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The Strain Magnitude and Contact Guidance 
Determine Orientation Response of 

Fibroblasts to Cyclic Substrate Strains 
JAMES H-C. WANG* and EDWARD S. GROOD 

When grown in a substrate subjected to cyclic stretching, most types of cells change 
orientations. This cell orientation response (COR) has been shown to he driven by axial 
substrate strain (the strain beneath and along a cell's long axis). However, it remains unclear 
whether COR depends on the strain direction (tension vs compression). Furthermore, in vitvo 
COR is paradoxical, since in vivo fibroblasts align along collagen fibers and hence the stretch 
direction. We hypothesized that COR does not depend on the surface strain direction, and that 
contact guidance provided by microgrooves can maintain cell alignment in the presence of 
cyclic stretching. Human skin fibroblasts were cultured on compliant smooth and micro- 
grooved surfaces in silicone dishes. Cyclic uniaxial tensile and compressive strains (4%, 8% 
and 12%) were applied on the dishes a t  1 Hz for 24 h. Cell orientation distributions were 
determined and compared using the Kolmogorov-Smirnov test. Significant differences were 
found between each of cell orientation distributions with the applied strains and that without 
strains ( p  < 0.05). Nevertheless, no significant differences were found between two cell 
orientation distributions for each pair of opposite strains applied (for 4%, p = 0.33; for 8'3'0, 
p = 0.18; and for 12%, p = 0.32). Moreover, fibroblasts grown in microgrooves aligned in 
the groove direction and remained so after 8% cyclic stretch. Thus, this study showed that 
COR is the cells' avoidance to substrate deformation (i.e., strain-direction independent). It 
also suggested that the failure of fibroblasts to change orientations in vivo may result from 
the contact guidance provided by collagen fibers. 

KcJj.iiwrcl\: k-ibroblasts, surface strains. allgnment. microgroovcs. contact guidance 

INTRODUCTION 

It is well recognized that mechanical forces regu- 
late connective tissue form and functi~n."~'~"~'~~'~~'~' 

However, little is known about cellular mechanisms 
through which mechanical forces bring about tissue 
physiological changes. To understand the mecha- 
nisms, researchers have been increasingly using cell 

* Corresponding author. Department o f  Orthopaedic Surgery. Musculoskeletal Research Center. University of Pittsburgh Medical 
Center, El641 Biomedical Science Tower. 210 Lothrop Street. P.O. Box 71 199. Pittsburgh. PA 15213. USA. 
Tel.: 412-648-9102. Fax: 41 2-64-2001, E-mail: n'anghc(ic pop.pitt.edu. 
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-30 J.H-C. W A N G  A N D  E.S. GROOD 

culture models to study strain effects on mammalian 
cells. Many studies showed that cyclic stretching of 
cultured cells increases proliferation,[’.’x1 alters 
mRNA lcvels and protein modifies 
actin cyto~keleton,”-’~.”~ and causes cell population 
to become oriented away from the stretching direc- 
ti()n,l 1.7.241 I t  has also been shown that this cell 
orientation response (COR) is driven by axial sub- 
strate strain. i.e., the strain beneath a cell and along 
the cell’s long axis.” ‘ I  But it remains unclear 
whether COR depends on strain direction (tension 
vs compression). 

Furthermore. orientation response of the fibro- 
blasts in isitro appears to be paradoxical, since in i< i iw 

the cells align along collagen fibers and hence the 
stretching direction. One likely reason for the 
paradox is that contact guidance (substrate geonie- 
try influences orientation of cell locomotion) pro- 
vided by collagen fibers may prevent change in cell 
orientation. I t  is known that cells grown in niicro- 
grooves in i ~ i t r o  align in the groove direction.lx.”] yet 
i t  is unknown whether the cell alignment in niicro- 
grooves can be maintained when cells are subjected 
to cyclic stretching. 

Thus. thc purpose of this study was to examine 
whethcr COR is dependent on the direction of 
substrate deformation, and whether this cellular 
response can be prevented by contact guidance. In 
addition, the role of actin cytoskeleton in COR 
was also examined, since the actin cytoskeleton is 
thought t o  be involved in a variety of cellular 
responses t o  mechanical 

MATERIALS AND METHODS 

Experimental Design 

Human skin fibroblasts (HSFs) were used. The cells 
were grown on both smooth and microgrooved 
culture surfaces in custom-made silicone dishes. The 
dishes were subjected to cyclic uniaxial tensile and 
compressive strains. 0 (control), 4%, 8% and 12%. 
a t  1 Hz for 24 h. To examine COR, cell orientation 
distribution for each of  these strains was determined 

from measurements of individual cell orientations. 
The distribution was defined to be the percentage of 
cells that fell into 18 orientation intervals, 5” each, 
between 0” (the direction of applied strains) and 90” 
(the perpendicular to the applied strain direction). 
The Kolmogorov-Smirnov test’”] was used to 
determine whether two cell orientation distributions 
under a pair of opposite strains (e.g., 4%) tensile 
strain vs 4% compressive strain) were significantly 
different. The difference was considered to be 
significant if 17 < 0.05. In addition, the response of 
actin cytoskeleton to applied strains was examined 
with fluorescence microscopy. 

Further, to determine whether contact guidance 
can prevent cells from change in orientation, HSFs 
were grown in microgrooved surfaces in silicone 
dishes subjected to 0 (control) and 8%) cyclic stretch. 
Cell orientations before and after the stretches were 
examined with phase-contrast microscopy. 

Detailed Methods 

Cell Culture 

HSFs were grown in 75 tin' flasks ( Falcon) contain- 
ing growth medium made of DMEM supplemented 
with 5% heat-inactivated fetal bovine serum, 10 pg 
ml epidermal growth factor (Gibco Labs). 5 pg, in1 
insulin, 0.5 pg/ml hydrocortisone (Sigma), and 1 ‘7‘) 
penicillin/streptomycin (Gibco Labs). Cells were 
incubated at  37°C in a humidified atmosphere of 
95% air and 5% carbon dioxide. Cells grown to  

subconfluence in flasks were trypsinized (0.2S0% 
trypsin) and plated to silicone dishes. For all  
experiments, cells from passage 2 to 5 wcre used. 

Smooth and Microgrooved Silicone Dishes 

Silicone dishes were used a s  substrates for growing 
cells and applying strains to the cells. The dishcs 
were made from silicone (RTV ME 601 A + B ,  
Wacker Chemie, Munich, FRG) by a molding 
process. Briefly, two fluid components (601 A and 
601B). with a ratio of 10 to 1, wcre mixed in a glass 
container. The mixture was casted into a six-dish 
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RESPONSE O F  FIBROBLASTS TO CYCLIC SUBSTRATE STRAINS 31 

mold made of Plexiglas. After curing, silicone dishes 
with smooth culture surfaces were obtained. 

Two types of dishes were made by the molding 
process. One was referred to as the tensile dish, 
which was used in all the experiments where tensile 
strains were applied. The dish had a rectangular 
shape ( lOcm long x 3.5 cm wide x 1.75 cm high), 
with a well having a smooth culture surface (6cm x 
3 cm), in the middle. The other was the compressive 
dish, which was used only in the experiments where 
4% compressive strain was applied. The dish also 
had a rectangular shape, but its dimensions were 
smaller. The length was 9cm. and the well culture 
surface was 2 cm x 1.5 cm. The bottom thickness of 
the well was 3 mm (Fig. 1 ). 

Since the compressive dish buckled under large 
compressive strains, 8% :and 12%. we used the fol- 
lowing approach to applying the large compressive 
strains to cells. Using a custom-made device, the 
tensile dish was statically stretched to 8%) or 12%. 
Under the prestrctched state. cells were plated and 
grown overnight ( 1  2- 16 h). These cells adhered to 
the dish culture surface, and were therefore sub- 
jected to the compression when the dish was 
cyclically released and stretched 

Silicone dishes with microgrooved culture sur- 
faces were made as follows. First, microgrooved 
silicone membranes were fabricated by molding 
silicone against a silicon wafer with 18 patches. 
Fifteen of them had microgrooves. 1.6pm deep, 
with widths ranging from 1 to 6 pm, separated by 2 
to 6 pm wide ridges. Three patches had only smooth 

(A) (B) 

FIGURE 1 Two types o f  ela\tic silicone diahss were used in 
experiments: the tensile dish (A) .  and the compressive dish (B) .  
The blank areas in the two illu:;trations were wells. where cells 
were plated in the central regions of culture surfaces. which 
were 6cni x 3cm (A) and ?cm x 1 5cm (B).  respectively. Dish 
(A) was used i n  the 4%. X %  dnd 12% stretch. and 8% and 
13% prestretch ( i t . .  compression to  cells adherent to a culture 
surface) experiments. whereas dish ( B )  \%a\ used in onl) 4 O %  
compression expcrimcnt. 

surfaces. Next, the microgrooved membranes were 
bound to the bottoms of the tensile dishes whose 
smooth surfaces had been removed. The direction of 
the microgrooves in the dishes was along the dish 
long axis, i.e., the same direction in which cyclic 
stretching was applied. 

All dishes were thoroughly washed with 95% 
ethanol and then rinsed with double distilled water. 
The dishes were then placed in a laminar hood under 
UV light for at least 2 h. After the UV treatment, 
dish culture surfaces were coated with 20pgiml 
ProNectin-F (Protein Polymer Technologies, Inc., 
San Diego, CA), which is a bioengineered polymer 
containing RGD ligand of human fibronectin that 
can promote cell attachment. 

Stretch and Compression Experiments 

Cells were plated in central regions (3 x IO3:'cin2) of 
both the tensile and compressive dishes. The central 
regions were about 3 cm x 2 cm for the tensile dish, 
and I .2 cm x 0.8 cni for the compressive dish (see 
Fig. 1 ) .  After overnight incubation (12- 16 h), dishes 
were cyclically stretched or compressed to specified 
strains (4%, 8% and 12%) a t  1 Hz for 24 h using the 
stretching apparatus."" which was modified so that 
it could apply both cyclic stretch and compression. 

Immediately after the end of mechanical stimula- 
tion. the dish was put on the stage of a Nikon 
inverted phase-contrast microscope. Two stop ends 
were used to make sure that the dish long axis was 
parallel to the stage edges. Without staining the 
cells. microphotographs (Kodak 200 slide films) 
were taken at 16-24 regions in the central culture 
surface of the dish. The microphotographs were 
projected onto the digitizer table of the Zeiss inter- 
active digital analysis system (ZIDAS, Carl Zeiss, 
Inc.. Thronged, NY). To reduce possible bias in 
defining cell orientations, only bipolar fibroblasts 
were used in measurement of cell orientations. This 
was done by manually tracing images of the fibro- 
blasts through their midways with a stylus. Orienta- 
tions of l22--200 cells were measured and then used 
for the construction ofcell orientation distributions, 
which were determined by calculating percentages 
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12 J.H-C. WANG A N D  E.S. GROOD 

of cells that fell into 18 orientation intervals, 5" each, 
between 0" (the stretching direction) and 90" (the 
perpendicular to the stretching direction). 

For cells grown in microgrooves, both before and 
after stretching, the cells were observed and photo- 
graphed on the inverted phase-contrast microscope. 

Stuining A ctin Microjilumen ts 

Briefly, actin filaments were stained as follows. 
Fibroblasts were washed twice with phosphate buf- 
fered saline (PBS, IX), fixed in 3.7% formaldehyde 
for 30min, permeabilized in 0.25% Triton X-100 
for 10min. and finally incubated with 0.165yM 
rhodainine phalloidin or fluorescein phalloidin in 
PBS for 1 h. After extensive washing with PBS, the 
stained cells were viewed on a Zeiss fluorescence 
microscope. and photographed with Kodak 200 
color slide film. 

RESULTS 

Without substrate deformation, cell orientations 
weredistributedin therange fromO" to90" (Fig. 2A). 
This cell orientation distribution was not signifi- 
cantly different from the uniform orientation distri- 
bution within the same range ( y  = 0.31). indicating 
that the cells randomly oriented on a static surface. 
In contrast, after 4%. 8% and 12% tensile and 
compressive strains (Fig. 2B-D), cells oriented 
away fi-om the direction of the applied strains 
(i.e., 0'). Furthermore, the resulting orientation dis- 
tributions from the application of4%,  8% and 12% 
tensile and compressive strains for 24h were 
significantly different from the distribution without 
strain ( p  < 0.05). But two cell orientation distribu- 
tions for each pair of applied strains (e.g.. 4% tensile 
strain vs 4% compressive strain) showed a similar 
distribution pattern and were not significantly 
different (for 4%. / I  = 0.33; for 8%. p = 0.18: and 

A representative phase-contrast microphoto- 
graph ofcell orientation response is given in Fig. 3. 
I t  shows that after 12% cyclic compression for 24 h. 
the fibroblasts oriented almost uniformly to about 

for  12%. / I  = 0.32). 

60" with respect to the stretching direction. Without 
strain, however, the cells randomly oriented (not 
shown). 

Representative fluorescence microphotographs 
of actin filaments of the fibroblasts are given in 
Fig. 4. It can be seen that after 12% cyclic compres- 
sion, bundles of actin filaments (stress fibers) formed 
in the direction of around 60" about the stretching 
direction, regardless of the shape of the cells 
(Fig. 4A). In contrast, without substrate strains, 
actin filaments of individual cells had no apparent 
specific orientations (Fig. 4B). 

The fibroblasts grown in microgrooves without 
stretching strongly aligned along the direction of 
all microgrooves. Furthermore, after 8% cyclic 
stretching for 72 h, these cells remained aligned in 
the microgrooves. This was in contrast to the cells on 
smooth surfaces next to the microgrooves, which 
changed orientations, as shown in the representative 
phase contrast microphotograph (Fig. 5). 

DISCUSSION 

This study showed that for three pairs of opposite 
strains, cells oriented away from the direction of 
applied strains, and the three pairs of resulting cell 
orientation distributions were not significantly 
different. According to strain theory.'"' if applied 
tensile strain is changed to compressive strain, or 
vice versa, the direction of surface strains, which act 
on adherent cells. will be reversed. Moreover, i t  has 
been shown that axial surface strain is responsible 
for COR." "Taken together. the results of this study 
suggest that COR is the cells' avoidance response to 
both tensile and compressive axial surface strains. 

COR has been observed in many types of cells 
It was thought to be cell avoidance to 

stretch."' This iniplies that the cells favor compres- 
sion. Our results, however, indicated that the cells 
actually avoid both. the stretch and the compres- 
sion. One possible reason for thc discrepancy may be 
due to the subjective interpretation, since under the 
uniaxial stretching cells oriented at necirly perpendi- 
cular to the stretching direction."' 
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FIGURE 2 Orientation distributions of the fibroblasts without strain (A) and wlth the tensile (black bars) and compressive 
(blank bars) strains 4% (B) ,  8 %  (C) and 12% (D). The cell orientation distribution without strain (A) was not significantly 
different from the uniform distribution within the same range (p=O.31). This indicated that the fibroblasts randomly oriented on 
the static surface. Furthermore. it is seen that with increased tensile and compressive strains, the orientation distributions skew to 
the right. meaning that thc cells oriented away from the direction of applied strains (i.e.. 0' 1. The shape of the distributions under 
8% and 12% strains werc similar, but the highcst frequencies were moved from the range 6 5 " ~  75' ( C )  to the 60"-70" (D). This 
indicated that increased tcnsile or compressive strains made the cells to orient toward the directions with smaller axial surface 
strains. No significant differenncs for each pair of the distributions were found (Kolmogorov-Smirnov test, for 4%", p = 0.33: for 
8%, p =  0.18; and for 12%. p =  0.32). Note that the number of cells used in the distributions ranged from 122 to 200. 



D
ow

nl
oa

de
d 

B
y:

 [U
ni

ve
rs

ity
 o

f P
itt

sb
ur

gh
] A

t: 
20

:2
1 

16
 A

pr
il 

20
08

 

34 J.H-C. WANG AND E.S. GROOD 

I t  can be shown that under the uniaxial stretch or 
compression, the direction of zero-axial substrate 
deformation is about 60" relative to the stretching 
direction, although the exact zero-deformation 
direction depends on the material property of the 
substrate used.[251 So the question is: If both stretch 
and compression are unfavorable signals to cells 
and under them cells would change orientations, 
why did cells orient in the directions other than 60" 
(Fig. 2 ) ?  We reason that cells may have strain 

t IGL K l :  .? 
OF (lie fibroblasts uirh c>clic compi-essioii (12"%) at I Hz fnr 
33h. I t  15 seen that the cells appeared to orient ~iniforml> 
around (JO M i l l 1  respect 1 0  sti-etching direction. ~ h i e h  is iiidi- 
ci i tcd b> i i r r m s .  Note that the fibroblasts nithout strains 
orient randonil)  (not  din\\ 11).  

I~epre\elr t~l t l \e  phase-contrast Illlcropllotograplls 

thresholds, and therefore they can tolerate certain 
magnitudes of strains before they change orienta- 
tions. Indeed, the notion of cell strain threshold is 
supported by previous observations. For example. 
Dartsch et cd. (1986) found that for a stretch below 

FIGURE 5 A rcpi-esentati\e phase-contru\t niicrophoto- 
graph of the fibroblasts in microgrooves ( 1  . h  pni deep. 5 piii i n  
grookc width. and 2 pni in ridge width) and on a ailinnth surtiice 
next to the iiiicrogroo~es. I t  is seen that tlic cells in tlie micro- 
gtmo\es rciiiaincd aligned after X"'O c)clic stretch f o r  72 h ( the  
stretchins direction is horimiit~il. i ih  indicated by :iri-n\\s). In 
cniitrrist. the fibroblasts on the smooth surface. \\hich \\;is 
next to  the niicrogroo\cs. oriented a\\a> from tlie ,trctchin~ 
direction. This res~ilt suggested that the geometric \hape o r  
;I \urf:,tcc may play a dominant role i n  dcteriiiiiiin~ cell 
heha\ ior. such iis the cell orientation responsc. i n  rcqmiise 10 
mechanical force\. 

k . IGURE 4 Keprcseiitati\e Iluoi-escencc iiiicrophotogl-aplis o f  the actin tilaiiicnt\ of the fibroblasts \ \ i t11 l 2 "0  cqclic compie\sion 
( A )  and ~ i t h n i i t  strain ( B ) .  Note that without strain. the actin filaments of the cells had no  apparent specific orientation (B).  but 
after the compression. the filaments became oriented parallel to about 60 direction with respect to the direction of the applied 
st l - i l l l l  ( arm\\ \) .  
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R.ESPONSE OF FIBROBLASTS TO CYCLIC SUBSTRATE STRAINS 35 

2%, arterial smooth muscle cells do  not change 
orientations. Grood et u/.[’ ‘ I  showed that axial 
strain limits existed for fibroblasts and osteoblasts, 
above which few of thesr: cells were found. Further- 
more, using the notion of the cell strain threshold, 
we established a cell model whose predictions on 
orientation response ol’ melanocytes match well 
with experimental results.’”] 

How d o  the cells sense the signal of mechanical 
deformation? Since cells avoid both stretch and 
compression, the mechano-sensing mechanism, at 
least for the COR, must work for both stretch and 
compression signals. One likely signaling pathway 
may be from focal adhes.ions to actin cytoskeleton. 
The focal adhesions attach to substrate and also link 
with actin cytoskeleton. ’Therefore. substrate defor- 
mation can be transmittcd to the actin cytoskeleton 
and this would change tension in actin  filament^."^] 
resulting in change in equilibrium between actin 
filament polymerization and depolyinerization.[31 
Moreover, it has been shown that the actin poly- 
merization is deformation dependent:[”] The larger 
the applied deformation, the more actin depolymer- 
ization i t  produces. Thus, we speculate that large 
substrate deformation would result in actin depoly- 
merization of actin filaments. Under the mechanical 
deformation, the cells could only form actin stress 
fibers in the direction with minimal substrate 
deformation. Ultimately, the formation of stress 
fibers in new direction drives cells to orient in the 
same direction as the stress fibers. These specula- 
tions await further study. 

First introduced by Weiss,‘”] contact guidance 
has been shown to induce alignment of cells on a 
variety of Our observation that the 
fibroblasts aligned in the direction of silicone micro- 
grooves is consistent with the findings of these 
studies. Furthermore, we found that the cells could 
maintain this alignment. in spite of cyclic substrate 
deformation (8%). However, we noticed that the 
cells in small microgrooves ( 1  p i  in the groove 
width and 2 pm in the ridge width) changed orien- 
tations under larger applied strain (12%). This sug- 
gests that both the dimension of the microgrooves 
and the strain magnitude are two important factors 

in determining cell alignment in microgrooves sub- 
jected to cyclic stretching. 

117 viiv, fibroblasts are lined in rows between 
collagen fibers. The cells are elongated in shape, and 
presumably adhere to the collagen fibers through 
focal adhesions.“’] In the present experimental 
model, silicone microgrooves was used to mimic 
collagen fibers surrounding the tendoniligament 
fibroblasts. The results with the model showed that 
the fibroblasts aligned in microgrooves without 
deformation, due to the contact guidance by the 
microgrooves, and furthermore. the cells remained 
aligned in the presence of cyclic stretching. There- 
fore. it seems likely that collagen fibers ir? vivo may 
also provide similar contact guidance, so that fibro- 
blasts align with collagen fibers even under mechan- 
ical stretching. However, differences exist between 
the present experimental model and ill ih environ- 
ment of the fibroblasts. For example. the silicone 
microgrooves we used in the experiments, were 
coated with ProNectin-F containing RGD sequ- 
ences, which bind with integrins on the fibroblast 
surface. However, collagen molecules are known to 
contain both RGD and RGE sequences.[’”] There- 
fore, the attachment of the fibroblasts in rivo to col- 
lagen fibers may be different from iti vifro. Besides, 
fibroblasts ill rive are also surrounded by other 
matrix proteins such as proteoglycans, which were 
not used in our basically two-dimensional model 
system. All these may influence cell behavior, includ- 
ing the alignment of fibroblasts along the direc- 
tion of collagen fibers, in response to mechanical 
forces. 

In summary, this study showed that cell orienta- 
tion response is the cells’ avoidance reaction to both 
excessive tensile and compressive strains. This study 
also suggested that the failure of fibroblasts to 
change orientations in viw may result from contact 
guidance provided by collagen fibers. 
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