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Abstract The cortical cytoskeleton of vascular endothelial cells
plays an important role in responding to mechanical stimuli and
controlling the distribution of cell surface proteins. Here, we
have used atomic force microscopy to visualize the dynamics of
cortical cytoskeleton in living bovine pulmonary artery endothe-
lial cells. We demonstrate that the cortical cytoskeleton, orga-
nized as a complex polygonal mesh, is highly dynamic and
shows two modes of remodeling: intact-boundary-mode where
mesh element boundaries remain intact but move at ~0.08 pm/
min allowing the mesh element to change shape, and altered-
boundary-mode where new mesh boundaries form and existing
ones disappear.
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1. Introduction

Vascular endothelial cells (VECs) play an important role in
sensing mechanical changes in the blood stream and signaling
surrounding cells and tissues [1,2]. This signaling is thought to
depend on cytoskeleton; for example, in the decentralized
model the signaling cascade is initiated by mechanical pertur-
bations at the cell surface, which are then propagated to distal
parts of the cell via the cytoskeleton [3]. Cortical cytoskeleton,
the cytoskeleton in contact with and close proximity to the cell
apical plasma membrane, plays two direct roles. To begin with,
the cortical cytoskeleton is proximal to the forces exerted by
the blood stream and is thus the first cytoskeletal component
to be effected by local mechanical changes. Further, the corti-
cal cytoskeleton is a determinant of cell surface shape, which in
turn affects the local shear stress distribution [3,4]. The cortical
cytoskeleton also plays an important role in the organization
of various membrane components on the VEC surface. The
location of integrins coupled to the cytoskeleton is determined
by the cytoskeletal organization at the cell surface. It has also
been proposed that movement of diffusive membrane compo-
nents is controlled by cortical cytoskeleton. In the so-called an-
chored picket fence model, movement of membrane
components is constrained when cytoplasmic domains are con-
fined by cytoskeletal “fences’ [5,6].
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Electron microscopy provides highly detailed views of the
cortical cytoskeleton, often revealing a fine and highly complex
mesh-like organization [7,8]. However, optical microscopy of
the cortex in living cells is technically difficult and as a result
little is known about the dynamics of cortical cytoskeleton
[9]. Atomic force microscopy (AFM) offers a new approach
to visualizing cytoskeleton in living cells [4,10,11]. The differ-
ences in mechanical properties of the cytoskeleton and the cell
membrane give rise to different surface deformations and thus
contribute to contrast in the images allowing direct visualiza-
tion of the cytoskeleton near the cell surface [12]. Bovine pul-
monary artery endothelial cells (BPAECs) are one model
system for studying functionally important aspects of cytoskel-
eton. These cells are derived from the pulmonary vascular
endothelium, where they function as a semi-permeable barrier
[13]. In several instances, alterations of barrier permeability are
mediated by cytoskeletal rearrangements, and hence cytoskel-
etal organization in these cells has been studied in some detail
[14]. Here, we have used AFM imaging to characterize the
dynamics of cortical cytoskeleton of living BPAECs.

2. Materials and methods

2.1. Cell culture

BPAECs, Eagle’s MEM and fetal bovine serum were from American
Type Culture Collection (Manassas, VA). BPAECs were maintained
on petri dishes or gelatin-coated glass coverslips in Eagle’s MEM sup-
plemented with 20% fetal bovine serum at 5% CO, and 37 °C. The cells
were fed every 2-3 days and passaged when confluent. Passages 17-22
were used.

2.2. AFM imaging

AFM imaging was performed with a Multimode or Bioscope AFM
equipped with large area scanners (>100 pm x 100 pm), with a Nano-
scope Illa controller (Digital Instruments Inc., Santa Barbara, CA).
The Bioscope was mounted on an Olympus inverted optical micro-
scope. For imaging live cells in solution, unsharpened (radius of curva-
ture ~50 nm) silicon nitride cantilevers with nominal force constants of
0.01 or 0.03 N/m were used (Nanoprobes, Digital Instruments). Live
cell imaging was performed in fluid contact mode at room temperature
and atmospheric CO,. The imaging buffer was phosphate-buffered sal-
ine (Invitrogen Carlsbad, CA) supplemented with 1.2 mmol/l CaCl,,
1.2 mmol/l MgCl,, S mmol/l HEPES and 5.5 mmol/l glucose. Imaging
parameters were empirically optimized to produce clear images with
minimal distortion or damage to the cells. Typically, scan rates were
60-120 pum/s, resulting in image acquisition times of 4-16 min depend-
ing on the scan size. BPAECs could be imaged for up to 4 h, during
which time the cells remained adherent and high quality images could
be collected. With extended imaging the fenestrae between cells began
to expand, exposing the substrate. We interpret this as an indicator of
cell deterioration in response to the AFM imaging. Further imaging re-
sulted in loss of cells from the surface. Generally, the applied force was
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on the order of 1 nN. Data presented here are for cells that have been
imaged for less than 2 h; however, cells could typically be imaged for
up to 4 h without any apparent damage.

2.3. Image display and data analysis

AFM data were analyzed with Image SXM and SuperMapper, a
custom software suite developed with Interactive Data Language
(Research Systems Inc, Boulder, CO). The deflection images were pro-
cessed to optimize brightness and to enhance contrast. Immunofluores-
cence data were optimized for brightness and contrast using Adobe
Photoshop. Correlated areas were determined visually by overlaying
AFM deflection images on CFM images and manually varying the
transparency of the AFM image.

AFM Height AFM Deflection

Ny

Fig. 1. Organization of cortical cytoskeleton in BPAECs. (A,C) AFM
height and (B,D) corresponding deflection images of living BPAECs
imaged in physiological saline. (A) and (B) show the typical cobble-
stone morphology. (D) The deflection image shows an intricate mesh
of filaments. The saturated features (asterisk) are imaging artifacts. Z-
range of the gray scale in A and C is 0—4 pm (the brighter the higher).
The scale bar for A and B is 20 um; for C and D is 10 um.
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3. Results

AFM images of BPAECs grown in confluent monolayers
show cobblestone morphology (Fig. 1). Even though confluent,
these monolayers occasionally have small openings exposing
the substrate. Measured relative to this substrate the typical cell
diameter is tens of micrometers, and cell heights range from a
few hundred nanometers at the periphery to ~4 pm towards
the center. Furthermore, these cells display a complex cortical
filamentous network that is composed in part of actin and
vimentin [12]. There is no formal definition of the cell cortex;
here we define the cortex as what is accessible to the AFM
probe in a typical imaging experiment. Force distance measure-
ments show that the maximal deformation at 1 nN is ~600 nm
and examination of the AFM height images suggests that the
lower limit for deformation is ~50 nm; thus we estimate the
thickness of the cortex to be a few hundred nanometers [12].

Time-lapse imaging of BPAECs shows that the overall posi-
tion or shape of the cells does not change significantly over sev-
eral hours, as would be expected for a mature monolayer.
However, the cortical cytoskeleton reorganizes itself in a
highly dynamic fashion (Fig. 2). Tracing cortical mesh bound-
aries in sequential images allows us to examine the dynamics of
remodeling. We identify two characteristic modes of remodel-
ing for the coarse mesh: intact-boundary-mode (IBM) and al-
tered-boundary-mode (ABM). In IBM, the polygonal mesh
elements change size and shape, but the boundaries remain in-
tact. We quantified the IBM remodeling of three mesh ele-
ments in one cell during 97 min of imaging (Fig. 3). The rate
of movement of several reference points (RPs) in these ele-
ments is 0.08 £ 0.01 pm/min (z = 8). There was no obvious
trend for the change in size and symmetry of mesh elements.
The reference points moved in different directions; for in-
stance, RP1 moved up (towards the cell body) and to the right
before moving down, while RP2 and RP3 initially moved
mostly upwards. RP2 then moved more to the left and RP3
more to the right. Thus, these mesh elements show no direc-
tional motion and the overall dynamics of IBM might be de-

Fig. 2. Time-lapse AFM imaging reveals dynamics of cortical remodeling. (A-F) AFM deflection images of BPAECs in a physiological saline,
collected over time, show that the cytoskeletal network is highly dynamic. Comparison of the trace and retrace images show that there are no tip
induced lateral distortions of the cytoskeleton under these conditions. Note that because the scan rate is on the order of minutes, events fast relative

to this time scale are not captured. Scale bar 10 pm.
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Fig. 3. IBM remodeling of the cortical mesh. Hand traces of coarse
mesh boundaries from Fig. 2 that show IBM type remodeling. (A)
Mesh elements followed over time change shape and size. (B) Plotting
trajectories of reference points on three mesh elements shows that the
elements move in slow wiggling fashion. (C) The rate of mesh
movement is determined by plotting total distance traveled by each
reference point as a function of time. A linear fit to the data gives a rate
of 0.08 £ 0.01 pm/min (n = 8).

scribed as a cytoskeletal “wiggle” similar to that described for
the vimentin dynamics in endothelial cells under static condi-
tions [15].

In ABM remodeling, filaments and cytoskeletal focal points
appeared or disappeared with time, dissolving existing mesh
elements and forming elements with new boundaries (Fig. 4).
For ABM, it was not possible to track mesh elements before
they appeared at the cortex or after they disappeared. Some
ABM remodeling occurred between sequential frames and
was thus occurring on a time-scale faster than several minutes.
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In other instances, within the same cell, changes took place
over the course of tens of minutes. There are two possible
mechanisms at work, cytoskeletal structures could extend or
shorten in the cortical plane or they could move out of or into
the plane from a position deeper in the cell. We do not see any
obvious effects on ABM or IBM remodeling that are tip in-
duced. When we vary the time interval between images the rate
of movement (in IBM remodeling) remains constant, suggest-
ing that the cell is not responding to the repeated imaging.
However, we cannot exclude the possibility that the initial con-
tact between tip and cell initiates some of the events described
here, in particular since endothelial cells sense and respond to
mechanical forces [2,16].

4. Discussion

The organization and dynamics of the cortical cytoskeleton
in BPAECs reported here have a number of implications. To
begin with, the modes of cortical remodeling seen here may
be important for regulating mechanically induced signaling.
Vascular endothelial cells respond to external mechanical stim-
uli through a variety of mechanisms, including mechanical
coupling via integrins to the cytoskeleton [2,16]. For IBM
remodeling, the integrin to cytoskeleton connection can re-
main intact as the mesh elements move. Thus, the position
of integrins could be controlled by IBM type movement of
the cytoskeleton, and the integrin would remain mechanically
coupled to the cellular cytoskeleton. However, for ABM
remodeling, integrin—cytoskeleton interactions would have to
be altered. In particular, when a cytoskeletal filament leaves
the cortex any integrin mediated connections to the extracellu-
lar environment would be lost, which in turn would disconnect
those integrins from the signaling pathway. There is biochem-
ical evidence that the Src tyrosine kinase can modulate
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Fig. 4. ABM remodeling of the cortical mesh. Hand traces of coarse mesh boundaries from Fig. 2 that show ABM type remodeling. In this mode of
remodeling existing boundaries disappear from cortex, while new boundaries appear. Here, changes are color coded: red filaments will disappear in
the next frame, black filaments were not in the previous frame, green filaments were not in the previous frame and will disappear in the next frame,

and orange filaments show no change between consecutive frames.
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integrin—cytoskeleton association, thereby controlling cell
traction forces [17]. ABM remodeling may be related to such
a mechanism for regulating the interaction between cytoskele-
ton and the extracellular environment, or it may represent a
distinct layer in the control system.

One limitation of the present study is that the analysis fo-
cuses on the coarse cytoskeletal mesh seen in the AFM
images. These structures are sufficiently stiff to produce good
contrast, while the finer mesh is difficult or impossible to fully
trace in sequential images. However, the fine mesh appears to
run over the coarse mesh in some places and under in others,
and thus the two meshes may be intertwined [12]. If this is
the case, the dynamics of the two are likely to be coupled.
In the case of coupled dynamics, one can envision two possi-
bilities: one where the fine mesh is relatively passive and the
overall dynamics are dominated by the coarse mesh and an-
other where the fine mesh has significant intrinsic dynamics
which must be accounted for together with the coarse mesh
dynamics. While we cannot at present account for the fine
mesh dynamics, an understanding of the coarse mesh dynam-
ics is important in either case.

The cortical cytoskeleton has also been proposed to play a
role in membrane domain formation; in the so-called an-
chored-picket fence model, a cortical mesh restricts movement
of proteins and lipids by confining their cytoplasmic domains
to a cytoskeletal compartment [6,18]. Diffusion measurements
in a variety of cells suggest a characteristic domain size of 30—
300 nm [19,20]. This is on the same order as the fine mesh seen
here, but substantially smaller than the coarse mesh. The small
compartments have also been referred to as corrals, and it has
been noted that such corrals might be static or dynamic [21].
One interpretation of our data is that IBM remodeling corre-
sponds to static corrals, where molecules would tend to remain
confined. Although a notable difference is that while the
boundaries of corrals in IBM remain intact (i.e., are “‘static”),
they also move and change shape. Escape from such confine-
ment could involve membrane fluctuations or some change
in the interaction of the confined molecule with the corral.
ABM dynamics on the other hand would be conceptually sim-
ilar to the proposed “dynamic corral” model for controlling
intercompartmental movement of membrane molecules, where
boundaries of existing corrals are lost and new ones are formed
over time [21]. Thus, the results presented here suggest that the
static corrals may actually move, and that static and dynamic
corrals may co-exist. With respect to this interpretation, we
note that the measurements presented here are on a much
longer time scale than the single particle tracking experiments
that form the primary basis for the picket fence model. How-
ever, if indeed the fine and coarse meshes are intertwined, then
the fine mesh dynamics will depend at least in part on the
coarse mesh dynamics.

The AFM studies initiated here provide the ability to exam-
ine structurally and functionally important aspects of cytoskel-
etal dynamics in the cortex of living cells. However, AFM
technology is still rapidly evolving, particularly in biology,
and much work remains to be done in developing methods
for optimal AFM imaging of living cells. This suggests that
further insight, including direct visualization of fine mesh
dynamics, is likely forthcoming. In addition, integrating
AFM experiments with other types of approaches will likely
prove to be very useful in understanding cells of the vascular
endothelium.
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