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ABSTRACT We present investigations on volume regulation and beading shape transitions in PC12 neurites, conducted using
a flow-chamber technique. By disrupting the cell cytoskeleton with specific drugs, we investigate the role of its individual compo-
nents in the volume regulation response. We find that microtubule disruption increases both swelling rate and maximum volume
attained, but does not affect the ability of the neurite to recover its initial volume. In addition, investigation of axonal beading—also
known as pearling instability—provides additional clues on themechanical state of the neurite.We conclude that volume recovery
is driven by passive diffusion of osmolites, and propose that the initial swelling phase is mechanically slowed down by microtu-
bules. Our experiments provide a framework to investigate the role of cytoskeletal mechanics in volume homeostasis.
INTRODUCTION
The ability of living cells to regulate their volume is a ubiqui-
tous homeostatic feature in biology (1,2). Because water
readily permeates through the cellular membrane, alterations
in extracellular osmolarity can change the concentration of
all cytoskeletal components with severe consequences for
metabolism. Not surprisingly, one finds several mechanisms
involved involume regulation. In particular,many eukaryotic
cell types display a short-term volume regulation response to
sudden alterations in external osmolarity—the so-called
regulatory volume decrease (RVD) and regulatory volume
increase (RVI) (2,3). It is generally accepted that these
require the passive diffusion of ions and hydrostatic pressure
is assumed to be negligible (2–4), with the argument that they
would make the membrane burst (1). However, though the
maximal pressures sustained by lipid bilayers are very low,
the cell membrane is connected to the cytoskeleton, with
the biopolymer gel spanning across the cell interior (5–7).

Because the cytoskeleton is viscoelastic and contractile (8–
11) (also in PC12 neurites (12)), it may provide a mechanical
memoryof the initial state aswell as a driving force for volume
relaxation (13–20). Though it has been argued that the cyto-
skeleton is too weak—typical shear moduli are up to 10 kPa
(8,10)—to sustain osmotic pressures (up to approximately
MPa) (7), neurons under hypoosmotic shock sustain strong
pressures for several hours (21) and swelling of erythrocytes
increases and approach perfect osmometer behavior after
disruption of the spectrin-actin cytoskeleton (22). Moreover,
the bulk elastic modulus—which is more relevant than the
shear modulus upon volume change—is expected to be 1–2
orders-of-magnitude higher (23). In addition, volume changes
may also modify cell elasticity, as observed for hyperosmotic
shocks (24). Apart from mechanical effects, biochemical
interactions between actin filaments and ion channels may
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couple strain of the actin cortex to changes in channel activity
(2,25). The fact that the actin cortex is disrupted when hypo-
osmotic swelling begins (26,27) seems to be due to an influx
ofCa2þ (28) throughmechanosensitive ion channels activated
by membrane stretching (29,30). Microtubules, too, can play
a signaling role, and are known to regulate acto-myosin
contractility (31). To clarify the role of the cytoskeleton in
volume regulation, onemustdiscern betweenpuremechanical
and mechanosensing responses—a difficult task requiring
direct measurements of membrane tension.

In this work, we study volume regulation in PC12 neurites,
axonlike cylindrical protrusions extended by PC12 cells
(32,33). Their simple cylindrical geometry and low amount
of invaginated membrane allows better volume and area
calculations from images. They also have a well-defined,
highly organized cytoskeletal structure similar to that of
axons. It has been shown that PC12 neurites as well as axons
are viscoelastic and respond to external stretching forces via
a relaxation process with a characteristic timescale (12).
Moreover, an exceptional feature of axons andneurites is their
ability to undergo sudden shape transformations in response
to an applied mechanical tension (20,34,35), an instability
known as ‘‘axonal beading’’ to biologists and ‘‘pearling insta-
bility’’ to physicists. In what follows, we discuss experiments
aimed at investigating the role played by membrane tension
and cytoskeleton in shape transformations and volume
regulation in neurites exposed to sudden osmotic perturba-
tions. We also introduce a mathematical model combining
volume-dependent permeabilities and viscoelastic forces.
EXPERIMENTAL SETUP AND METHODS

Flow chamber

The experiments have been carried out using a flow-chamber technique. A

schematic of the setup is shown in Fig. 1. A stainless-steel block and two

coverslips are used to form a 10 � 5 � 1 mm chamber. Cells adhere on

the bottom coverslip. One duct of the chamber is connected to a peristaltic
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FIGURE 1 Schematic diagram of the flow-chamber setup.
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pump to generate flow rates, in the range of 2–4 ml/s. Switching of media

using the valve reaches 90% of its final value in ~10 s, as verified using

an absorbing dye. The chamber, the valve, and the stainless-steel tubes

are embedded in an aluminum block with controlled temperature. A

constant flow of prewarmed medium is maintained throughout an

experiment.
Cell culture

PC12 cells are from the German Collection of Microorganisms and Cell

Lines (36). They are plated on collagen-coated slides and cultured in

RPMI-1640 medium (Gibco, Billings, MT) with 10% fetal bovine serum

and 5% horse serum in presence of nerve growth factor (Sigma-Aldrich

Chemie, Munich, Germany) for 4–5 days (37). Such young neurites are

known not to have intermediate filaments (33).
Experimental procedure

Before an experiment, the slide with the adherent cells is transferred to the

flow-chamber. Cells are allowed to stabilize for ~5 min in normal medium

with 25 mM HEPES buffer. Experiments are performed by switching from

the normal medium to medium diluted with deionized water or vice versa.

The cell response is observed with an Axiovert 135 microscope (Carl Zeiss,

Jena, Germany) configured for phase-contrast imaging.
Image analysis

The volume and area of the neurites are analyzed from the recordings using

a home-developed edge-detection program. Edge-pixels are recognized

along the neurite by detecting the local maxima in the gradient of intensity

across the neurite. After edge detection, the neurite volume and surface area

are computed assuming axial symmetry for the neurite shape. Axial

symmetry is verified by comparing the two detected boundaries of several

neurites and is found to be a good approximation for straight neurites which

are attached only at the two extremities. Only such neurites were selected

for the experiments.
FIGURE 2 (A) Swelling and recovery after a hypoosmotic shockperformed

at time t¼ 0. Normalized volume V/V0 as a function of time at 36�C. Symbols

indicate mean values over several experiments and error bars correspond to

mean5 SE. The respective dilutions are C ¼ 0.5 (solid circles, n ¼ 6), C ¼
0.7 (open squares, n ¼ 7), and C ¼ 0.8 (open diamonds, n ¼ 4). (B) The full

observed response when the neurite is subjected to a hypoosmotic shock and

a subsequent hyperosmotic shock, at times indicated in the figure. Such cycles

can be repeated up to five times in a given neurite before the ends detach.
Drug-induced cytoskeletal perturbation

A complication in these experiments arises due to the neurites becoming

fragile or losing their cylindrical geometry on cytoskeletal perturbation.

This precluded experimentswith the actin-disrupting drugLatrunculin,which

induces detachment of the growth cone. In the case of the microtubule-dis-

rupting drugNocodazole (NOC) (38), which induces shape irregularities after

~10 min exposure, we let the drug act for 5 min before performing the

hypoosmotic shock. NOC concentration was 10 mg/mL throughout. In

contrast, themyosin blocking drugBlebbistatin (39) did not significantly alter

neurite shape. Thus, to ensure its effect, we incubated neurites at 37� for 1 h at
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a high concentration (50 mM) before transferring them to the experiment

chamber and performing the experiment at a lower concentration of 20 mM.
EXPERIMENTAL RESULTS

Volume dynamics

We begin all experiments with a hypoosmotic shock imposed
by switching from normal medium with a solute concentra-
tionC0¼ 300mMto a lower external valueCe (the continuous
flow ensures constant external concentration at all times). For
an intuitive measure of the shock strength, we will normalize
the external osmolarity by its initial value anddenote it byC¼
Ce/C0. Fig. 2 shows typical responses for three different
values of C at 36�C. For mild shocks (C ¼ 0.8, C ¼ 0.7),
the volume increases at a roughly constant rate _V0 initially
until it reaches a maximum value Vmax. Subsequently, the
volume recovers almost back to V0 with a typical regulatory
volume decrease response (RVD). The volume recovery is
roughly exponential with a characteristic time t, which is
independent of neurite length. For strong shocks, C ¼ 0.5,
the recovery is faster and there is often an undershoot, where
the volume goes below its initial value.

Once the volume stabilizes to the lower external osmo-
larityCe (within ~10min), we perform a hyperosmotic shock
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by switching back to normal medium with concentration C0.
The neurite shrinks, reaches a minimum volume Vmin, and
then comes back to its initial volume in an RVI response as
shown in Fig. 2 B.
Nonlinear swelling response

Fig. 3 A shows the initial rate of change of volume divided
by the initial area, _V0=A0, as a function of the initial osmotic
pressure difference

DP0 ¼ RTC0ð1� CÞ:
Assuming zero hydrostatic pressure and neglecting changes
in internal osmolarity gives the following expression for the
initial swelling rate,

_V0 ¼ A0LpDP0; (1)

where Lp is the hydraulic permeability. From the average _V0

value at C ¼ 0.7, we obtain an osmotic permeability

Pf ¼ RTdWLpx1:4 mm=s

(where dW is the molar density of water), which is approxi-
mately two orders-of-magnitude lower than the literature
values for lipidic membranes and most biological cells
FIGURE 3 (A) Initial swelling speed _V0=A0 as a function of the initial

osmotic pressure difference DP0. (Shaded region) Guide to the eye. Note

the nonlinear response to strong hypo- as well as hyperosmotic shocks. (B)

Maximum change in relative volume VM/V0 as a function of the inverse

external concentration 1/C (here VM stands for Vmax or Vmin, as the case

may be). (Shaded region) Guide to the eye. The lines correspond to perfect

osmometerswith dead volumeVdead¼ 0.25V0 (dashed) andVdead¼ 0 (solid).
(1,40–42) even after blockage of water channels (43). More-
over, as can be seen from Fig. 3 A, the expected linear
dependence is contradicted by the strong nonlinear response
observed for both hypo- and hyperosmotic shocks.

We now turn to the maximum (minimum) volume attained
in a hypoosmotic (hyperosmotic) shock. The maximum
(minimum) volume Vmax (Vmin) is to a good approximation
proportional to the initial volume V0 (data not shown (44)).
Thus, we look at the relative maximum volume Vmax/V0 in
order to minimize the effect of neurite diameter. As shown
in Fig. 3 B, the maximum volume increases nonlinearly
with the initial osmotic pressure difference DP0. The data
is contrasted to the perfect osmometer equation, correspond-
ing to a constant total amount of internal osmolites and zero
hydrostatic pressure,

V0 � Vdead

Vmax � Vdead

¼ C; (2)

where the dead volume Vdead represents nonaqueous internal
volume. Mammalian cells have, on the average, a cytosolic
protein concentration of ~20% (5). According to electron
microscopy studies (33), the noncytosolic volume of PC12
neurite is comprised mostly of microtubules and organelles
and amounts to Vdead ¼ 25% V0. The solid region in Fig. 3
B corresponds to V > V0/C for hypoosmotic shocks and to
V < V0/C for hyperosmotic shocks; penetrating this region
would require work against the osmotic gradient. For mild
shocks, C¼ 0.7 and (hyperosmotic) C% 1.4, neurites swell
as much as perfect osmometers with a dead volume of 25%.
Therefore, any ion leakages or hydrostatic pressures are
negligible during the swelling phase. However, at strong
shocks (hypoosmotic C ¼ 0.5 or hyperosmotic C ¼ 2),
neurites swell significantly less than a perfect osmometer
would. Thus, upon strong osmotic perturbations either ions
leak or a sustained hydrostatic pressure develops.
Volume regulation under cytoskeleton disruption

The axonal cytoskeletonmay be expected to contribute to the
volume response in several ways. As discussed in the Intro-
duction, a mechanical as well as a signaling role is conceiv-
able. To assess the role of individual components of the
cytoskeleton, we treat neurites with the myosin-blocking
drug Blebbistatin (BLE) (39) and the microtubule-disrupting
drug Nocodazole (NOC) (38). Because these are all diluted
in dimethylsulfoxide (DMSO), a compound known to alter
ion channels, we also perform control experiments in
presence of DMSO. Actin disruption using Latrunculin-A
were also attempted. Although low shocks did not show
any clear variation from control, higher shocks (C ¼ 0.5)
were not possible, because neurites tend to detach easily after
treatment.

Fig. 4 A shows mean responses of drug-treated neurites to
hypoosmotic shocks. In presence of NOC, the initial swelling
rate for strong shocks at C ¼ 0.5 increases markedly, but it
Biophysical Journal 99(11) 3571–3579



FIGURE 4 (A) Comparison of different drug treatments. (Symbols) Mean

values over several experiments. (Error bars) Mean5 SE. All experiments

were performed at temperature T ¼ 33�C and dilution C ¼ 0.5. (Squares)

DMSO control (n ¼ 5). (Circles) BLE (n ¼ 7). (Diamonds) NOC (n ¼ 5).

(B) Swelling speed _V0=A0 as a function of the initial osmotic pressure differ-

enceDP0. (Squares) DMSO control (n¼ 5 for C¼ 0.5, n¼ 14 forC¼ 0.7).

(Circles) Blebbistatin (n ¼ 7, n ¼ 13). (Diamonds) Nocodazole (n ¼ 8, n ¼
14). (Shaded region) Guide to the eye, corresponding to the experiments

without drugs shown in Fig. 3 A. Data for all drugs is shown as mean5 SE.

(C) Maximum relative volume VM/V0 as a function of the osmotic pressure

differenceDP in presence of cytoskeleton-disrupting drugs. (Shaded region)

Data without drugs, as in Fig. 3 B.

FIGURE 5 Recovery time as a function of inverse temperature. (Dashed

line) Least-squares fit to an Arrhenius form t f eDG/RT.
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barely changes for C ¼ 0.7 (see Fig. 4 B). With BLE, we
observe a weaker but still significant effect. For both drugs,
the relationship between swelling rate and initial osmotic
pressure difference approaches the naively expected linear
dependence given by Eq. 1. NOC-induced disruption of
microtubules also has a strong effect on themaximumvolume
Vmax attained forC¼ 0.5, as shown in Fig. 4C. Neither BLE-
treatment nor DMSO alone has a significant effect on the
maximum volume. For mild dilutions, C ¼ 0.7, nocodazole
has no effect—consistent with the fact that neurites swell
like a perfect osmometerwith 25%dead volume. Importantly,
Biophysical Journal 99(11) 3571–3579
the cytoskeleton-disrupting drugs do not affect the ability of
the neurite to perform RVD. As can be seen in Fig. 4 A, the
volume fully relaxes back to its initial value.
The effect of temperature: Arrhenius behavior

We now address the influence of temperature in the
dynamics of volume regulation. For simplicity, we describe
the recovery time by fitting single exponentials. As shown in
Fig. 5, lowering the temperature from 35 to 15�C slows
down the volume dynamics by an order of magnitude. The
dashed line is an Arrhenius-like equation

tf1=kfe
DG
RT ;

where k depends on temperature as the rate constant of
a thermally activated process. This yields an activation
energy DG ~ 30 RT, a typical order of magnitude for biolog-
ical processes (45).
Beading

When PC12 neurites or chick dorsal root ganglia neurons are
subjected to strong hypoosmotic shocks, they undergo a shape
transformation (20) (see Fig. 6 and Supplementary Movie),
resembling beading of nerves subjected to stretch injuries
(34,35,46) and traumatic brain injuries (47). The beading
dynamics provides important clues regarding volume
dynamics. It shows that there is a build-up of membrane
tension,which in turn indicates a buildup of Laplace pressure.
Moreover, a critical volume increase for the shape instability
and its large wavelength (20) tells us that the cytoskeleton
must be playing a stabilizing role via its elastic nature. A
simple discussion of the beading mechanism is presented as
Supporting Material.
Tension relaxes before volume

It can be seen in Fig. 7 that beading vanishes while RVD is
still taking place, suggesting that tension may not be neces-
sary for RVD. To confirm this, we combine the hypoosmotic



FIGURE 6 Beading instability induced by a hypoosmotic shock (C ¼
0.5) (see Supplementary Movie). Bar, 10 mm.
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shock with a hydrodynamic measurement of neurite tension.
Under the influence of a flow-induced drag force, the neurite
takes the form of a catenary and elongates until it reaches
a final equilibrium shape in ~1 min. The curvature provides
a measure of the tension in the axon (48).

After a hypoosmotic shock, the neurite shortens until it
becomes almost straight (see Fig. 8). The beading sets in
during this straightening phase and the maximum beading
amplitude occurs when the neurite is straight, revealing
a buildup of tension during the swelling phase. Subsequently,
a relaxation phase sets in where beading and tension
decrease. Importantly, curvature (and thus neurite tension)
relaxes even faster than the shape parameter (Fig. 8). Because
in turn beading vanishes before the volume (Fig. 7), we may
conclude that neurite tension is at its rest value during RVD.
FIGURE 8 Neurite deformations induced by the combined effect of a hy-

poosmotic shock and a constant laminar flow (perpendicular to the neurite).

(A) The temperature is 25�C and the shock strength is C ¼ 0.7. Laminar

flow is started at t¼ 20 s. After the neurite undergoes viscoelastic relaxation

and attains a steady state, a hypoosmotic shock is applied at t ¼ 320 s. As

the neurite swells and beads it also straightens, indicating a buildup of

longitudinal tension. (Straight, dashed lines) For comparison of curvature.

Bar, 10 mm. (B) Measuring shape parameter and curvature as a function of

time shows that curvature (and thus tension) relaxes as quickly as beading.
THEORY

We model volume regulation in neurites by taking into
account both mechanical and osmotic driving forces. For
simplicity, we consider only potassium and chloride, the
most important osmolites inside the cell. Due to electroneu-
trality, the flows of Cl� and Kþ are coupled as _nCl ¼ _nK . Our
variables are the adimensional quantities
FIGURE 7 Swelling-induced beading instability. Relative volume V/V0,

area A/A0 and shape parameter P ¼ ffiffiffiffiffiffiffiffiffiffiffi
V=V0

p
=ðA=A0Þ as a function of

time. Hypoosmotic shock strength is C ¼ 0.5. The instability vanishes

before the volume recovers, as indicated by the shape parameter curve.
V ¼ VðtÞ=V0; (3)

N ¼ nClðtÞ=nClð0Þ: (4)

The flow of water through the membrane (1) is given by

_V ¼ ALpðDP� DpÞ; (5)

where V is the neurite volume, A the neurite area, Lp the
hydraulic permeability, Dp the hydrostatic pressure, and
the osmotic pressure difference is given by

DPxRT
X�

ni=V � cexi
�

in terms of external ci
ex and internal osmolite concentrations

ni/V. The typical relaxation time for the volume increase is

tV ¼ V0=
�
ALpP0

�
;

Biophysical Journal 99(11) 3571–3579



FIGURE 9 (A) Zero pressure model for external osmolarity C ¼ 0.8

(dotted line), C ¼ 0.7 (dashed line), and C ¼ 0.5 (solid line). (B) Adding

nonlinear viscoelasticity as given by Eq. 9 reproduces the trend during

the swelling phase. Compare to Figs. 2 and 7.
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where

P0 ¼ RTC0x700 kPa;

the osmotic pressure of normal medium. Taking 10�14 m
Pa–1 s–1 for the permeability (from Fig. 3 A), we obtain
tV ¼ 50 s.

We model ion movement with a passive Kþ–Cl� cotrans-
port following Hernandez and Cristina (3), neglecting the
effect of ion pumps because these are not relevant for the
short-term RVD response. Chloride flux is given by the
difference in chemical potentials,

_nCl ¼ �ARTG log

�
nClnK
V2

1

C2cexClc
ex
K

�
: (6)

We model the RVD response following the standard
assumption of a volume-dependent ion channels (2). The
permeability G is then zero at the initial volume V0 and
nonzero at a significant departure. The existence of these
channels and their occurrence in most cell types is a well-es-
tablished fact, but the mechanism of volume sensing is not
yet understood. For the purpose of modeling, we treat these
channels as black boxes, which instantaneously respond to
cell volume. We write

GðVÞ ¼ jGjgðVÞ;

with a typical order-of-magnitude jGj and an adimensional
function g(V). For the chloride relaxation time

tCl ¼ V0c
in
Cl=ðARTjGjÞ;

we expect a value of 10–100 s, taking typical values for ion
conductivities (1). The volume-dependent permeability
function g(V) jumps from zero to a finite value at a critical
threshold volume; otherwise, its form is not known, and
different expressions have been used in the literature
(3,17). In our experiments, the critical volume is ~1.2 V0,
as can be seen in Fig. 2. We obtain good results with the
simple expression

g ¼ qðV=1:2ÞV;

where q(.) is the step function.
Finally, assuming external ion concentrations to jump

instantaneously at time t ¼ 0 from ci
ex(0) to Cci

ex(0), the
full system can be written as

_V ¼ 1

tV

�
1 þ 2fðN � 1Þ

V � Dp

P0
� C

�
; (7)

_N ¼ �gðVÞ
tCl

log

�
aN 2 þ ð1� aÞN

bC2V2

�
; (8)
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with the parameters

f ¼ cinCl=C0; a ¼ cinCl=c
in
K ; b ¼ cexClc

ex
K =

�
cinClc

in
K

�
:

We take the following physiological values for the ion
concentrations (1):

cinCl ¼ 80mM; cinK ¼ 150mM; cinNa ¼ 15mM;

cexCl ¼ 80mM; cexK ¼ 6mM; and cexNa ¼ 110mM:

The adimensional constants then become f ¼ 0.25, b x
0.05, and a x 0.5.
Zero pressure model

The standard assumption inmodeling volume regulation is to
set the hydrostatic pressure to zero (3),Dp¼ 0.With this An-
satz we can solve the equations for the volume response V(t).
As shown in Fig. 9, the model reproduces the timescales for
swelling and recovery aswell as themaximumvolume. Inter-
estingly it reproduces the undershoot at C¼ 0.5 (see Fig. 2).
This can be understood as follows. Ion concentration differ-
ences are such that the cell relaxes toward a volume much
smaller than the initial one. As a consequence, when the
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volume reaches its initial value the osmotic difference is not
yet zero. Because the RVD loop closes the ion channel (and
not the volume channel), once the initial volume is
recovered, water keeps flowing out of the cell until it
dissipates the osmotic difference, which results in the under-
shoot. However, the dependence of the swelling rate on
osmotic pressure is clearly off. The model gives a linear
response—a feature intrinsic to any volume-dependent
permeability—whereas experiments show a nonlinear one
(Fig. 3 A).
Viscoelastic model

As shown by our experiments combining hypoosmotic
shocks and drag forces (Fig. 8), neurites develop tension
while swelling. This suggests that the nonlinear response
observed in experiments may come from a nonlinear
mechanical response, a ubiquitous feature of cells with struc-
tured cytoskeleton (49). We therefore assume that the pres-
sure difference Dp is not zero, but depends on the swelling
rate as expected for a viscoelastic element. To reproduce
Fig. 3 A, we assume that neurites swell at zero pressure at
low rates but develop high pressure at rates faster than a crit-
ical value U. This can be written as

Op ¼
�

0 for j _Vj < U
h signð _VÞ ðj _Vj=U� 1Þ for j _Vj > U

; (9)

whereU is themaximal rate of change of volume atwhich the
neurite can swell without tension, corresponding to ~5 �
10�3 s�1 in our experiments, andh is the stress scale, ~2MPa.
As shown in Fig. 9, with this Ansatz the model reproduces

the essentially constant swelling rate observed in experi-
ments. The nonlinear mechanical response slows down both
swelling and recovery. Interestingly, the peculiar triangular
shape of the curves at C¼0.5 is much closer to that of
experiments (compare to Fig. 2).
DISCUSSION

Initial nonlinear response

The initial response of neurites to hypo- as well as hyperos-
motic shocks is a strongly nonlinear function of the external
osmotic pressure. Observation of the shape dynamics shows
that membrane tension increases markedly at the moment
where the nonlinearity arises, hinting at amechanical phenom-
enon. Remarkably, after microtubule disruption, neurites
behave as perfect-osmometers, and the swelling rate increases
linearly with osmotic shock strength. Taking our results
together, we propose that microtubules slow down the initial
volume change by mechanically opposing the osmotic pres-
sure difference. This is not exactly an elastic response but,
rather, a (nonlinear) viscoelastic one, which depends crucially
on the swelling rate. The mechanical response of the neurite,
as described by Eq. 9, seems to be similar to that of adhering
fibroblasts (49,50). At slow strain rates, forces are low; above
a critical strain rate, forces sharply increase. From our results,
writing the critical rate as a strain, we get

_V0=ðr0A0Þ � 5 � 10�3s�1:

In single fibroblasts, this is indeed the order of magnitude of
the critical strain rate where frictional forces increase (49),
which in turn agrees with the timescale of active processes
(9,11). This suggests that changes in cell shape—including
swelling—take place at the rate allowed by spontaneous
unbinding of cytoskeletal crosslinks, whereas faster changes
are slowed down by friction between cytoskeletal elements.
Interestingly, microtubules are largely irrelevant for the
mechanical response of round cells (51–53). This is most
likely due to the arrangement in interconnected bundles
characteristic of neurites, which can increase their stiffness
by orders of magnitude.
RVD is driven by ion flow

Our results indicate that mechanical tension is not necessary
for volume recovery. The beading modulation vanishes well
before the volume recovers, indicating rest membrane
tension during RVD. Moreover, in presence of cytoskel-
eton-perturbing drugs, the volume recovery time t does not
increase, but becomes slightly shorter. This indicates that
volume recovery takes place via extrusion of osmolites (3).
Indeed, our simple model based on two ionic species suffices
to explain the essential features of the volume evolution
curves. It captures the broad response and even the tendency
to undershoot at large dilutions.
RVD follows an Arrhenius trend as a function
of temperature

The timescales involved in the volume responses are
temperature-dependent. The recovery time is approximately
an order-of-magnitude more temperature-dependent than
the initial swelling/shrinking rate, showing an Arrhenius
exponential reduction as the temperature is increased.
A dynamic picture of stretch injury

Shape transformations similar to beading have been
observed in nerves as a response to stretch injury (34,35).
Interestingly, electron microscopy observations of the ultra-
structure of stretch-beaded nerves show that microtubules
are splayed out in the beads (46), consistent with our picture
of a mechanical connection between microtubules and the
membrane. The shapes of beaded nerves have been inter-
preted as equilibrium shapes with a constant curvature
(34); however, our results offer an alternative explanation,
namely that the shape is dictated by an interplay between
Biophysical Journal 99(11) 3571–3579
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hydrodynamics and cytoskeletal viscoelasticity. If so, the
shape of beaded nerves would not simply follow from struc-
tural properties (as expected for an equilibrium shape), but
would also be defined by the precise way stretch-injury takes
place, i.e., the rate and extent of loading. Future studies may
address this question in detail.
CONCLUSIONS

Neurites respond to sudden osmotic pressure changes with
a fast volume regulation response. The initial phase is char-
acterized by a nonlinear dependence of swelling rate on the
initial osmotic pressure. Cytoskeletal perturbation, espe-
cially microtubule disruption, accelerates swelling and
increases the maximum volume reached, but does not affect
the relaxation phase. Taking our results together, we propose
that mechanical forces due to the nonlinear viscosity of the
cytoskeleton slow down the initial phase of change of
volume.
SUPPORTING MATERIAL

One movie, one figure, and five equations are available at http://www.
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