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Abstract Physiological processes, occurring as a result of
specific receptor stimulation, are generally assessed via
molecular biology techniques and microscopic approaches
with the involvement of specific molecular markers. The
recent progress in experimental approaches, allowing the
mechanical characterization of individual biological enti-
ties, now makes it possible to address cellular processes
occurring in individual cells as a result of their stimulation
by hormones. Here, we demonstrate that the atomic force
microscope (AFM) can be used to mechanically probe in-
dividual cells following the activation of the angiotensin-1
receptor, a receptor well known for its role in cell
homeostasis regulation. Our goal is to demonstrate that
the measurement of cantilever deflection can be used to
quantify in real time the mechanical and morphological cell
activity associated with the activation of the receptor. By
combining the AFM with time-lapse sequences of phase-
contrast and confocal micrographs, we show that the
angiotensin-1 receptor stimulation with 100 nM angiotensin II
produces an actin-dependent contractile response with an
amplitude of 262+52 nm. We validated the mechanical
origin of the responses by measuring the elastic modulus of
the cell from indentation experiments performed at 30-s
intervals. Additionally, nanoscaled height fluctuations of the
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cell membrane occurring after the initial contraction
response could be attributed to an increased actin cytoskel-
eton activity and remodeling detected by confocal micros-
copy. Finally, by using inhibitors for specific elements of the
angiotensin-1 receptor signaling pathways, we demonstrate
that AFM real-time height monitoring allows a read out of
the molecular processes responsible for the cell mechanical
response.
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Introduction

In a large variety of physiological responses, stimulation of
specific signaling pathways is involved and leads to cell
contraction and/or morphological remodeling. The cyto-
skeleton of epithelial and endothelial cells is also central to
their role as barrier in various tissues and organs [1-3]. The
production of actin-mediated contractile force, in response
to a wide variety of agonists, such as thrombin, aldosterone,
endothelin, bradykinin, and angiotensin I (Angll), are
critical in the control of blood flow and vascular perme-
ability [4-8]. These mechanically active agonists proceed
through signaling pathways involving a variety of G-protein-
coupled receptor (GPCR) such as Gg, G213, and Gy, as well
as small GTPases of the Rho family [4, 9, 10]. Stimulation
of G proteins is directly involved in cell contraction as a
result of the phosphorylation of the myosin light chain
(MLC) [11]. In addition to cell contraction, the dynamic
alteration of the actin cytoskeleton is a prerequisite to
cellular processes associated with extensive cell shape
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remodeling. Indeed, in nonmuscle cells, the Rho GTPase
family is well known to regulate actin remodeling in
processes leading to cell contraction [4, 9, 12], stress fiber
formation [12, 13], and cell motility [14—16]. In this context,
the discrimination of cellular events simultaneously causing
a contraction of the cytoskeleton from those associated with
dynamic actin alteration and remodeling still represents an
important challenge for the understanding of cell mechanics
and homeostasis regulation.

Microscopic observations in conjunction with mechani-
cal assays, based on flexible substrates, have provided a
wealth of information pertaining to cell contraction and
locomotion [17-19]. More recently, nanoscaled approaches
such as optical and magnetic traps [20-24], micropipette
aspiration [25], shear flow [26], and atomic force micro-
scope (AFM) [27-35] were demonstrated as powerful tools
to investigate mechanical response in individual cells in
various physiologically relevant contexts. The AFM was
shown to be particularly suitable to cell mechanical studies
as demonstrated in the monitoring of single cardiomyocytes
beating amplitudes [30] and to the mechanical properties of
various cellular models [36-38]. More recently, the tech-
nique was also applied to the monitoring of metabolic-driven
cell membrane fluctuation in Saccharomyces cerevisiae [31,
32] and to the monitoring of cell pulsation in various human
cells [33, 39].

In the present work, we apply the AFM to the real-time
monitoring of mechanical response induced by the activa-
tion of the Angll type-1 receptor (AT; receptor) in
individual cells. From simultaneous mechanical measure-
ments and microscopic observations, we establish temporal
relationship between the GPCR stimulation and the
contractile and morphological response of the cell. The
recorded mechanical responses contain information that can
be interpreted in terms of actomyosin-mediated contraction
and general remodeling of the cytoskeleton.

Materials and methods

Cell culture and transfection The transfection of human
embryonic kidney-293 (HEK-293) cells (Qbiogene, QBI-
HEK-293A cells, Carlsbad, CA, USA) with the AT,
receptor was performed as previously described [40]. The
G-418-resistant clonal cell line was maintained in DMEM
supplemented with 10% heat-inactivated fetal bovine
serum, 2 mM L-glutamine, 2.5 upg/ml amphotericin B,
50 IU/ml penicillin, 50 pg/ml streptomycin (Wisent, St-
Bruno, QC, Canada), and 0.4 mg/ml G-418 (Gibco Life
Technologies, Gaithersburg, MD, USA) at 37°C in 5% CO,
incubator. Prior to the experiments, the cells were plated in
60-mm Petri dishes with a glass bottom coated with poly-D-
lysine (MatTek Corporation, MA, USA).
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Transfection of HEK-293 cells with GFP-actin was
performed using FuGENE 6 transfection reagent protocol
(Roche, USA). Briefly, 2 pl of FuGENE 6 was combined
with 98 ul serum-free DMEM medium and then mixed
with 1 pg of plasmid GFP-actin DNA (gift from Dr J-L
Parent, Department of Rheumatology, Université de Sher-
brooke). After 20 min of incubation at room temperature,
the solution is added to cell culture Petri dish and incubated
for 48 h at 37°C in 5% CO, incubator.

AFM measurements Our custom-made force measurement
device, based on the design and operation of an AFM [39,
41], was attached to the stage of an inverted microscope
(AxioVert 200, Carl Zeiss, Germany). The system uses a
piezo scanner (P753.21C, Physik Instrumente, Auburn,
MA, USA), equipped with a capacitive sensor with a
nominal closed-loop resolution of 0.1 nm, a piezoelectric
X-Y positioner (PXY 200/28 motion x, y 200 pm,
Piezosystem Jena, MA, USA) and a laser source of
635 nm (OZ-2000 series, OZ Optics, USA). This arrange-
ment allowed the precise positioning of the cantilever over
the center of the cell (apical region). Soft silicon nitride
cantilevers (Veeco, MLCT-AUHW, CA, USA) were
cleaned with UV light (A=254 nm, 20 W, Spectronics,
Westbury, USA) for 15 min and were calibrated before and
after each experiment using thermal noise amplitude
analysis [42, 43]. The measured spring constants are
typically found to be between 0.008 and 0.010 N/m. A
typical experiment was performed as follows: A Petri dish
containing HEK-293 cells was washed one time, and the
growth medium was replaced with HEPES-buffered salt
solution (HBSS; 20 mM Hepes at pH 7.4, 120 mM NacCl,
53 mM KCI, 0.8 mM MgSO,, 1.8 mM CaCl,, and
11.1 mM dextrose) and placed under the force measurement
device. The tip of the AFM was moved over an individual
cell with the help of the inverted microscope and the
piezoelectric X—Y positioner. The cell approach was stopped
when a contact force between the cell and the AFM tip
equivalent to 200 pN was detected. This contact was
maintained for at least 15 min prior to recording to ensure
signal stability (flat baseline). The last fraction of this
baseline was recorded for at least 5 min prior to Angll
stimulation. HEK-293 cells were activated with 100 nM
Angll (American Peptide, Sunnyvale, CA, USA) and, in
Fig. 2e, treated with 0.5 uM latrunculin A (Sigma-Aldrich,
Oakville, Ontario, Canada) for 30 min before Angll
stimulation. In Fig. 4, the cells were treated with 100 uM
Blebbistatin or 20 uM ML-9 for 30 min or 10 uM Y-27632
(Calbiochem, San Diego, CA, USA) for 24 h before Angll
stimulation. All AFM experiments were performed at room
temperature (25°C) to minimize the noise generated by the
heating/cooling cycle of the temperature control device.
Simultaneously, to force spectroscopy measurement, the
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morphological changes of the cell were observed by phase-
contrast microscopy. All micrographs were captured with a
x40 phase-contrast objective, a high-sensitivity camera
(AxioCam MRm, Carl Zeiss, Germany), and analyzed with
AxioVision LE software to monitor morphological changes
and cell area variations.

Evaluation of cell stiffness To monitor change in cell
stiffness upon AT; receptor stimulation, cell elasticity
measurements were performed on cells as previously
described by others [38, 44]. As for the determination of
height change, the tip of the AFM was positioned over the
center of an individual cell with the help of the inverted
microscope and the piezoelectric X—Y positioner. Indenta-
tion curves were recorded at 30-s intervals from 5 min before
to 20 min after 100 nM AngIl cell stimulation. The
indentation curves were fitted with the Hertz model [44] to
determine the Young’s Modulus (YM). The YM is defined
by F =6 x (2/m) x [E/(1 — v*] x tan(a), were F is the
applied force on the cell membrane, E is the elastic
modulus (kilopascal), v is the Poisson’s ratio (0.5), « is
the opening angle of the AFM tip (35°), and § is the
indentation depth (300 nm in our experiments). All the
experiments were performed with an approach/retract
speed of 6 um/s.

Confocal microscopy The actin cytoskeleton reorganization
of cells expressing GFP-actin was analyzed from confocal
microscopy micrographs. HEK-293 cells, grown on 60-mm
glass bottom Petri dishes, were washed one time, and the
growth medium was replaced with HBSS. The cells were ex-
amined with a scanning confocal microscope (FLUOVIEW
FV1000, Olympus, PA, USA) using a x40 oil-immersion
objective. GFP-actin was excited with a wavelength of
488 nm, and its emission was recorded at 505 nm. Micro-
graphs were obtained for 15 optical sections of 1 pm for the
observation from the basal (Fig. 2a) to the apical (Fig. 2c)
sections of the cells. For the transverse view of the cells, 55
optical sections of 250 nm (Fig. 2b) at 15-s intervals were
recorded before and after stimulation with 100 nM Angll.
The time to achieve one xyz stack was 15 s. The resulting
micrographs sequence was analyzed using Image-Pro Plus
software to measure cell volume and to obtain apical,
basal, and transversal views of cell actin distribution
(MediaCybernetics, MD, USA).

Statistics In Fig. 4e, data are shown as mean value+
standard error of the mean (SEM). To determine signifi-
cance of differences (p<0.05), we used an analysis of
variance between the groups and a post Hoc (Dunnett
correction) to compare each mean with the control

group.

Results

Angiotensin-II-dependent contraction of individual cells
measured by AFM

In this study, we use the AFM to mechanically monitor the
activation of individual HEK-293 cells transfected with the
Angll receptor AT, as published previously [45]. These
cells have been previously demonstrated to respond to
Angll with optical microscopy [46] and by monitoring of
the intracellular calcium [47]. In Fig. 1, we combined the
AFM with phase-contrast microscopy to characterize the
cellular response associated with the activation of the AT,
receptor by Angll. To record in real time the mechanical
response induced by AT receptor activation, an AFM force
transducer with a tip of about 50 nm in radius was allowed
to contact the cell surface with a force corresponding to
approximately 200 pN. The AFM tip was precisely
positioned over the center (apical region) of an individual
cell (see insert in Fig. 1a) to minimize variation in the cellular
response that could be associated to the diverse geometry
observed throughout the cell surface.

Figure la is a typical Angll-induced cellular response
detected by the AFM cantilever and plotted as cell
membrane displacement (nanometer) as a function of time
(minutes). In a typical experiment, the baseline prior
injection of Angll is recorded for at least 5 min to ensure
thermal and mechanical stability. The contact of the cell
with the AFM prior of the experiment did not lead to
detectable remodeling or morphology changes. At this
point, the signal measured is characterized by an averaged
height fluctuation of 0.70+0.07 nm, corresponding to 7.0+
0.7 pN, as measured by averaging the AFM height data.
This result is on the same order of magnitude as the typical
noise of the cantilever. Immediately after the stimulation by
100 nM Angll, a cell membrane displacement of 262+
52 nm (n=6) is observed as a result of the cell pushing
against the cantilever, thus developing a positive force
against the tip. In order to clarify the origin of the AFM
signal, we simultaneously recorded a time sequence of
phase-contrast micrographs. The comparison of the cell
morphology before (-2 min) and at the maximum of the
height signal (~2 min) shows an unambiguous contraction
of the cell bodies that we relate to the AT; receptor
stimulation (see dotted lines in Fig. 1b, bottom image row).
The extent of the contraction is assessed in Fig. 1b by the
analysis of the cell area with the AxioVision software.
Measurements performed on 50 cells result in an averaged
area of 1,520+51 pm?. When recorded at the maximum of
the AFM height signal after AnglI stimulation, a significant
decrease (p=0.004) in the cells area is observed (1,320+
44 um?), giving a reduction of area by approximately 12%.
This result is consistent with the maximum cell membrane
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Fig. 1 Simultaneous monitoring
of AFM signal and phase-
contrast micrograph on AT;-
transfected HEK-293 cells stim-
ulated by Angll. a In a typical
experiment, an AFM cantilever is
allowed to contact the apical
region of an individual cell with
a force inferior to 250 pN
(insert). A baseline is recorded
for several minutes before the
injection of 100 nM Angll

(0 min). The cell mechanical
response is plotted as cell mem-
brane displacement unit as a
function of time. b Upper image
row: phase-contrast micrographs
recorded before (—2 min) and
after Angll stimulation (2 and
10 min). The micrograph at

2 min exhibits maximum con-
traction of the cells and corre-
sponds to the maximum in the
AFM height signal, whereas the
micrograph at 10 min shows
extensive spreading of the cell.
Bottom image row: Magnified
view of a cell (see asterisk at —2
min, upper image row) exhibit-
ing cell body contraction as
demonstrated by dotted lines at
—2 min versus 2 min. Scale bars
corresponds to 20 um (upper
image row) and 5 um (bottom
image row) ¢ Upper curve: Con-
trol experiment in which HEK-
293 cells, transfected with the
AT receptor, are exposed to an
injection of 500 pl of the buffer
solution (HBSS) without AngIl.
Bottom curve: Control experi-
ment were HEK-293 cells are
transfected with an empty vector
(without the AT, receptor coding
sequence) are exposed to Angll
(in 500 pl HBSS). The AFM
signals confirm that the cells do
not respond to such treatment
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displacement measured with the AFM (262452 nm). In this
context, we argue that the contraction of the cell results in
the elevation of the apical region of the cell. Another
important feature of the AT, receptor-dependent cellular
response is the significant change in morphology observed
after the initial contractile response. Indeed, the phase-
contrast micrograph recorded 10 min after Angll stimula-
tion (Fig. 1b) clearly shows a significant spreading of the
cell body as reported previously for this cellular model
[46]. Interestingly, these structural changes are associated
with an increased fluctuation in the AFM signal (see
arrowheads in Fig. 1a) observed when comparing the signal
before (=5 to 0 min) and after (5 to 20 min) the Angll
stimulation. Indeed, in these time intervals, the averaged
fluctuation increases from 0.70+£0.07 to 6.30+0.46 nm in
amplitude. We speculate here that this tenfold increase in
the cell surface fluctuations can be interpreted as an index
of cell remodeling activity.

In Fig. lc, we present two control experiments con-
ducted to confirm the contribution of the AT, receptor
stimulation in the height response recorded with the AFM.
As a control, HEK-293 cells transfected with the AT,
receptor were stimulated with HBSS (vehicle for all Angll
injection) to address the possibility that the injection could
cause temperature-related force signal drift or shear stress
cellular activation as observed in several cell types,
including epithelial cells [48-50]. As for the Angll
stimulation experiment, 500 ul of HBSS was introduced
with a micropipette into the Petri dish while the AFM
signal was recorded. As expected, no AFM signal was de-
tected (Fig. lc, upper curve), nor any morphological changes
were observed by phase-contrast microscopy (data not
shown). In an additional control, the stimulation of MOCK
HEK-293 cell (transfected with an empty vector) with 100 nM
Angll (Fig. lc, bottom curve) also generated no AFM
response, thus confirming the implication of AT, receptor in
the cell responses observed in Fig. la.

Actin activity in relation to Angll-induced
mechanical response

To access the contribution of actin cytoskeleton in the
recorded AFM signal, we use HEK-293 cells expressing the
AT, receptor and co-transfected with GFP-actin to generate
confocal micrographs at different times of the stimulation.
From these cells, we obtain fluorescence micrograph results
without the uses of conventional fluorescent probes
requiring cell fixation and thus the loss of the cells response
to Angll. Confocal micrographs showing different views of
the cell actin at different times before and after Angll
stimulation are presented in Fig. 2a and b. The confocal
micrograph of the basal section (Fig. 2a) obtained prior to
AT stimulation shows a morphologically stable cell with

numerous actin structures [46]. A transversal confocal
micrograph of a cell is presented in Fig. 2b and shows a
relatively uniform distribution of the GFP-actin throughout
the cell body. This transversal presentation does not easily
allow for the observation of the actin structures but rather
gives a general idea of the GFP-actin distribution through-
out the cell body. It should be considered here that the
fluorescent signal in both micrographs sets is attributed to
both the f- and g-actin components of the overall actin
population. Consistent with the results presented in Fig. 1, a
significant contraction of the cell body (see arrowhead) is
observed 2 min after AT, stimulation. Indeed, a careful
inspection of the confocal micrographs Fig. 2a (—2 min and
2 min after the stimulation with Angll) reveals a notable
reorganization of the actin content toward the cell body
center, which is consistent with a contractile response of the
cell. In addition, the transverse view at 2 min shows an
increase in actin content at the apical region of the cell
(Fig. 2b, arrowhead at 2 min), which is consistent with the
height increase observed in the AFM signal. Confocal
microscopy of GFP-actin in the late phase of the stimula-
tion demonstrates an extensive rearrangement of the actin
structures most notably the loss of well-defined actin
filaments (Fig. 2a at 10 min) and the increase in actin
density at the basal region of the cell (Fig. 2b, see
arrowhead at 10 min). This reorganization of the actin
cytoskeleton is concomitant with the spreading of the cell
body, and we argue that this actin relocation is responsible
for a good part of the fluctuation in the AFM signal in the
late phase of the stimulation. Essentially, these observations
confirm the implication of the actin cytoskeleton in the
fluctuating AFM signal observed in the late phase of
the stimulation and in the cell spreading observed in the
phase-contrast micrograph in Fig. 1b (10 min). Further-
more, the change in cell height observed through AFM
monitoring following the Angll stimulation can be associ-
ated to changes in cell volume. To clarify this possibility,
we measured the cell volume from confocal images stacks.
We found no significant change when comparing the
volume before and at 2 min after Angll stimulation (n=8§,
Table 1). We calculated a volume variation of 0.01+
0.13 pL, which is not statistically significant; therefore,
we can assume that the cell volume remains constant in the
course of our experiment.

To evaluate the movement of actin structures, directly
under the region where the AFM cantilever is in contact
with the cell membrane, confocal micrographs of the apical
section of the cell were recorded at 1-min interval before
(Fig. 2c, upper panel) and after Angll stimulation (Fig. 2c,
bottom panel). On the micrographs obtained before Angll
stimulation, small actin structures can be observed showing
a relative positioning stability in time (Fig. 2c, upper
panel). In contrast, Fig. 2¢ (bottom panel) shows the apical
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region of a cell after 15 min of Angll stimulation. One can
readily observe continual changes in the position of GFP-
actin structures discernible as small fluorescent elements in
the micrographs. These results suggest that subtle actin
movement at the apical region of the cell could be a
significant contribution to the observed fluctuations of the
AFM signal as shown in Fig. la (see arrowheads).

To further confirm the involvement of the cytoskeleton
in the recorded mechanical response, cells were pretreated
with the actin depolymerizing drug latrunculin A (LatA)
before their stimulation by Angll. The mechanical re-
sponse, normally observed when stimulating the AT,
receptor, was greatly abolished (Fig. 2d), which clearly
establishes the essential contribution of the actin cytoskel-
eton in the development of the mechanical response. It
should be noted here that LatA pretreatment of the cells
also abolished the mechanical fluctuations observed in the
late phase of the stimulation, which point toward a
significant contribution of actin structures in this process.

Changes in cell morphology, related to dynamic alter-
ation of the cytoskeleton, has been demonstrated to be
associated with changes in cell elastic modulus in several
studies probing cellular mechanics [37, 38]. With the AFM,
the Young’s modulus of cells can be estimated from
indentation force curves [51]. The procedure has been
recently applied to study the role of the actomyosin
contractile machinery in fibroblast contraction [52]. We
have used this approach to confirm that the real-time me-
chanical response, recorded upon cell stimulation by Angll,
is associated to a change in cell stiffness. In Fig. 3, we
present the results of an experiment designed to monitor
changes in Young’s modulus in cell stimulated with AngIl.
In this experiment, indentation curves (Fig. 3b) are
recorded every 30 s and analyzed to produce a time course
of the variation of cell elastic modulus (Fig. 3c). As
expected, due to cytoskeleton reorganization, we observe a
sharp increase from 969+95 to 3,727+461 Pa of the
calculated Young’s modulus approximately 2 min after
Angll stimulation. These results are consistent with the
results presented in Figs. 1 and 2 and confirm that a change
in cell stiffness is a major contribution to that height change
observed in real-time measurement of Angll-induced
cellular response, making it a valuable procedure for
probing of fast transient mechanical cellular response.

Regulatory cascade responsible for the mechanical response

In muscle and nonmuscle cells, the actomyosin system is
largely involved in the regulation of contraction, motility,
and actin-based cytoskeleton dynamics. In order to test the
involvement of actomyosin force generation in the ob-
served mechanical response following the stimulation of the
AT, receptor, we pretreated the cell with the inhibitor

@ Springer

Fig. 2 Confocal imaging of HEK-293 cells, transfected with GFP- P

actin, in relation to the mechanical response measured with the AFM.
a Confocal imaging of 1-pum-thick section recorded in the basal region
of the cell showing actin structures. Micrographs are presented at
selected times before and after Angll stimulation (=2, 2, and 10 min).
The arrows indicate the apparent contraction of the cell body. b
Transversal view of an individual cell, constructed from 55 sections of
250 nm, before and after AT; receptor stimulation. The arrows show,
respectively, the redistribution of the GFP-actin to apical and basal
regions of the cell at 2 and 10 min after Angll stimulation. Scale bar
in a and b corresponds to 10 pum. c—d Relation between height
fluctuation in the AFM signal and actin movement observed in
confocal micrographs of the apical regions of a cell transfected with
GFP-actin. The confocal micrographs correspond to a 1-pm-thick
section in the apical region of the cell recorded at 1-min time intervals
before (¢) and 15 min after (d) Angll stimulation. ¢ The bright spots
correspond to actin structures, which are essentially stable throughout
the time sequence (see arrowheads). d The bright spots (see
arrowheads) in the time sequence reflect an increased dynamical
state of the actin structures. Scale bar in ¢ and d corresponds to 5 um
in confocal micrographs. e Monitoring of the mechanical response
induced by Angll (100 nM) on HEK-293 cells pretreated with LatA
(0.5 uM). In this experiment, the cells do not react markedly
compared to Fig. la, thus demonstrating the contribution of the
cytoskeleton in the AFM signal

blebbistatin (Fig. 4a). This agent is known to inhibit
myosin-II ATPase activity and lower actin—myosin affinity
[53], thus interfering with the contraction mechanism.
Figure 4b shows a representative mechanical response
recorded with the AFM where the initial contractile
response is totally abolished, which indicates that the
actomyosin contractile machinery plays a prominent role
in the development of the mechanical response following
the stimulation of the angiotensin receptor.

The actomyosin-dependent contractile response requires
the phosphorylation of the regulatory MLC on Thr-18 and
Ser-19. This phosphorylation-dependent activation of MLC
was previously shown to involve two alternative signaling
pathways (Fig. 4a): the first involving MLCK, a kinase
regulated through the G-protein G, and the second
involving the direct phosphorylation of MLC by Rho-
kinase, a kinase regulated by the G;,/13 signaling pathway.
The Rho-kinase also has the capability to inactivate the
MLC phosphatase (MLCP). To test whether MLCK
contributes to the mechanical response detected by AFM,
we pretreated the cell with an MLCK inhibitor (ML-9) prior
to the stimulation. The Angll-induced mechanical response
presented in Fig. 4c¢ is similar to the one presented in Fig. 1
and indicates that the inhibition of MLCK has virtually no
effect on the mechanical response of the cell. This result
was confirmed by phase-contrast imaging clearly showing
an important spreading of the cell after stimulation. In
contrast, pretreatment of the cells with an inhibitor of Rho-
kinase (Y-27632) largely diminished the initial mechanical
response (Fig. 4d and e). This result points toward a main
contribution of Rho-kinase in the regulation of the
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mechanical response induced by Angll. Additionally, the
apparent decrease in the signal fluctuation normally
observed after the stimulation (6.30£0.46 nm for Angll
versus 2.23+0.28 nm for Y-27632/Angll) and the decrease
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Cell membrane displacement (nm)
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in the spreading of the cell observed in the phase-contrast
micrograph is consistent with the role of Rho-kinase in
cytoskeleton remodeling. In Fig. 4e, we summarize the
magnitudes of the contractile responses in the mechanical
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Table 1 Evaluation of the cell volume from confocal images before
and 2 min after 100 nM Angll stimulation

Cell Before cell
stimulation (pL)

2 min after Angll  Variations
stimulation (pL) (pL)

1 10.21 10.31 0.10

2 6.79 6.17 —0.62

3 7.76 7.39 -0.37

4 8.65 9.09 0.43

5 8.99 9.07 0.08

6 7.18 7.62 0.44

7 7.82 7.96 0.13

8 9.35 9.24 -0.10

Mean+SEM 0.01+0.13
(=0.03%)

tests performed with the different pharmacological agents in
terms of the magnitude of the initial contractile response of
the cell.

Discussion

In the present study, we used a custom-built AFM, in the
height and elasticity measurement mode, as a tool to the
real-time monitoring of agonist-mediated cell contraction
and fluctuation associated with reorganization of the actin

network in individual cells. Commercially available AFM
cantilevers are used to quantify minute morphological
changes occurring upon stimulation of the cell. These
changes can be recorded precisely at the apical region of
the cells with the help of an optical microscope for the
precise positioning of the AFM tip over the cell surface.
The detection of AFM height variation in individual cells
was previously successfully applied to the monitoring of
cardiomyocyte pulsing by Domke et al. [30]. One of their
key finding was that the contractile response of the
cardiomyocyte generates an elevation of the cell, which is
easily detected as an increase in the AFM height signal. In
the present study and in preliminary findings published
earlier [45], we used an AFM cantilever positioned at the
apical region of an individual epithelial cell stably express-
ing the AT, receptor to measure the mechanical response
induced upon an agonistic stimulation. Stimulation of AT,
receptor is well known to be linked to the activation of
several distinct signaling pathways, including the G
pathway (intracellular calcium mobilization and MLCK
activation) and the small GTPases Rho (RhoK activation)
[54, 55], which are key regulators of cell contraction and
actin cytoskeleton remodeling (Fig. 4a). The main feature of
the mechanical response occurs as a transient cell membrane
displacement of several hundreds of nanometers in amplitude
(262452 nm) within minutes after the stimulation (Fig. 1a).
In our cell line, the stimulation of the AT, receptors

Fig. 3 Indentation experiment a b
performed at 30-s time intervals 027
to evaluate the change in
Young’s modulus in a cell stim- .
ulated with AnglI. In a typical Z p04
experiment, the apical region (a) f E;’
of an individual cell is indented | S
with a force inferior to 250 pN A = \\J/_ T =
(b), while the corresponding 0.2+
force trace is recorded. The data : e
are fitted with the Hertz model T T 1
[44] to derive the time course -1000 0 1000 2000
presented in ¢. Each point is an Tip-sample distance (nm)
average of five independent € 5000 -
experiments

E‘ 4000 —
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< 3000
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Fig. 4 Identification of the sig-
naling pathways involved in the
mechanical response induced by
the activation of the AT; recep-
tor. a Diagram presenting two
independent signaling pathways
known to be involved in con-
traction mediated by AT, recep-
tor activation via its hormone
Angll. The first involves G and
ultimately leads to MLCK acti-
vation and actomyosin-based
contraction, whereas the second
proceeds through Gi,/q3 and the
activation of the kinase RhoK
ultimately leading to the inhibi-
tion of the phosphatase MLCP
and the direct phosphorylation
of MLC by RhoK. Both events
lead to actomyosin contraction.
In b, ¢, and d are presented the
temporal mechanical responses
after treatment with inhibitor
targeting the actomyosin con-
traction (100 uM blebbistatin),
MLCK (20 uM ML-9), and
RhoK (10 uM Y-27632),
respectively. Scale bar corre-
sponds to 50 pwm in phase-
contrast micrographs.

e Summary of the magnitude of
the initial contractile response in
nanometer (n=4 to 6). ¥**p<
0.01: Significantly different
from Angll-stimulated cells
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Fig. 5 Representation of the cell morphology change associated with
the generation of the AFM signal. a Before AT, receptor stimulation,
the AFM signal is stable and shows limited fluctuation. b Immediately

generates a transient contraction that could possibly play a
significant physiological role at the level of various epithelial
or endothelial cells. Indeed, by using the spring constant of
the cantilever (0.01 N/m, nominal), we found that the
contractile response of the cell can generate forces larger
than 2 nN, which is sufficient to deform the surrounding
extracellular matrix or to modulate fluid flow and exchange
in tissue containing epithelial and endothelial cell layer. For
example, lung, kidney, and blood capillary are expected to be
particularly sensitive to transient contractions of epithelial
and endothelial cells. Transient structural changes, with
amplitude in the nanometer range, are normally difficult to
visualize and to precisely quantify in real time with
conventional optical microscopy technique. They are nor-
mally assessed through time-lapse micrograph sequences.
The use of an AFM cantilever allows for the real-time
detection of transient nanometer-scaled modification of the
cell morphology and thus provides a valuable alternative for
the detection of transient structural changes in cells. Here,
the transient redistribution of actin structure in the apical
region, observed in the confocal micrographs, was found to
be consistent with the increase of the AFM height signal.
More importantly, this was confirmed by the transient
increase in the Young’s modulus obtained from indentation
curves recorded at 30-s time intervals.

When applied to cell, AFM detection relies on the direct
contact of the tip with the cell surface. In principle, the
sensitivity of the AFM force transducer allows for the
probing of molecular movement occurring in the vicinity of
the cell membrane. Such mechanical fluctuation was
extensively characterized experimentally and theoretically
for red blood cells [56, 57] and recently reported in various
human cells [17, 29-33]. Our experiments are conducted
with a sensitivity of 0.5 nm in terms of height measure-
ment. When converted into force units, this measurement
value corresponds to a force of approximately 5 pN. In the
present work, we exploit the signal fluctuations to access
the dynamical state of an individual cell before and after the
stimulation by Angll (Fig. 1a). The averaged amplitude of
the signal corresponds to cell membrane height fluctuation
0f 0.70+0.07 nm before and to 6.30+£0.46 nm 10 min after
the stimulation. This increase in membrane height fluctua-
tions is correlated with an increased actin activity at the
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after the stimulation, the cell body contracts and produces a drastic
increase in the AFM height signal. ¢ The spreading of the cell body in
the late phase of the stimulation generates the fluctuation of the signal

apical region of the cells, visible in confocal micrograph of
Angll-stimulated cell (Fig. 2¢). Although apparently small,
the difference in the fluctuating signal measured before and
after the stimulation, corresponds to force exerted on the
AFM tip of 7.0+0.7 and 63.0+4.6 pN, respectively, with
occasional fluctuation reaching up to 150 pN in amplitude.
Most of the fluctuations observed before the stimulation
can be attributed to the thermal noise of our AFM
cantilever, which is on the order of 5pN in optimal
condition. The magnitude of fluctuations observed after
Angll stimulation is consistent with cellular processes
involving the reorganization of the cytoskeleton. For
example, single actin filament polymerization [58—60] and
actin—myosin-based contraction [61-63] can generate
forces of some piconewton that may add up to hundreds
of piconewton when pushing in parallel on the membrane
area probed by the AFM tip [64, 65]. Even though it is
impossible to pinpoint the fluctuation recorded by AFM to
any particular actin sub-structure, it appears that the subtle
actin movement seen in the confocal micrograph at the
apical region of the cell could be an important contribution
to the fluctuation of the cell surface. Taken together, these
results point toward the possible involvement of subtle
actin movement at the apical region of cells in the increased
mechanical fluctuation observed by AFM after the AT,
receptor stimulation as seen in Fig. la (see arrowheads). It
should be added here that other cytoskeleton elements, well
known for their implication on cell mechanics, should also
be taken in consideration for a possible contribution in the
mechanical response observed.

Using specific inhibitors, we show that mechanical
response recorded on individual cells can be used to
investigate the contribution of specific signaling pathways
downstream from the receptor stimulation to the overall
response of the cells. First, the direct inhibition of the
actomyosin contractile response by blebbistatin, which is
known to influence actin—-myosin binding affinity [53],
produces a complete inhibition on the initial contractile
response. This experiment demonstrates without ambiguity
the central contribution of the actomyosin contractile
machinery in the generation of the initial large amplitude
mechanical response observed in our cellular model.
Additionally, the use of two inhibitors for two alternative
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signaling pathways leading to the phosphorylation-dependent
activation of MLC allowed us to evaluate their respective
contributions to the contractile response. Hence, we demon-
strated that the downstream inhibition of the G, pathway with
an MLCK inhibitor (see Fig. 4a and c) had no effect on the
overall mechanical response induced by the activation of the
receptor AT;. In contrast, the inhibition of the Gjy/3
pathway using a RhoK inhibitor (see Fig. 4a and d) resulted
in a drastic decrease in initial contractile response as well as
in an almost complete abolition of the fluctuation normally
observed in the late phase of the stimulation. This result
points toward a major contribution of Rho-kinase in the
process. This result is consistent with the well-known
multifaceted implication of Rho-kinase in actin cytoskeleton
regulation and cell contraction for several cell types [4, 9,
66]. Indeed, Rho-kinase is known for its direct kinase action
on both MLC and MLCP, both events leading to increased
contractile activity.

In conclusion, the present study demonstrates that the
AFM, in its deflection amplitude-recording mode, allows
not only the precise quantification of large amplitude
contractile response but also the detection of small
amplitude fluctuation associated with increased cytoskeletal
activity in stimulated cells (Fig. 5). Such an increase in
cytoskeletal activity is often a feature of cells undergoing
significant morphological changes. Promising application
of the mechanical monitoring of individual cells in real time
could thus be generalized to cellular processes involving
sustained actin remodeling, a feature characteristic of cells
undergoing significant phenotypical changes. Consequent-
ly, the AFM can provide valuable mechanistic details on
signaling pathways activated by cell receptor agonists well
known for their implication in mechanically relevant
physiological response such as the regulation of the barrier
function in epithelial and endothelial cells layers. Hence,
contact AFM measurements allow for label-free and
noninvasive measurements of cellular processes at high
temporal and spatial resolution in living cells.
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