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Abstract We have characterized the cell surface of zebrafish
stratified epithelium using a combined approach of light and
atomic force microscopy under conditions which simulate wound
healing. Microridges rise on average 100 nm above the surface of
living epithelial cells, which correlate to bundles of cytochalasin
B-insensitive actin filaments. Time-lapse microscopy revealed the
bundles to form a highly dynamic network on the cell surface, in
which bundles and junctions were severed and annealed on a time
scale of minutes. Atomic force microscopy topographs further
indicated that actin bundle junctions identified were of two types:
overlaps and integrated end to side T- and Y-junctions. The sur-
face bundle network is found only on the topmost cell layer of the
explant, and never on individual locomoting cells. Possible func-
tions of these actin bundles include cell compartmentalization
of the cell surface, resistance to mechanical stress, and F-actin
storage.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Progress in cell biology has been driven by the development

of new research tools. Electron micrographs of cells taken by

Porter [1] in the 1940s were crude by today�s standards, but

represented the birth of what would become a powerful tool

for cell biological research. Early pharmacological tools such

as the cytochalasins were extensively used to disrupt microfil-

aments [2] even before their mode of action was fully under-

stood [3,4]. Pharmacological progress since then has

generated an impressive toolbox for selectively interfering with

many steps of F-actin equilibrium. Fluorescence microscopy

techniques have progressed from immuno-cytochemistry of

fixed preparations to advanced techniques of photo-bleaching,

photo-activation, and fluorescent protein technology, which

have driven characterization of actin containing structures

and dynamics to the resolution limits of the light microscope.

Atomic force microscopy (AFM) was initially invented to

image conductive and non-conductive surfaces at the subna-

nometer level [5]. The development of the fluid cell has allowed

observation of samples in solution, thereby widening the appli-
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cation of AFM to include biological samples [6]. As a surface

sensitive technique, it offers distinct advantages and often com-

plementary information over more conventional microscopic

techniques. For example, cells and biological material can be

observed directly with very little sample preparation and

AFM topographs can be obtained at a spatial resolution down

to 1 nm. The advantage over electron microscopy is that living

cells can be imaged in physiologically relevant solution, pro-

viding a platform to observe dynamic biological processes in

real time [7–10]. The limited scanning speed of AFM currently

presents a bottleneck to observation of dynamic biological

processes, which often occur in seconds rather than the min-

utes required to obtain clear topographs. However, studying

cells with AFM also presents other challenges. Many struc-

tures of cell surface may be too soft to be imaged successfully

by the AFM stylus. The key to achieving a meaningful topo-

graph is to apply force as small as possible to prevent sample

distortion [11,12]. Complementary types of information, i.e.

surface topography or elasticity revealed by AFM, can be

combined with information observed from light microscopy.

Such multi modal imaging offers a powerful tool to reveal no-

vel insights into biological systems at high-resolution [13–15].

Individual keratocytes isolated from fish or amphibia have

been a useful model for investigation of many aspects of actin

dynamics in cell motility, including actin filament treadmilling

[16], coordination of protrusion and retraction [17], adhesion

[18], force generation [19], and membrane dynamics [20]. Here,

we report on the morphology of the zebrafish keratocytes with-

in a confluent, stratified squamous epithelium by combining

AFM with time-lapse phase contrast, wide field and laser scan-

ning confocal fluorescence microscopy. Our results substan-

tially confirm and extend earlier electron microscopy studies

of the ultra-structure of keratocyte monolayers [21,22]. Here,

we reveal new details of the structural and functional nature

of dynamic surface ridges established at the outermost layer

of keratocytes in tissue.
2. Results

2.1. Cells within a confluent layer express regular surface

structures

Fig. 1 shows the typical arrangements of keratocytes ob-

served within a confluent epithelial layer using AFM. Individ-

ual cells expressing ridge like structures [22] just below the

plasma membrane were interspersed with cells having smooth

surfaces (Fig. 1C). The arrangement and density of ridges var-

ied from cell to cell. In some cells they were only present in the
blished by Elsevier B.V. All rights reserved.
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Fig. 1. AFM topographs of keratocyte epithelium. (A) to (F) show the wide variety of length, shape, and distribution among surface structures
expressed on keratocytes in the same explant. (G), (H) and (I) show deflection images of (D), (E) and (F), respectively. (J), (K) and (L) are topographs
of living cells, which show the appearance of ridges is identical to fixed cells. All topographs were recorded in solution using constant force mode at
<50 pN. Note in (D) and (G) the juxtaposition of ridged (left) and flat surfaced cells (right). The gray scales (insets) correspond to vertical heights of
1 lm (A–F and J) and vertical heights of 500 nm (K) of the topographs.
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periphery whereas in others they accumulated around the nu-

clear region; there was no consistent orientation of ridges with

respect to the cell margin. Occasionally, they covered the entire

cell surface (Fig. 1F). AFM topographs of live cells (Figs. 1J–

L) showed similar structures to those observed of fixed speci-

mens, although mobility of the sample posed a challenge to

imaging large sample areas.

To record a topograph (512 · 512 pixels) of a highly mod-

ulated surface such as a cell, commercially available AFMs

currently require recording times ranging between 20 and

50 min. Because epidermis cells showed a high mobility
and their surface structures were highly dynamic in vivo

(see below) AFM overview topographs showed blurred sur-

faces (Fig. 1J). Small areas of the cell surface, which were

less modulated could be imaged at imaging times of about

10 min. These topographs allowed observing dynamic cell

surface structures in vivo (Figs. 1K and L). However, to ob-

tain overview topographs, the sample had to be fixed before

scanning by AFM.

In agreement with previously published reports, keratocytes

released from the monolayer, whether canoe or fried egg

shaped, did not show any ridges on their surfaces.
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From the AFM topographs shown in Fig. 1 it can be seen

that the ridges varied in their dimensions, orientation and cur-

vature. An analysis of ridge heights and widths on the surface

of living and fixed cells under physiological conditions (Fig. 2)

show that they protruded from 20 to 213 nm above the sur-

rounding cell membrane (Figs. 2A and B), exhibiting an aver-
Fig. 2. AFM topograph height analysis. AFM topograph (A) and
height trace (B) of individual ridges along the dotted line in (A).
Vertical line represents 100 nm. Note that the surface is typically
concave due to the thickness of the cell nucleus. (C) Histogram
showing the distribution of heights among 200 randomly selected
ridges from five cells. The mean height is 99 ± 34 nm.
age height of 99 ± 34 nm (n = 200). Two hundred

measurements of ridges randomly selected from five cells taken

from different explant cultures prepared on different days

showed that their widths at full-width half-maximum ranged

from 350 to 780 nm, with an average of 552 ± 106 nm

(means ± S.D.; n = 20). Forward and backward scanning of

the same region indicated that ridges were resilient surface

structures.

2.2. Surface structures correlate with actin bundles

In a previous publication it was stated, that the ridges were

composed of actin filaments [22]. The question, whether all

ridges were composed of F-actin, or whether some of the

ridges were established by, for example, microtubuli or inter-

mediate filaments could not be answered unambiguously. To

investigate whether all ridges were composed of actin, cells

were stained with fluorescently conjugated phalloidin. Wide

field fluorescent micrographs and AFM topographs were then

recorded of the same cells (Fig. 3). The ridges stained positive

for F-actin correlated exactly with the ridge-like structures
Fig. 3. AFM and fluorescence images of surface ridges. (A) Ridge
heights of AFM topography. (B) Fluorescent image of the same region
stained with phalloidin, to demonstrate the F-actin composition of the
ridges on the cell surface. Arrowheads point out details of cell–cell
junctions. In the topograph, the cell junction appears as two ridges
each belonging to a different cell. Arrows point to the same ridge in
both images. Although individual ridges appear narrower in the
fluorescence image, they are better resolved at cell junctions within the
AFM image.
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observed in the AFM topograph. Thus, every ridge observed

on the cell surface contained F-actin. Individual ridges ap-

peared somewhat thinner and sharper in light micrographs.
Fig. 4. Fluorescent confocal images showing stratified arrangement of
tissue. (A) Lower cell layer attached to the coverslip. Cells appear only
partially attached, with lamellipodia extending in some places below
other cells or into the space between cells. (B) The upper layer of cells
joined by tight junctions, with well developed F-actin bundles. Images
represent the sum of three (A) and five (B) consecutive confocal
sections. (C) Cross section through the line in (B). The oblong shape of
surface bundles along the z-axis is due to the point spread function of
the confocal microscope.
However, in AFM topographs cell–cell junctions can be clearly

distinguished as two distinct ridges as little as 100 nm apart,

which is beyond the normal resolution limit of the light micro-

scope.
2.3. Ridge-like structures appeared only on keratocytes on the

surface layer

Primary keratocyte explants generally form two distinct,

stratified cell layers, similar to the arrangement in vivo

[23,24]. Confocal images recorded through the same tissue re-

gion showed two cell layers having different morphologies

(Fig. 4). The bottom layer consisted of spreading cells with

lamellipodia attached to the glass coverslip (Fig. 4A). In con-

trast, the top layer exhibited no lamellipodia or any sign of ac-

tive spreading (Fig. 4B). Instead these cells were characterized

by pronounced lateral cell–cell junctions, which appeared as a

double ridge in AFM. Only the upper cell layer expressed the

ridge-like structures of F-actin, which were found in confocal

sections to be present on the cell surface facing the buffer solu-

tion (Fig. 4C).
2.4. Actin bundles in microridges are insensitive to cytochalasin

B treatment

Keratocyte explants were treated with 500 ng/ml cytocha-

lasin B for 5, 10, or 20 min to estimate the treadmilling rate

of actin filaments contained within the microridge bundles.

Confocal images of the dorsal cell surface revealed no obvi-

ous changes in the relative number, size, or length of cortical

actin bundles compared to control cells (Fig. 5). In contrast,

the lamellipodia of cells at the border of the confluent layer

were void of F-actin, indicating the drug concentration was

sufficient to promote depolymerization of rapidly treadmil-

ling actin filaments. This indicates that actin filaments within

the microridges are not actively treadmilling.
2.5. Time-lapse images reveal dynamic nature of F-actin ridges

The frame rate of AFM proved insufficient to follow the

dynamics of the ridges in living cells, so phase contrast

time-lapse studies were carried out on confluent layers

(Fig. 6). Time-lapse images showed that overall the cells

within the monolayer were active and changed shape consid-

erably over a period of 4–5 h. However, ridge behavior was

surprisingly dynamic on a time scale of minutes. Ridges

changed position independently relative to each other and

the cell margin. They appeared to split or merge end to

end with other ridges, as well as rapidly form and break

T- and Y-shaped intersections. Individual ridges were ob-

served to undergo tight hairpin bends, demonstrating their

high elastic resilience. The tissue layers also proved to be

highly mobile, with cells drifting across the field of view with

an average speed of 2.37 lm/min. Changes in cell shape and

position thus made the long term observation of cells and

ridge patterns difficult. F-actin ridges could no longer be ob-

served in phase contrast when cells rounded up, however,

confocal imaging indicated F-actin bundles remained on

the cell surface; i.e., no bundles were seen to internalize

and stretch through the centre of rounded up cells.

Phase contrast images suggest that intersecting ridges do not

slide relative to each other, i.e., they appeared fixed to each

other at points of intersection. AFM topographs suggested



Fig. 5. Confocal sections of cytochalasin treated cells. Keratocytes were treated with 500 ng/ml cytochalasin B for 10 (A, C) or 20 (B) min prior to
fixation and staining with fluorescently conjugated phalloidin. (A) and (C) show apical and basal cell surfaces of the same specimen, respectively. (D)
Control cells showing normal distribution of actin filaments in lamellipodia in comparison to hollowed out lamellipodia of cytochalasin B treated
cells (C). Actively treadmilling actin filaments within lamellipodia are depolymerized (C), whereas actin bundles within microridges resist
depolymerization due to drug treatment (A).
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two kinds of intersections (Fig. 7). In some cases the actin bun-

dles forming the ridges appeared to simply overlay (arrow 2,

Fig. 7). Other traces indicated that junctions could be formed

through the integration of the end of one bundle into the side

of another (arrow 1, Fig. 7).
3. Discussion

3.1. Combining AFM and light microscopy

We have employed AFM to compliment information ob-

tained from the light microscope to characterize a novel struc-

ture of the actin cytoskeleton in fixed and living cells. As a

surface sensitive technique AFM is predominantly applied to

acquire topographical information, whereas LM, especially

confocal, can image deep within cells or tissue. Flat, stratified

epithelium proved to be an amenable specimen to both imag-

ing techniques. The low surface ridges present on the outer cell

layer were perfectly accessible to the AFM stylus. The vertical
resolution achieved in AFM topographs is well beyond that of

the confocal microscope, allowing conclusions to be drawn

about the proximity of cell membrane and underlying struc-

tures which would not be possible with light microscopy alone.

Additionally, the lateral resolution of AFM allowed resolving

bundle pairs which were generally seen as one broad bundle in

confocal images. Topographs of living cells were identical to

those of fixed cells, demonstrating that sufficiently low force

could be applied on living cells to prevent distortion of the cell

surface. Similarly, the height measurements from bundles in

live cell AFM topographs were the same as those taken from

fixed cells.

The average ridge width of 552 nm as measured by AFM lies

about two times higher than the width of �300 nm determined

by light microscopy [22]. One reason for this broadening can

be found in the different types of information measured.

AFM as a surface sensitive technique measures the width of

the ridges inclusive that of the cell membrane. It is well known,

that rough and protruding structures imaged by the AFM



Fig. 6. Phase contrast time series of ridge dynamics within a sub-region of the cell surface. The red outline in the first three frames is provided for
orientation. The initial bundle pattern becomes unrecognizable on a time scale of minutes, whereas overall cell shape remains relatively stable during
the same period.

Fig. 7. Intersections of actin bundles structuring the keratocyte
membrane. AFM topograph suggesting F-actin ridges to overlap
(arrow 2) and to form T-junctions (arrow 1). Topograph is displayed in
perspective view and exhibits a vertical scale of 500 nm.
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stylus can appear severely broadened due to a non-linear con-

volution effect [25]. Assuming a pyramidal AFM stylus and

that the width of the structures observed were measured at full
width half maximum of height (�50 nm) the broadening effect

by the AFM stylus corresponds to almost �100 nm. Thus, it

may be assumed that the cellular structures wrapping a ridge

are �25–50 nm thick.

The height differences measured between the cell membrane

covering ridges and of the surrounding cell membrane lied be-

tween 20 and 200 nm. These values lie, however, much below

the heights ranging between 200 and 1000 nm revealed from

electron microscopy (EM) data of tissue cultured epidermis

cells from female guppies and from sea horses [22]. This dis-

crepancy may have several reasons: firstly, the samples pre-

pared for the transmission electron microscopy experiments

were dehydrated and thus the heights measured may not rep-

resent that of the native tissue. In this work, the sample prep-

aration and measurements were performed throughout in

aqueous solution. Secondly, the tissue cultured epidermis cells

investigated by AFM were from zebrafish while those investi-

gated by EM were from different biological organisms: guppy

and sea horse. Thirdly, in their work Bereiter-Hahn et al. [22]

assume that height variations of microridges may result from

different tissue culturing conditions. This leads to the specula-

tion that environmental and growth conditions, the age of the

organism, or the sample culture conditions may also influence

the expression of microridges, and suggests a biological origin

to the variation in heights measured in the two studies.
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3.2. Epithelial tissue expresses regular F-actin surface structures

Fish keratocytes have served as a useful model system for

the study of actin dynamics in cell motility. Here, we have con-

centrated on the structure and morphology of cells within

spreading tissue, a situation related to wound healing in vivo.

AFM topographs revealed the cell surfaces of these explants to

be compartmentalized by regular surface structures. These sur-

face structures were only observed on cells within the topmost

confluent layer having tight cell–cell junctions. However, it was

also observed that not every cell exhibited these structures and

that amongst the cells that did, their number and form varied

considerably. They are found day 1 of culture and occur ran-

domly in cells throughout the upper cell layer, which has been

characterized as non-motile in the wound healing response of

Xenopus tadpoles [23,24]. These cortical bundles form ridges

in the cell surface [22], and represent a unique F-actin structure

along side other well characterized forms such as stress fibers,

filopodia, and microvilli. Assuming a diameter of about

300 nm, it can be estimated that each bundle might contain

several hundred actin filaments in cross section. Further work

is required to determine the identities of actin binding proteins

organizing the bundles, and the ultra-structure of actin fila-

ments within the bundles.
3.3. Dynamic F-actin surface structures show different types of

intersection

Time-lapse light microscopy revealed these F-actin surface

structures to be highly dynamic. The fact that they are able

to quickly undergo sharp bends suggests that in contrast to

stress fibers they are not under tension. They are able to

break, anneal, and form junctions on a time scale of min-

utes. The rapid severing and annealing of ridges poses many

questions. AFM topographs clearly indicate two types of

intersection. In one case points of intersection between two

ridges are not simply one bundle resting on top of the other

– differences in position which would be difficult to resolve

in the light microscope. Instead bundles merge at the same

height through the integration of one bundle into the side

of the other. This type of junction is consistent with Arp

2/3 mediated dendritic nucleation of new filaments. The

resistance of bundles to cytochalasin treatment demonstrates

that actin filaments within the bundles are not actively

treadmilling, and suggests that microridges could represent

a storage form of F-actin.

The two-dimensional network established by F-actin ridges

appeared to be randomly organized. This network may be gi-

ven more rigidity by welding different ridges to one another

(Figs. 1, 4, 6 and 7). Ridges are highly dynamic as demon-

strated by bending, instantaneous end-to-end displacements,

and lateral mobility even though the contour length of the

ridges is expected to be constant. Further studies will show if

and how ridges modulate properties of the cell surface in re-

sponse to environmental changes, metabolism, and external

stress.

The nature of the bundle re-arrangements beneath the cell

surface poses further questions. Are these rearrangements

caused passively by changes in cell shape, or are they driven

by motors? It is likely that the bundles are associated with

the cortical actin meshwork of the plasma membrane, and

that their sliding beneath the cell surface involves the sever-

ing and formation of cross linkages between actin filaments.
This is supported by the observation in confocal images that

when cells round up the bundles remained associated with

the cell surface; i.e., they do not collapse into the middle

of the cell.
3.4. Possible functions of actin microridges

What is the likely function of these cortical bundles of F-

actin? Like microvilli, they are dynamic structures, which

constantly change shape [26]. However, based on their rela-

tive number, height and orientation parallel to the cell sur-

face these cortical bundles can only marginally increase the

surface area of the cell. It is possible that these bundles be-

neath the cell surface represent a stable, pre-polymerized

supply of F-actin, which could be rapidly remodeled for

the function of motility [27]. This hypothesis is particularly

supported by the observation that motile cells do not posses

these surface bundles. Considering the cell location on the

outer fish surface, and the location of the bundles on the

outer cell surface, we suggest that they may have another

function: supporting the plasma membrane and increasing

resilience of the cell to physical stress. Further investigation

with AFM will allow quantification of cell surface stiffness

to test this hypothesis.
4. Materials and methods

4.1. Cell culture
Primary cell cultures of keratocytes were prepared from the scales of

zebrafish as described [28]. Culture dishes with well spread confluent
layers were selected for AFM imaging.
4.2. Fixation
Before imaging with AFM cells were fixed in 0.1% glutaraldehyde/

PBS for 45 s followed by incubation with 3% paraformaldehyde/PBS
for 20 min. After this, the samples were gently washed and stored in
PBS. For actin staining the cells were permeabilized with 0.5% Triton
X-100 and subsequently incubated overnight at 10 �C with Alexa 488-
phalloidin (Molecular Probes), diluted 1:1000 in PBS from manufac-
turers stock.
4.3. Cytochalasin B incubation
Live cell layers were incubated with cytochalasin B at a concentra-

tion 500 ng/ml in �start media� for 0, 5, 10, 15 and 20 min prior to fix-
ation. After this, the actin was stained with phalloidin and imaged by
fluorescence confocal microscopy.
4.4. Microscopy
AFM. Live and fixed cells were imaged in PBS using either a Bio-

scope (Digital Instruments, Santa Barbara) or a NanoWizard (JPK
Instruments, Berlin). Both AFMs were mounted on an Axiovert
200M (Zeiss, Germany). Silicon nitride non-sharpened cantilevers used
had a nominal force constant of 0.06 N/m (Digital Instruments). Imag-
ing was performed using constant force mode. The thermal drift of the
applied force (�50 pN) was corrected manually during scanning. Line
scan rates varied from 0.2 to 0.7 Hz.
Fluorescence microscopy. Wide field imaging of Alexa 488-phalloi-

din stained cells was performed using the AFM/Axiovert system
using a 100·, 1.3 NA Plan Neofluar oil immersion objective. The
software used to operate the CCD camera (Cool snap, Visitron sys-
tems) was MetaMorph (Universal Imaging Corp.). Confocal laser
scanning microscopy was performed using an LSM 510 Meta
(Zeiss). The LSM was equipped with a 60·, 1.4 NA Plan Apochro-
mat oil immersion objective. Image stacks in z-direction were ac-
quired through regions having two cell layers. Image J software
was used to produce composite images containing only the frames
showing each cell layer.
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Time-lapse images. An Olympus IX70 microscope, equipped with a
60· PH 3 oil immersion objective (NA 1.25), was used to image live
cells within the confluent layer. Phase contrast studies were carried
out on live cells within the confluent layer in start media. Time-lapse
sequences were also recorded after the start media was substituted with
�Keratocyte Running Buffer� (100 mM NaCl, 20 mM KCl, 0.05 mM
CaCl2, 0.05 mM Ca(NO3)2, 1 mM NaHCO3, 0.8 mM MgSO4Æ6H2O,
and 2 mM PIPES). The Keratocyte Running Buffer disrupted the
cell–cell junctions and reversibly separated individual cells from the
confluent layer.
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