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Abstract

We developed a new stretch device to investigate the biomechanical responses to an

external loading force on a tissue-like material consisting of cells and a collagen gel. Collagen

gel, a typical matrix found abundantly in the connective tissue, was attached to an elastic

chamber that was precoated with a thin layer of collagen. Madin-Darby canine kidney (MDCK)

cells that were cultured on the collagen gel were stretched in a uniaxial direction via

deformation of the elastic chamber. Changes in the morphology and stiffness of the tissue-like

structure were measured before and after the stretch by using wide-range scanning probe

microscopy (WR-SPM). The change in cellular morphology was heterogeneous, and there was a

2-fold increase in the intercellular junction due to the stretch. In addition to the SPM

measurements, this device enables observation of the spatial distribution of cytoskeletal proteins

such as vimentin and a-catenin by using immunofluorescent microscopy. We concluded that the

stretch device we have reported in this paper is useful to measure the mechanical response of a

tissue-like material over a range of cell sizes when exposed to an external loading force.
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1. Introduction

An external loading force has crucial effects on the functions and structure of tissues.

For example, bones require an external loading force to maintain their mechanical resistance;

additionally, muscles and tendons need an external loading force to conserve their mechanical

strength [1]. The external loading force is transmitted into the tissues in a heterogeneous manner

based on the structure and mechanical properties of the tissue; therefore, the response of each

region in the tissue to the external loading force is spatially different. The heterogeneity in the

transmission of the external loading force into the tissue is essential for the maintenance of the

tissue structure [2, 3]. However, it is difficult to examine the biomechanical effects of the

external loading force on the tissues because there is no apparatus that can measure the local

surface strain and local stiffness simultaneously.

The cellular contractile force also plays an important role in maintaining the tissue

structure and functions by providing them with mechanical support. For example, this force is

involved in physiological processes such as cellular migration [4], proliferation [5], and

differentiation [6]. The activities of these physiological processes are strongly influenced by

external loading forces [7-9]. However, the relationship between the external loading force and

cellular mechanics remains unclear. Previously, we measured the changes in cellular stiffness in

stretched or uniaxially-compressed fibroblasts cultured on an elastic substrate by using



mechanical-scanning probe microscopy (M-SPM) [10]; these changes corresponded with the

contractile force of the stress fibers but not with the tension on the membrane. Thus, we

concluded that the contractile force of a single fibroblast is maintained constant against an

external loading force. The next issue that will be addressed by our current study is the

mechanism by which the cellular contractile force responds to the external loading force in a

tissue-like material comprising cells and the extracellular matrix (ECM).

We modified the M-SPM to enable visualization of topography and local stiffness in

living cells in order to investigate the cellular stiffness and mechanical response of the cells

toward external loading force using force mapping mode under liquid conditions [10, 11]. In

order to measure the mechanical properties of a tissue-like material under an external loading

force, we developed wide-range scanning probe microscopy (WR-SPM), which is a

modification of a commercial M-SPM [12]. Using WR-SPM, we successfully observed the

morphology and stiffness distribution of a large epithelial colony at a subcellular resolution.

Thus, the local stress and strain of a tissue-like sample that is subjected to an external loading

force can be measured by using WR-SPM.

The purpose of this study was to develop a new stretching device and investigate the

local stiffness responses of a tissue-like material under an external loading force over a range of

cell sizes (greater than 100 um). A colony of Madin-Darby canine kidney (MDCK) cells was



cultured on a collagen matrix gel, which is a typical matrix found abundantly in the connective

tissues; the colony was stretched in a uniaxial direction via the deformation of the elastic

substrate to which the collagen gel was attached. Under this condition, the changes in the

morphology and stiffness of the MDCK cells were measured using WR-SPM. In this paper, we

discuss the effects of an external loading force on changes in the cellular and collagen stiffness

and describe the impact of these changes on cellular physiology.



2. Materials and methods

2.1 Cell culture

Madin-Darby canine kidney (MDCK) cells were purchased from RIKEN BioResource

Center (Tsukuba, Japan), and were cultured in low glucose DMEM (Invitrogen, Carlsbad, CA)

containing 10% heat-inactivated fetal bovine serum (FBS) and 1% antibiotics (Invitrogen) in

5% CO, at 37 °C. The cells within the 10th passage were used for the WR-SPM measurements.

2.2 Stretch device and sample preparation

In order to subject the cells and the collagen gel to an external loading force, we

developed a stretch device. This device is based on an equipment that we had previously

developed [10]. It consists of an elastic chamber (Scholertec Corp, Osaka, Japan), a custom

made clamping device, and a collagen matrix gel (Cellmatrix I-A; Nitta Gelatin, Osaka, Japan).

The elastic chamber has a transparent bottom (20 x 20 mm) that is 200-um thick, and it has a

5-mm high wall; this wall could be deformed up to 20% of the original cellular dimension along

the uniaxial direction by using the handmade clamping device. Figure 1 shows the schematics of

the sample preparation. In order to deform the collagen gel by stretching the chamber, it is

necessary to ensure that the surface of the chamber is firmly attached to the collagen gel.

Therefore, the chamber surface was precoated with a thin layer of collagen by air drying 0.3



mg/ml collagen solution (Cellmatrix I-C; Nitta Gelatin) diluted with 1 mM HCI (Wako Pure
Chem., Osaka, Japan). Subsequently, the coated chamber was washed 3 times with PBS
(Invitrogen) to remove the HCI. Collagen gelation was performed on the surface of the chamber
at 37 °C according to a previously described method [13]. The concentration of the collagen was
1.2 mg/ml. The thickness of the collagen gel ranged from 40 to 70 um. Subsequently,
trypsinized epithelial cells were plated on the collagen gel on the chamber. The density of the
cells was set at approximately 3 x 10? cells/mm? After a 24-h incubation, the culture medium
was substituted with HEPES buffer containing low glucose DMEM and FBS (pH 7.2~7.3) to

avoid the extreme fluctuation in the pH during the WR-SPM measurements.

2.3 Topography and stiffness measurements by WR-SPM

We used a commercially available 320-um-long silicon-nitride cantilever with a spring
constant of 0.01 N/m (MLCT-AUNM; Veeco, Woodbury, NY, USA). The topography and
spatial distribution of stiffness were imaged using the conventional contact mode and the force
mapping mode, respectively. The details regarding the measurement of stiffness have been
described previously [14]. Briefly, the measurement provides topography and stiffness
distribution simultaneously by tracing the surface of a target area and collecting a force-distance

curve at each pixel point on the target area. The local stiffness (Young’s modulus) of the



samples was evaluated quantitatively by using the Levenberg-Marquardt method [15, 16] fitting
the data to the Hertzian contact model for a conical indentor [14, 17]. In this model, the loading

force and indentation are related to the following equation.

F_ 7k tan(«)

2
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where F is the loading force, E and v are the Young’s modulus and Poison ratio of the sample
respectively, « is the opening angle of the cone (= 35°), §is indentation into the sample. For
simplification, vwas assumed as 0.5 in our studies.

The cells do not exactly fulfill the criteria for the Hertzian contact model because
major components of the cells are viscoelastic and not isotropic. However, this assumption is
likely to be adequate for a large number of applications, in which absolute elasticity values are
not required [18, 19]. The effect of cellular viscosity on stiffness has been discussed previously
[20]. In order to minimize the effect of cellular viscosity on the stiffness measurements, the

indentation speed of the cantilever was set at 4 Hz according to a previous report [20].

2.4 Analysis of the strain fields
In order to analyze the stretch-induced strain fields on the collagen gels and the cells
as a first approximation, we applied the following procedure. The characteristic features on the

cell-gel complex were used as strain tracking marker, and these features in a set of unstretched



and stretched topographies were manually numbered. One of these structures was defined as the

origin of this stretch analysis (in Fig. 2, the number 12 was defined as the origin). A line

perpendicular to the direction of the stretch including the origin was drawn on the topographies

(in Fig. 2, dashed line). We measured the distance from the line to each structure by using the

Image-Pro Plus (Media Cybernetics, MD). The strain at a point was calculated by the following

equation:

(2)

where ¢is strain, | and |, are the distance from the line after and before stretch, respectively.

There are two possible effectors for the strain. The above analysis takes into account

the strains between a pair of topography measurements. The strains were be mainly caused by

the external stretch. However, some strains may be caused by changes in the cellular contractile

force that is known to alter the local morphology of the collagen gel occasionally (e.g., Fig. 6).

From this viewpoint, the current analysis is a first approximation of a strain field by a pure

external stretch.

2.5 Immunofluorescence by a confocal microscope

We followed a previously described procedure to observe immunofluorescence [11].

Briefly, the cells were rinsed with PBS, followed by fixation with 4% formaldehyde/PBS for 10



min, washed again with PBS, and permeabilized with 0.5% Triton X-100/PBS for 10 min.

Subsequently, the cells were stained with both specific primary antibodies/PBS and secondary

antibodies/PBS for 1 h. A primary antibody that reacts with a-catenin was purchased from

Zymed Laboratories (Carlton Court, SF). Alexa Fluor 546-labeled anti-mouse 1gG (Invitrogen)

was the secondary antibody that was used to detect the primary antibody, and Alexa Fluor

488-labeled phalloidin (Invitrogen) and Cy3-conjugated anti-vimentin (Sigma-Aldrich, St.

Louis, MO) were used to stain filamentous actin and vimentin, respectively. Fluorescence

images were obtained by using a confocal laser scanning microscope (C1 confocal imaging

system; NIKON Instech, Kanagawa, Japan). Sectional images were collected and processed

using the EZ-C1 software (NIKON Instech).



3. Results

In order to examine the mechanism by which the sample cells and collagen gel were

stretched by the device, we measured the morphological changes in the cells and collagen gel

during the uniaxial stretch using WR-SPM (Fig. 2) and analyzed the strain field (Table 1). Some

areas of the collagen gel were observed to be homogeneously stretched; the distance between

two arbitrary points was increased by 5% in the direction shown by the arrows in Figure 2. On

the contrary, each cell was heterogeneously stretched; the variance of the increments ranged

from 4% to 6%. These results indicate that the stretch device was able to produce local strains

over a range of cell sizes under an external loading force.

In order to investigate the changes in cellular stiffness in the cells, we measured the

stiffness map of the collagen gel and the cells before (Fig. 3(a)) and after the stretch (Fig. 3(b)).

During the two stiffness map measurements, 15 min elapsed due to set up the sample position.

Cellular stiffness at intercellular junctions and in other regions of the cells was averaged, and

the change in stiffness—before and after the stretch—was compared (Fig. 3(c)). The number of

data used for the statistical analysis was about 100 points in each condition. The junctional site

showed a 2-fold increase in the stiffness. On the other hand, the stiffness of another region of

the cell increased slightly. The typical force versus distance curves are shown in Figure 3(d).

Both data matched well with the analytical curve. To quantify the changes in stiffness, local



stiffness of each image was plotted as a histogram, and the frequency of stiffness was fitted to a

Gaussian function (Fig. 4). The stiffness of the collagen gel did not change under the stretch

conditions. On the contrary, the stiffness of the cells increased under these conditions.

In order to test whether the stretch device can be used for light micrography with a

high magnification, we performed immunofluorescence for filamentous actin, vimentin, and

a-catenin after application of the stretch. The fine spatial distribution of each protein was

obtained (Fig. 5). Filamentous actin was organized into thick bundles; vimentin formed slack

networks; and o-catenin localized at the junctional sites. These findings were in agreement with

previous reports.

Cells exhibit not only immediate responses within some seconds but also slow

responses more than 10 min after being subjected to the external loading force [21, 22]. We

investigated the changes in physiological activities of the cells in the stretch device for 1 h. We

performed a time-lapse experiment to observe the morphology of the cells cultured on a

collagen gel by using WR-SPM (Fig. 6). The colony consisted of approximately 20 cells, and

the collagen fibers were orientated perpendicular to the peripheral cells of the colony. Further,

the cells deformed a cleaved area on the gel and reoriented the collagen fibers in 1 h. The

deformation and reorientation of the substrates indicate that the stretch device enables

examination of cellular activities on a gel substrate during time-lapse measurements by using



WR-SPM.



4, Discussion

We succeeded in measuring the changes in the local stiffness in an epithelial colony

under uniaxial stretch conditions by using a stretch device. Previously, Brown et al. had

developed a stretch device that enables the measurement of the mechanical effects of an external

loading force on a collagen gel in which the fibroblasts were embedded [23]. Our device

differed from theirs in its ability to measure either gross or local stiffness in tissue-like materials.

Our stretch device is useful in the investigation of local surface strain and local stiffness with a

cellular range of tissues.

However, the temporal resolution of the stretch device is not good. In fact, it took 30

min to record a stiffness image. Our method cannot be used to observe cellular responses that

are completed within a few seconds; for example, the dynamics of stress fiber response to

external compression. Costa et al. showed that the stress fibers buckled at approximately 20% of

cellular compression, disassembled in 5 sec, and reassembled within 60 sec [24]. In order to

discuss such a rapid phenomena from the viewpoint of cellular mechanics, more high-frequency

measurements of cellular viscoelasticity should be made available.

There are two possible reasons for the stretch-induced changes in the stiffness of the

cells. First, it may be due to an elastic response of the actin filaments [25]; second, it may be

attributed to the changes in the cellular activities such as enhancement of the contractile force



and reinforcement of stress fibers [10, 26]. Janmey et al. investigated the elastic property of an

actin matrigel and showed that more than 10% of the strain was required to yield a 2-fold

increase in stress [27]. In this study, the degree of the strain in the cells ranged from 4% to 6%

(Fig. 2). Considering these findings, the degree of cellular deformation induced in this study

was too small to yield a 2-fold increase in the stiffness of the actin networks. Therefore, the

increase in the stiffness may be due to the physiological activities of the epithelial cells.

To our knowledge, the increased stiffness at the intracellular junctions of epithelial cells

under stretch conditions (Fig. 3) has not been reported as yet. Trapet et al. stretched the

epithelial cells and measured the viscoelastic moduli of the epithelial sheet [28]. They showed

that cellular storage modulus increased with stretch. However, they did not report an increased

stiffness at the intercellular junction. The physiological implications of increased stiffness at

intercellular junctions are not yet known; however, we speculate that this increase would be

involved in strengthening the intercellular adhesions to resist an external loading such as

mechanical stretch. We intend to prove this hypothesis in our future studies by observing

recruitment of intercellular adhesion proteins such as cadherins and catenins to the intercellular

junctions under the mechanical stretch.

The stress on the collagen gel would relax within approximately 10 minutes.

Approximately 20 min after the stretch, only 5% of the strain on the collagen gel actually



existed (table 1). The stiffness of the collagen gel areas did not change under the stretch
conditions (Fig. 4). These results implied that the stress-relaxation was completed within 20 min.
Shirazi et al. simulated that stress on collagen fibrils reduced for a minute [29]. Our suggestion
was supported by their work except for the time scale of stress-relaxation. In order to agree with
time-scale of stress relaxation, we will shorten the time between the measurements.

In future, we aim to study the types of physiological activities that are involved in the
stiffness response under an external loading force since the present results indicate that the
reinforcement of stress fibers and/or enhancement of the contractile force probably occur under
the external loading force. In addition to the time lapse measurement of stiffness, observation of
the tempo-spatial changes in the green fluorescent protein (GFP)-tagged actin filaments in stress
fibers [10], measurement of tempo-spatial variations in Ca®* [30], and measurement of the local
activity of small GTPase RhoA by fluorescent resonance energy transfer (FRET) [31] are useful
techniques to investigate the involvement of physiological activities in the stiffness response.

We will employ these technigues by using our stretch device.



5. Conclusion

In this study, we showed that our stretch device was useful to explore the local

stiffness responses under an external loading force in tissues. Using MDCK cells as an example,

we investigated the cellular stiffness response to an external loading force. The stiffness at

intercellular junctions increased under the external loading force. We speculated that the

increase was due to the reinforcement of stress fibers or enhancement of the cellular contractile

force. However, the molecular mechanisms involved in this response remain unclear. Further,

we aim to elucidate the involvement of stress fiber reconstruction or actomyosin regulators in

the stiffness responses under an external loading force.
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Figure legends

Figure 1

Procedure of sample preparation and SPM measurements. A sterilized elastic chamber was

coated with a collagen solution diluted with HCI prior to overlaying a collagen gel. Epithelial

cells were cultured on the collagen gel. The cells were stretched uniaxially during the SPM

measurements.

Figure 2

Change in the topographic images of epithelial cells cultured on a collagen gel exposed to

uniaxial stretch. The cells on the surface of the collagen gel were measured by SPM before (a)

and after (b) the stretch. The direction of the uniaxial stretch was represented by a set of arrows.

The length of the bar represents 50 um. Some points on the image were numbered to analyze

strain fields (c). The dashed line was defined as origin of the stretch.

Figure 3

Change in spatial stiffness due to the stretch. Epithelial cells cultured on a collagen gel were

stretched and stiffness maps were measured before (a) and after (b) the stretch. The arrows

indicate the direction of application of stretch. The bar represents 50 um. The stiffness at



junctional sites and other regions of the cells was averaged and statistical changes in the

averaged stiffness were examined using Student’s t test (c). These data were presented as mean

= SEM from about 100 pixel points of each image (*P < 0.05). At the intercellular junction

(indicated by an asterisk), a set of force versus indentation data was measured before (open

circle) and after (open square) the stretch (d). Each data set was fitted to the Hertzian contact

model, where the Hertzian curves in each data set are shown as a dotted line (before the stretch)

and a solid line (after the stretch). We then obtained the stiffness of one of the parameters of

each curve. The stiffness at the junctional site changed after the stretch (from 10 to 23 kPa).

Figure 4

Histograms of stiffness distribution of collagen gels and cells are shown in Fig. 3 (a and b).

Each data was fitted to a Gaussian function.

Figure 5

Immunofluorescent micrographs of cytoskeletons and intercellular junctions. Epithelial cells on

collagen gels were stretched by 5% and were then fixed and stained with phalloidin (a, c),

anti-vimentin (b) or anti-catenin (d). Arrows indicate the direction of the stretch. The bar

represents 50 pum.



Figure 6

Time-lapse images of the topography of epithelial cells on a collagen gel as measured by SPM.

During the observation, the cells moderately deformed the collagen gel. The number in each

image indicates the time lapsed (minutes) from the

beginning o¢ tne ofoepwmartiov. A yAeawed apea ov tne yeh at 0 piv (av eAAncold dotte

0 Mve) waoc peoplevied oty 60 piv (av eAAToo1d coAld Alve). Zoue yoArayev diplic

(woryated By av appow) mepe dedopued By tne yeAro (1vdyated By av appomnead). T

ne Aevytn od the Pap penpecevto 30 um.



Strain fields on the collagen gel and the epithelial cells analyzed from Fig. 2

Places in Fig. 2(c) Strain (%)
cells

1 4.5

2 5.2

3 6.3

4 5.7

5 6.2

6 4.8

7 5.2

8 6.8
collagen gel

9 5.3

10 4.8

11 5.1

12 0 (defined as the origin of the stretch)

13 55

14 4.7

15 5.2

16 5.4

17 4.8
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