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Try to imagine a fast biological move-

ment. Perhaps you visualize the twitch

of an eye or the flicker of a boxer’s jab.

These movements may seem fast, but in

this issue of Biophysical Journal, Up-

adhyaya and colleagues take biological

speed to a whole new level by analyzing

the contractions of Vorticella, a wine-

glass shaped ciliated protist (1). When a

Vorticella cell is frightened, it can

contract its tail, which contains a striated

fiber called the spasmoneme, at a rate of

10 cm/s. Expressed in units of lengths

per second (Ls21), the standard way that

muscle contraction speed is measured,

this works out to around 200 Ls21. This

speed is an order of magnitude faster

than the fastest muscles, which contract

at around 20 Ls21. Here’s the best part:

spasmoneme contraction doesn’t even

require ATP hydrolysis! Instead, con-

traction of isolated spasmonemes can be

driven simply by increasing the calcium

concentration from 1028 M to 1026 M.

The fact that the spasmoneme can

perform this huge rapid contraction

without ATP hydrolysis doesn’t mean

that Vorticella has invented a perpetual

motion machine. To perform multiple

cycles of contraction and extension,

calcium concentration would have to

switch back and forth between different

levels, whichof course consumes en-

ergy. In fact, the example of the

spasmoneme provides a particularly

dramatic illustration of the basic princi-

ple that ATP hydrolysis is often not

directly coupled with the power stroke

of a motor protein but only plays a role

in resetting the motor for the next cycle.

The two main questions about spas-

moneme contraction are first, what

molecular mechanisms drive the con-

traction, and second, how is the con-

traction coordinated along the length

of the entire structure. The paper by

Upadhyaya and coworkers addresses

both questions using high speed video

microscopy. First, they measure the

rate of contraction as a function of the

viscosity of the surrounding media.

From the scaling relation between max-

imum speed and viscosity, they con-

clude that the speed is limited by the

power dissipated by dragging the top of

the Vorticella through the surrounding

viscous media and not, for example, by

some rate-limiting conformational rear-

rangement within the spasmoneme it-

self. This is an important result that puts

constraints on possible models for how

the system works.

The high speed of spasmoneme con-

traction also poses a challenge at the

level of control. What mechanism could

transmit the contraction-triggering signal

over the whole length of the spasmo-

neme, given that the contraction only

takes a few milliseconds? To provide

more physical insight into the control of

contraction, the authors tracked the mo-

tion of beads stuck onto the Vorticella

stalk to show that contraction initiates

near the body of the Vorticella and

propagates like a wave down the stalk.

This strongly suggests that some stimu-

lus emanates from the body down the

stalk, although the observation itself

doesn’t identify the nature of the stimu-

lus. Given that contraction is driven by

calcium binding, the obvious model

would be a calcium wave mediated by

calcium-triggered calcium release from

the endoplasmic reticulum. However,

such calcium waves move much too

slowly (2) to account for the rapid

propagation of the contractile signal,

which Upadhyaya and coworkers have

clocked at around 10 cm/s. The authors

speculate that an electrical signal may be

responsible for the propagation, but it

also seems formally possible that the

stimulus could be carried by a propagat-

ing wave of protein conformational

change within the spasmoneme. Com-

putational models for propagating con-

formational waves predict extremely

high speeds with theoretical estimates

exceeding 100 m/s (3). The rate at which

a conformational change could propa-

gate would ultimately be limited by the

speed of sound through the protein

lattice of the spasmoneme. The speed

of sound through protein crystals is on

the order of 1 km/s (4), which would be

more than fast enough to account for the

transmission speeds observed. In any

case, further study of how the contrac-

tion wave is generated and propagated

in spasmonemes may hold important

lessons for long-range rapid informa-

tion transmission through cells.

Although the spasmoneme is unique

to protists, its main protein constituent

spasmin is closely related to the centrin

family of calcium-binding protein found

associated with centrioles and basal

bodies in many eukaryotes including

humans. Centrin assembles into fibers

that can contract when calcium is added,

and in some organisms the contraction

of centrin fibers is used to steer cell

motility by changing the angle at which

cilia emerge from the cell surface (5).

Presumably the spasmoneme evolved

from such structures under selective

pressure to contract at high speeds. This

suggests that detailed molecular com-

parisons of centrin and spasmin, to-

gether with the behaviors of their

corresponding fibers, may shed light

on the adaptations that allow spasmin

to contract so fast.

Next time you stop to feed the ducks,

you can take a moment to reflect on the

biophysical mystery posed by the tiny

Vorticella contracting beneath the scum.
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ABSTRACT Vorticella convallaria is one of the fastest and most powerful cellular machines. The cell body is attached to a
substrate by a slender stalk containing a polymeric structure—the spasmoneme. Helical coiling of the stalk results from rapid
contraction of the spasmoneme, an event mediated by calcium binding to a negatively charged polymeric backbone. We use
high speed imaging to measure the contraction velocity as a function of the viscosity of the external environment and find that
the maximum velocity scales inversely with the square root of the viscosity. This can be explained if the rate of contraction is
ultimately limited by the power delivered by the actively contracting spasmoneme. Microscopically, this scenario would arise
if the mechanochemical wave that propagates along the spasmoneme is faster than the rate at which the cell body can respond
due to its large hydrodynamic resistance. We corroborate this by using beads as markers on the stalk and find that the
contraction starts at the cell body and proceeds down the stalk at a speed that exceeds the velocity of the cell body.

INTRODUCTION

Nature utilizes a diverse range of designs to generate

movement at cellular and molecular levels. Of these, one of

the fastest is found in stalked protozoans such as Vorticella.
Vorticella is composed of a cell body (known as the zooid,

30–40 mm in diameter) and a long, slender stalk (100–200

mm in length and 2–3 mm in diameter) that is tethered to a

substrate by a natural adhesive that is secreted by the cell.

Living Vorticella contract extremely rapidly, either sponta-

neously or if stimulated mechanically (1), traversing ;5000

times their length per second. The organelle responsible for

contraction is the spasmoneme, which is placed helically

within the stalk’s outer elastic sheath (2,3) as shown in Fig.

1. A major spasmoneme protein, spasmin, has been impli-

cated as a calcium-binding protein that drives the contraction

(4,5). In live cells, contractions are preceded by a rise in the

calcium level in the cell body (6). The calcium signal is then

thought to propagate down the stalk by calcium released

from membrane stores within the spasmoneme, triggering

the contraction (2,4), consistent with experiments on Vor-
ticella stalks treated in glycerol to permeabilize the mem-

brane. The stalks of glycerinated Vorticella contracts on the

addition of Ca21 and reextends when Ca21 is removed using

a calcium chelating agent such as EDTA or EGTA (2,7–9).

The contraction is reversible and can be repeated many

times without the addition of ATP (10). This contractile

motility is fundamentally different from many other types of

cell motility, for example those powered by ATP, such as

myosin sliding along actin filaments or actin and microtubule

polymerization (10). Shrinkage and swelling of the spasmo-

neme in the presence or absence of calcium (11) suggests

that active elasticity of Vorticella resembles that of a

polyelectrolyte gel (12). In the absence of calcium, spasmin

filaments are thought to be a bundle of negatively charged,

roughly parallel filaments that are weakly cross-linked

(2,3,13,14) (Fig. 1). In the extended state, the tendency of

a weakly cross-linked polymer network to collapse entropi-

cally is resisted by the electrostatic repulsion forces between

the negatively charged filaments. Calcium binding neutra-

lizes the charges and leads to an entropic collapse of the

spasmoneme, which then powers the helical coiling of the

stalk. After contraction, the stalk uncoils and reextends

spontaneously, presumably due to the electrostatic repulsion

associated with the unbinding of calcium from the

spasmoneme and elastic recoil of the stalk sheath.

The timescale of contraction of glycerinated Vorticella is

more than two orders of magnitude slower than the

contraction of live cells. To uncover the contractile mech-

anism, it is therefore important to perform quantitative

experiments on live cells. A few studies have investigated

the contraction of live cells with high speed imaging (15,16).

Moriyama et al. (16) described the spasmoneme as a simple

damped spring. However, the damped spring model is not

sufficient to describe the entire contraction, as it does not

account for the initial stages of motion when the active

processes that cause the spasmoneme to contract are at play.

Furthermore, prior studies have not quantified the effects of

the external load on the dynamics of contraction. To remedy

this, we use high speed microscopy to measure the con-

traction velocity and effective force of contraction as a

function of increasing viscous load. We find that we must

account for an actively contracting spring to describe our

results for the dynamics of contraction. A consideration of
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the external hydrodynamics induced by the movement of the

organism, along with the observed burst of calcium in the

zooid (6), and our measurements of the contraction velocity

at different points along the stalk strongly constrain the

mechanism of calcium propagation and the dynamics of

contraction and lead to a simple picture for the process.

MATERIALS AND METHODS

Cell culture and imaging

Vorticella convallaria cells were obtained from the Buhse laboratory

(University of Illinois, Chicago). The culture methods were adapted from

Vacchiano et al. (17). The culture medium was prepared by mixing 2 g of

wheat grass powder (Pines International, Lawrence, KS) with water, boiling

for a few minutes, then filtering and autoclaving. This was diluted in half with

spring water before use for cell culture. Cells were grown in a culture medium

with bacteria in 500 ml flasks at room temperature. To harvest cells for

experiments, the culture flasks were shaken overnight to detach cells from the

flask surface. Vorticella cells were separated from the media, bacteria, and

other debris using a set of 35 mm and 6 mm filters. The filtered cells were

seeded into petri dishes in an inorganic medium (IM; 0.24 mM MgS04 and

0.24 mM NaCl). Thin strips of glass were placed in the dishes to serve as

substrate for cell attachment. Samples were prepared about 3 days before an

experiment to allow time for cells to spontaneously attach and grow.

Cells attached to vertical sides of the glass strips were used for imaging,

as the stalks were parallel to the horizontal plane. For our experiments we

imaged spontaneous cell contractions, which occurred every few minutes.

Cells were imaged using an inverted microscope (Nikon Eclipse TE300,

Nikon Instruments, Melville, NY) connected to a high speed camera (Kodak

Ektapro HS Motion Analyzer, Model 4540mx Imager, Eastman Kodak,

Rochester, NY) at 9000 or 13,500 frames per second using 203 or 403

objective lenses. In the resulting digital images using a 403 objective lens,

1 pixel corresponded to 1 micron. For the cell coordinate tracks, t ¼ 0 was

defined as the time at which the cell body started moving. The images were

analyzed by tracking either the cell body or beads attached to different parts

of the stalk and zooid to obtain the x-y coordinates using Metamorph

software (Universal Imaging, West Chester, PA). These data were then

further analyzed using MATLAB (Mathworks, Natick, MA). The measure-

ment error for length measurement was less than 1 pixel.

Viscosity modification and bead attachment

Polyvinyl pyrrolidone (PVP-K90 from Sigma-Aldrich, St. Louis, MO) of

molecular weight 360,000 was used as a viscosity modifying agent. PVP

was dissolved into inorganic media at concentrations ranging from 0.4% to

6% (w/v) to provide a viscosity range from 1 cP to ;45 cP. Different

concentrations of PVP were prepared from the same stock solution at 6%.

The viscosity was measured using a cone and plate viscometer. From these

measurements we verified that the PVP solution at the concentrations used

had negligible elastic modulus at the shear rates achieved. Before each

experiment PVP solutions were mixed well and poured into petri dishes. To

change the viscous environment of the cells, the glass strip with the selected

cell was transferred from one dish to another with media of different

viscosity, with an intermediate washing step. The attachment between the

stalk and substrate was strong enough that the cells did not detach during the

transfer process. The same contraction speeds were recovered if the cell was

replaced in the original medium, which suggests that PVP did not affect the

cell in an irreversible manner. For the bead experiments, polystyrene beads

(Polysciences, Warrington, PA) of 2 mm diameter (1 ml of a 0.2%

suspension) were mixed with 0.25 mg/ml poly-L-lysine and incubated at

4�C overnight. Beads were washed in IM and pipetted in small quantities

around the cells. After a few minutes some cells had beads attached to them.

Usually the attachment was strong and withstood many contractions.

RESULTS

Dynamics of Vorticella contraction

We observed the spontaneous contractions of living Vorti-
cella cells using a high speed camera (9000 fps). Fig. 2 a
shows time lapse images of a contraction. It takes ;6 ms for

a stalk of length 150 mm to contract. The initially straight

stalk bends and coils into a helix, starting from the region

near the zooid and moving down toward the base of the stalk.

During the contraction, the zooid moves without any observ-

able rotation until the end of the contraction, in contrast

to the observations of Moriyama et al. (16). After the stalk

becomes fully coiled, the zooid starts rotating in a clockwise

direction (movie in Supplementary Material). Subsequently

the stalk reextends and returns to its original length. The

reextension takes a few seconds.

Based on the exponential decay of stalk length and

velocity, previous studies have modeled the Vorticella stalk

contraction as a damped spring (16) in which the contractile

force exerted by the Vorticella is balanced by the viscous

drag on the cell body. This description is valid only during

the passive phase of the movement, during which the fluid

FIGURE 1 Internal structure of the Vorticella spasmoneme. (a) A phase

contrast image of a portion of the Vorticella stalk. A helically coiled

spasmoneme can be seen inside an external elastic sheath. The length shown

corresponds to 80 mm. (b) A schematic diagram of the internal structure

of the spasmoneme showing roughly aligned bundles of spasmin filaments.

(c) A schematic cross section of the spasmoneme showing the presence

of putative membrane bound calcium stores.
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forces on the cell body slow down the stalk after the

contractile forces are fully activated, i.e., once the calcium is

completely bound everywhere along the spasmoneme. On

the other hand, during the early stages of contraction, this

simple spring picture clearly cannot be complete due to the

effect of fluid inertial effects as well as the dynamics of the

active contractile processes associated with calcium dynam-

ics, binding, and spasmoneme contraction. We therefore stud-

ied the kinetics of contractility at short times by separately

tracking the contraction of the stalk as well as the movement

of the cell body through the external fluid environment and

used the data obtained therein to determine the forces asso-

ciated with contraction.

The coordinates of the junction between the stalk and

zooid were tracked to determine the position of the cell body

and stalk length, the distance between the cell body and the

point of attachment of the stalk to the substrate, as a function

of time. The length of the stalk as a function of time is plotted

in Fig. 2 b, with the fully contracted stalk length assumed to

be zero (a reasonable approximation given how small it is

relative to its extended form). The instantaneous velocity

was obtained from the distance traveled during the time

interval between frames and is plotted in Fig. 2 c. The

position and velocity data of different cells showed the same

qualitative behavior, i.e., a rapid increase in the velocity for

;2 ms until it attains a maximum, after which it decays

exponentially to zero. The maximum velocity obtained

varied from cell to cell but was relatively constant between

different contractions for the same cell.

Effect of external viscosity on
contraction dynamics

We first studied the effect of the external viscosity of the

medium on the dynamics of contraction. Fig. 3 a shows the

FIGURE 2 Dynamics of Vorticella contraction. (a) Time series of

contraction (time shown in ms). The scale bar is 35 mm. (b) Vorticella
stalk length as a function of time during a contraction. The solid curve is an

exponential fit. (c) Instantaneous velocity of the cell body as a function of

time. The solid curve is an exponential fit to the decaying part of the velocity.

FIGURE 3 Viscosity dependence of Vorticella contraction velocity. (a)

Plot of the instantaneous cell velocity as a function of time for different

viscosities for a single cell. (b) Double logarithmic plot of the maximum

contraction velocity as a function of the viscosity for several cells. The solid

line has a slope of �0.5.
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velocity profiles for a single cell in media with different

external viscosities. As expected, the maximum velocity

decreases as the viscosity increases and the time taken to

complete a contraction increases. The time taken to reach the

maximum velocity is independent of the viscosity and takes

;2.5 ms. A plot of the maximum velocity as a function of

viscosity for several different cells (Fig. 3 b) shows the same

trend for all cells and can be described by a power law

behavior with u � h�0.5060.03. The data represent contrac-

tions recorded from 10 different cells plotted simultaneously.

Each data point is an average of three or four contractions of

a cell at a particular viscosity.

Previous studies of Vorticella contraction have modeled it

as a damped spring (16). This is clearly only relevant during

the passive decaying phase of the movement, when the

contractile force production mechanism is no longer active.

The simplest picture of this passive process leads to a model

for the stalk behaving like a spring that pulls the cell body

through a viscous fluid. Then, assuming that fluid inertia is

not important, we may write kx ¼ �6phr(dx/dt) ¼ 6phru,

where k is the spring constant, h is the viscosity of the

medium, u is the velocity, and r is the radius of the cell body.

This leads to exponentially decaying solutions for the stalk

length (x) and the velocity (u) as a function of time. From our

experimental data, we do observe an exponential decay of

the velocity as well as stalk length for the regime of motion

after the initial rise in velocity, as shown by the fits in Fig. 2,

b and c (solid lines) and x(t )¼ Lo exp(�kt/6phr) with a time

constant.

The position decays as x(t) ¼ Lo exp(�kt/6phr) with a

time constant t ¼ 6phr/k. Thus, k ¼ �6phr/t is a measure

of the effective spring constant. We find that k¼ 0.33 6 0.06

dyn/cm averaged over 10 cells in water (similar to the results

of Moriyama et al. (16)). However, if a simple spring model

holds and the viscous drag forces are the dominant forces

opposing contraction, then the maximum velocity should scale

as h�1. This is clearly not so and thus our experimental results

require a different explanation. Instead our experiments are

consistent with earlier biochemical and kinetic measurements

(2,7,14) that the spasmoneme is an active mechanochemical

spring that contracts ever more strongly as the calcium binds

to it, so that the force increases dynamically even as the stalk

contracts to relax the strain in the spasmoneme.

This picture leads naturally to a deceptively simple

explanation of the power law dependence of the maximum

velocity on the viscosity. Since the viscous power dissipated

by the movement of a spherical cell body moving in the low

Reynolds regime is given by P � hru2, it immediately

follows that in a power-limited situation, u � h�1/2. As we

shall see, this is consistent with the situation here wherein a

wave of calcium binding triggers a wave of entropically

driven polymer collapse that provides the driving power for

the contraction; since this is ultimately limited, we expect

that the maximum velocity of contraction must follow the

above scaling law. Fig. 4 a shows that the power dissipated

calculated using the Stokes drag on the cell body during

contraction, i.e., P ¼ 6phru2 is indeed independent of the

ambient viscosity. In Fig. 4 b we see that the maximum

power dissipated is thus independent of the viscosity and is

of the order of a nW.

Time-resolved dynamics of the stalk
during contraction

Since stalk contraction is powered by calcium release, an

important question is the role of extrinsic versus intrinsic

dynamics in determining the rate of contraction. In one

extreme limit, if the viscosity of the external fluid was low

(or equivalently the cell body was absent) the resistance to

contraction would be vastly reduced, so that one might

expect that the observed rate of contraction is determined

primarily by the rate of calcium binding and spasmoneme

contraction. In the other limit, if the external fluid were

FIGURE 4 Instantaneous power dissipated during a contraction as a

function of time. (a) The hydrodynamic dissipation rate as a function of time

shows that the data for different viscosities collapses onto a single master

curve. Symbols correspond to the legend for Fig. 3. (b) The maximum power

as a function of the viscosity is constant as expected based on theoretical

arguments.
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highly viscous, the rate of contraction is limited by the

(in)ability of the cell body to respond rapidly to spasmoneme

contraction, so that the external environment is what dominates.

A further complication arises due to the spatially extended

nature of the spasmoneme bundle and stalk. For simulta-

neous calcium release along the stalk, all points on the stalk

should start moving simultaneously. On the other hand, if

a wave of calcium release (and thence contraction) from

the cell body propagates down the stalk activating the

spasmoneme along its length, points closer to the cell body

should start moving earlier than points closer to the base. To

distinguish between these scenarios, we tracked the stalk at

different points along its length. To visualize the stalk

motion in greater detail, we decorated the Vorticella stalk at

different points with poly-lysine-coated beads as markers.

The bead movement was tracked using a particle-tracking

algorithm. Fig. 5 a shows a time series of a contracting

Vorticella with two beads along its stalk. From the images

we can clearly see that there is a finite time delay between the

motion of the cell body and that of the bead nearest to the

base of the stalk. Fig. 5 b shows the instantaneous velocity

plots of the cell body and the two beads. Motion is initiated

first in the cell body and then in the bead closest to it and

finally in the bead farthest from the body, indicating that the

contraction begins at the body and travels down the stalk.

This allows us to define a signal propagation velocity vwave¼
Dx/Dt, where Dx is the distance between the cell body and

that bead and Dt is the time interval between the movement

of the cell body and first detectable movement of the bead

nearer to the base.

To study the dependence of this signal propagation on the

external environment, we repeated the experiments in media

of increasing viscosities, using the protocols described before.

Fig. 5 c shows that the front propagation speed is nearly

independent of viscosity, vwave � h�0.1, whereas the maxi-

mum velocities of the cell body as well as the bead scales as

vmax� h�0.5. These observations of the wave characterized by

bead movement is the signature of an internal mechanochem-

ical signal which propagates from the cell body down to the

base of the stalk and is not affected by the external viscous

environment. These conclusions are validated by additional

experiments in which we held the cell body of a Vorticella in a

micropipette while the stalk was not attached to a substrate.

Even though the stalk was free while the body was held fixed,

the contraction and coiling started near the cell body and then

propagated to the base of the stalk (data not shown). We note

that these observations are consistent with the idea that the

rate-limiting step for the reaction is the wave of contraction

that travels along the stalk; however the speed of the cell body

is determined by its large viscous resistance.

Calculation of forces during contraction

Although the observed scaling of the maximum velocity with

h�0.5 is consistent with a power-limited contractile spring, to

calculate the force of contraction, we need to account for

fluid inertia at short times during the acceleration phase of

the cell body. Indeed, it is well known that this startup phase

is quite different from the steady state that is assumed in

applying Stokes law for the drag on a sphere due to the

effects of fluid acceleration and viscous boundary layers.

Accounting for these effects when the velocities are still

FIGURE 5 Spatially resolved stalk dynamics. (a) Time series of a

contraction with two beads along the Vorticella stalk (time is in ms). The

arrow indicates the frame when the second bead starts moving. The scale bar

is 30 mm. (b) Time course of the instantaneous velocity of the cell body

(solid circles), first bead (open circles), and second bead (triangles). (c)

Effect of viscosity on the velocities plotted on a log-log scale: wave speed

(squares), maximum velocity of cell body (diamonds), maximum velocity of

bead (stars).
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small enough so that we may neglect the nonlinearities

inherent in the Navier-Stokes equations leads us to consider

the solution of the unsteady Stokes equations (18). For a

spherical particle (the cell body) moving with a velocity u(t)
under the influence of an external force f(t) (due to the con-

tracting stalk 1 spasmoneme), this yields an equation of motion

(18),

2pr
3
rf _u 1 6phru 1 6r

2 ffiffiffiffiffiffiffiffiffiffiffi
phrf

p
Z t

0

_u
dtffiffiffiffiffiffiffiffiffiffi
t � t
p ¼ f ðtÞ: (1)

Here r is the radius of the cell body as before, h is the

viscosity of the ambient fluid, rf is the density of the ambient

fluid (and also that of the cell body, which is mostly water).

The prefactor in the inertial term arises from the added mass

effect due to the fact that the fluid has to be moved by the cell

body, the second term is the Stokes drag, and the third term

arises due to the ‘‘memory’’ associated with the acceleration

phase and is history dependent. Using the experimentally

measured velocity u(t) and neglecting any contributions to

the force on the cell body due to the complex geometry of the

coiling stalk as well as the presence of the attachment

boundary, this expression allows us to estimate the time

course of the active force directly by numerically integrating

Eq. 1. We estimated the radius from the rounded shape of the

cell body during the exponential phase of the decay. A given

cell goes through the same sequence of shape changes,

regardless of the viscosity; hence the same radius was used

for drag force calculations. In Fig. 6 a, we plot the maximum

of the total force as a function of viscosity for five different

cells (as calculated from Eq. 1).

We find that the maximum force of contraction increases

with viscosity as F � h0.4860.03, a direct consequence of the

power limited contraction, which yields F � (Phr)1/2. In

Fig. 6, b and c, we plot the time series of all the force terms

(inertia, history, Stokes drag, and total force) for one repre-

sentative cell at 1 cP (lowest viscosity case) and 11.5 cP,

respectively. We find that the history-dependent term con-

tributes at most ;20% of the total force in the early stages of

the contraction (before the maximum velocity is achieved)

for low viscosity. However, this term become negligibly

small throughout the contraction at higher viscosities. Thus

we can rule out the role of fluid inertia in determining the

dynamics of contraction and the simple scaling law for the

maximum velocity of contraction.

DISCUSSION

We have studied the dynamics of Vorticella contraction

under different loading conditions by varying the viscosity of

the medium. The initial rise in velocity and the dependence

of the dynamics on viscosity are not consistent with a simple

viscously damped spring model. Our observation that the

stalk contracts faster than the cell body can respond is

consistent with the fact that, in many cell biological systems,

FIGURE 6 Effect of external viscosity on contraction force. (a) Double

logarithmic plot of the maximum total force as a function of the viscosity for

five cells, calculated from Eq. 1. The solid line has a slope of 0.5. (b) Time

series of forces (inertia, history, drag, and total force) for a representative cell

at 1 cP. These forces were calculated from Eq. 1. The total force is f, inertia is

the term on the left, drag is the second term on the right, and history is the

third term on the right. (c) Time series of forces for a representative cell at

11.5 cp. The forces are calculated as in b.
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calcium release occurs on the millisecond timescale, so that

the force associated with polyelectrolyte collapse also arises

on similar timescales. However, the cell body is unable to

respond quickly enough due to the large resistance associ-

ated with accelerating and moving it through a viscous fluid.

This allows the force to build up as more and more of the

spasmoneme contracts in response to the wave of calcium

that propagates along it. However, since the power provided

by this binding is ultimately limited, the maximum velocity

of contraction is determined by this fact. This explains the

observed inverse square root dependence of the maximum

velocity as a function of the viscosity.

Electron microscope observations show the presence of

membrane tubules inside the spasmoneme that are putative

calcium stores (2,4). Previous studies have proposed that the

internal signal is a wave of calcium that propagates by

calcium-induced calcium release. However, these diffusion-

mediated are too slow (maximum speed of ;100 mm/s (19))

to account for the observed speeds. Much higher speeds

(;10 m/s) can be achieved by electrical signals (20). Some

evidence for the existence of an electrical signal comes from

the measurement of depolarization of the zooid membrane

before contraction (21). The depolarization could evoke an

action-potential-like signal that is transmitted along the

membrane compartments inside the stalk using voltage-

activated channels that induce the release of calcium.

Subsequently, calcium can diffuse into the spasmoneme

(diameter ;1 mm), sequentially activating it along its length

during the rising phase of the velocity (the first 2.5 ms). As

sections of the spasmoneme get activated, the contractile

force and velocity increase. Experimentally, we observe that

the maximum velocity of contraction is reached at approx-

imately the same time after triggering for different values of

the environmental fluid viscosity. This implies that the cell

body velocity rise is due to activation of the spasmoneme by

the calcium wave—whose velocity of propagation is inde-

pendent of the fluid viscosity (Fig. 5). The limits on the

dynamics of contraction place a limit on the maximum

power generated by the contracting spasmoneme; conse-

quently, for a cell body moving in a viscous environment,

the maximum velocity of contraction should be inversely

proportional to the square root of the viscosity, as seen in

our experiments.

Our results provide a framework in which Vorticella
contraction may be modeled as an active mechanochemical

spring (22). More broadly, it is worth pointing out that the

basic protein involved in contraction, spasmin (4), is homol-

ogous to EF-hand domain proteins, e.g., centrins, which are

ubiquitous components of microtubule-organizing centers,

centrioles, and basal bodies and are implicated in mitosis.

Indeed since these assemble into fibers that contract in re-

sponse to calcium (23–27), understanding the biophysical

mechanism of Vorticella spasmoneme contraction could be a

first step in unraveling the mechanism behind the confor-

mation changes in these systems as well.

SUPPLEMENTARY MATERIAL
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