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Atomic force microscopy of height fluctuations of fibroblast cells
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We investigated the nanometer scale height fluctuations of 3T3 fibroblast cells with the atomic force micro-
scope under physiological conditions. A correlation between these fluctuations and lateral cellular motility can
be observed. Fluctuations measured on leading edges appear to be predominantly related to actin
polymerization-depolymerization processes. We found fast~5 Hz! pulsatory behavior with 1–2 nm amplitude
on a cell with low motility showing emphasized structure of stress fibers. Myosin driven contractions of stress
fibers are thought to induce this pulsation.
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I. INTRODUCTION

The motility of animal cells is dominated by actin
myosin-based contraction and actin polymerization-ba
protrusion. The two basic types of protrusions, lamellipo
and filopodia are driven by actin polymerizatio
depolymerization processes@1–3#. The physical theory of
such biological motilities employing the tools of statistic
physics@4,5# gives an idea how it works but it still needs
be developed.

A number of cellular activities can cause height fluctu
tions on the time and distance scales that we investiga
Actin polymerization and actin-myosin-based contractio
represent only one class. The rearrangement of the struc
built up from intermediate filaments~IF! under the plasma
membrane can be another source of vertical fluctuations.
provide mechanical stability to animal cells. Any significa
weakening of the IF array alters at least locally the ela
properties of the cell leading to increased susceptibility
intrinsic or extrinsic forces. Assembly or disassembly
large protein complexes in the plasma membrane or t
lateral motion under the atomic force microscope~AFM! tip
will also result in vertical motility, not to mention the en
docytotic and exocytotic activities. Intracellular transpo
processes can have an effect on the vertical fluctuations
well.

Cellular motility on the micrometer scale has been ext
sively investigated with video microscopy~@6–8# and refer-
ences therein!. Spatial resolution provided by optical micro
copy of living cells, however, does not enable researcher
observe nanometer scale motion and rearrangement of
components. AFM is an adequate tool for such meas
ments@9–12#. Stress fibers~contractile bundles of actin fila
ments and myosin-II! play an important role in the control o
the cell shape and the adhesion of cells to the extracell
matrix through focal contacts. These characteristic cytos
etal elements can be imaged with the AFM due to their h
elastic modulus@13,14#. AFM is capable not only for record
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ing high-resolution topographic images of living cells, b
also for measuring the elastic properties of them simu
neously@15# and investigating cellular dynamics@16,17#.

By repetitively scanning on the surface of a cell, tim
lapse images can be recorded@18,19#. The analysis of sub-
sequent images yielding a movie is highly informative
terms of the kinetics of the cytoskeleton. Although fast c
lular motility cannot be examined by the repetitive scann
procedure due to the minute range of scanning time, nan
eter scale fast motion can be probed by positioning the tip
the area of interest. In this way vertical fluctuations can
investigated almost without a limitation of the time scale.

Close to the molecular scale the motion of cells is dom
nated by stochastic fluctuations. Using the AFM we tried
shed light on the linkage between microscopic fluctuatio
and organized motility.

II. MATERIALS AND METHODS

A. Cell culture

3T3 mouse fibroblasts were cultured in DMEM supp
mented with 10% fetal calf serum~GIBCO!, 100 units/ml
penicillin G, 0.1 mg/ml streptomycin, and 0.75mg/ml Am-
photericinB ~SIGMA! at 37 °C, in a 5% CO2 atmosphere. A
few days before AFM measurements cells were subcultu
on 13-mm glass cover slips.

B. Atomic force microscopy

We investigated the nanometer scale motion of 3
mouse fibroblast cells in culture. Different cells (C6 rat
glioma! giving similar—unpublished—results were also e
amined.

A commercial AFM ~TopoMetrix Explorer, Santa Clara
CA! with custom-made sample heating control system a
fluid chamber was used. Measurements were carried ou
37 °C in CO2 independent medium containing 10% fetal ca
serum ~GIBCO!. We used soft silicon nitride cantilever
~Thermomicroscopes, Coated Sharp Microlevers, Model
©2002 The American Physical Society10-1



cent cell.

SZABÓ, SELMECZI, KÖRNYEI, MADARÁSZ, AND ROZLOSNIK PHYSICAL REVIEW E65 041910
FIG. 1. Shaded deflection mode images with a 4.5-min difference showing stable actin-myosin cables at the rear of a quies
Arrow in the lower left corner indicates the direction of motion. SF: stress fibers.
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MSCT-AUHW, with typical force constant 0.01–0.03 N/m
20 nm radius of curvature!. Topographic and deflection im
ages were acquired in contact mode. High-resolution ima
were acquired at a scanning frequency of;4 Hz. Nonde-
structive low force scanning provided stable sustained im
ing of living cells for 8–10 h. After AFM experiments cell
were maintained in the same medium for 1–2 days
found to be normal. We could not achieve high-resolut
imaging on a portion of cells due to their increased heigh
softness.

Considering that small details of cellular components c
be observed at the best quality on shaded deflection m
images, we present our experimental data in this format.
topographic images provide height information but with
poor contrast.

On the basis of consecutive images local lateral velo
of cells was calculated. At the edges of cells we measured
average displacement of the contour. In the middle of c
we chose some structures with a characteristic shape an
lateral displacements of these structures were measured

The measurement of local height fluctuations of cells w
started at least 1/2 h after mounting the sample into the fl
cell. In this way thermal transient effects could be elim
nated. After each scanning the tip was positioned onto
point of interest with the same force and feedback para
eters and we captured the dc voltage of thez piezo by a
digital oscilloscope~Tektronix TDS 210! for 22.5 sec with
100 Hz sampling rate.

III. RESULTS

Distinct types of cellular motility could be examined b
the measurement of vertical fluctuations. Figure 1 displ
two images of a movie showing the slight motility of the re
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edge of a cell with a 4.5-min time shift. This cell was almo
quiescent during the experiment with a highly stable str
ture of cytoskeletal fibers and moderate lateral motility. T
rear edge is being pulled by the stress fibers: see the par
set of curved fibers anchored to the edge of the cell. In
same time cell-matrix junctions or nonspecific contacts
hering to the rear of the cell to the support weaken and bre
We also observed a typical retracting triangular shap
20-mm-wide contact~image not shown! of the same cell at
the rear edge. The contact was broken a few minutes a
recording the vertical fluctuations.

Typical vertical fluctuations registered on these two loc
tions are presented in Fig. 2. We suppose that the appa
difference between vertical fluctuations originates in the d
ferent biological activities of the two regions. While the e
tire region of the cell shown in Fig. 1 was extremely stab
with a lateral velocity of about 2 nm/s, the edge beside
retracting triangle-shaped contact moved with a speed
about 11 nm/s.

To analyze height fluctuations we calculated the pow
spectrum and the height-height correlation function with
maximalt55-s time shift of eachx(t) height-time curve

y2~t!5(
t

@x~ t !2x~ t1t!#2

N
, t5 iDt, i 51, . . . ,N,

~1!

NDt522.525 s, ~2!

whereDt ~10 ms! is the sampling time.
This function can characterize stochastic height fluct

tions by giving the average change of height as a function
0-2
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FIG. 3. Averaged height-height correlation functions of fluctuations measured on the surface of the quiescent and the motile ce
(a,n510); (b,n58); (c,n510); and (d,n59) are the corresponding correlation functions of vertical fluctuations shown in Fig. 2. C
(a8,n510) was registered on the middle region of the quiescent cell. There is an apparent difference between the behavior o
belonging to the quiescent and the motile cell. Saturation disappears on the scale of several seconds in the case of the motile cel
indicates the presence of vertical motility on this time scale. Significant difference between graph~a! and ~b! is attributed to the dynamics
of the retracting contact at the rear edge. See the value of lateral velocity of locations at each curve. 50 Hz noise on curves can be

FIG. 2. Typical vertical fluctuations measured on quiescent and motile cells. Graph~a! and~b! belong to the quiescent,~c! and~d! to the
motile cell. We recorded~a! on the rear edge displayed in Fig. 1.~b! was measured on a typical retracting triangle shaped contact~image not
shown! of the cell at the rear edge. This contact to the support was broken a few minutes after recording the vertical fluctuations.~c! and~d!
were registered on the leading edge shown in Fig. 5 and close to that on the cell body, respectively.
041910-3
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TABLE I. Comparison of the lateral velocity and parameters characterizing vertical fluctuations o
ferent locations on the quiescent and the motile cell. Parameters of the height-height correlation func
calculated on the basis of curves presented in Fig. 3. The starting slope and the saturation valu
determined by linear fitting in the~0.3 s, 1 s! and~3 s, 5 s! intervals respectively,r: correlation coefficient of
fitting, SD: standard deviation,n: number of measured height-time curves.

Curve
Starting slope

~nm/s! r
Saturation value6SD

~nm! n
Lateral velocity6SD

~nm/s!

Quiescent cell a 6.3 0.94 10.560.2 10 2.360.4
a8 8.4 0.97 17.060.2 10 3.260.5
b 16.7 0.97 28.160.3 8 11.462.5

Cell in motion a 20.3 0.998 10 5.362.9
b 28.7 0.999 9 5.362.9
ur
h
th
on
re

n

e
f

t
a

re
e
th
ud
rb
ru

tile

the
ears
part
the

zed
ight

the

ion
on
r,

n-
tin
ing
on
ing
ses
of
time. Curves are presented in Fig. 3, the number of meas
height-time curvesn is indicated. The lateral velocity of eac
location seems to correlate with the saturation value of
height-height correlation function measured at that locati
confirming our assumption that height fluctuations are
lated to local biological activity~motility!. The starting
slopes of the curves give the speed of fast fluctuatio
Curves saturate with different characteristic~saturation!
times. There is an apparent difference between curves~a!
and ~b! in the saturation value. The characteristic tim
(;2 s) of curve (a8) is approximately double than that o
the other two curves. Curve (a8) was registered on the
middle region~cell body! of the quiescent cell~see Table I!.
The characteristic time and saturation value are related to
average duration and amplitude, respectively, of an upw
or downward motion.

The analysis of power spectra~Fig. 4! of the height-time
curves acquired on each location of this quiescent cell
vealed sustained periodic fluctuations during the experim
~1.5 h!. We found a characteristic peak at 4.9 Hz with a wid
of 3.5 Hz. The area of this peak gives an average amplit
of 1.560.4 nm. Cells without apparent stress fibers nea
lack this peak. The origin of the sharp peaks in the spect
is electric noise.
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Figure 5 shows the contours of a leading edge of a mo
cell from consecutive images. Note the bright spotSappear-
ing on the cell surface close to the edge in the middle of
second image. It appears in less than 7 min and disapp
soon after. A similar spot can be observed on the upper
of the last image. These features seem to be linked to
ends of curved filaments. In many cases micrometer-si
unidentified nodes were found on stress fibers. They m
be large protein complexes attached to F-actin.

Figure 2 displays the height-time curves captured on
leading edge~c! and close to that on the cell body (d).
Curves show increased motility especially on the long~sev-
eral seconds! time scale. As a consequence, the saturat
effect of the height-height correlation function disappears
this scale~Fig. 3!. The speed of the fast fluctuations is highe
as well ~see Table I!. We suppose that the observed i
crease in vertical fluctuations is an outcome of ac
polymerization-depolymerization processes at the lead
edge. Surprisingly, the height-height correlation functi
shows a higher level of fluctuations farther from the lead
edge. It can be a result of actin depolymerization proces
well behind the edge or an increased temporal motility
this region that has to follow the edge.
in
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ed
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FIG. 4. Power spectrum (n510) of height
fluctuations measured at the location shown
Fig. 1. The peak at 4.9 Hz can be found in ea
power spectrum of height fluctuations captur
on the surface of the quiescent cell. The pow
spectra of height fluctuations of cells without a
parent stress fibers nearby lack this peak.
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ATOMIC FORCE MICROSCOPY OF HEIGHT . . . PHYSICAL REVIEW E 65 041910
FIG. 5. Consecutive shaded deflection mode images of a leading edge. Approximately 7 min elapsed between images. Arrow
the direction of motion. Note the bright spotS appearing on the cell surface close to the edge in the middle of the second imagL,
lamellipodium,F, filopodium. Contour lines~extreme right! display the forward motion of the edge. The standard deviation of lat
velocity was found to be higher than in the case of a less mobile edge due to extensions growing with high speed, such as the ex
the lower region of the last contour line corresponding to the right hand image.
n
of
on
ia
d
io

he
io
lo
io
g
e

cl
fo
-

d
uc
of

n

by

yn-
ay

has
ion

he-
cy-
e

en
re
IV. DISCUSSION

The analysis of height fluctuations acquired at differe
locations allows a sensitive monitoring of the motility
cellular components. Both actin-myosin-based contracti
and actin polymerization-based filopodial and lamellipod
protrusions can be examined by this method. We foun
correlation between the characteristics of vertical fluctuat
and organized lateral locomotion.

We explain the observed 5 Hz pulsation of a cell with t
periodic contractions of stress fibers. This type of oscillat
cannot be easily identified by other techniques due to its
amplitude. Although the frequency of mechanical pulsat
of cardiomyocytes is in the same frequency ran
(;1.25 Hz), its amplitude is two orders of magnitud
higher @16#. Spontaneous oscillatory contractions of mus
fibers with a period of a few seconds are widely known
several years~e.g.. Ref.@20#!. Theoretical models can ex
plain spontaneous oscillation under certain conditions@21#.

Slow pulsation of nonmuscle cells has been observe
several cases. Microtubule depolymerization can ind
rhythmic actomyosin-based contractility with a period
;50 s in fibroblasts@22# and oscillatory activity in the cor-
.

.
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tical microfilament system of lymphoblasts@23#. Shape os-
cillations of leukocytes driven by cyclic actin polymerizatio
has been studied by several groups@24#. The period of this
process is about 8 s.

The cortical tension of nonmuscle cells generated
myosin II can drive a change of shape@25#. Myosin mol-
ecules cycle about five times in a second in a muscle@26#.
Based on the above-mentioned facts, we think that a s
chronized behavior of myosin molecules in stress fibers m
cause the observed pulsation. Myosin synchronization
been theoretically predicted close to the isometric condit
in highly organized actin structures@27,28#. Further experi-
ments are needed to elucidate the background of this p
nomenon. Using drugs affecting a specific system of the
toskeleton will help to distinguish their roles in th
nanometer scale fluctuations of cells.
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