bound to the cytoskeletal nodes. This
structure, specific to the RBCs, provides peculiar mechanical
properties: they are able to stand very high shear rates, up to
1000 s~', when traveling through capillaries thinner than
their own size. Nevertheless, it allows us to study the me-
chanical behavior of an archetypal fluid membrane linked to
a cortical elastic network via discrete attachment points: spe-
cific integral membrane proteins.

Since the pioneering work of Hochmuth et al. (6) on RBCs,
different membrane tether extrusion (MTE) techniques (among
which extrusion by flow, mechanical or optical tweezers,
etc.) have been applied on various cell types such as RBCs
(7), neutrophils (8,9), neurons (10,11), and outer hair cells
(12) and also on lipid vesicles (13—16). It is now well es-
tablished from previous works on RBCs (17-19) that the
formation of a membrane tether involves the detachment of
the underlying cytoskeleton and subsequently allows the mea-
surement of the membrane-cytoskeleton static adhesion en-
ergy (19,20). This has been generalized to other cell types.
Here, we extrude membrane tethers from RBCs using a hy-
drodynamic technique. The cell is anchored at the tip of a
microneedle and submitted to a liquid flow in a microchannel.
As the Stokes friction force carries the cell away, a mem-
brane tether attached to the tip of the needle is extruded from
the cell body. Varying the flow velocity, this hydrodynamic
extrusion allows extruding tethers in a broad range of forces
without the need for a force transducer (13-16).

doi: 10.1529/biophys;.106.087908
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FIGURE 1 Typical sketch of the RBC membrane, seen from the cyto-
plasmic side (see text for details).

Our aim here is to understand the mechanisms involved
in tether extrusion from cells and the role of ATP in RBCs’
membrane mechanics. ATP is an omnipresent molecule that
plays a role in various active processes in the cell. In the
RBC, it is responsible for the asymmetric distribution of
phospholipids between the two leaflets of the membrane
(21), which is involved in cell shape maintenance and
membrane stability (resistance to destruction under long-
lasting load) (22,23). ATP is also involved in phosphoryl-
ation of various skeletal and membranous proteins, which
regulates membrane stability but does not directly shape
changes (24,25). Additionally, ATP has been shown to play
an important role on membrane and bare cytoskeleton fluc-
tuations solely by its action on the nodes of the cytoskeletal
network (26-28), which has been explained by their ATP-
dependent dissociation (29).

Nevertheless, though ATP depletion eventually leads to
shape changes, intracellular ATP level is not directly related
to cell morphology and ATP depletion does not lead to sig-
nificant changes in important mechanical parameters of the
cell membrane, such as its shear modulus, elastic area com-
pressibility, or surface viscosity (23,30,31).

Our results bring the experimental evidence for ATP-
dependent tether extrusion dynamics. In normal conditions,
tether extrusion on the same RBC is reproducible and the
extrusion velocity depends on the extrusion force with a power
law, as observed on different cell types before (32). Under
ATP depletion or inhibition conditions, we show here that
the extruded membrane is not able to retract onto the cell body,
which allows locally facilitated subsequent extrusions. This
is consistent with the role of ATP on membrane-cytoskeleton
links dynamics.
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MATERIALS AND METHODS
Red blood cells

Fresh RBCs were obtained from healthy donors by finger prick. They were
washed three times with phosphate-buffered-saline (PBS) 300 mOsm to
discard leukocytes and plasma proteins. Then, they were suspended in PBS
300 mOsm to get discocytes, or osmotically swollen in PBS 150 mOsm to
get spherocytes, at a final concentration of 5 X 10° cells/mL. RBCs were
used within a few hours after withdrawal.

ATP depletion was obtained by incubation of RBCs in PBS 300 mOsm
complemented with inosine 10 mM and iodoacetamide 6 mM during 90 min
at 37°C (28). Iodoacetamide is a powerful inhibitor of glyceraldehyde-
3-phosphate dehydrogenase and inosine, an efficient substrate for ATP. The
first one inhibits the glycolytic ATP production whereas the second con-
sumes it. This leads to irreversible reduction of the intracellular ATP to a
level of 1-5 uM in <1 h at 37°C (33). After this treatment, a significant
proportion of cells had lost their pure discoidal shape.

ATP inhibition was obtained by incubation of RBCs in PBS 300 mOsm
complemented with 30 uM vanadate (trisodium orthovanadate) during 15
min at room temperature before manipulation in the same medium. Or-
thovanadate is a known inhibitor of ATPases and phosphotyrosine phos-
phatases. After this treatment, shapes changes were moderated.

MTE technique

During the past decades, different strategies have been adopted to extrude
tethers from cells. We can distinguish two main cases. In the first one, the
tether is extruded by a bead, locally attached to the cell body, that is pulled
away at constant velocity by a mechanical or an optical tweezer while the
cell is maintained by suction in a micropipette (7,19,20). In the second case,
the cell only is sparsely adhered on a substrate (6,17) or anchored at the tip of
a microneedle (our case) and is pulled away by hydrodynamic flow in a
channel.

The differences of the second approach compared with the first are the
following:

1. Neither the extrusion velocity nor the membrane tension of the object
are imposed by the setup; both of them are free to adapt during tether
extrusion and retraction. In contrast, a tweezer imposes the length and
velocity of the tether while a micropipette generally sets the membrane
tension of the aspirated cell.

2. The Stokes friction exerted on the whole cell body and applied at the
cell-tether neck directly equals the extrusion force. In contrast, an op-
tical tweezer measures the force exerted at the other end of the tether,
which equals the extrusion force at the cell-tether neck under the as-
sumption that force transduction through the tether is instantaneous. An-
other advantage is that hydrodynamic extrusion may be applied on an
assembly of cells for parallel measurements since no force transducer is
needed.

The Stokes friction on a RBC is given by
f=6mn(U —L)RK’, (1)

where 17 = 10> Pa s is the outer medium viscosity, U the flow velocity, L
the velocity of the cell, R its larger radius, and K" a form factor. By taking 67
as a prefactor in Eq. 1, the cell is considered as a rigid body, as it has been
shown successful in the case of giant vesicles (14—16): there is no global
fluid recirculation inside the cell since the fluid membrane has a shell-like
structure. Unless preswollen, the RBC is assumed to shape as an oblate
revolution ellipsoid with a large radius R = 4 um, a small radius » = 1 um =
R/B, and the form factor given by (34)
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We find K’ ~ 0.7. This means that compared with a spherical object of
radius R, the Stokes friction force on a RBC is 30% lower.

Additionally, as we will see below, the extrusion velocity L is much
smaller than the flow velocity U, so that the friction force is only determined
by U.

Microneedles were made from glass rods using a horizontal laser pipette
puller (model No. P-2000, Sutter Instrument, Novato, CA) and by breaking
off the tips with a microforge at the desired diameter (1-3 wm). Tips were
immersed in a 0.1% w/v polylysine solution (Sigma Diagnostics, St. Louis,
MO) during a few minutes before use, which allowed the cell to stick on the
needle thanks to nonspecific interactions. The flow chamber was made from
a channel-shaped piece of PDMS sheet (Sylgard 184, Dow Corning, Midland,
MI) between two clean glass cover slides. The channel (section ~150 X 10°
mmz, length ~1 cm) was filled with PBS (300 or 150 mOsm, n = 1073
Pa s). Cells were suspended in a reservoir connected to one end of the chan-
nel, where the microneedle was introduced. The other end of the channel was
connected to a syringe that pumped the liquid at a given velocity, virtually
up to U ~ 2000 wm/s. The practical range of forces explored is f ~ 50-200
pN. All experiments were made at room temperature. Tether extrusion dy-
namics were monitored in transmission microscopy with a CCD camera
(Cohu, San Diego, CA) and recorded with a VCR (Fig. 2). Sequences of
interest were digitized and analyzed using Scion Image Software with home-
made macros.

RESULTS

Extrusion and retraction dynamics on
healthy RBCs

When a sufficient step of flow velocity is applied, the cell
body is carried away by the flow but remains anchored to the
tip of the microneedle by a thin, invisible, membrane tether.
The dynamics of extrusion are shown on Fig. 3 a. After a
short nonsystematic transient regime, the extrusion velocity
is very low, lying between 0.03 and 3 wm/s as a function of
the extrusion force. The extrusion velocity remains constant
until the extraction is arbitrarily stopped to observe the retrac-
tion (or when the anchoring point breaks). The maximum
lengths reached lie at ~80 wm. The RBC retracts to its initial
position, reincorporating the tether with a decreasing veloc-
ity (Fig. 3 b). With an estimation of the tether radius of r, ~
25 nm (20), the tether represents a membrane surface area
lying at ~12 um? This is not negligible compared to an
estimate of the apparent surface area of 140 um? for the
whole cell body (35,36). However, the constant extrusion ve-
locity clearly shows that the hidden membrane reservoir that
provides tether surface is able to stand such tether lengths
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FIGURE 2 Videomicrograph of a tether extrusion from a RBC by hydro-
dynamic flow.
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FIGURE 3 (a) Extrusion dynamics of successive tethers from the same

RBC at a flow velocity 1080 wm/s. Each symbol corresponds to one extru-
sion. After a short nonsystematic transient regime, extrusion velocity is low
and constant. (b) Retraction dynamics of successive tethers from the same
RBC. Each symbol correspond to one retraction.

without any significant increase of membrane tension, which
is radically different from a vesicle under the same condi-
tions: its membrane tension increases with tether-lengthening
up to a stationary length, where the membrane tension bal-
ances the extrusion force (14). The absence of dependence
between extrusion velocity and cell membrane tension was
also observed on pipette-aspirated swollen RBCs, where no
effect of imposed membrane tension could be seen on tether
extrusion dynamics (19).

As many cycles as possible of extrusion-retraction are
successively applied on every cell, up to five in general (Fig.
3 a). Extrusion follows the previous retraction within a sec-
ond, with no time for the cell to rest. Extrusion velocities are
somewhat scattered and the existence of a short transient re-
gime is sometimes observed. Nevertheless, no monotonous
variation of the extrusion velocity is observed through the
successive cycles, meaning no ageing phenomenon at this
timescale.

ATP depletion or inhibition

Same extrusion-retraction cycles are applied on ATP-depleted
(iodoacetamide + inosine treatment) or -inhibited (vanadate
treatment) RBCs. The first extrusion shows no difference
with healthy RBCs: after a nonsystematic transient regime,

Biophysical Journal 93(4) 1369-1379



1372

the extrusion velocity is low and constant. Subsequent ex-
trusion cycles show differences with the healthy RBC case.
Extrusion follows two distinct steps:

1. Up to a length L,: the RBC is rapidly carried away by the
flow, showing weak resistance to membrane extrusion. Be-
yond L,, the tether growth velocity slows down to reach
the stationary value of the previous extrusion cycle (Fig.
4 a).

2. Tether retraction often drastically slows down before
complete tether reincorporation (Fig. 4 ). Then, the cell
body either slowly recovers its initial position, remains in
its actual position or derives in the channel, apparently
detached from its anchoring point.

The two-step extrusion behavior is a remarkable difference
from healthy RBCs. The transition length L, for the cycle n is
plotted as a function of the maximum length L., reached at
the previous extrusion cycle n — 1 in Fig. 5. In comparison,
the length L, for healthy RBCs, as defined by the beginning
of the constant extrusion velocity regime after the short tran-
sient regime (when observed), is plotted as a function of the
maximum length L., of the previous tether. For ATP-
depleted or -inhibited cells, we observe a strong correlation
between L; and L. and they are nearly equal (L; >~ Lax)-
On the other hand, for healthy cells, L; and L., are not, or
very weakly, correlated and L, remains small. In other words,
the membrane surface that is seen to be strongly affected by
ATP depletion or inhibition, and does not rebind to the cy-
toskeleton, corresponds to the surface that has been pulled
out by previous extrusion. In contrast, for healthy cells, the
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FIGURE 4 (a) Successive tether extrusion dynamics from the same ATP-
depleted RBC at a flow velocity 900 um/s. Resistance to tether extrusion is
progressively lost, as characterized by the increase of L, from one cycle to
the next one. (b) Retraction dynamics of a tether from the same ATP-
depleted RBC. Retraction slows down before complete reincorporation of
the tether. In rare cases, additional waiting allows the tether to be rein-
corporated very slowly in the cell body.
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FIGURE 5 Correlation between maximum tether length L, at cycle n — 1
and regime transition length L, at cycle n as defined on Fig. 4 a for ATP-
depleted/inhibited RBCs compared to healthy RBCs. Each data point
corresponds to a pair of successive extrusions. In a few cases, the transition
between the two regimes is softer than usual so that the length L, cannot be
defined precisely. In these cases, an error bar is added, representing this
imprecision. ATP-depleted/inhibited data corresponds to 30 extrusion pairs
obtained on 11 different cells and healthy RBCs data corresponds to 17
extrusion pairs obtained on 11 different cells. ATP-depleted/inhibited cells
data are fitted with a dotted line of slope 0.79 = 0.05, healthy cells data are
fitted with a solid line of slope 0.23 = 0.07. These fits mean that L, and L«
are significantly closer to each other but also more correlated for ATP-
depleted/inhibited RBCs than for healthy RBCs.

amount of extruded membrane surface at cycle » — 1 has no
significant influence on the extrusion dynamics of cycle n.

Under ATP depletion or inhibition, retraction is perturbed
so that the tether does not completely reincorporate the cell
body within the typical 5 s observed for healthy cells. Wait-
ing for additional slower reincorporation usually results in
the loss of the cell that detaches from the tether. Thus, es-
timating the effect of the resting time between extrusions on
the possible recovery of healthy dynamics is difficult. In one
case, we were able to wait for complete reincorporation after
20 s but no recovery was observed.

The important features of the extrusion behavior under
ATP depletion or inhibition are that 1), the perturbation of
the dynamics is localized over a delimited surface area of
the membrane; and 2), this surface area is determined by the
mechanical solicitation applied on the cell. For these reasons,
itis unlikely that this behavior is a result of the ATP-dependent
modification of the properties of the membrane fluid com-
ponent only. Indeed, if this was the case, we would expect
that tether extrusion would affect all the membrane, by dif-
fusion, and the subsequent extrusion dynamics would not only
be modified over the previously extruded membrane surface
area. In contrast, the localization of the perturbed surface
implies a nonfluid component of the cell, which is affected



Tether Extrusion from RBCs

by the combination of ATP depletion or inhibition and tether
extrusion, namely the cytoskeleton.

It has been evidenced in earlier works that ATP depletion
or inhibition affects the cytoskeleton and is subsequently
responsible for changes in cytoskeleton and membrane fluc-
tuations (26,28). The molecular target for ATP implied in
these fluctuations is the complex made of short actin fila-
ments, proteins 4.1, and other proteins, located at the nodes
of the spectrin network and linked with the glycoproteins
embedded in the membrane. The mechanism proposed to
account for the ATP-dependent fluctuations of the cytoskel-
eton and the membrane is the dynamical association and
dissociation of these transient nodes (29).

Evidence for unbinding of integral proteins from the cyto-
skeleton have also been shown in mechanically deformed
cells: sickled RBCs (37) and RBC vesiculation (38). Here,
we show that ATP is necessary for the recovery of RBCs
mechanical properties after tether extrusion. This suggests
that MTE is a way to probe integral proteins unbinding dy-
namics. The way ATP metabolism perturbation affects the
extrusion dynamics will be discussed in the light of an en-
hanced model for tether extrusion.

Extrusion velocity-extrusion force relation

Extrusion velocity L is plotted as a function of extrusion
force f in Fig. 6. Extrusion force and velocity ranges are the
same for healthy, preswollen or ATP-depleted RBCs (as
measured after L,).

As previously observed before (20), there is an important
scattering for data obtained among the whole population of
probed cells. Hidden by this scattering, a nonlinear depen-
dence of extrusion velocity as a function of extrusion force
is, however, evidenced by increasing the extrusion force step
by step on a single tether, as shown in Fig. 7. This nonlinear
behavior has already been evidenced on neutrophils on large
velocity-force ranges (40) but is not described by Hochmuth’s
prevalent model for tether extrusion (11). We have previ-
ously proposed a generalization of Hochmuth’s model for
large velocity-force ranges by taking into account the thin-
ning of the tether due to the increase of membrane tension
induced by membrane-cytoskeleton friction (32). This model
takes into account the dynamic features of membrane-
cytoskeleton nodes association. In the next section, we first
remind the main results of our previous model. Then, we
discuss the high extrusion velocity regime where the forced
dissociation of cytoskeletal nodes from the membrane is ex-
pected to occur.

THEORETICAL BACKGROUND
Statics of tether extrusion

Let us consider a fluid membrane of bending modulus k and
tension o, attached to the underlying cytoskeleton with a
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FIGURE 6 Tether extrusion velocity as a function of extrusion force.
(Solid circles) Healthy RBCs (73 extrusions on 44 cells); (open circles) ATP-
depleted RBCs (55 extrusions on 25 cells); and (solid squares) osmotically
swollen RBCs (five extrusions on three cells).

static adhesion energy per unit area W,. We first recall the
main features of the thermodynamic limit of tether extrusion
at a velocity L = 0.

The energy F of a membrane tether of length L and radius
1, detached from the underlying cytoskeleton is

TK
F=—L+2mroL + 2arW,L. 3)

Iy
The first term is the curvature energy when the initially
quasi-planar membrane is curved into the tether, the second
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FIGURE 7 Extrusion dynamics with increasing steps of extrusion force

on a single cell. (/nset) Tether extrusion velocity as a function of extrusion
force. A nonlinear behavior is evidenced.
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term represents the excess surface energy to increase the
tether length, and the third term takes into account the static
membrane-cytoskeleton adhesion energy W,. Here is ne-
glected the compression of the cytoskeleton due to the loss of
cell-body membrane. The compression of the cytoskeleton
would scale as a tension in Eq. 3 that would increase as a
function of tether length. However, as shown by the exper-
imental results, extrusion velocity is constant in the range
of explored tether lengths, whereas an increase of membrane
tension due to cytoskeleton compression would lead to a de-
crease in extrusion velocity as the tether grows. The reason is
that RBCs have a large excess of membrane area and that
cytoskeleton detaches from the membrane when the tether is
extruded. Though tether growth can consume up to 10% of
membrane surface, the cytoskeleton is not compressed by
10%. This would require very long tethers to significantly com-
press the spectrin cytoskeleton. In contrast, the elasticity of
the cytoskeleton may be assayed by cell suction into a mi-
cropipette (39). In that case, both membrane and cytoskel-
eton are aspirated within the pipette, which directly implies
extension of the cytoskeleton.

F is a function of the length and the radius of the tether. If
we choose as independent parameters its length L and vol-
ume Q) = 7r2L, we can write

dF = fydL — pdQ). 4
The force f = (OF/OL)q derived from Eq. 3 is

_ 37k
T 2n

fo +ar(o+ W) (&)

The effective membrane tension in the tether is then o, =
o+ Wo.

The pressure in the tether p = — (OF/0€));, derived from
Eq. 3 is

P=—"—73 (6)

To eliminate r,, we assume fast equilibrium between the La-
place pressure in the cell body: pyoqy = 20/R and the pressure
p in the tether. Since pyoqy >~ 0, Eq. 6 leads to the classical
expression for the tether radius (11,41,42):

« \ 2

Finally, from Eqgs. 5 and 7, one finds

o = 2m(2k(o+ W) ? = 2T @)

Tt
This expression, established in Hochmuth et al. (11), is cur-
rently used to extract the static adhesion energy Wi,
Dynamics of tether extrusion

Let us consider a membrane in which are embedded integral
proteins dynamically bound to the underlying cytoskeleton
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of mesh size €. The surface density of bound integral proteins
is v ~ &7 (Fig. 1).

When a tether is formed at a constant velocity L, the work
of extrusion includes curvature energy, surface energy, and
static adhesion energy as well as viscous losses. At low ve-
locity, the dissipation is entirely controlled by the membrane
flow through the unperturbed integral proteins (32). At high
velocity, we show here that the membrane flow toward the
tether exhibits two regimes of viscous dissipation, pictured in
Fig. 8:

1. Distal permeation regime. Far from the tether, the mem-
brane velocity is low. The lipids flow through the integral
protein network.

2. Proximal sliding regime. Near the tether, the velocity be-
comes large and integral proteins can be torn out from the
cytoskeleton by the membrane flow.

Distal permeation regime

Due to the lipid conservation, the velocity of the fluid mem-
brane at a radial distance  from the tether axis is i = Lr/r.
The bilayer permeates through the integral protein network,
also dragging a thin sheet of cytosol through the underlying
cytoskeleton. The friction force of the membrane flow per
unit area in a two-dimensional network is given by the Darcy
law f, = vm, 7, where 1, (Pa's m) is a surface viscosity taking
into account both pure bilayer and underlying cytosol flows
contributions (32).

~

FIGURE 8 Schematic view of tether extrusion from a cell membrane: the
lipid bilayer flows from the cell body toward the tether. Length and velocity
scales are detailed in the text.
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The corresponding dissipation occurs over a surface de-
limited by the size of the cell R and a critical radial distance
r. where L. =nrl /rc is the critical radial velocity of the fluid
membrane below which the permeation regime applies, as
discussed in the next section:

Ao, = — / v dr = V”r)erll; lan. 9)
R c

Note that this expression is similar to the one derived by
Hochmuth (11) where the viscous drag between the mem-
brane and the cytoskeleton was characterized by a friction
coefficient called slip-viscosity 7. (Pa s/m). Here, the mem-
brane viscosity 7, is simply related to ms. by 1. = vne
and allows us to emphasize on the density of membrane-
cytoskeleton links.

Distal/proximal regimes crossover

As shown by Evans (43), the most probable rupture force ¢
for an individual molecular bond is related to its dissociation
velocity i as ¢ = kgT /aln(i-/V}), where @ ~ 1 nm is the
maximal bond length beyond which the complex dissociates,
and V| =V, exp(— B/(kgT)) is the dissociation velocity under
no load. With B ~ 20 kgT as a standard activation energy and
Vo ~ 10 m/s as a typical thermal velocity, we obtain V| ~
0.01 wm/s.

The friction force per integral protein f,/v increases lin-
early with the membrane flow velocity 7, whereas the tearout
force ¢ increases as In 7. Because the friction force is applied
over the whole cell surface by the membrane flow, where the
stochastic process of single bond association-dissociation is
averaged on an large assembly of nodes, we can derive a
force threshold ¢, at which the mean rupture force equals the
friction force:

¢, = nL. = kol Le. (10)
a Vi

This defines the critical extrusion velocity L. and the cor-
responding radial distance r.. Below L., the integral proteins
are globally seen by the flowing membrane to be immo-
bilized with the cytoskeleton; in other words, membrane-
cytoskeleton bonds dissociation and association rates, ko
and ko, are unperturbed by the flow. Above L., the dis-
sociation rate is imposed by the membrane flow velocity,
k_, = i"/zo>kofr, Where zy is the working distance of the
pulling force.

Proximal sliding regime

For L>LC, over a membrane surface delimited by r, and r,
the tension gradient is deduced from the energy loss per unit
time and area TS = vk_, ¢z,, which is the product of the
work of the tearout force and the dissociation rate. It leads to
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do,
o —vo. 11

Note that do,/dr < do,/dr as soon as i > L.. The increase
of membrane tension between r; and r. is

re keT (L L L
Ao;z—/vd)dr:VB—r[ “1+m=)-(1+In—)),
It a Lc V] Vl

(12)

which can be approximated by
L
Ao, ~ v 1, (L — 1>, (13)

where ¢, is given by Eq. 10.

Membrane peeling

At the cell-tether neck, the integral proteins are torn out
from the cytoskeleton by a force ¢(L) and carried into the
tether with the membrane. This gives rise to a final peeling
work:

: ksT . L
Wy = vop(L)z, = vz, ——In—. (14)
a V]

General expression of the extrusion force
The general expression for the tension in the tether is
0'(:0'+W0+AUP+A0'S+WC|. (15)

Let us estimate the contributions of Ao and Wj.
According to Eq. 10, we have

Ao, L. 1
Ao, (1 B Z) In(R/r.) (16)

Equation 16 shows that the two contributions are compara-
ble, but since R >> r., Ag is smaller than Ag, (by a factor of
~5). It shows that sliding is less dissipative than permeation.

At high velocities, the contribution of the peeling work
W(L)~InL is negligible compared to Ag;,~L. According to
Eq. 14, we have

We _m¢) 1
Ao, rf(L)In(R/r.)

a7

For rigid bonds, z, ~ a~1 nm. This shows that the peeling
work is negligible in this case, since z,, < r and, by definition
of L, ¢(L)<f,(L). For soft bonds, the peeling work may be
dominant if z, > r (see Appendix for details).

Consequently, even if integral proteins slide with the mem-
brane against the cytoskeleton within the surface delimited
by r, the permeation between R and r still governs the dy-
namics of tether extrusion (Fig. 8). The sliding regime only
affects the dynamics by reducing the permeation area.

Biophysical Journal 93(4) 1369-1379
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Then, the extrusion force rewrites as

f=

3

;K—I-ﬂ'r[(a'-i—Wo—l—Aa'p). (18)
Ty

Additionally, the increase of tension induces a thinning of

the tether radius, according to Eq. 7:

« 1/2

Then, the general expression for the dynamic extrusion
force is

= = (2n)’2’vn,Lin §, (20)
where fj is the static extrusion force (Eq. 8). Along with the
knowledge of structural parameters of membrane and cyto-
skeleton such as the bending modulus k and the density of
binders v, this allows for the estimation of the surface vis-
cosity 7., the static extrusion force f;, and subsequently the
static membrane-cytoskeleton energy W, from L(f) data
sets.

In the limit where the extrusion force f is significantly
higher than the static force f, Eq. 20 rewrites as

f ~2m(2’vn LiIn(R/r.))"". (21)

As discussed in our previous work (32), we find a simple
power law that describes tether extrusion on various cell
types over a wide range of tether extrusion velocities. Ad-
ditionally, we show here that extrusion dynamics are not
modified by the proximal sliding regime.

ANALYSIS AND DISCUSSION

For the RBC, we know the values for the bending modulus
Kk =50 kgT =2 X 107" J (44). The density of cytoskeleton
nodes lies at v ~ 5 X IOZp,m_Z. We take In(R/r.) ~ 5 as an
estimate of the logarithmic factor. Fig. 9 represents L(f)
experimental data, in log scale from all RBCs and in linear

Borghi and Brochard-Wyart

scale from four individual cells upon which increasing ve-
locity steps extrusion was carried out. Data are fitted with Eq.
21 or Eq. 20 with f; = 25 pN. The values for the floating
parameter 7, are reported in Table 1.

As shown by the similar values of 7). with both fits, the
data do not deviate far enough from the power law to allow
the precise determination of f;. It is thus inappropriate to ex-
trapolate the dynamic measurements L(f) to infer the static
force f, and subsequently, the adhesion energy W,. Never-
theless, the static force f, may be determined by static extru-
sion experiments with micropipette-tweezer apparatus (20,45).
Here, we have chosen the value f; = 25 pN determined for
unswollen RBCs (45). However, choosing fy = 50 pN, as
determined for swollen RBCs (20), would not have signif-
icantly changed the value of 7.

The L(f ) data are somewhat scattered, as are the values for
M., nevertheless, data obtained on single cells (RBCs 1-4)
show two important features:

1. The power law is valid for each cell, which means that,
regardless of the values for the physical parameters of the
model, the permeation model holds and the extrusion mech-
anism is the same.

2. However, the scatter between cells means that the phys-
ical parameters involved in the permeation, namely the
density of binders v, the surface viscosity 7., and the bend-
ing modulus «, are likely to vary from one cell to another.

The origin of these variations may be due to cell age and
history, which are known for RBCs to alter their mechanical
properties (46).

From the membrane viscosity, it is possible now to esti-
mate with Eq. 10 the critical velocity L. above which bonds
are torn out by the flow: the values are reported in Table 1.
It appears that usual extrusion velocities spread above this
threshold, thus integral proteins are very likely to be torn out
by the membrane flow near the tether.

The L(f) data obtained on ATP depleted or inhibited cells
for the first extrusion or above the transition length L, are not
significantly different from those obtained on healthy cells

L (um/s) 307} (umys)
P
2.5 A
13"; RBC2
[ 204 RBCA FIGURE 9 4 Membrane permeation model
5 versus experiments. (Leff) Log plot of L — f
41 data for all RBCs. (In black) Four individ-
] 1.5 ual RBCs shown on the right. Data are fitted
29 with Eq. 21 (solid line) or Eq. 20 with fy =
1.0 4 RBC1 25 pN (dotted line). (Right) Linear plot of
0.1_ L — f for four individual RBCs. Data are
87 os fitted with Eq. 20 with fy = 25 pN.
] ] RBC3
44 L”!/l/-
5 004 f(pN)

60
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TABLE 1 Surface viscosities Ne and critical velocities Lc
obtained from the experimental L — f data with the tether
extrusion model dominated by the permeation regime

Eq. 21 Eq. 20 with f, = 25 pN
Cell 7e X 10° (Pa s m) 7e X 10° (Pa s m) Le (um/s)
RBC1 23 * 0.1 22 * 0.1 0.8
RBC2 19 =02 1.8 = 0.1 1
RBC3 11.6 + 1 115 0.1
RBC4 1.1 = 0.02 1.02 + 0.02 2
all 48 + 04 48 + 04 0.3

(Fig. 6). Thus, the mechanical parameters of freshly extruded
membrane are not affected by ATP metabolism perturbation.
In the light of our model, this means that the bending mod-
ulus «, the density of bound nodes v, and the surface viscosity
7M. are not significantly different with or without intracellular
ATP. This is consistent with earlier observations on RBCs’
membrane mechanics (23,30,31).

Nevertheless, ATP depletion or inhibition affects extru-
sion and retraction by preventing complete retraction and fa-
cilitating subsequent extrusion (Fig. 4). In other words, a lack
of ATP locally perturbs the exchange of membrane between
the cell body and the tether. Since the fluid bilayer properties
are not significantly different with or without ATP, the cyto-
skeleton is expected to play a key role. In particular, ATP
inhibition by vanadate affects predominantly its ATPase ac-
tivity, which is a property of the actin of the nodes, and to a
lesser extent the phosphorylation of membrane and cyto-
skeleton (28). Additionally, actin ATPase activity has been
proposed to rule the cytoskeletal nodes dissociation to ex-
plain the effects of ATP depletion and inhibition on RBCs
membrane fluctuations (29).

We propose the following mechanism for extrusion: in
healthy conditions, integral proteins continuously unbind and
rebind onto the cytoskeleton. The unbinding rate is k¢ within
the permeation zone and k_, within the sliding zone. The
binding rate is in any case k,,, larger than the unbinding rate.
The extrusion dynamics are governed by the permeation re-
gime, which is more dissipative than the sliding regime. Dur-
ing retraction, ATP-dependent cytoskeletal node dynamics
makes them available for rebinding onto the free membrane
proteins from the tether. The association of free integral pro-
teins and cytoskeletal nodes is the force that drives tether
retraction, at least partially. Rebinding is energetically favor-
able but has to be catalyzed by ATP-dependent processes
that dissociate existing nodes. After an extrusion-retraction
cycle, the cytoskeletal rearrangement allows the cell to re-
cover a similar state as before and extrusion is reproducible.

Under ATP inhibition or depletion, experimental results
suggest that cytoskeletal node dynamics are frozen. In agree-
ment with previous work (29), we propose that the lack of
ATP keeps the bond proteins in a structural state where the
barrier energy for dissociation B is high. Subsequently, their
association and dissociation rates are decreased, though the
ratio kon/kofr remains constant. With or without ATP, the
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overall amount of effective links between the membrane and
the cytoskeleton v remains unchanged; thus, ATP depletion
or inhibition has no influence on the first extrusion, which is
governed by lipid permeation through the integral proteins.
In contrast, once the tether extruded, frozen links are not able
to unbind and rebind fast enough for the cytoskeleton to re-
organize and to absorb the free membrane surface coming
back from the tether. There is no driving force for tether
retraction but a residual contribution probably due to mem-
brane tension, which only allows for partial retraction. This
results in an unbound membrane reservoir, the size of which
depends upon the length of extruded tether. Subsequent ex-
trusion first draws membrane from this reservoir until it is
empty, then additional membrane is provided by permeation
through the immobilized integral proteins. Consequently, ex-
trusion is facilitated over the length previously extracted, as
shown on Figs. 4 and 5, and then driven again by permeation
as in the healthy case.

Eventually, this suggests an explanation for the fast and
short transient regime observed at the beginning of extru-
sion for healthy RBCs: this may be seen as the signature of
a residual and transient cytoskeleton-unbound membrane
reservoir.

Further experiments may be addressed to confirm the role
of actin ATPase and node dissociation on tether extrusion
and retraction dynamics. The DNase I is known to inhibit the
ATPase activity by binding on the pointed end of the actin,
which is also connected to protein 4.1 (28). However, DNase
I does not permeate through membranes. Inhibitor penetra-
tion requires the use of RBCs’ ghosts, which in turn may
affect other membrane properties and change tether extru-
sion dynamics.

CONCLUSION

We have extruded membrane tethers from healthy and ATP-
depleted or -inhibited RBCs. We find that their behavior is
identical for the extrusion of the first tether. The nonlinear
relationship between the extrusion force and the extrusion
velocity is interpreted by a model taking into account the
thinning of the tether radius due to membrane permeation
through integral proteins bound to the cytoskeleton. We also
show that the membrane flow can tear out integral proteins
from the cytoskeleton near the tether neck, although this does
not affect the dynamics.

Additional extrusions on the same cell exhibit drastic
differences between healthy and ATP-depleted or -inhibited
RBCs. For healthy cells, the extruded membrane reincor-
porates in the cell body, which is followed by reproduc-
ible extrusion-retraction cycles, whereas for ATP-depleted
or -inhibited cells, the extruded membrane is not able to
reincorporate properly, which is followed by faster extrusion
over the previously extruded tether length.

It is known that integral proteins-cytoskeleton association
and dissociation dynamics are ATP-dependent; we now bring

Biophysical Journal 93(4) 1369-1379
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FIGURE 10 Soft bond unbinding model
versus experiments. (Leff) Log plot of L, — f
data for all RBCs. (In black) Four individ-
ual RBCs shown on the right. Data are fitted
with Eq. 25 with f = 0 (dotted line) or fo, =
25 pN (solid line). (Right) Linear plot of
L —f for four individual RBCs. Data are
fitted with Eq. 25 with fy = 25 pN.
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experimental evidence of the need of functional cytoskeletal
rearrangements for RBC mechanical properties recovery
after tether extrusion. We propose that membrane-tether
extrusion and retraction from RBCs in physiological condi-
tions are accompanied by the unbinding and rebinding of the
integral proteins, whereas under ATP depletion or inhibition
conditions, cytoskeletal nodes are frozen and cytoskeleton
rearrangement drastically reduced.

This shows that even for the simplest cell, membrane phys-
ical properties that are often considered as passive are actually
controlled by the cell metabolism. Other common eukaryotic
cells are even more complex than RBCs, thus their mem-
brane properties are even more likely to be actively con-
trolled. Preliminary experiments on a fibroblast cell line have
shown that extrusion velocity, and subsequently membrane-
cytoskeleton adhesion, depends on the time interval between
successive extrusions.

APPENDIX: FLEXIBLE BONDS

We may consider the membrane-cytoskeleton bonds to be flexible or the
local stretching of the cytoskeleton network near the tether to contribute to
the membrane peeling. In both cases, the tearout force of a single bond is
exerted over a length z, which is, in the limit of linear response, proportional
to the force z, = ¢/kg, where Ky is a spring constant. The peeling work then
rewrites as

Wd = Vd)Zb = K_<— ln_> . (22)

TABLE 2 Cytoskeleton spring constant «; and regime
threshold parameter (Wy/Aop)max Obtained from the
experimental L — f data with the tether extrusion model
assuming flexible bonds between membrane and cytoskeleton

Cell ke X 10% (N/m) (Wa/AOp)max
RBCl 25+ 0.1 0.69
RBC2 2.46 * 0.03 0.63
RBC3 1.0 £ 0.1 1.11
RBC4 3.8 02 0.62
all 13 +0.1 0.85
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If we consider that Wy > Aoy, the extrusion force and the tether radius
rewrite as

3
fz%-i-ﬂ'rl((r-l-WO-l—Wd), (23)
Iy
12
K
~ ] . 24
& (2(0’ T W, + Wd)> @9
The extrusion force depends on the extrusion velocity as
-2

> 2 2 2KbV kBT L
—fi~Q2r) —| —In—]) . 25
T e o ©5)

Fig. 10 represents L(f) data points fitted with Eq. 22, V; = 0.01 wm/s and
‘o = 0 or fo = 25 pN. The floating parameter k¢ for fo = 25 pN is given in
Table 2.

Is the inequality Wa/Aor, > 1 satisfied? We rewrite Eq. 17, replacing Wy
by Eq. 22, the radius r, by Eq. 24 and since we do not know the factor 7, in
Ao, we use the relation given by Eq. 10. We get

W_(z)/<”> L W'd/v) L
Ao,  \«kik a ) In(R/r.) L In(L/Vy)

(26)

Since we are in the peeling regime, L>L. and the L. -dependent factor is
maximized for Lmin, the smallest experimental value of L. We also take the
maximum value for the L -dependent factor. With these values and the value
of k¢ deduced from the fit of data by Eq. 25, we get an upper estimation for
Wa4/Ao,, given in Table 2. The above-mentioned hypothesis is not fulfilled in
most cases, and even for RBC3, we get a ratio close to 1 whereas the
hypothesis is Wy/Ao, > 1. Thus, even if bonds are soft, they do not play a
significant role in extrusion dynamics for RBCs. The values of k¢ given
above are very approximative although the order of magnitude is reasonable
compared to the spring constant of a spectrin filament.

Nevertheless, this analysis may provide an alternative model for tether
extrusion dynamics on other systems. In such a case, this would allow the
estimation of the cytoskeleton elasticity and the activation energy of a
membrane-cytoskeleton link.
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