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Abstract
Morphological changes occurring in individual cells largely influence the physiological functions
of various cell layers. The control of barrier function of epithelia and endothelia is a prime
example of processes highly dependent on cellular morphology and cell layer integrity. Here, we
applied the surface plasmon resonance (SPR) technique to the quantification of cellular activity of
an epithelial cell monolayer stimulated by angiotensin II. The analysis of the SPR signal shows
reproducible concentration-dependent biphasic responses after cell activation with angiotensin II.
Phase-contrast and confocal microscopy imaging was performed to link the SPR signal to
molecular and global morphological remodeling. The SPR signal was observed to be in relation
with the rapid cell contraction and the subsequent cell spreading observed by phase-contrast
microscopy. Additionally, the temporal redistribution of actin, observed by confocal microscopy
after angiotensin II stimulation, was also found to be consistent with the SPR signal variation. The
modulation of signaling pathways involved in actin-myosin driven cell contraction confirms the
direct implication of actin structures in the SPR response. Additionally, we show that the
intracellular calcium mobilization associated with angiotensin II stimulation did not produce any
significant SPR signal variation. Altogether, our results demonstrate that SPR is a rapid label-free
method to study cellular activity and molecular mechanisms implicated in the modulation of the
integrity of a cell monolayer in relation to cytoskeleton remodeling with associated cell
morphological changes.
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INTRODUCTION
The epithelial cell layer cohesion is a key player in the control and maintenance of tissue
homeostasis. Although the range of experimental approaches applied to the study of
physiological processes involving epithelium permeability is extensive,1,31,37,43,47 there is
still a need for label-free techniques that allow precise time-resolved informations on the cell
molecular activity implicated in cell morphology changes. To date, cell and intracellular
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molecular activities are routinely monitored through different techniques such as
fluorescence microscopy or molecular assay reporting concentration or activation of various
cellular components such as the intracellular calcium concentration, cyclic-AMP, actin
cytoskeleton reorganization or the activation of several kinases and phosphatases.2,4,5,10

These assays rely on molecular labels brought from the outside into the cytosol or
incorporated to the cell intrinsic biomolecular machinery using the toolbox of molecular
biology.

A new emerging application for surface plasmon resonance (SPR), a technique largely
employed in molecular bioassays,19 is the analysis of cellular processes. With its exquisite
precision to determine mass variations occurring in the vicinity of a gold surface, this
technique is of interest to analyze phenomena occurring in the first 200 nm above the
studied sample. As suggested by Hide et al. in 2002, SPR might have the capacity to detect a
variety of cellular processes. Indeed, SPR was applied to the study of the ligand-induced
reaction of mast cells,17,45 apoptotic response45 and the detection of blood coagulation and
platelet adhesion.15 SPR has also allowed the study of molecular systems isolated from
cells, such as actin myosin attachment/detachment in intact sarcomeres,48 protein–
membrane interactions7 and the cell membrane composition.51 Furthermore, SPR has
provided mechanistic details of calcium-induced selective binding of the calcium-
calmodulin complex to a target peptide32 and other metal ions.33 These results suggest that
SPR can be used to study physiological processes involving molecular changes occurring in
the basal region of a cell monolayer due to the activation of specific signaling pathways.

In the SPR technique (Fig. 1a), a p-polarized laser beam is reflected on the sample through a
coupling prism at an angle superior to total internal reflection angle. The reflection of the
laser beam on the gold-dielectric interface and its coupling with the plasmons generates an
evanescent field of hundreds of nanometers above the gold substrate that propagates into the
sensing medium containing cells. Optimal coupling between the laser and plasmons is
function of the incident angle, the wavelength of the light source and the refractive index of
the sensing medium. Therefore, a mass variation within the evanescent field will cause a
change in refractive index and will lead to a measurable shift in the angle at which
maximum coupling occurs.

Here we used HEK-293 cells, stably expressing the angiotensin II (AngII) AT1 receptor, as a
model to study the relation existing between specific intracellular molecular events and
global structural changes involved in cell layer cohesion and integrity. AngII is the active
hormone of the renin-angiotensin system which is implicated in many physiological
processes, such as vascular contraction as well as sodium and water retention.11 This
agonist, through AT1 receptors, proceeds via signaling pathways involving the parallel
activation of G-proteins as well as small GTPases of the Rho family.11,13,18,30,34 AT1
receptor stimulation leads to intracellular Ca2+ mobilization and to Rho-Kinase (RhoK)
activation.2,11 These two signaling pathways lead to actin-myosin complex activation
through phosphorylation of the myosin light chain (MLC), by the myosin light chain kinase
(MLCK) or RhoK,22,34 which are well known for their implication on the actin myosin
molecular motor and the cytoskeleton remodeling. These intracellular events influence the
resistance of cells to mechanical perturbation as well as the overall cohesion of cell layers.
13,34,38–40,49

In this study, we applied the SPR technique to study intracellular molecular mechanisms
implicated in the modulation of the integrity of a model cell monolayer. Microscopic
observations were performed to validate the implication of cellular components, such as
morphological and molecular remodeling, in the SPR signal variation. We demonstrate that
SPR can precisely monitor mass changes occurring in the basal portion of a cell monolayer
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and that the SPR signal directly correlates with cell morphological modifications, such as
intercellular gap formation and cell spreading. These effects are modulated by a variety of
cellular and molecular events including cytoskeleton remodeling, cell–cell and cell–
substrate adhesion and tension. In addition, using a variety of pharmacological agents in
combination with the SPR technique, we were able to evaluate the contribution of the
different signaling pathways affecting the actomyosin cell contraction and actin cytoskeleton
remodeling induced by AngII activation.

MATERIALS AND METHODS
SPR Gold Surface Preparation

Fisher finest premium microscope glass slides were used as base substrates, which have a
refractive index similar to BK7. Prior to metal deposition, glass slides were cleaned in
piranha solution (sulfuric acid and hydrogen peroxide 3:1) to remove any contaminants;
afterwards they were placed under vacuum for metal deposition (BOC Edwards evaporator,
model: AUTO 306). A chromium adhesion layer (3 nm) and a gold layer (48 nm) were
deposited subsequently without breaking vacuum between evaporation. Prior to cell culture,
SPR glass-gold surfaces were coated with poly-L-lysine (Sigma, Oakville, ON) to assure
good cell adhesion.

Cell Culture and Transfection
The transfection of human embryonic kidney-293 (HEK-293) cells (Qbiogene Carlsbad,
CA, USA, QBI-HEK- 293A cells), expressing the human AT1 receptor together with a
G-418 resistance gene, was established as previously described3 (gift from Dr. Gaétan
Guillemette, Department of Pharmacology, Université de Sherbrooke). The G-418-resistant
clonal cell line was maintained in DMEM supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 2 mM L-glutamine, 2.5 μg/mL amphotericin B, 50 IU/mL penicillin,
50 μg/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% CO2 incubator. Depending on the
experiment realized, cells were grown to confluence on 3 different substrates: gold poly-
lysine coated glass (SPR experiments), normal plastic Petri (phase-contrast experiments) and
Petri with poly-lysine coated glass bottom (confocal experiments). Comparison of phase-
contrast micrographs obtained for these three different substrates shows no difference in cell
adhesion and the cellular response normally observed upon stimulation of the cells.
HEK-293 cells were activated with AngII (100 nM) (American Peptide, Sunnyvale, CA,
USA) or carbachol (10 μM) (Sigma).26 To study the contribution of the different signaling
pathways, the cells were treated with the inhibitor of myosin light chain kinase ML-9 (20
μM, 30 min), the selective inhibitor of Rho-associated protein kinase Y-27632 (10 μM, 24
h) or the inhibitor of myosin-II-dependent cellular processes blebbistatin (100 μM, 30 min)
(Calbiochem, San Diego, CA, USA) for indicated periods of time. To question the
implication of AT1 receptor activation, the cells were treated with the AT1 antagonist
EXP3174 (4 μM) for 10 min (Sigma–Aldrich, Oakville, ON, Canada).

Transfection of HEK-293 cells with GFP-actin was done using the FuGENE 6 transfection
reagent protocol (Roche, USA). Briefly, 2 μL of FuGENE 6 was combined with 98 μL
serum-free DMEM medium and then mixed with 1 μg of plasmid GFP-actin DNA (gift
from Dr. Jean-Luc Parent, Department of Rheumatology, Université de Sherbrooke). After
20 min of incubation at room temperature, the solution was added to the cell-culture Petri
dish and incubated for 48 h in 37 °C in 5% CO2 incubator.
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SPR Analysis
The analysis was performed at room temperature on a custom-built surface plasmon
resonance apparatus. The sample (n: 1.517; described above) was placed on top of a BK7
coupling prism (n: 1.515; Melles Griot, USA) with a layer of refractive index matching fluid
(n: 1.514; Cargille Laboratories, NJ, USA). The cells were incubated in HEPES-Buffered
Salt Solution (HBSS) (20 mM Hepes at pH 7.4, 120 mM NaCl, 5.3 mM KCl, 0.8 mM
MgSO4, 1.8 mM CaCl2, and 11.1 mM dextrose) during SPR experimentation. A 4 mW laser
diode centered at a wavelength of 635 nm (Thorlabs, Inc., USA) was reflected off the
sample and passed through a motorized linear polarizer. The laser angle is manually fixed
prior the experiments by laser calibration of the apparatus (71.97 ± 0.07°). The intensity of
the polarized laser beam was measured with a voltagebiased photodetector (Thorlabs, Inc.,
USA) and the signal was acquired and treated in a custom-developed LabVIEW control
interface program. As only the p-polarization of the laser light is affected by the surface
plasmons, the s-polarization was used as a normalization to remove the dependence on laser
power drift and other time-dependent noise sources. Results were plotted in reflectance
variation units (RVU) where 1 RVU represents 0.1% variation in total reflectance.

Phase-Contrast Microscopy
The morphological changes of the cell were observed by phase-contrast microscopy in a
different set of experiments. Briefly, HEK-293 cells, grown on 60 mm Petri dishes, were
washed once and the growth medium replaced with HBSS before cell stimulation. The cell
morphology changes were recorded using an inverted fluorescence microscope (AxioVert
200, Carl Zeiss, Germany) equipped with a phase-contrast system. All images were captured
with a 40× phase-contrast objective, a high-sensitivity camera (AxioCam MRm, Carl Zeiss,
Germany) and analyzed with AxioVision LE software.

Confocal Microscopy
The actin cytoskeleton reorganization of the cells expressing GFP-actin was analyzed from
confocal microscopy images. HEK-293 cells, grown on 60 mm glass bottom Petri dishes
coated with poly-D-lysine, were washed once and the growth medium replaced with HBSS.
The cells were examined with a scanning confocal microscope (FLUOVIEW FV1000,
Olympus, PA, USA) using a 40× oil-immersion objective. GFP-actin was excited at a
wavelength of 488 nm and its emission recorded at 505 nm. Each cell was analyzed in 55
optical sections of 250 nm at every 15 s for 40 min after the stimulation with AngII (100
nM). The resulting image sequence was analyzed using Image-Pro Plus software
(MediaCybernetics, Inc., MD, USA).

Cytosolic Calcium Monitoring
HEK-293 cells were washed twice with HBSS and loaded with HBSS + FURA 2/AM (5
μM, Calbiochem, USA) for 20 min at room temperature in the dark. The cells were then
washed once and incubated in HBSS alone for 20 min to ensure complete hydrolysis of the
FURA 2/AM. The fluorescence intensity of FURA 2/AM-loaded cells was measured by
excitation wavelengths of 340 ± 10 nm and 380 ± 10 nm and recorded at 510 ± 40 nm (Carl
Zeiss). Cytosolic calcium release was recorded for 30 min at intervals of 3 s. All images for
calcium quantification were captured with an Axiovert inverted microscope (Carl Zeiss,
Thornwood, NY) fitted with an Attofluor Digital Imaging and Photometry System
(Attofluor Inc., Rockville, MD).
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Statistics
Data are shown as mean value ± standard error of the mean (s.e.m.). To determine
significance of differences (p<0.05), we used an analysis of variance (ANOVA) between the
groups and a post-hoc (Dunnett correction) to compare each mean with the control group.29

RESULTS
SPR Reflectance Variations of a Cell Monolayer Induced by AngII Stimulation

In this study, we used a custom SPR apparatus to monitor cellular activities in HEK-293
cells transfected with the AngII receptor AT1. These cells have been previously
demonstrated to respond to AngII by optical microscopy4 and through the monitoring of
intracellular calcium mobilization.2 For all SPR experiments, cells were grown on
disposable gold-coated glass slides until confluence, following which the glass slides were
mounted onto the BK7 prism of the SPR apparatus (Fig. 1a). Figure 1b presents a typical
SPR response induced by AT1 receptor activation with 100 nM AngII. The SPR signal was
plotted as reflectance variation units (RVU) as a function of time (min). The baseline prior
to the injection of AngII showed a constant plateau (I in Fig. 1b), which is consistent with a
steady-state level of cellular activity. Immediately after the stimulation by AngII, a rapid
diminution in the SPR signal was observed and reached a mean minimum value of 28.06 ±
5.53 RVU (n = 5), approximately 2 min after stimulation (II in Fig. 1b). The cellular
response was subsequently followed by an increase of the SPR signal that gradually
exceeded the baseline value (III in Fig. 1b). In Fig. 1c, we present control experiments
conducted to confirm that the observed SPR response was the result of the AT1 receptor
activation by AngII. At first, we only stimulated the cells with the vehicle (HBSS) to address
the possibility of an SPR response induced by the addition of liquid in the fluid chamber or
an indirect cellular stimulation by shear stress. As expected, no SPR signal variation was
observed after the injection of HBSS (Fig. 1c). In addition, to directly question the
implication of the AT1 receptor activation in the SPR signal response, we pretreated the cells
with the AT1 antagonist EXP3174. A complete abolition of the AngII-induced response was
observed in presence of the antagonist, thus confirming the implication of the AT1 receptor
in the recorded signal (Fig. 1c).

Figure 2a shows the SPR signal associated with the stimulation of cells by different AngII
concentrations (1, 10 and 100 nM). We can see that an increase in the AngII concentration
affects the magnitude of initial SPR response following cell activation. Hence, the
magnitude of the initial response (Fig. 2b, inset) was used to generate a dose–response
histogram of the AngII receptor activation. As expected, increasing the concentration of
AngII, from 1 pM to 10 μM, caused a concentration-dependent RV, reaching a maximum
response at 100 nM AngII (Fig. 2b).

Effects of Cell Morphology Modifications on SPR Reflectance Variations
SPR is by definition sensitive to mass changes occurring in the vicinity of the gold-sensing
surface. For this reason it is expected to be particularly sensitive to any cell morphological
change. To test this possibility, cell morphology variations in time were observed by phase-
contrast microscopy and compared with the SPR signal (Fig. 3). A careful look at the phase-
contrast micrograph of the HEK-293 cell layer, taken before AngII stimulation, revealed a
normal morphology with the presence of intercellular space between cells. However, 2 min
after the cell stimulation with AngII, a contraction of the cell body was clearly visible with
an increase in the intercellular spaces (see Fig. 3a, 2 min). This initial cell response was
followed by a spreading of the cells and a consequent decrease of the intercellular spaces.
The time course of these morphological changes was found to be very consistent with the
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biphasic SPR response. In Fig. 3b, we present a control experiment showing
morphologically stable cells before and after stimulation by HBSS without AngII.

Effects of the Cell Actin Cytoskeleton Distribution on SPR Reflectance Variations
As observed by Auger-Messier et al. in 2005, AngII stimulation of HEK-293 cells,
expressing the AT1 receptor, induces a major reorganization of the actin cytoskeleton in the
apical and basal portions of the cells,4 which we assume can contribute to the SPR signal
variation. HEK-293 cells were co-transfected with GFP-actin and observed with confocal
microscopy to evaluate the possible contribution of this actin redistribution on the SPR
signal. As shown in Fig. 4a (−2 min), the transversal reconstruction from confocal
micrographs of an unstimulated cell shows a somehow uniform distribution of actin
structures. In this micrograph, the observed fluorescence signal is generated by both the
monomeric and filamentous actin components of the overall actin population. As a result,
the background fluorescence signal can be attributed to the monomeric GFP-actin
subpopulation. An important feature of the confocal micrograph sequence was the actin
redistribution to the apical region of the cell observed 2 min after AngII stimulation. This
actin mobilization at the apical region was then gradually followed by a redistribution of
actin to the basal region of the cell. In Fig. 4a (2 min), we observed a slight increase in GFP-
actin fluorescence in the bottom section of the cell, corresponding to a reorganization of
actin structures toward the center of the cell. However, we consider that this increase in actin
should not contribute to the SPR signal since the detection is limited to the first 200 nm of
the cell. This biphasic fluorescence observation correlates well with the SPR signal variation
(Fig. 4b) and suggests that this biphasic redistribution of actin also contributes to the
variation in the SPR signal.

Numerous signaling pathways are implicated in actin remodeling and actomyosin-dependent
contractions. To validate the implication of actin in cell morphology changes, and thus in the
SPR signal generation, we treated the cells with different pharmacological agents targeting
specific elements of key signaling pathways. The inhibition of the myosin light chain kinase
(MLCK) with ML-9 did not influence the normal SPR signal nor the change in morphology
normally observed after cell stimulation with 100 nM AngII. In contrast, RhoK inhibition
with Y-27632 repressed both the SPR signal and cell morphological contraction and
spreading (Fig. 5b). To further analyze the implication of actin in the SPR signal, we
directly interfered with actomyosin contraction by the pretreatment of cells with
blebbistatin. Here again, SPR signal changes were completely inhibited, confirming a close
relation between actin reorganization and signal variations (Fig. 5c). Figure 5d shows a RV
comparison between all pharmacological agents employed in this study, compiled again by
measuring the mean initial decrease in the SPR signal.

Effects of the Intracellular Calcium Mobilization on SPR Reflectance Variations
Another important cellular element that could cause a mass variation within the evanescent
field and subsequently influence the SPR signal is the intracellular calcium mobilization
induced by AngII stimulation.2 To establish the temporal relationship between the
intracellular calcium and the SPR signal, we used the ratiometric fluorescent calcium
indicator FURA 2/AM. In Fig. 6a, we present a cytosolic calcium monitoring, which shows
a characteristic transitory increase that reaches a maximum a few seconds after AT1 receptor
activation by 100 nM AngII. This calcium release normally returns near the basal level
within 5 min after AngII stimulation. The intracellular calcium comparison with the SPR
signal shows a certain correlation that could suggest the implication of calcium in the RV.
To validate this hypothesis, we stimulated the cell with carbachol (CCh), an agonist known
to activate G-protein-coupled muscarinic receptors. 20,26 This agonist induced a calcium
increase in the cell, by the same signaling pathway as AngII, but without inducing a cellular
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contraction that would be detected here in phase-contrast micrographs (Figs. 6c and 6e).
Interestingly, 10 μM CCh did not modify the SPR signal, despite the fact that it induced an
intracellular calcium augmentation similar to 100 nM AngII (Fig. 6d).

DISCUSSION
In this study, we demonstrated that molecular activity of a human epithelial cell monolayer,
associated with morphological changes, could be followed in real-time using surface
plasmon resonance. The origin of the SPR reflectance variations occurring as a result of the
cell stimulation with AngII was ascertained using pharmacological agents as well as
microscopy techniques. AngII stimulation is well-known to induce the activation of many
cellular processes, such as actin cytoskeleton reorganization and intracellular calcium
mobilization.2,4 Both processes play a role in cell contraction and are expected to be closely
implicated in the observed SPR signal variations. SPR sensing, following cell stimulation,
was previously applied to the monitoring of mast cells stimulated by antigens and was
proposed to reflect the assembly of molecules near the plasma membrane.17 Our analysis
takes into account three distinct cell parameters on the SPR signal induced by cell activation
by AngII: (1) changes in cellular morphology; (2) actin cytoskeleton reorganization and (3)
transitory intracellular calcium mobilization.

The SPR reflectance variation (RV) of a HEK-293 cell monolayer follows a reproducible
time course after AngII stimulation, which can be seen as an overall signature of the process.
Epithelial and endothelial cells are sensitive to several external stimuli such as an increase in
shear stress,8,16,25 which could potentially induce a cellular response detectable by SPR. As
shown in the control, the absence of RV after the addition of the vehicle (HBSS) alone
indicates that the shear stress is not responsible for the observed variation in the SPR signal.
Furthermore, when the cells are pretreated with the AT1 receptor antagonist EXP3174, the
disappearance of the characteristic AngII-induced SPR response confirms that the signal
occurs as a result of receptor activation. In contrast, after AT1 receptor stimulation we
observed a marked concentration-dependent decrease in reflectance immediately after the
stimulation, which reaches a minimum after around 2 min. This initial decrease is followed
by a gradual increase in reflectance extending to a level significantly higher than the
baseline. The stimulation of the AT1 receptor was previously documented to induce a
biphasic morphological modification of HEK-293 cells that is characterized by a cell
contraction followed by a spreading of the cell body.4 As demonstrated in Fig. 3a, we
observed a close relationship between the evolution of the SPR signal and the morphological
changes observed by phase-contrast microscopy following AngII stimulation. As stated
before, the SPR technique is particularly sensitive for the determination of mass changes
occurring in the vicinity of a gold-coated surface.42 Assuming that cellular density is larger
than the density of the medium,24 a decrease in the area occupied by the cells should reduce
the overall molecular density in the vicinity of the sensing surface and, as a result, a
decrease in the SPR signal should be observed. Comparison of phase-contrast micrographs
taken before and after AngII stimulation reveals a decrease in the area of the cells in contact
with the surface, thereby causing an increase in the size of the intercellular spaces. After this
first contraction phase, we observed a spreading of the cells on the sensing surface until a
near complete disappearance of the intercellular spaces. Again here, this morphological
change correlates very well with the augmentation of the SPR signal.

Changes in cell morphology occurred due to significant intracellular reorganizations,
especially at the level of the cytoskeleton. It has been reported that AngII stimulation
induces an extensive reorganization of actin structures leading in cell contraction and
spreading.4 Our confocal microscopy observations of GFP-actin distribution in cells showed
that actin is rapidly redistributed in the apical portion of the cell after AngII stimulation. We
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propose that this actin displacement, to a higher part of the cell and away from the sensing
SPR surface (>200 nm), could be implicated in the SPR response. Additionally, the
subsequent redistribution of actin in the basal portion of the cell, which is associated to cell
spreading, could also increase the mass in this region and explain the characteristic SPR
signal profile. Hence, these results suggest that actin distribution is closely implicated in the
SPR signal variation.

To validate the implication of actin in cell morphology changes, and thus in the SPR signal
generation, we treated the cells with different pharmacological agents targeting specific
elements of key signaling pathways involved in actin remodeling and actomyosin-dependent
contractions. First, we targeted the kinase MLCK, which phosphorylates the myosin light
chain (MLC) via intracellular calcium augmentation. 46,50 This particular pathway has been
recognized as the major actor in muscle cell contraction.35 In our epithelial cell line, the
direct inhibition of MLCK by ML-9 did not influence AngII cell contraction and allowed
normal cell spreading as shown by our phase-contrast microscopy images (Fig. 5a). This
result has been demonstrated previously by other studies and suggests that this pathway is
not the main actor in epithelial cell contraction and spreading.13,27,36 The second important
pathway is the activation of RhoK, which is directly implicated in the MLC phosphorylation
44,50 as well as extensive actin remodeling.41 The pretreatment of the cells with Y-27632, a
RhoK inhibitor, is well known to prevent cell contraction and spreading.4,14,44 The notable
inhibition of the AngII-induced SPR signal suggests that this is the main pathway implicated
in the modulation of the SPR response (Fig. 5b). To directly evaluate the contribution of
actomyosin contraction in the SPR signal, we pretreated the cells with blebbistatin, an agent
known to inhibit myosin-II ATPase activity and lower actinmyosin affinity.23 Furthermore,
this agent has been recognized to rapidly reduce and inhibit actin stress fiber formation.6,21

The pretreated cells should therefore be incompetent for actomyosin contraction and
cytoskeleton reorganization. As expected, Fig. 5c shows a complete inhibition of the AngII-
induced response which further validates that actin is implicated in the SPR signal (Fig. 5c).

Variations in ionic concentrations have been demonstrated to influence the SPR signal in a
wide variety of experiments.9,28 In a living cell system, the intracellular ion concentration in
the vicinity of the sensing surface could also potentially contribute to the SPR signal by
causing a mass variation within the evanescent field. The activation of the AT1 receptor
induces a release of calcium from intracellular pools and an intake from the extracellular
medium.2 In this case, intracellular calcium concentration increases from 50 to 250 nM in a
few seconds, as quantified by the cytosolic calcium monitoring. To evaluate if this release
could potentially influence the SPR signal observed in our experiments, the cells were
stimulated with the agonist carbachol (CCh), which induces a calcium release similar to
AngII in HEK-293 cells without any detectable cell contraction (Figs. 6c and 6e). As
expected, no variation in the SPR signal was detected in this experiment suggesting that the
intracellular calcium concentration increase does not significantly contribute to the
characteristic SPR signal observed (Fig. 6d) following AngII stimulation. This affirmation is
further supported by the complete inhibition of the AngII-induced SPR response observed
with blebbistatin (Fig. 5c), which also involves intracellular calcium mobilization.12

Therefore, our results clearly demonstrate that, while intracellular calcium mobilization
occurs after AngII stimulation, it is not responsible for the observed SPR signal in our
cellular model.

In conclusion, we present SPR as a relevant technique that easily allows the study of cell
monolayer activities that are preponderantly related to intracellular molecular remodeling
leading to detectable morphological changes. It permits the rapid and label-free probing of
cytoskeleton reorganization mechanism and cell signaling pathways implicated in the
control of cell morphology and cell monolayer integrity. We envision that this novel SPR
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application, by its simplicity and precision, will provide a valuable label-free alternative to
monitor cellular processes occurring as a result of the modulation of a large variety of
signaling pathways. Additionally, this approach will allow the quantitative monitoring of
important physiological processes involving the modulation of cell layer integrity such as
vascular permeability.
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FIGURE 1.
SPR reflectance variations of a cell monolayer induced by AngII activation. (a) Cells were
grown on a gold-coated glass slide and placed on top of a BK7 coupling prism with a layer
of refractive index matching fluid. A P-polarized laser diode is reflected on the sample and
passed through a motorized linear polarizer and the intensity of the polarized laser beam is
measured with a voltage-biased photodetector. (b) The SPR signal is plotted as the laser
reflectance variation (RV) as a function of time (min). The baseline prior to the injection of
100 nM AngII shows a constant plateau (I), immediately followed by a rapid diminution in
the RV signal after the stimulation by AngII (II). The SPR signal then increases to a level
exceeding the baseline (III). (c) Control experiments showing SPR response for cells are
stimulated with the vehicle (HBSS) or pretreated with an AT1 antagonist (EXP3174) and
stimulated with 100 nM AngII.
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FIGURE 2.
(a) SPR signal measured for increasing AngII concentrations (1, 10 and 100 nM). (b) The
amplitude of the initial decrease (inset) was used to generate a concentration response
graphic of the AngII receptor activation.
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FIGURE 3.
Contribution of cell morphology in SPR reflectance variations. Phase-contrast micrographs
recorded before (−2 min) and after cell stimulation (2 and 40 min) with AngII (a) or HBSS
(b) are compared with their respective SPR signal variations. The micrograph at 2 min in (a)
exhibits a maximum contraction of the cell body (arrows) and corresponds to the maximum
in SPR signal decrease. At 40 min, the micrograph shows extensive spreading of the cell,
which correlates with the increase of the SPR signal. The scale bars correspond to 10 μm.
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FIGURE 4.
Confocal imaging of HEK-293 cells, transfected with GFP-actin, in relation to the SPR
signal. (a) Confocal transversal view of an individual cell, constructed from 55 sections of
250 nm. Micrographs are presented at selected times before and after AngII stimulation (−2,
2 and 40 min). (b) SPR signal associated with the stimulation of cells by 100 nM AngII. The
scale bar corresponds to 10 μm.
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FIGURE 5.
Implication of signaling pathways influencing the actin cytoskeleton in the SPR signal
variation. In (a), (b) and (c) are presented phase-contrast micrographs recorded before (−2
min) and after AngII stimulation (2 and 40 min) for cell treatment with inhibitors targeting
respectively the MLCK (20 μM, ML-9), RhoK (10 μM, Y-27632) or directly the
actomyosin contraction (100 μM, blebbistatin). (d) Summary of the amplitudes in the initial
decrease of the SPR signal (n = 5). ††p<0.01 versus HBSS stimulation, **p<0.01 versus
AngII stimulated cells. The scale bars correspond to 10 μm.
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FIGURE 6.
Influence of the intracellular calcium mobilization on the SPR reflectance variations. The
monitoring of intracellular calcium mobilization shows a characteristic transitory increase
that reaches a maximum a few seconds after the addition of 100 nM AngII (a) or 10 μM
CCh (b). SPR signal associated with the stimulation of cells by AngII (b) or CCh (d). Phase-
contrast micrographs (e) recorded before (−2 min) and after CCh stimulation (2 and 40 min).
The scale bar corresponds to 10 μm.
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