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General Introduction

Extracellular matrix, in or upon which cells reside i.!!
vivo tissue, has been expected to play an important role in

regulating morphology, migration, proliferation, biosynthesis,

differentiation or other functions of cells. Followings are

some examples which demonstrate the role of extracellular

matrix in cellular functions i.!! vivo. First, in the skin the

stem cells of the epidermis lying in the basal layer in

contact with a basement membrane retain the potential of

proliferation (Green, 1977; Watt, 1984; Barrandon and Green,

1987). The progeny of the stem cells lose proliferating

potential upon leaving this layer. Second, each muscle cell

in the adult muscular tissues is enveloped in the basement

membrane. When th muscle is damaged, it degenerates and dies,

and macrophages move in to clear away the debris. If the

basement membrane remained, it would provide a scaffolding

wi thin which new muscle fibres can be constructed from

surviving stem cells (Burden et aI., 1979; Alberts et aI.,

eds., 1989-d). Third, if a preparation of bone matrix, made

by grinding bone into a fine powder and dissolving away the

hard mineral component, is implanted in the dermal layer of

the skin, dermal fibroblasts become transformed into cartilage

cells and, a little later, others into bone cells (Gabbiani

and Rungger-Brandle, 1981; Alberts et al., eds. 1989-c). From

these studies, the extracellular matrix is thought to be one

of the major factors for regulating the cellular behavior in a

given tissue.

Epithelial cells, whose basal surfaces are in contact

wi th extracellular rna tr ix, organize their cortical cytoplasm

and remain on top of an extracellular matrix organization,

called basement membrane whose structure is sheetlike

mul tilayered meshwork composed by type IV collagen, laminin,

heparan sulfate proteoglycans and so on (Sugrue and Hay, 1981;

Kleinman et al., 1986; watt, 1986; Yurchenco and Ruben, 1987;

Timpl, 1989; Alberts et aI., eds., 1989-b,c). On the other



hand, mesenchymal cells including fibroblasts tend to burrow

into hydrated lattices of extracellular matrix which is mainly

composed by the fibrous collagens (such as type I, II, III or

V collagen) and once inside the lattices of collagen fibrils,

they assume morphologies and functions that are appropriate

for their particular tissue type (Bell et a1., 1979; Coulomb

et al., 1983; Schor et al., 1983; Tomasek and Hay, 1984;

Nusgens et al., 1984; Colige et al., 1988; Alberts et al.,

eds., 1989- b,c).

The main components of extracellular matrix in connective

tissue such as the dermis are the fibrous collagens (mainly

type I, III and VI. These were initially thought to be stable

and thus relatively inactive constituent of connective tissue

to the cells, while collagens are the most abundant proteins

in the tissue. The mechanism of collagen fibril formation, the

biochemical properties of collagens and the metabolism of

collagens have been the main studies. Little interest was paid

to the biological ativity of collagens in terms of influencing

cellular behavior. Recently, it becomes increasingly obvious

that collagens play important roles in regulating cellular

acti vi ties including morphogenesis, development, cellular

di fferentia tion, etc. (Alberts, et a 1., eds., 1 989-b; Akiyama

et al., 1990). Collagens are recently known to be adhesion

molecules that bind to cells as well as fibronectin which is

well-known to be a adhesive glycoprotein in cell culture.

However, the mechanism of effect of collagen on cellular

events is li t tle known as compared to tha t of fibronectin.

Many putative collagen receptors have also been reported, but

none have yet been characterized (Akiyama et a1., 1990). It

is presumed that the effects of collagen on cells might be

media ted through specific cell surface receptors (Carter and

Wayner; 1988). The effect of collagen on cellular behavior is

limited and analysis of the interactions between collagen and

cells has been lacking.

The implica tions of extracellular rna tr ix function ~ vivo

tissue are mainly provided from the studies on the cellular



behavior in culture. Distinct behavior of fibroblasts cultured

with collagen substrata from that of the cells on plastic

dishes is intriguing, in that the cellular environment is more

similar to that in the tissue or organ than is the case in a

flat plastic dish (Bell et aI., 1979; Sarber et aI., 1981,

Nusgens et al., 1984; Saiag et al., 1985; Colige et al., 1988;

Mauch et aI., 1988). Reconstituted collagen fibrils have a

packing arrangement of the individual collagen molecules: they

are staggered, so that adjacent molecules are displaced

longitudinally by almost one-quarter of their length (a

distance of 67 nm). This arrangement presumably maximizes the

tensile strength of the aggregate. The effect of the orderly

alignment of interaction sites with cells can only be examined

with collagen but not with other extracellular matrix

components. Furthermore, in the culture system the ability to

suspend fibroblasts wi thin gelling solutions of collagen

provides an opportunity to examine cell-matrix interactions ~

vl.tro that closely resemble the ~ vivo counterpart and to

analyze the influence of collagen matrix on cellular behavior.

It is another interesting point for the cell culture with

collagen substrata that different states of interaction

between fibroblasts and collagen can be provided by using the

reconstituted matrix of collagen. For example, the cells can

be cultured either on top of or inside of three-dimensional

collagen matrix. The method will bring an information of the

distr ibu tion and densi ty of interaction sites between a cell

and collagen under different conditions.

The effects of collagen on fibroblast behavior,

particularly cell morphology and cell growth, are summarized

as follows. In regard to cell growth, it has been reported

that normal fibroblasts proliferated more rapidly on plastic

dishes than on the surface of collagen gel or within collagen

gel (Schor, 1980; Schor et aI., 1982; Buttle and Ehrlich,

1983). Elsdale and Bard (1972) reported that cells cultured

on collagen substrata showed reduction in 3H-thymidine

incorporation. Yoshizato et aI. (1984 and 1985) have shown



that 3H-thymidine incorporation was suppressed by the cells

which were cultured on native collagen-coated dishes, but not

by the cells cui tured on denatured collagen-coated di shes.

Sarber et al. (1981) showed that human fibroblasts in

contracting collagen gel ceased to incorporate 3H-thymidine

into DNA after 4 days of culture. On the contrary, some

previous reports indicated that collagen matrix stimulates the

growth of fibroblasts by the collagen accumulation on the cell

surface (Hata and Senoo, 1989) or fibroblasts cultured in

collagen gel showed increase in 3H-thymidine incorporation

(Nakagawa eta1., 1989). The previous reports are classi fied

into two opposite results. One group claims that native

collagen represses fibroblast proliferation and the other is

that collagen stimulates the growth. The apparent

contradiction has not been resolved.

Cellular behavior of the culture within reconstituted

collagen gel (" in-gel" culture) has not been quan ti ta tively

distinguished from that of the culture on the surface of

collagen gel ("on-gel" culture). In most cases, the presence

of collagen in native forms has been compared with the absence

or presence of denatured forms of collagen. Fibroblasts ~

vivo tissue usually reside in extracellular matrix which is

mainly composed of collagen fibrils. The "in-gel" culture

system thus should at least give topologically similar

situation to the cells. It has also been reported that cell

proliferation was further more strongly repressed in

contracted collagen gel by fibroblasts than "in-gel" culture

without contraction (Sarber, et a1., 1981; Nakagawa et a1.,

1989). The state of fibroblasts in contracted gel might be

similar to that ~ vivo tissue in terms of density of the

collagen fibrils surrounding cells. However, characteristics

of the quiescent state of fibroblasts cultured in contracted

collagen gel are yet to be analyzed.

In regard to cellular morphology, it has been reported

that fibroblasts cultured within the reconstituted collagen

gel ("in-gel" culture) became extremely elongate in shape as



compared to the spindle-like shape on plastic dish (Buttle and

Ehrlich, 1983; Tomasek and Hay, 1984; Delvoye et al., 1986).

The elongation process is induced by the interaction of cells

with collagen fibrils. Cytoskeletal organization may well

contribute to the process. Tomasek and Hay (1984) have

reported the role of cytoskeleton in the collagen-induced

morphological change of embryonic chick corneal fibroblasts

within collagen gel. It was suggested that both actin

microfilaments and microtubules were required for elongation

process of corneal fibroblasts within collagen gel. Hovlever,

the difference between "in-gel" culture and "on-gel" culture

was not examined. Cytoskeletal organization is known to be

closely coupled with cell adhesion (Burridge et al., 1988).

Therefore, distribution of collagen attachment to cell surface

might be important for morphology and cytoskeletal

organization of fibroblasts. The distinctive treatment of

"in-gel" culture from "on-gel" culture may also be crucial in

the effect on cellular shape and its change of fibroblasts.

The present thesis is focused on the effect of

reconstituted collagen matrix in three-dimensional

surroundings to cells on cellular behavior of human dermal

fibroblasts including cell morphology, cytoskeletal

organization, cell proliferation and growth responsiveness to

peptide growth factors. In Chapter I, collagen gel contraction

by human dermal fibroblasts has been attempted to analyze

phenomena quantitatively. Various factors affecting the gel

contraction governed the contraction process.

Phenomenologically, cell morphology or cytoskeletal

organization was found to be correlated with the timing of

ini tia tion of gel contraction. Observa tions in Chapter II

included that morphology and cytoskeletal organization of

fibroblasts within collagen gel are distinct from those on the

gel and that three-dimensional surroundings of collagen

fibrils retarded morphological change of fibroblasts from

round shape and that low dose of cytochalasin D reversed the

retarding effect of collagen, indicating that actin



microfilaments repressed the elongation of fibroblasts in

collagen gel rather than contributed to elongation process as

might have been expected. The ef fect of three-dimensional

collagen gel on cell growth has been analyzed in Chapter III

and IV. The growth ra te and the growth response to growth

factors were repressed when fibroblasts were cultured Ylithin

collagen gel, but not on the gel. Fibroblasts in contracted

collagen gel containing high density of collagen fibrils

stopped multiplying, even in the culture with 10% fetal bovine

serum. The growth repression by collagen fibrils in collagen

gel was not due to direct cell-cell contact by histological

examination. Cell density was far less than confluency

(Chapter III). Distinctness of the quiescent state in

contracted collagen gel, which Yle call cell-matrix contact

inhibition, was obtained in the response of the cells to

growth factors in Chapter IV. Sevral growth factors did not

stimulate the proliferation of fibroblasts which are growth

arrested in contracted collagen gel, while platelet-derived

growth factor showed a marked stimulation of cell growth.

From the results, collagen fibrils in contracted gel might

affect mitogenic signaling pathways in the cells presumably

through integrins and cytoskeletons. The distribution and/or

density of collagen-cell interaction sites are proposed to be

one of the crucial factors regulating the cellular behavior of

human dermal fibroblasts.



Chapter I

Collagen Gel Contraction Mediated by Human Dermal Fibroblasts

[Summary]

Kinetics of collagen gel contraction by fibroblasts

cultured i!:'. vitro was examined in detail for quantitative

analysis. The process of collagen gel contraction was not

expressed by a simple function of time. It appeared to

consist of three distinct phases ; a lag phase before the

initiation of contraction, a rapid contraction phase and a

slow contraction phase. Factors affecting the gel contraction

can be classified into four groups. The first group includes

increase in cell number, in culture temperature or in serum

concentration, which strengthened the contraction in all the

three phases, suggesting that they affected cellular activity

paticularly in interacting with collagen. The second group

repressed the later two phases of contraction but not the

first lag phase, typically increase in collagen concentration

and a low dose of nocodazole or colcemid. Increasing

population doubling levels of fibroblasts belongs to the third

group which caused a reduced lag time but no change in the

later two phases. Cytochalasin D at a low dose (0.03-0.1

Ug/ml) is another example of the third group which shortened

the lag time. The last group did not change the contraction

curves. Donor age of fibroblasts isolated from the skin is an

example of this group. The rate of rapid contraction in the

second phase was always found to be closely correlated with

the degree of contraction at the end of the third phase, in a

whole set of the factors above mentioned. The results suggest

that the extent of the later two phases might be a reflection

of the same cellular activity, particularly cytokinetical one.

The lag time is directly related to the time for cells to



become elongate in shape as observed by using the video

microscopy, suggesting that the lag phase is also governed by

cytokinetical activity. We conclude that collagen gel

contraction is essentially separated into two diferent phases,

a lag phase and a contracting phase, and each phase is

governed by two different cytokinetical activities due to

actin filament dynamics.

1. Introduction

The morphology and function of fibroblasts are influenced

by the extracellular matrix (Tomasek et al., 1982; Kleinman et

al., 1981). Recently, the culture of fibroblasts in a collagen

gel has been adopted for studying cellular behaviors which

approximate cell-matrix interactions ~ vivo (Bell et a1.,

1979; Nusgens et a1., 1984; Guidry and Grinnell; 1986).

Fibroblasts incorporated in a collagen gel attach rapidly to

collagen fibres, become elongate in shape (Tomasek and Hay,

1984), and then contract the collagen gel. These fibroblast

collagen interactions result in rearrangement and increased

density of the collagen fibrils (Bell et al., 1979; Guidry and

Grinnell, 1985). The abili ty of fibroblasts to contract

collagen gels is one of fibroblast specific functions which

might be closely coupled with cell attachment to collagen

fibrils and the cytoskeletal organizations.

Factors affecting the fibroblast-mediated collagen gel

contraction, such as the number of cells present, the collagen

concentration, the nature of cells in question, and drugs

which modified the cellular activity have been described in

the previous reports (Bell et a 1., 1979; Steinberg et a1.,

1980; Ehrlich et al., 1983; Ehrlich and Wyler, 1983; Buttle

and Ehrlich, 1983; Van Bockxmeer et al., 1984; Delvoye et al.,

1986; Adams and Priestley, 1986; Gillery et al., 1986; Ehrlich

et a1., 1986 (a) and 1986 (b) ). Most of the previous works on



collagen gel contraction treated the process as a simple step

and thus the data are semi-quantitative and too much

complicated to be compared quantitatively among different

experiments which were performed under distinguished

conditions.

The present study on the collagen gel contraction

phenomena has been directing toward a more quantitative

analysis to obtain information of the fibroblast-collagen

interaction in detail. We have demonstrated by examining the

process in detail that it involved three distinct phases in

the time course curve; a lag phase before the ini tia tion of

contraction, a phase of rapid contraction, and a phase of slow

contraction (terminal phase). The parameters representing the

three phases are lag time (h), rate of contraction (%/h), and

percentage of gel size contracted on day 6, respectively. From

the present analysis, we have obtained some new findings as to

the action of cytochalasin D and the effect of population

doubling level of normal human fibroblasts on collagen gel

contraction.

2. Materials and Methods

Cell culture

Human foreskin fibroblasts from a O-year-old male (HF-O)

and human fetal fibroblasts from 4-month fetal skin and 5

month fetal skin (HEF-4 and HEF-5l were a kind gift from Dr.

Kawamoto, Department of Biochemistry, Okayama University

Dental School (Sato et aI., 1983 l. Human skin fibroblasts

from a 1-year-old male (HF-1) were also a kind gift from Dr.

Shinkai, Department of Dermatology, Ohita Medical School.

Other dermal fibroblasts were isolated from human skin

obtained during plastic surgery from a 30-year-old female

(HF-30), a 41-year-old male (HF-41), a 60-year-old female

(HF-60), a 69-year-old female (HF-69), a 71-year-old female
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(HF-71 ). Briefly, the cultures were initiated by cell

outgrowth from explants of the dermis. The primary cultures

were grown in Dulbecco's modified Eagle's medium (DMEM, Nissui

Pharmaceutical Co., Tokyo) supplemented with 10% fetal bovine

serum (FBS, Gibco Labs., New York), 3.7 gil sodium

bicarbonate, 50 IU/ml penicillin (Banyu Pharmaceutical Co.,

Tokyo) and 50 Ug/ml streptomycin (Meiji Seika Kaisha, Tokyo).

Subconfluent cells were dispersed with 0.1% trypsin and 0.02%

EDTA in phospha te-buf fered saline (PBS, pH 7.4) and propaga ted

in the above culture medium. Cell cultures were maintained in

25 cm 2 flasks and passaged at a 1:4 split ratio when the

cultures reached confluency. The number of population

doublings per passage were estimated by the following

equation: x=(log N - log NO)/log 2 where x= number of

population doublings, NO= number of cells initially plated and

N= number of cells present in confluent cultures before

passage. Under the standard conditions using a split ratio of

1:4, a mean population doubling of 2 per passage was obtained.

Cells at indicated population doubling level (PDL) were frozen

and kept in liquid nitrogen.

Preparation of collagen gels containing fibroblasts

The cells just before reaching confluency were removed

from the dishes by trypsin treatment (0.1% trypsin and 0.02%

EDTA in PBS for 10 min at 37°C), washed with the culture

medium, counted and suspended to an appropriate concentration.

A solution of pepsin-treated type I collagen (porcine tendon)

at a concentration of 3 mg/ml was obtained from Nitta Gelatin

Co. (Osaka). The collagen gels were prepared by mixing 1 mlof

3x concentrated DMEM with sodium bicarbonate, penicillin and

streptomycin, 0.33 ml of FBS, 2 ml of the collagen solution

and 6.67 ml of DMEM containing 10% FBS at 4°C. Two ml of the

cell suspension in DMEM containing 10% FBS (6.0 x 10 4

cells/ml) was added and mixed with the medium at 4°C to give a

final density of 1.0 x 10 4 cells/ml and a collagen

coneen tra tion of 0.5 mg /ml. Two ml of the medium containing

10



cells and collagen was placed in a bacteriological plastic

dish, 32 mm in diameter, and then brought to 37°C for allowing

polymerization of the collagen. The incubation was continued

at 37°C under an atmosphere of 95% air and 5% CO2 . Under the

conditions, the collagen polymerized rapidly so that the cells

were trapped in a three-dimensional collagen matrix. Collagen

gels containing cells were detached from periphery of plastic

dishes by scraping on passing 3 h after starting the gel

culture. This is a requisite for maximizing reproducibility

of the experiments, particularly the measurement of lag time.

The culture medium was renewed every 2 days. The diameter of

gels was measured at the indicated time.

Video recording of fibroblasts within collagen gels

Two ml of the medium containing cells and collagen which

was prepared under the same condition of the above experiment

was placed in a tissue culture dish and then brought to 37°C.

Fibroblasts cultured within the collagen gel were observed

with phase-contrast microscope or differential

interference contrast microscope (Nikon, Tokyo). The stage was

surrounded by a plastic chamber and kept under an atmosphere

of 95% air and 5% CO 2 and at 37°C by applying heated air

intermittently. Magnified views of fibroblasts in collagen

gels were recorded on video tape for 0.1 second at intervals

of 30 seconds for 3 days by using a video-recording system

(Sankei Co., Tokyo).

Other Materials

Cytochalasin D, nocodazole and colcemid were purchased

from Aldrich Chemical Co. (Milwaukee), Janssen (Belgium) and

Wako Pure Chemical Industries (Osaka), respectively.
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3. Results

3.1 Effects of culture conditions

The contraction of collagen gel by human foreskin

fibroblasts (HF-O, 15th PDL) in terms of gel size was affected

by changing culture conditions cell number, FBS

concentra tion and cuI ture tempera ture. Time course curves of

contraction in detail with various cell number were shown in

Fig. 1-1. All the curves appeared to consist of three

distinct phases ; the first phase is a lag time before the

ini tia tion of contraction, the subsequen t phase is a rapid

contraction of gel and the third phase is a very slow

contraction with a slight decrease in diameter of the gel.

Three phases in the time course curve "'ere discernible under

different FBS concentrations or culture temperatures (data not

shown). Each phase can be quantitatively represented by

parameter defined as follows. The first phase is expressed by

length of lag time. Rapid contraction in the second phase

showed a straight line over a nearly whole range and thus the

rate of contraction was obtained by slope of time course curve

in % decrease in gel diameter per unit time. In the third

phase, the extent of contraction was expressed by the

percentage contracted on day 6 [(Initial gel size in diameter

- gel size in diameter on day 6) x 1OO/Ini tial gel size in

diameter 1, when contraction is extremely slow, reaching

bottom.

Effects of cell number, FBS concen tra tion and cuI ture

temperature on the three phases of contraction were evaluated

by these parameters in Fig. 1-2 and 1-3. Reducing the cell

number decreased the efficiency of contraction in all three

phases. Varying the concentration of FBS in the collagen gel

up to 10% also affected all three phases. At 10% of FBS, the

parameters reached plateau. Culture temperature also

influenced all three phases. The relationship among the three

distinct phases in the time course curves is shown in Fig. 1-2

12



and 1-3. Variations in cell number, FBS concentration or

culture temperature give rise to values of the lag time which

appear to be closely correlated to the rate of contraction in

the second phase in case of both HF-O and HF-30 (Fig. 1-2).

Relation between the second phase and the third phase is

approximately expressed by straight lines which follml an

equation; Rate of contraction (%/h) = [100 x Aj/[% of gel

size contracted on day 6] + C ,(A and C are adjustable

constants). The whole set of data obtained in the present

study are on either one of the straight lines (Fig. 1-3).

HF-O showed a prolonged lag time and a decreased rate of

contraction as compared with those of HF-30.

3 _2 Effect of collagen concentration

Influence of collagen concentration in the three phases

of contraction is shown in Table 1-1. The rate of contraction

and the percentage contracted were repressed by increasing

the initial collagen concentration in the gel. On the

contrary, the length of lag time was not affected by the

initial concentration of collagen at the range examined.

3 _3 Effect of donor ages or population doubling levels of

human fibroblasts

Normal fibroblasts with different proliferative potential

were isolated from human skin of different donor ages.

Collagen gel contraction was measured by using the cells of

8th to 12th POL. Kinetic parameters in three phases of

contraction were identical among the fibroblasts examined

(Table 1-2). Collagen gel contraction was apparently

independent of donor age of fibroblasts. The effects of POL

of human fibroblasts on collagen gel contraction were shown in

Fig. 1-4 and in Table 1-3. The in vitro senescent cells had as

strong an ability to contract the gels as the young cells. The

high POL cells shortened the lag phase. Human fibroblasts,

13



particulary foreskin fibroblasts, revealed the reduction of

lag time wi th increasing PDL. Hmlever, the subsequent two

phases which were indicated by the contraction rate and the

percentage contracted were identical between low PDL and high

PDL. Fibroblasts of the highest PDL (foreskin fibroblasts of

46th PDL and skin fibroblasts of 28th PDL) are approaching i'!
~tE2 senescence in that the cells abolished the

proliferation.

3.4 Effect of drugs which act on the state of cytoskeletons

The contraction of collagen gel by human foreskin

fibroblasts (HF-O, 15th PDL) investigated at drug

concentrations of 0.001 I1g/ml to 1.0 I1g/ml. Low doses of

nocodazole or colcemid which is known to disrupt microtubules

repressed the contraction rate and the percentage contracted,

but the lag time was not affected by the drugs (Table 1-4).

Collagen gel contraction was completely inhibited by the drugs

at concentrations of more than 0.1 I1g/ml. The effects of

cytochalasin D which is known to act primarily on the state of

actin are shown in Fig. 1-5. Low doses of cytochalasin D

(0.03 and 0.1 I1g /ml) induced the reduction of lag time (32 h

to 10 h), but repressed the contraction ra te in the second

phase. The low dose of cytochalasin D induced the elongation

of fibroblasts from spherical cell shape incorporated in

collagen gels and almost all cells have been already elongated

in shape at 10 h after starting the gel culture (Fig. 1-6). In

the absence of cytochalasin D, most cells are in spherical

shape at this stage. Cytochalasin D at concentrations of more

than 0.3 I1g/ml completely prevented contraction. Furthermore,

upon addition of cytochalasin D, nocodazole or colcemid at a

concentration of 0.1 I1g/ml to the gel which was rapidly

contracting in the second phase, contraction suddenly stopped

(da ta not shown).

14



3.5 Relationship between the length of lag phase of collagen

gel contraction and the population of elongated fibroblast

Morphological change of human foreskin fibroblasts of

15th POL or 45th POL which showed different length of lag time

of collagen gel contraction (Fig. 1-4) was observed by video

microscopy. Features that were observed included the

development of extremely elongated cell shape from spherical

trypsinized cells and interaction between elongated

pseudopodia and collagen fibrils. Mitotic figure of cells was

not observed for 42 h after starting the gel culture.

A typical example of the morphological change of

fibroblasts during the lag phase of collagen gel contraction

is shown in Fig. 1-7. Trypsinized fibroblasts initially

remained spherical in collagen gel and the cells adhered to,

compressed and stretched the collagen fibers. The cells began

to extend pseudopodia and the length increased. Eventually

the cells became bipolar and extremely elonga ted in shape.

For classification criteria, cells which maintained the

elongated shape with a length more than 150 ~m were taken as

"elongate". Fifty % of fibroblasts in the microscopic field

became "elongate" in shape at about 28 h for the cells of 15th

POL and at about 11 h for the cells of 45th POL. Fibroblasts

of high POL underwent morphological change from sphere to

elongate in collagen gel for a shortened time. The period in

which 50% of the cells became elongated in shape was also

dependent on culture temperature; 85 h at 32.5 °c and 28 h at

37.0 °c. The lag time before ini tia tion of collagen gel

contraction was strongly correla ted to the time length for

average fibroblasts to take elongated shape.

15



4. Discussion

Collagen gel containing fibroblasts in culture eventually

contracts due to specific interactions between living cells

and collagen fibrils. The contraction is not due to action of

secreted factors by the cells such as proteolytic enzymes.

When trypsinized fibroblasts are cultured in collagen gels, a

characteristic morphological change of spherical fibroblasts

to extremely elonga ted shape, di stinct from a spindle-like

shape on plastic dish, is observed (Tomasek et al., 1982;

Tomasek and Hay, 1984). Concomitantly, the collagen gel

ini iates contraction when number of the elongated fibroblasts

increased sufficiently (Bell et al., 1979; Buttle and Ehrlich,

1983; Ehrlich et al., 1983). Various factors affecting the

collagen gel contraction have been exploited in previous

reports for elucidation of contraction mechanism (Bell et al.,

1979; Steinberg et al., 1980; Buttle and Ehrlich, 1983;

Ehrlich et al., 1983; Adams and Priestley, 1986; Del voye et

al., 1986; Grillery et al., 1986; Guidry and Grinnell,

1985,1986 and 1987). Most of the works on collagen gel

contraction treated the process as a simple step. Therefore,

the results were mostly shown by the degree of contractio at

a certain period of time or the qualitative comparsion of

pattern of time course curve in which the lag phase was not

always shown. However, the collagen gel contraction appears to

resul t from a consequence of complica ted interactions between

collagen and cell and hence, as shown in Fig. 1-1, 1-4, and

1-5, the time course of gel contraction is not expressed by a

simple curve. Qualitative analysis reported previously seemed

to have misled the effects of conclusion about certain factors

which were clearly observed in the present study such as the

effect of PDL (Fig. 1-4 and Table 1-3) and cytochalasin D

(Fig. 1-5). Degree of collagen gel contraction determined at a

point of one or two days of culture would have shown that

fibroblasts of high PDL contracted collagen gels much faster

than cells of low PDL (compare the gel size at day one or two
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in Fig. 1-4 l. The same data might give a result that

difference in gel contraction between high PDL and low PDL of

cells was observed when the contraction was compared only at

the end of a 4-day period of culture.

The present study on the collagen gel contraction

phenomenon has been directing toward a more quantitative

analysis. The contraction curve was treated quantitatively by

dividing the process into three phases which are characterized

by kinetic parameters. The previous reports did not mention

lag phase explicitly. However, it is clear that in the

present results the lag phase in the contraction process can

not be negligible. Distinct appearance of the lag phase in

the present experiments may be due to the following

experimental procedures or conditions; 1), As shown in Fig.

1-1, decrease in cell number in collagen gel (lx10 4 cells/mIl

which prolonged the lag phase significantly; 2), Increase in

measuring points of gel diameter, particularly at the initial

48 h after starting the gel culture; 3), As described in

Materials and Methods, detachment of collagen gel from plastic

dish on passing 3 h after start of culture which is a

requisite for maximizing reproducibility of the measurement of

lag phase.

Factors examined include cell number, serum

concentration, culture temperature, collagen concentration,

donor age of fibroblasts, PDL of fibroblasts, and

concentration of cytoskeleton-affecting drugs. The

quantitatively expressed parameters can be used to test

whether the three phases arbi trarily divided according to the

apparent curves are correlated with one another. When a

correlation exists, it may suggest that two phases are

governed by a common mechanism in cell-collagen interactions.

A whole set of the parameters for the second and the third

phase in the present study was plotted in Fig. 1-3. The rate

of contraction (%/h) in the second phase vs. the reciprocal

percentage of gel size on day 6 in the third phase is

r presented by either one of the straight lines. The close
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relation under a wide range of conditions suggests that the

second phase and the third phase of collagen gel contraction

might be governed by a common mechanism such as a force

strength exerted by the cells on collagen. In fact, Guidry and

Grinnell (1986) have suggested that collagen gel

reorganization by centrifugation resembled collagen gel

contraction by cells, a t least superficially. An external

force such as centrifugal one on collagen gel can be a common

determinant of parameters for contracting rate and gel size

con tracted when collagen gel was spun down. The force may

cause collagen fibril rearrangement which results in gel

contraction at a constant rate when resistant force from the

gel is principally frictional. When the collagen fibrils were

rearranged to a limi t where the resistant force is balanced

wi th the force exerted by cells, the size of gel would not

change, which may represent the third phase.

On the other hand, the relation between the parameters

for the first lag phase and those for the second phase is not

so simple. With the first group of factors such as cell

number, serum concentra tion and cuI ture tempera ture, the lag

time is closely correIa ted to the rate of contraction (Fig.

1-2) . However, under the condi tions of the second group of

factors such as different concentrations of collagen and low

doses of nocodazole or colcemid (Table 1-1 and 1-4), the lag

phase was not changed but the second phase was repressed.

Increasing PDL of fibroblasts and cytochalasin D at a low

dose are classified to the third group which caused a reduced

lag time but no change or retardation in the second phase.

Thus, under these conditions, the length of lag phase is

independent of the contracting rate of the following phase.

The lag phase involved a process which is independent of the

later two phases. The length of lag phase is strongly

dependent on collagen-cell interaction. It has been shown

guali ta ti vely that the contraction process correIa tes with

cell spreading in collagen gel by comparing between normal and

abnormal fibroblasts (Buttle and Ehrlich, 1983; Ehrlich et
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al., 1983; Delvoye et al., 1986). The present results

quantitatively demonstrated that the lag phase of contraction

was closely correlated to the elongation process in

morphological change of fibroblasts in collagen gel (Fig. I

7), suggesting that the lag phase is governed by cytokinetical

activity. Thus, the effects of various factors on collagen gel

contraction should be characterized by separating the process

at least into two different phases; the lag phase and the

later contracting phase(s).

Tomasek and Hay (1984) have reported in detail the role

of cytoskeleton in the collagen-induced morphological change

of corneal fibroblasts within collagen gel. Either

cytochalasin D or nocodazole (more than 1 ~g/ml) was

inhibitory, indicating that both the microtubeles and the

actin microfilaments are required for elongation process of

fibroblasts. It has also been reported that the effect of

cytochalasins at low doses (less than 2 ~g/ml cytochalasin B

or 0.25 ~g/ml cytochalasin D) was not always similar to those

at high doses. When the spreaded 3T3 cells on plastic were

trea ted wi th cytochalasins a t a low dose, the cells undergo

elongation, but become arborized and rounded up at high doses

of cytochalasins (Atlas and Lin, 1978). Domnina et al. (1982)

have reported that low doses of cytochalasins did not inhibit

the outgrowth and maintenance of lamellas at the cell

periphery of fibroblasts on plastic. The previous works

suggest that the effects of cytochalasins at low doses on the

state of actin may be different from those at high doses. Bell

et al. (1979) and Ehrlich et al. (1986) have reported that

functional integrity of the cytoskeleton was essential, in

that the collagen gel contraction was completely inhibited by

high doses of cytochalasin B (more than 5 ~g/ml) and colcemid

(0. 36 ~g/ml). However, they did not examine the effects of

these drugs at low concentrations as employed in the present

study on the collagen gel contraction. The low doses (0.03 to

O. 1 ~g/ml) of cytochalasin D, contrary to the high doses,

induced the reduction of lag time in gel contraction as well
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as earlier elongation in fibroblast shape from spherical. The

low dose of cytochalasin D may help cytoskeleton dynamics

through its influence on actin. The initiation of actin

polymerization which was observed in vitro by addition of

cytochalasins at a low dose mayor may not be related to this

effect on cell elongation (Brenner and Korn, 1980; MacLean

Fletcher and Pollard, 1980). Low dose of nocodazole or

colcemid (less than 0.03 ~g/ml) did not affect the lag phase.

However, the subsequent rapid contraction of collagen gel in

the second phase was completely prevented by cytochalasin D,

nocodazole, or colcemid at a concentration of 0.1 ~g/ml. The

results suggest that the initiation of collagen gel

contraction as well as the elongation of cells are accelerated

by acting on the state of the actin in cytoskeleton of

suspended spherical cells, while the contractile force of

fibroblasts requires both microtubules and actin

microfilaments. The resu 1 ts are consi sten t wi th the close

correlation between the timing of initiation of gel

contraction and that of elongation of the cellular shape (Fig.

I-7) and also confirm the dissociation of lag phase from

contraction phase.

with increasing PDL, fibroblasts have caused the

reduction in the lag time of gel contraction and the

acceleration of elongation of cell shape. The following two

phases of contraction were unchanged between low PDL and high

PDL. The result is suspected that the state of cytoskeleton of

fibroblasts was altered with increasing PDL. It has been

reported that in in vitro senescent fibroblasts (high PDL)

cultured on plastic, microtubules, intermediate filaments, and

actin microfilaments became not only enriched but also

increasingly organized (Van Gansen et al., 1979; Wang, 1984).

The enriched and highly organized cytoskeletons might induce

th acceleration of morphological change of fibroblasts in

collagen gels from spherical to elongate. This phenomenon was

cl arly observed in collagen gel, while it was not discernible

on plastic. The 15th PDL and 45th PDL fibroblasts attached,
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flattened and spreaded rapidly at an indistinguishable speed

on plastic (unpublished data).

Kinetic parameters of collagen gel contraction are

characteristic for cell types. The ef fect of factors on gel

contraction by foreskin fibroblasts were similar to those by

skin fibroblasts (Fig. I-2, I-3 and I-4, and Table I-3).

However, under the same cul ture condi tion, human foreskin

fibroblasts from a O-year-old male showed a retardation in lag

phase and a decreased rate of contraction as compared with

fibroblasts isolated from the skin of different donor ages

including fetal skin fibroblasts and skin fibroblasts from 1

year-old male (Fig. I-2, I-3 and Table I-2). Mouse 3T3

established cell lines showed significantly smaller parameters

in the later two phases of contraction than dermal fibroblasts

(Nishiyama, et al., 1985). The kinetic parameters might be a

potential index for fibroblasts from different tissues or

animal species.
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Table 1-1. Effect of =llagen concentration on =llagen gel contraction

Initial aJIlcentration Lag time Rate of contraction

of collagen (mg/2ml) (h) (%/h)
Percentage =ntracted
on day 6 (%)

0.6 30 1.9 79 ± 1
1.0 30 1.6 71 ± 1
2.0 30 0.66 52 ± 2
3.0 34 0.41 43 ± 1

HF-O (15th PDL) !X'pulated collagen gels were made with 2.0 x 104 cells,

different concentrations of type I collagen and 10% FBS per 2 ml in 35 rrm

Petri dishes. Each parameter was calculated fran the time course curves of
gel =ntraction by the measur811ent of 4 gels.

Table 1-2. Effect of donor ages of hunan skin fibroblasts on =llagen gel

contraction

Fibroblasts
Abbreviation PDL

Lag time Rate of contraction Percentage =ntracted
(h) (%/h) on day 6 (%)

HEF-4 11 13 3.3 80 ± 1
HEF-5 12 13 3.0 78 ± 1
HF-1 9 15 3.0 77 ± 1
HF-30 9 15 3.5 77 ± 1
HF-41 8 15 3.5 76 ± 0
HF-60 8 15 3.8 76 ± 1
HF-69 8 15 3.8 75 ± 1
HF-71 8 15 3.5 78 ± 0

Each fibroblast !X'pulated collagen gel was made with 2.0 x 104 cells, 1.0 mg

of type I collagen and 10% FBS per 2 ml in 35 rrm Petri dishes. Each parameter

was calculated from th time course curves of gel contraction by the

measur811ent of 3 or 4 gels.
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Table 1-3. Effect of POL of fW-30 on =llagen gel a:>ntraction

PDL Lag time
(h)

Rate of contraction
(%/h)

Percentage contracted
on day 6 (%)

5 14 3.8 73 ± 2

10 14 3.8 74 ± 1

18 7 3.8 73 ± 1

28 5 4.1 72 ± 0

fW-30 populated collagen gel was made with 2.0 x 104 cells,

1.0 ng of type I collagen and 10% FBS per 2 ml in 35 mn Petri dishes.

Each parameter was calculated fran the time course curves of gel
contraction by the measurenent of 4 gels.

Table 1-4. Effect of nexxx'Iazole = =lcemid on =llagen gel a:>ntraction

Concentration

(~/ml)

Lag time
(h)

Ra te of contraction
(%/h)

Percentage contracted

on day 6 (%)

t'bcodazole

0 32 1.6 73 ± 1
0.001 32 1.6 73 ± 1
0.01 32 1.3 66 ± 1
0.03 32 0.42 20 ± 1
0.1 0 0

Colcemid
0.001 32 1.6 72 ± 2
0.01 32 0.94 56 ± 3

0.03 32 0.28 11 ± 2

0.1 0 0

HF-O (15th PDL) populated collagen gels were 2.0 x 104 cells, 1.0 ng of type I

collagen and 10% FBS per 2 ml in Petri dishes. Drugs were present in culture
medium during the experiment. Media were renewed every 2 days. Each parameter

was calculated fran the time course curves of gel contraction by the

measurement of 4 gels.
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Fig. 1-1. Time course curves of collagen gel contraction with

different number of human foreskin fibroblasts.

HF-O (15th PDL) populated collagen gels were made with

di f ferent number of cells, 1 mg of type I collagen and 10%FBS

per 2 ml in 35 rom Petri dishes. The inner diameter of the dish

was 32 mm. Initial number of cells was 1.0 x 10 4 (e), 2.0 x

10 4 (0), 4.0 x 10 4 (()), 10 x 10 4 (Al and 20 x 10 4 (6)

cells/2 ml. Media were renewed every 2 days. Each point

represents the mean of quadruplicate determinations ± SD.
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Fig _ 1-2. Rela tionship between lag time and rate of

contraction under the different conditions of cell number, FBS

concen tra tion or cuI tur temperature.

Lag time or rate of contraction was calculated from the time

course curves of gel contraction by HF-O (A) or HF-30 (B).

Culture conditions: • cell number (1.0 x 10 4 to 20 x 10 4

cells) ; 0 FBS concentration (0.5 to 20%) () culture

temperature (32.5 to 39.5 DC).
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Fig. 1-3. Relationship between rate of contraction and

contracted gel size on day 6.

Rate of contraction and percentage of contracted gel size on

day 6 were calculated from the time course curves of gel

contraction by HF-O (Al or HF-30 (B). Factors affecting the

gel contraction: • cell number; 0 FBS concentration; A type

I collagen concentration; () culture temperature; • different

PDL of cells; 0 addition of nocodazole or colcemid.
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Fig. 1-4. Contraction of collagen gels by human foreskin

fibroblasts with different POLs.

HF-O populated collagen gels were made with 2.0 x 10 4 cells,

1.0 mg of type I collagen and 10% FBS per 2 ml in 35 rom Petri

dishes. POL of HF-O: .15th; 020th; A30th; D.40th; .46th.

Media were renewed every 2 days. Each point represents the

mean of triplicat determinations ± SO.
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Fig. 1-5.

contraction.

Effect of cytochalasin D on collagen gel

HF-O (15th PDL) populated collagen gels were made with 2.0 x

10 4 cells, 1.0 mg of type I collagen and 10% FBS per 2 ml in

35 mm Petri dishes. ~Iedia containing cytochalasin D at a

concentration of 0 (el, 0.01 (0),0.03 (Al, 0.1 (,0.),0.3

( .) or 1. 0 ~g/ml (0 l were renewed every 2 days. Each point

represents the mean of quadruplicate determinations ± SD.
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A

B

Fig. 1-6. Human foreskin fibroblasts in collagen gel after

treatment with cytochalasin D at a concentration of 0.1 ~g/ml.

A: HF-O (15th PDL) at 10 h after the start of collagen gel

culture shows spherical shape. B: HF-O (15th PDL) at 10 h

after the start of collagen gel culture with cytochalasin D

shows elongated appearance. x242

29



50
-0

<lJ

u::
u 40
C-
o
u
l/)

~ 30 30
u

~

c
0 20 20
~

.!J

E
:::J

10z 10

<lJ
U

0 12 24 36 48 12 24 36 48
Time (h) Time (h)

Fig. 1-7. Morphological change of human foreskin fibroblasts

in collagen gel observed with video-microscope.

HF-O (15th PDL) (A) or HF-O (45th PDL) (B) populated collagen

gels were made with 2.0 x 10 4 cells, 1.0 mg of type I collagen

and 10% FBS per 2 ml in 35 mm culture dishes. Magnified views

of cells in collagen gels were recorded on video tape for 3

days. Three to 5 cells in the field were observed in an

experiment. The cells initially remained spherical (0), took

an intermediate shape (()) and then became elongate in shape

(ttl. Cell numbers of each type of cell shape were counted on

video tape at the indicated periods of time.



Chapter II.

Morphology of Human Dermal Fibroblasts in Three-Dimensional

Collagen Gel.

[Summary]

The role of actin microfilaments in acquisition and

maintenance of the characteristic elongate shape of human

dermal fibroblasts cultured within a collagen gel was examined

by using a low dose of the cytochalasin D, which affects

microfilament organization. Confocal laser scanning

fluorescence microscopy revealed that actin microfilaments in

both spherical fibroblasts at an initial stage of culture and

elongate fibroblasts at a later stage were distributed along

the inner surface of the cell membrane. Scanning electron

micrographs of fibroblasts in collagen gel revealed many rough

picks, which are putative interaction sites between collagen

fibrils and the cells. Fibroblasts on a glass or collagen gel

surface changed from spherical to spindle-shaped within 6 h

after the start of culture, while within collagen gel, the

morphological change was markedly retarded, and occurred at 30

h or later. This retardation was antagonized by a low dose of

cytochalasin D (0.2 .,M). The treatment induces disorganization

of actin microfilaments on the one hand, but organization of

microtubules or intermediate filaments to scaffold the

elongate shape on the other hand. The extremely elongate cell

shape once formed in collagen gel was not affected by

cytochalasin D. We hypothesize that the actin microfilaments

form the spherical scaffold or prevent acquisition of elongate

shape of fibroblasts at an initial stage of culture in

collagen gel, but do not participate in maintenance of the

elongate shape of the cell at a later stage.
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1. Introduction

The extracellular matrix plays an important role in

regulating the cytoskeletal organization, morphology and other

functions of fibroblasts (Chapter I; Kleinman et al., 1981;

Tomasek et al., 1982; Tomasek and Hay, 1984; usgens et al.,

1984; Colige et al., 1988). The study in this chapter vias

focused on the influence of the three-dimensional collagen

matrix on cell morphology and cytoskeletal organization.

Fibroblasts in collagen gel rapidly become attached to

collagen fibrils by interaction of the cell surface receptors

directly with collagen or indirectly with collagen via

fibronectin (Wayner and Carter, 1987; Carter and Wayner, 1988;

Akiyama et al., 1990; Gullberg et al., 1990). Eventually the

cells become extremely elongate in shape (Tomasek and Hay,

1984; Nishiyama et al., 1988) and contract the collagen gel

(Bell et al., 1979; Guidry and Grinnell, 1985; Nishiyama et

al., 1988; Gullberg et al., 1990). The elongate shape of

fibroblasts is one of the specific characteristics of the

cells cultured in collagen gel as distinct from the cells

cultured on the gel. This shape change is considered to be

closely correlated to the cytoskeletal organization as

described in Chapter I.

Tomasek and Hay (1984) have reported in detail the role

of cytoskeleton in the collagen-induced morphological change

of embryonic chick corneal fibroblasts wi thin collagen gel.

They concluded that both intact actin microfilaments and

microtubules are required for extensive elongation of corneal

fibroblasts within collagen gel, since either cytochalasin 0,

which is known to act primarily on the state of actin, or

nocodazole, which is known to disrupt microtubules, was

inhibitory. The results were obtained by using a high dose of

cytochalasin 0 (more than 2 ~M). However, it has been reported

that the effect of cytochalasins at low doses (less than 0.5

~M cytochalasin D) is not always similar to that at high doses

(Atlas and Lin, 1978; Domnina et al., 1982). For example, low

32



doses of cytochalasins did not affect the gross spread of

fibroblasts on plastic and did not inhibit the outgrowth and

rna i n t en a n ceo f 1 arne 11 a sat the cell per i ph e r y, wh i 1 e

fibroblasts became arborized and rounded in shape at high

doses of cytochalasins. We have also reported that low doses

(0.06 to 0.2 ~M) of cytochalasin D, unlike high doses, induced

the elongation of fibroblasts within collagen gel at an

earlier timing (Chapter I).

In the present study, I have examined the cell morphology

and cytoskeletal organization, particularly actin

microfilaments, of human dermal fibroblasts induced by culture

within a three-dimensional collagen gel as compared to those

of a culture on a two-dimensional surface of collagen gel or

on glass. By using a low dose of cytochalasin D, I obtained a

different result on the role of actin microfilaments from that

described by Tomasek and Hay (1984). That is, the time

required for the morphological change of fibroblasts wi thin

collagen gel from spherical to elongate was shortened by

treatment with a low dose of cytochalasin D. The treatment

caused disorganization of actin microfilaments and

organization of a cytoskeleton component ot er than actin,

resulting in accelerated elongation of fibroblasts. In

addi tion, the low dose of cytochalasin D did not change the

elongated shape of fibroblasts which had already been formed,

even though it disrupted actin microfilaments.

2. Materials and Methods

Cell culture

Fibroblasts were isolated from human foreskin of a

O-year-old male (HF-O) and from human skin of a 30-year-old

female (HF-30) and a 41-year-old male (HF-41) obtained during

plastic surgery, as described in Chapter 1. Cultures at the

4th population doubling level (PDL) were frozen and kept in
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liquid nitrogen. HF-O from the 15th POL to 18th POL and HF-30

and HF-41 from the 8th POL to 10th POL were used throughout

the exper imen ts.

Preparation of collagen substrata and cell cultures

A solution of pepsin-treated type I collagen (porcine

t ndon) in dilute HCI (pH 3.0) at a concentration of 3.0 mg/ml

was obtained from Nitta Gelatin Co. (Osaka).

For culture with Oulbecco's modified Eagle's medium

(OMEM, Nissui Pharmaceutical Co., Tokyo) containing 10% fetal

bovine serum (FBS, GIBCO Labs., New York) on three-dimensional

gels of collagen fibrils, 0.2 ml aliquots of a solution

(collagen-medium solution) obtained by rapidly mixing 3 ml of

collagen solution (3 mg/ml), 1.5 ml of 3x concentrated DMEM

wi th sodium bicarbonate, penicillin and streptomycin, 0.5 ml

of FBS, and 4 ml of 10% FBS-DMEM were pi pet ted onto 15-mm

covers lips in 35-mm petri dishes and incubated for 1 h at 37

DC to form a gel. Two ml of the cell suspension in 10% FBS

DMEM (lxl0 4 cells/ml) was placed on a plastic dish including a

coverslip and incubated at 37 DC for the indicated time.

Incorporation of cells within the three-dimensional

collagen gel was performed by rapidly mixing a cell suspension

with the collagen-medium solution (10% FBS-DMEM), then plating

the mixture (0.2 ml) to give a final cell density of 1 x 10 4

cells/ml and a collagen concentration of 1 mg/ml onto 15-mm

coverslips in 35-mm petri dishes. Each dish was incubated for

1 h at 37 DC to form the gel before the addition of 2 ml of

culture medium.

Microscopy of living fibroblasts

Fibroblasts cultured on collagen gels or within collagen

gels were examined with a phase-contrast microscope or a

differential interf rence contrast microscope (Nikon, Tokyo).

The stage was surrounded by a plastic chamber and kept under

an atmosphere of 95% air and 5% CO2 and at 37 DC by applying

heated air intermittently. Magnified views of fibroblasts

34



within collagen gels were recorded on video tape for 0.1

second at intervals of 30 seconds for 3 days by using a

video-recording system (Sankei Co., Tokyo).

Rhodamine-labeled phalloidin staining and indirect immuno

staining using FITC-labeled antibodies

At various times after the start of culture, the collagen

gels were fixed with 4 % paraformaldehyde in PBS for 20 min,

washed 3 times for 10 min with PBS, and then permeabilized in

0.5 % Triton X-l00 in PBS for 10 min prior to staining. Some

of the gels were incubated with rhodamine-labeled phalloidin

(Molecular Probes Inc., Eugene, OR; diluted 1 :10) for 2 h at

room temperature in the dark, washed three times for 10 min

with PBS and mounted on glass slides in 90 % glycerol in PBS.

Other gels were incubated for 30 min with 1% bovine serum

albumin in PBS and then incubated with anti-a tubulin

monoclonal antibody (Amersham, UK) or anti-vimentin monoclonal

antibody (Amersham, UK) for 1 h at room temperature, washed

three times for 30 min wi th PBS, incuba ted wi th goa t anti

mouse IgG-FITC (Kirkegaard & Perry Lab. Inc.) for 1 h at room

temperature, washed three times for 30 min with PBS, and

mounted on glass slides in 90 % glycerol in PBS. Fibroblasts

in the gels were viewed wi th an Olympus AH-2 microscope

with a Bio Rad MRC-500 laser scanning confocal microscope in

he fluorescence mode.

Scanning electron microscopy

Collagen gels containing fibroblasts were prepared on

glass coverslips and incubated for 7 days. They were processed

for a scanning electron microscopy according to the aDO

(osmium tetroxide-dimethyl surfoxide-osmium tetroxide) method

originally introduced by Tanaka et al. (1981 and 1984). The

gels were immersed in 2.5% glutaraldehyde in 0.1 M phosphate

buffer (pH 7.4) for 4 h at 4 C. They were post fixed with 0.11

osmium tetroxide (Os04) in the same buffer for 2 h at 4 C and

rinsed twice wi th 0.1 M phosphate buffer. They were then
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immersed in 25% and 50% dimethyl sulfoxide (DMSO) for 1 h each

a t room temperature. Some of them were frozen and shaved on

surface with precooled razor blade in liquid nitrogen to

reveal inner structures of the gels. The shaved gels

thrawed in 50% DMSO at room temperature and rinsed in 0.1 %

Os04 solution for 3 days at room temperature. The gels .,ith

or without shaving were dehydrated through a graded series of

ethanol and immersed in iso-amy I aceta te. They were dried in

a critical point dryer (Hitachi HCP-2, Hitachi Co. Ltd.,

Japan) wi th dry ice. Dried specimens were mounted on

aluminium stubs and sputter coated with platinum,

approxima tely 10 nm thick, in an ion-coa ter with rotating

stage (Eiko VX-1 OR, Eiko engineering Co. Ltd., Japan). The

metal-coated specimens were observed with a field emission

scanning electron microscope (Hitachi S-800, Hitachi Co. Ltd.,

Japan) .

Other Materials

Cytochalasin D, nocodazole and colcemid were purchased

from Aldrich Chemical Co. (Milwaukee, WI), Janssen (Belgium)

and Wako Pure Chemical Industries (Osaka), respectively.

3. Results

3.1 Surface structure of fibroblasts cultured in a three

dimensional matrix of collagen gel

The interphase structure between collagen fibrils and

human foreskin fibroblasts (HF-O) cultured on or within

collagen gel was studied by scanning electron microscopy.

Fibroblasts on collagen gel were flat in shape with sheet-like

filopodia and a mound containing a nucleus (Fig. II-1-1a).

These characteristics were essentially comparable to those of

fibroblasts cultured on plastic or glass surfaces. Free
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surfaces of fibroblasts were rather smooth. Occasionally,

collagen fibrils were observed on the free surfaces (Fig.

11-1 -1 a) . On the other hand, fibroblasts cul tured wi thin

collagen gel extended long cell processes and surrounded

entirely by collagen fibrils, approximately 80 nm in diameter.

Collagen fibrils were densely packed in the vicinity of

fibroblasts (Fig. II-l-lb). Many rough picks (about 50-100 nm

in diameter), which were attached on the cell surface of

fibroblasts cultured within collagen gel, were observed in

Fig. 11-1 -2. These rough picks gradually merged to the

con tour of fibroblasts. Close inspections revealed that

collagen fibrils anchored to the surfaces of fibroblasts (Fig.

II-l-lb and 11-1-2).

3.2 Organization of actin microfilaments in fibroblasts

cultured in a three-dimensional matrix of collagen gel

Fibroblasts cultured on glass, on collagen gel or within

collagen gel were examined by staining with rhodamine-labelled

phalloidin, which stains actin in the form of filamentous

aggregates (Fig. 11-2). A spindle-like flat shape of

fibroblasts on glass or on collagen gel showed actin

microfilament organization or stress fibers (Fig. 11-2; A and

B) spanning between focal regions, while the cells in collagen

gel showed straight filaments running in parallel along the

elongate shape (Fig. II-2C). The three-dimensional

organization of actin microfilaments of the cells in collagen

gel was examined by laser-scanning confocal microscopy (Fig.

11-3). Actin microfilaments of the fibroblasts cultured on

glass were organiz d mainly along the inner surface of the

cell membrane in contact with the glass. In the elongated

cells in collagen gel at 40 h after the start of culture, a

cross-section of the bundles of actin filaments aligned in

the direction of elongation showed a distribution along the

inner surface of the cell membrane (Fig. II-3B).
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3.3 Morphological change of fibroblasts in a three-dimensional

matrix of collagen gel

In the culture of fibroblasts on glass, on collagen gel

and within collagen gel, trypsinized spherical fibroblasts

initially attach to the substrata and then spread. The timing

of fibroblast spreading within collagen gel was examined as

compared to that on glass and on collagen gel. Fibroblasts

on glass and on collagen gel became spindle-like in shape

within 6 h after start of culture (Fig. 11-4; A and B). On the

other hand, wi thin collagen gel the morphological change of

fibroblasts from spherical to elongate was markedly retarded

and became apparent at 30 h or more after the start of gel

culture (Fig. 11-4; C and D, and Fig. 11-5).

Cytochalasin D (CD), which is known to inhibit actin

polymerization, induced arborization (Fig. II-6A) or rounding

of the cell shape at a concentration of 2 11M when the cells

were cultured on glass, on collagen gel and within collagen

gel. However, a lower dose of CD (0.2 11M), vlhich did not

affect the spindle-like morphology of cells cultured on glass

or on collagen gel (data not shown), accelerated the

morphological change from spherical shape to elongated form

within collagen gel to earlier than 15 h after the start of

gel culture (Fig. 11-5 and Fig. II-6B). Elongated fibroblasts

induced by the low dose of CD reverted to spherical form upon

either removal of CD from the medium or addition of nocodazole

at a concentration of 0.1 111, which is sufficient to disrupt

microtubules (da ta not shown).

A low dose of cytochalasin A (0.2 11M), B (211M), C (0.2

11M) or E (0.02 11M) was also effective in antagonizing the

retardation of morphological change of fibroblasts within

collagen gel (data not shown), resul ting in formation of the

elongate cell shape at an earlier timing than without the

drug.
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3.4 Organization of fibroblast cytoskeletons in a three

dimensional matrix of collagen gel after treatment with the

low dose of cytochalasin D

Cytoskeleton organizations in elongated fibroblasts

within collagen gel induced by treatment with the low dose of

CD were examined. In the spherical cells in collagen gel

before elongation, actin filaments were distributed along the

inner surface of the cell membrane, as shown in Fig. 11-7; A

and B, as if actin filaments form the spherical scaffold of

fibroblasts at the initial stage of culture in collagen gel.

In the elongated cell shape induced by CD treatment at 10 h, a

time when elongation did not take place in the absence of CD

treatment, actin filaments were disrupted from bundles to

fragments (Fig. II-8A). The organization of microtubules (Fig.

II-8C) or intermediate filaments (Fig. II-8E) was regular as

observed by indirect immunostaining with anti-tubulin Ig G or

anti-vimentin Ig G. The organizations of microtubules and

vimentin intermediate filaments induced by CD treatment were

indistinguishable from those observed in elongate cells in the

control culture at 40 h without CD (Fig. 11-8; D and F). The

addition of CD did not change the extremely elongated cell

shape observed in the collagen gel at 40 h after the start of

culture, though it disrupted actin microfilaments from bundles

to fragments (Fig. II-8B) as compared to the straight

filaments in elongate cells in control culture (Fig. II-2C and

Fig. II-3).

4. Discussion

It is reported here that morphological change of human

fibroblasts cultured within collagen gel was markedly retarded

as compared with that on glass or on collagen gel. The

retardation was antagonized by a low dose of cytochalasins,
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which disrupted bundles of actin filaments to fragments. The

present observations suggest that acquisition of elongate

shape of human fibroblasts cultured within collagen gel may

occur through the following sequential steps: 1) actin

microfilaments maintain the spherical scaffold of trypsinized

spherical fibroblasts at the initial stage of culture o,ithin

collagen gel through interactions with surrounding collagen

fibrils; 2) fragmentation of actin microfilaments occurs,

disrupting the spherical scaffolding; 3) organization of a

cytoskeleton other than the actin microfilaments induces and

maintains an elongated cell shape through cell attachment to

collagen fibrils on all sides of the cell membrane; 4)

maximization of the cell-collagen attachments results in the

extremely elongate shape. Direct involvement of actin

microf ilaments in maintenance of the characteristic elonga te

shape of human fibroblasts wi thin collagen gel is most

unlikely, since the addition of a low dose of cytochalasin D

did not affect the elongate shape even though it appreciably

disrupted actin microfilaments.

Fibroblasts showed a characteristic morphology and actin

microfilament organization within collagen gel, distinct from

those on collagen gel or on glass, as shown in Figs. 11-2,

11-3 and 11-4. It should be noted that the cells within

collagen gel have the entire surface surrounded by collagen

fibrils (Fig. 11-1; 1b and 2), while the cells on collagen gel

have only the lower surface of the cells in contact with

collagen fibrils, and the upper side is free from substrata

(Fig. II-1-1a). Therefore, the difference in cellular shape

and actin microfilament organization could have resulted from

the distribution of cell-collagen interaction sites on the

cell. Fibroblasts interacting with the three-dimensional

network of collagen fibrils showed repression in growth rate,

in mitogenic response to growth factors and in collagen

synthesis as compared to cells cultured on the surface of

collagen gel or on glass (Chapter III and IV; Nusgens et al.,

1984; Mauch et al., 1988; Nakagawa et al., 1989; Nishiyama et
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al., 1989 and 1990). The repression of cellular activities

caused by the three-dimensional collagen gel might be

correlated to the cellular morphology and cytoskeletal

organization.

We next examined the effect of a low dose of cytochalasin

D on the induction of morphological change from spherical to

elongate shape of fibroblasts cultured in collagen gel.

Actin microfilaments of fibroblasts spherical in shape at the

initial stage of collagen gel culture were distributed along

the inner surface of the cell membrane (Fig. 11-7). At this

stage, intermittent projections of filopodia from the surface

of trypsinized spherical fibroblasts were observed by using

the video-recording system (unpublished data), as if the

fibroblasts were attempting to bind to collagen fibrils. It

has been reported that the extracellular matrix receptors in

the cell membrane, integrins, are remarkably resistant to

digestion with protease (Carter and Wayner, 1988). In collagen

gel, the initially spherical cells are able to interact with

collagen fibrils on all sides of the cell membrane. This

interaction might stabilize the actin microfilaments organized

along the inner surface of the spherical cell, which might

inhibit the elongation process of fibroblasts in collagen gel.

In the control culture, fibroblasts became elongate in shape

only at 30 h or later (Fig. 11-5), while treatment with

cytochalasin D at a low dose accelerated the elongation

process, involving the organization of cytoskeleton

component other than actin. In contrast to the low dose of

cytochalasins, high dose of cytochalasins completely inhibited

the elongation of fibroblasts and induced arborization or

rounding up of cell shape. Therefore, the high dose of

cytochalasins may prev n not only the organization of actin

filaments but also that of other cytoskeleton. In fact,

spherical fibroblasts within collagen gel upon treatment with

nocodazole, which is known to di srupt microtubules, can not

become elongate in shape and still remain spherical form. The

low dose of cytochalasins might regulate cytoskeleton dynamics
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through its specif ic action on actin microf i lamen ts. The

intriguing possibility arises that for elongation in the

control culture without cytochalasins, fibroblasts themselves

may produce a factor with cytochalasin-like activity to

initiate the elongation process. If so, the prolonged lag time

before morphological change of fibroblasts in the control

culture might reflect the period required for the production

of the factor.

Based on the present results, we propose that: 1) actin

microfilaments interfere with the acquisition of elongate

shape of fibroblasts cultured within collagen gel by

maintaining the spherical scaffold structure at the initial

stage of culture, and 2) actin microfilaments do not

participate in maintenance of the extremely elongated shape

which fibroblasts acquire in collagen gel after a sufficient

period of time. In addition, we have also observed that human

fibrosarcoma HT1080 cells became elongate in shape within

collagen gel in spite of the disruption of actin microfilament

organization as observed in fibroblasts treated with a low

dose of CD. We conclude, therefore, tha t the elongate shape

of fibroblasts, which is one of the specific characteristics

of the cells, is maintained by the interactions in a linkage

of extracellular matrix (ECM)--ECM receptors--cytoskeleton

other than the well-known linkage of fibronectin--fibronectin

receptor (one of the integrin family)--(talin, vinculin, C(

actinin) --actin filaments (Horwi tz et al., 1986; Burridge,

1988; Alberts et al., eds., 1989-a).

The effects of collagen on cells are thought to be

mediated through specific cell surface recepters. In contrast

to the other receptors, many different putative collagen

receptor molecules have been reported, but none have yet been

characterized in detail. Recently, a collagen-binding protein

termed "CRIll") has been identified by Carter and Wayner

(1988). The CRIll appears to be a transmembrane protein often

co-localizing with vimentin. Therefore, this collagen

receptor is a leading candidate for a possible transmembrane
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link between collagen and a specific cytoskeletal protein,

vimentin. If so, one possibility is that the elongate shape

of fibroblasts within collagen gel is mainly maintained in a

specific linkage of collagen fibrils--collagen receptor

--vimentin (intermediate filaments). Further analyses will be

necessary to identified conclusively this interaction between

extracellular and intracellular organizations.
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Fig. II-l. Scanning electron micrographs of human fibroblasts.

HF-O was cultured on collagen gel or within colagen gel for 7

days. la: cell surface of HF-O (F) cultured on collagen gel.

lb: fracture plane of collagen gel containing HF-O (F). 2:

higher magnification of inscribed area in lb. Rough picks are

attached on the cell surface in collagen gel and merged to the

contour of cell (arrowhead). Collagen fibrils (arrow) anchor

the cell surface.

(Electron microscopy was examined by Dr. E. Adachi in Osaka

University Medical School.)
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Fig. 11-2. Actin microfilament organization in human

fibroblasts under various conditions. HF-O was cultured for

40 h on glass, on collagen gel or within collagen gel and the

distribution of actin microfilaments was examined by staining

with rhodamine-labeled phalloidin as described in Materials

and Methods. Bar, 100 ~m. A: HF-O on glass. B: HF-O on

collagen gel. C: HF-O within collagen gel.
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Fig. 11-3. Actin microfilament organization of human

elongated fibroblasts in collagen gel examined by confocal

microscopy. HF-O was cultured for 40 h in collagen gel and

the distribution of actin microfilaments was examined by

staining with rhodamine-labeled phalloidin. Bar, 10 wm. A:

microscopic tomography of actin microfilaments. B: vertical

tomography of actin microf ilaments.
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Fig. 11-4. Morphology of human fibroblasts cultured on glass,

on collagen gel or within collagen gel. HF-O was cultured on

glass, on collagen gel or within collagen gel and the

morphology of HF-O was examined with a phase-contrast

microscope. Bar, 100 "m. A: on glass for 6 h. B:

collagen gel for 6 h. C: in collagen gel for 15 h. D: in

collagen gel for 36 h.
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Fig. 11-5. Elongation of human fibroblasts in collagen gel

upon treatment with cytochalasin D at a concentration of 0.2

~M. HF-O populated collagen gel was made with 2.0 x 10 4

cells, 1.0 mg of type 1 collagen and 10 % FBS per 2 ml in 35

mm culture dish in the absence of cytochalasin D (.) or in

the presence of cytochalasin D (()). Magnified views of cells

in collagen gel were recorded on v ideo tape for 48 h. Three

to five cells in the field were observed in an experiment.

The cells initially remained spherical, took an intermediate

shape and then became elongate in shape. Cell numbers of

elongated shape were counted on video tape at indicated

periods of time.
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Fig. 11-6. Effect of cytochalasin D on morphological change

of human fibroblasts within collagen gel. A: HF-O at 15 h

after the start of collagen gel culture with a high dose of

cytochalasin D (2 ~M) shows an arborized shape. B: HF-O at 15

h af cr the start of collagen gel culture with a low dose of

cytochalasin D (0.2 ~M) shows an elongated shape. Bar, 100 ~m.
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Fig. 11-7. Actin microfilament organization of spherical

fibroblasts within collagen gel observed by confocal

microscopy. HF-O was cultured for 3 h in collagen gel and the

distribution of actin microfilaments was examined by staining

with rhodamine-labeled phalloidin. Bar, 10 ~m. A: microscopic

tomography of actin microfilaments. B: vertical tomography of

actin microfilaments.
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Fig. 11-8. Cytoskeleton organizations of human elongated

fibroblasts within collagen gel upon treatment with a low dose

of cytochalasin D. HF-O was cultured in collagen gel for 10 h

with cytochalasin D (0.2 11M) (A, C and E) or for 40 h without

cytochalasin D (B, D and F), followed by further incubation

for 3 h ",ith cytochalasin D (0.2 11M) (Bl. The distributions

of cytoskeletons were examined by staining wi th rhodamine

labeled phalloidin (A and B) or by immunostaining with anti

tubulin IgG (C and D) or anti-vimentin IgG (E and F). Bar,

100 11m.
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Chapter III

Growth Rate of Human Dermal Fibroblasts Cultured within

Three-Dimensional Collagen Gel

[Summary]

Effect of reconstituted type I collagen gel on growth

behavior of human dermal fibroblasts was examined. A prolonged

lag period was observed by culture either on the surface of

three-dimensional collagen gel ("on-gel") or wi thin the gels

("in-gel") as compared with the culture on plastic dishes.

The rate of cell proliferation in logarithmic phase growth was

repressed by the culture "in-gel" but not by the culture "on

gel". The differential growth rates between "in-gel" culture

and "on-gel" culture should be ascribed to difference in

distributions of interacting sites between cell and collagen

fibrils. The repression of cell growth was more marked in a

contracting collagen gel which contains higher density of

collagen fibrils. The cell density in contracted gel per unit

cross-section area was found to be much lower than that of

confluent monolayer culture. These results suggest that the

repression of cell growth by collagen fibrils in the three

dimensional gels is not due to direct cell-cell contact, but

due to the distribution and number of contact sites between a

cell and collagen fibrils.
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1. Introduction

From the results in Chapter II, we presume that the

distinctive effects of "in-gel culture", where the cells have

the entire surface surrounded by the collagen fibrils, from

"on-gel" culture, where the cells have only the lower surface

of the cells in contact with collagen fibrils and the upper

side is free from substrata on the cell morphology and

cytoskeleton organization will be also observed on other

cellular activities. The examination in this chapter

focused on the effect of reconstituted collagen fibrils on

f i brobla s t growth.

In regard to fibroblast growth, Hata and Seno (1989) have

reported that L-ascorbic acid 2-phosphate promotes

reorganization of a three-dimensional tissue-like substance

from skin fibroblasts in culture by stimulating collagen

accumulation in the fibroblast layer, resulting in the

stimula tion of fibroblast proli fera tion. From the results

reported by Nakagawa et al. (1989), fibroblasts cultured in

collagen gel showed increase in 3H-thymidine incorporation

into DNA and on the contrary the cells cultured in contracting

collagen gel showed reduction in 3H-thymidine incorporation as

compared with the cells in monolayer culture on plastic dish.

It has been reported that normal fibroblasts proliferated more

rapidly on plastic dishes than on the surface or within the

collagen gel matrix (Schor, 1980; Schor et aI., 1982; Buttle

and Ehrlich, 1983). Elsdale and Bard (1972) reported that

cells cultured on collagen substrata showed reduction in 3H_

thymidine incorporation. Yoshizato et al. (1984 and 1985) have

shown that 3H-thymidine incorporation was suppressed in the

cells which were cultured on native collagen-coated dishes,

but not in the cells cuI tured on dena tured collagen-coa ted

dishes. Sarber et aI. (1981) showed that human fibroblasts in

contracting collagen lattice ceased to incorporate 3 H_

thymidine into DNA after four days of culture. All the above

mentioned previous reports can be summarized essentially as
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one conclusion that native collagen influences fibroblast

growth, though the contradictory effects of collagen on cell

growth were observed. Thus, the effect of collagen gel matrix

on cell proli fera tion iJ:1. vitro sti 11 appears to be ambiguous,

whether it is essentially repressive or not, and to be

uncertain in some detailed points.

In this chapter, we have examined the effect of collagen

on fibroblast proliferation with giving attention to following

points. First, cell growth curves in culture are not so

simple. These are generally expressed by two empirical

parameters; a time length of the period prior to logarithmic

growth (generally less than 24 h after the start of culture)

and a growth rate during logarithmic phase. In most previous

reports, the effect of collagen was examined by 3H-thymidine

incorporation at an early stage by 48 h after the start of

cul ture. Examination of growth curves was reported in few

reports. We found, however, the retardation of morphological

change of fibroblasts within collagen gel at an early stage

which is induced by the interaction between a cell and

collagen in Chapter II. It is also found that the lag phase

of collagen gel contraction should be separated from the later

contracting phase, since each phase is governed by two

different cytokinetical activities. Thus, the effects of

collagen matrix on cell growth should be examined by

separating the growth curves into the lag phase at an initial

stage and the logarithmic growth phase.

Second, in some previous reports, cellular behavior of

"in-gel" culture has not been clearly or quantitatively

distinguished from that of "on-gel" culture. In most cases,

the presence of collagen in native forms has been compared

with the absence or the presence of denatured forms of

collagen. The distinctive treatment of "in-gel" culture from

"on-gel" culture was crucial in the effects on cellular shape

and its change, particularly by cytochalasin D, of fibroblasts

(Chapter I and II). Third, it was found that cell

proliferation was further more strongly repressed in
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contracted collagen gel than "in-gel" culture without

contraction. An interpretation for the important finding is

not proposed until now.

For the first and second points, the tvlO parameters of

cell growth .'ere found to distinguish growth curves of "in

gel" culture growth from those of "on-gel" culture. The lag

phase of growth curve was prolonged by the contact with

collgen, while the growth rate was repressed in fibroblasts

cultured within collagen gel. For the third point, we have

examined three possible causes of growth inhibi tion by "in

gel" culture; decreased diffusion of nutrients to the cells,

increased cell-to-cell contacts, particularly in the case of

growth inhibition of cells in contracted gel, and high density

of collagen fibrils comparable to 1:E. vivo situation, resulting

in increased cell-fibril interactions. We found the last

cause would be most influential.

2. Materials and Methods

Cell culture

Fibroblasts were isolated from human foreskin of a 0

year-old male (HF-O) and from human skin obtained during

plastic surgery of a 30-year-old female (HF-30) and a

41-year-old male (HF-41) (Chapter I). Briefly, the cultures

were initiated by out-growth from explants of the dermis. The

primary cultures were grown in Dulbecco's modified Eagle's

medium (DMEM, Nissui Pharmaceutical Co., Tokyo) supplemented

with 10% fetal bovine serum (FBS, GIBCO Labs., New York), 3.7

mg/ml sodium bicarbonate, 50 IU/ml penicillin (Banyu

Pharmaceutical Co., Tokyo) and 50 ~g /ml streptomycin (Meij i

Seika Kaisha, Tokyo). Subconfluent cells were dispersed '-lith

0.1% trypsin and 0.02% EDTA in phosphate-buffered saline (PBS,

pH 7.4) and propagated in the above medium. Cultures at 4th

population doubling level (PDL) were frozen and kept in liquid
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nitrogen. Skin fibroblasts from 7th PDL to 9th PDL were used

throughout the experiments.

Preparation of collagen substrata and cell cultures

A solution of pepsin-treated type I collagen (porcine

tendon) in dilute HCI (pH 3.0) at a concentration of 3 mg/ml

was obtained from Nitta Gelatin Co. (Osaka). The collagen

solution at a concentration of 11 mg/ml was prepared as

follows; the above collagen solution (3 mg/ml) was lyophilized

and the collagen was redissolved in 0.5M acetic acid with

stirring for 3 days at 4 °c to adjust the concentration to 11

mg /m!.

To prepare collagen-coa ted di shes, 0.6 7ml of collagen

solution (3 mg/ml) was placed onto 35-mm plastic tissue

culture dish and dried under a laminar flow of sterile air at

25°C. Dishes were incubated with 2 ml of culture medium at 37

°c for 2 h prior to use.

Three-dimensional gels of collagen fibrils were prepared

1n 35-mm plastic tissue culture dishes by rapidly mixing 6 ml

of collagen solution (3 mg/ml) with 3 ml of 3x concentrated

DMEM with sodium bicarbonate, penicillin and streptomycin, 1

ml of FBS, and 8 ml of DMEM containing 10 % FBS and pipetting

1.5 ml aliquots into the dishes. The collagen-medium solution

(1 mg/ml) was incubated at 37°C for 6 h in a humidified CO2
incubator before use. Gels at different concentrations of

collagen were prepared in a similar manner by using the

collagen solution at a concentration of 11 mg/ml. One ml of

the cell suspension in DMEM containing 10% FBS (5xl 0 4

cells/ml) was placed on the surface of collagen gels and then

incubated at 37°C in a humidified CO2 incubator.

For the culture under collagen gels, cells (5xl 0 4 cells)

were cultured on 35 mm plastic dishes for 4 h. The medium was

r moved and 1.5 ml of the above collagen-medium solution

(lmg/ml) was overlaid on cell layer. Cells under collagen gel

wer incubated for 2 h at 37°C in a humidified CO2 incubator.

Thereafter, 1.5 ml of culture medium without collagen was
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overlaid on the surface of gels.

Incorporation of cells within the three-dimensional

collagen gels was performed by rapidly mixing a cell

suspension with the collagen-medium solution before plating it

into the 35 mm plastic tissue culture dishes. The gels

containing cells did not always contract uniformly along

horizontal axes for 12 days-culture if the gels were not

detached from dishes. Thus, peripheral end of gels was scraped

at 3 h after starting culture to release the gel from dish. By

this procedure, collagen gels were contracted uniformly

(Chapter I). The culture medium was renewed every 2 days.

Determination of cell number

The cell number on plastic dishes, on collagen coated

dishes, on collagen gels or in collagen gels was determined by

measurement of DNA as described by Labarca and Paigen (1980).

The amount of DNA was converted to cell number by using the

factor of 10 pg DNA/celL Cells grown on collagen coated

dishes and on or in collagen gels were washed 3 times with PBS

and incubated with 0.2% bacterial collagenase (Wako Pure

Chemical Co., Tokyol-1mM CaC1 2 in PBS for 2 h to dissolve the

gels. The floating cells were then collected by centrifugation

at 300 g for 10 min. The cell pellets resuspended was combined

with the cells which were detached from the dish by treatment

with 0.1% trypsin plus 0.02% EDTA in PBS. DNA contents were

determined as described above after combined cell suspension

collected by centrifugation. By the above method, almost

all the cells were recovered from the gels.

Determination of nutrient diffusion

Two ml of collagen-medium solution (1 mg/ml) was placed

in 35 mm plastic tissue culture dishes and incubated at 37°C

for 6 h. The equal volume of culture medium (2 ml) containing

2 ~Ci of 3H-thymidine (3 H- TdR ), 3H-proline or 125I_epidermal

growth factor (125 I _EGF ) was overlaid on the surface of gels

and the dishes were incubated at 37°C. After indicated

57



periods of time, 1 0 ~l of culture medium was collected and

counted with a liquid scintillation spectrometer (Aloka,

Tokyo) or with a y-counter (Aloka, Tokyo). 3H- TdR , 3H-proline

and 125 I _EGF were purchased from New England Nuclear (Boston).

Determination of 3H-thymidine incorporation

Cells on plastic dishes, on collagen coated dishes or on

collagen gels were incubated in the culture medium containing

1 ~Ci of 3H- TdR at 37°C for 6 h. Cells in collagen gels or

in contracted collagen gels incorporated thymidine to a much

less amount and so the incubation was continued for 18 h to

minimize measurement errors. The isotope incorporation was

terminated by transfer of cultures to incubation at 4 °c with

a 1000-fold excess amount of unlabeled thymidine. The cultures

were washed 3 times with PBS containing 50 ~M thymidine. Cells

on plastic dishes were treated with 0.1% trypsin-0.02% EDTA-50

11M thymidine in PBS. In case of "on-gel" or "in-gel" culture,

cells were treated with 0.2% bacterial collagenase-l mM

CaCl 2-50 11M thymidine in PBS and then 0.1% trypsin-0.02%

EDTA-50 ~M thymidine in PBS. Cell pellets were frozen at -20°C

when immediate analysis was not performed. Thawed cells were

suspended in 2 ml of 0.1% trypsin-0.02% EDTA in PBS and

disrupted with a sonicator. One ml of a sonicated cell

suspension was used to determine the DNA contents. One mg of

calf thymus DNA was added as a carrier to another 1 ml of cell

suspension. The 3H_ D A was precipitated with ice-cold 5%

trichloroacetic acid (TCA), collected on glass-fiber filters,

washed 4 times with ice-cold 5% TCA , and counted with a

liquid scintillation spectrometer (Aloka, Tokyo). The

thymidine incorpora tion was expressed by dpm per ~g DNA per

hour of incuba tion.

Determination of cell density in contracted collagen gels

The contracted col lag n gels were washed 3 times with PBS

and fixed in 10% formaldehyde in PBS pH 7.4. The fixed gels

were routinely embedded in paraffin. The sections were stained
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with hematoxylin-eosine. Cell density in gels was determined

by measuring cell number per unit area of section. Data were

calculated by the measurement of 8 sections at each stage.

Electron microscopic observations

Collagen gels were washed 3 times with PBS, minced into a

small pieces (ca. 2 mm cube) with a razor blade, and fixed

with 4% para formaldehyde and 5% glutaraldehyde in O.lM

phosphate buffer (pH 7.4) for 2 h at 4°C. The fixed gels

immersed to the above fixative containing 0.25 % tannic acid

to enhance the electron density of collagen fibrils for 2 h at

4 °c (Cotta-Pereira et al., 1976). They were washed with O.lM

phosphate buffer (pH 7.4) and post-fixed with 2% osmium

tetroxide in 0.1 M phosphate buffer (pH 7.4) for 1 h at 4°C.

They were then dehydrated in graded series of ethanol and

embedded in epoxy resin. Ultrathin sections were prepared and

stained with uranyl acetate and lead citrate. The sections

were examined wi th an electron microscope. The densi ty of

collagen fibrils in gels was determined by the analysis of

electron micrographs by using Tospix-II (Toshiba,Tokyo).

3. Results

3.' Comparison of cell proliferation in "in-gel" culture with

lion-gel" culture

The growth curves of human skin fibroblasts (HF-30) on

plastic dishes, on th surface of three-dimensional collagen

gels ("on-gel" culture), within the three-dimensional collagen

gel matrix ("in-gel" culture), and in contracting gel are

shown in Fig. III-l. A lag period prior to a logarithmic

phase growth of fibroblast iE. vitro was always found on or

within collagen substrata as well as on plastic dishes. The

data for a time of lag period and a population doubling time
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on various substrata 'Jere shown in Table 111-1. Fibroblasts

cultured on any states of collagen gel substrata, except

collagen coated dishes which did not form collagen fibrils

(data not shown), indicated a prolonged lag period as compared

with cells on plastic dishes (from 1 day to 2 days). Number of

fibroblasts in logarithmic scale increased linearly with time.

The slopes depended on whether "on-gel" culture or "in-gel"

culture. The doubling time of fibroblasts cultured "on-gel"

was approximately the same to that on plastic dishes, even if

the concentration of collagen was increased from 1 mg/ml to

6.6 mg/ml. A significant repression of proliferation rate of

fibroblasts in logarithmic phase growth was observed in "in

gel" culture at a collagen concentration of 1 mg/ml. The

repression in growth rate of fibroblasts was found only in

cuI ture wi thin the three-dimensional collagen gels, but not

when cultured on collagen coated dishes and on or under the

surface of collagen gels. Cells under collagen gel were

virtually identical with the cells cultured on plastic dish,

indicating that the cellular growth was influenced by the

substratum to which cells initially attached, but not by the

surface which became available after initial attachments had

been formed.

The repression of growth rate in logarithmic phase growth

by "in-gel" culture was also examined by using other human

fibroblasts (J-1F-O and J-1F-41) and under different FBS

concentration in a range of 1 % to 10 % (Table 111-2). The

rate of cell proliferation was not affected by "on-gel"

culture as compared with the culture on plastic dishes, while

the significant repression was observed in "in-gel" culture.

3.2 Diffusion of nutrients from culture medium into collagen

gel

Diffusion of 3J-1-TdR, 3J-1-proline or 125 1 _EGF from culture

medium into collagen gel at a concentration of 1 mg/ml

examined in order to estimate diffusion of nutrients into the
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gel. Level of 3 H- TdR , 3H-proline or 125 1 _ EGF in medium

decreased by diffusion as shown in Fig. 111-2. Within 20 min

after incubation at 37°C for 3H- TdR and 3H-proline or within

80 min for 1251 _EGF , the concentration of the label in medium

reached plateau in that the original concentration was reduced

to half in equilibrium between medium and the gel which have

the equal volumes.

3.3 Relation between reduction in growth rate and contracted

gel size

Different number of cells was initially mixed with

collagen solution and cultured to obtain various sizes of

contracted gels. The collagen gel was more rapidly contracted

with increasing the initial number of cells as previously

reported. The size of contracted collagen gel (area of gel)

and the number of cells in the gel on day 7 were shown in

Table 111-3. The cell density in contracted gels determined by

the measurment of cell number on paraffin sections was also

shown in Table 111-3. The cell density in contracted gels per

cross-sectional area was much lower than that of confluent

culture on plastic dish, even if the initial number of cells

incorporated in collagen gels was increased. From the actual

analysis of the photograph, cells in contracted gels were

generally well separated as shown in Fig. 111-3A.

The incorporation of tri tia ted thymidine (3 H- TdR ) into

the trichloroacetic acid (TCA) precipitable fraction of the

cell lysate was taken as a measure of mitotic activity or D A

synthesis of cells in logarithmic phase growth (Table 111-3).

No difference was observed in the rates of DNA synthesis among

cells grown on plastic dish s, on collagen coated dishes, or

on the surface of collagen gels. The in corpora tion of 3H- TdR

by cells grown within three-dimensional collagen gels was less

than a half of that by cells on plastic dishes or on the

surface of collagen g ls. A further intense repression of DNA

synthesis was observed in contracting collagen gel culture.
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The extent of 3 H- TdR incorporation was repressed with the

degree of contraction in collagen gel size. These results

indicate that the growth repression in three-dimensional

collagen gel was closely correlated to a high density of cells

or collagen fibrils, or cell-collagen interactions due to the

collagen gel contraction.

3.4 Density of collagen fibrils in contracted collagen gels

The collagen fibrils in contracted collagen gels after 14

days culture was observed with an electron microscope (Fig.

1II-3B). The collagen fibrils showed typical banding pattern

with a 65-70 nm periodicity (Fig. 1II-3C) and an average

diameter of fibrils was 41 ± 24 nm (n=250) which was not

different from that of the fibrils formed without cells. The

densi ty of collagen fibrils per cross-sectional area in

contracted gels was determined by the analysis of electron

micrographs as shown in Fig. 1II-3B. The relation between

densities of fibrils and sizes of collagen gels is shown in

Fig. III-3D. Data were obtained for cultures on day 0, 2, 7

and 14 after start of gel culture under the condition as

follows; initial number of cells was 5x10 4 cells/gel, initial

amount of collagen was 2 mg/gel, and initial gel volume was 2

cm 3 . The density of fibrils per cross-sectional area in

collagen gels was found to be in a reciprocal relation to the

collagen gel size which was indicated by the area of collagen

gel.

4. Discussion

The fibroblasts surrounded by collagen fibrils in the

three-dimensional structure (" in-gel" culture) were repressed

in the proliferation rate in logarithmic phase of growth,

while the cells cultured on the two-dimensional surface of
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collagen gels ("on-gel" culture) were not (Fig. 111-1, Table

111-1, 2 and 3). Cell proliferation with contracted collagen

gel is most markedly repressed (Fig. 111-1 and Table 111-3).

Other human fibroblasts (HF-O and HF-41) examined have also

shown simi lar resul ts (Table III -2) . The slower growth of

fibroblasts by "in-gel" culture in logarithmic phase growth

may have resulted from the following possible causes.

First, the collagen gels may sterically interfere with

free diffusion of nutrients, growth factors, or gas such as

02 or CO2 to cells. Diffusion of 3H- TdR or 3H-proline from

culture medium into collagen gel at a concentration of 1 mg/ml

reached equilibrium within 20 min after incubation at 37°C and

that of 125 I _EGF reached equilibrium within 80 min (Fig. 111

2). It has been also reported that the diffusion of 3H- TdR in

contracted collagen gel was not limiting the incorporation

into cell (Sarber et al. 1981). As shown in Table I, cell

growth under collagen gel was similar to that on plastic

dishes, indicating the presence of the collagen fibrils on top

half of the cells alone did not retard growth. Namely,

overlying collagen matrix which should have interfered with

diffusion of nutrients and growth factors as much as, if not

more, in case of "in-gel" culture did not appear to cause

repression of cell growth rate. Hence, slowered diffusion of

nutrients, growth factors, or gas by steric hindrance in gel

is unlikely to have a major responsibility for the repression

of cell growth rate during the logarithmic growth phase in

three-dimensional collagen gels.

Second, high cell density approaching direct cell-to-cell

contacts may limit proliferation. Table III indicates number

of cells per unit area of cross-section. The highest cell

density in gels on day 7 is 171 cells/mm2 , which is much less

than that on plastic dishes at confluency (850 cells/mm2 ). The

more sparse cell density in contracted gel can be confirmed in

another way, by comparing the average volume in gel occupied

by one cell, 3.6 x 10 4 ~m3/cell, with the average cell volume,

1.5 x 10 3 ~m3. Thus, most cells in gels were well separated,
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indicating that some factor other than cell-to-cell contact

are responsble for the repression of fibroblast-proliferation

in contracted gels.

Third, number and distribution of cell-collagen

interaction sites per cell affects cytoskeletal architecture

(Chapter II) which may eventually result in changing cellular

proliferation. It should be noted that cells in the gels are

embedded in a homogeneous three-dimensional matrix, while

cells on the surface of gels, on collagen coated dishes, and

on plastic dishes are grown on a two-dimensional surface.

Cells on a two-dimensional surface attached to subs tra ta only

by the lower side of cells, and the upper side of cells was

free from the substrata as shown in Fig. II-1-1a in ChapterII.

Cells in a three-dimensional matrix attached to collagen

fibrils equally by all sides of cell membrane (Fig. 11-1 -1 b

and Fig 11-1-2 in Chapter II). The resultant difference in

cellular proliferation may be pertinent to distribution and/or

concentration of cell membrane interactions with collagen

matrix.

From the study in this chapter, it has been demonstrated

that fibroblast growth was suppressed by the interactions

with collagen fibrils and the major factor for the growth

repression is proposed to be the distribution and/or number of

binding sites on cell surface (cell surface receptors)

directly with collagen fibrils or indirectly with collagen via

fibronectin. Furthermore, it has been reported that these

cell surface receptors, called integrin family, link the

cytoskeleton with the extracellular matrix (Burridge et al.,

1988; Carter and Wayner, 1988; Akiyama et al., 1990). We

found in Chapters I and II that the morphology and

cytoskeletal organization of fibroblasts induced by the

interactions with the three-dimensional network of collagen

fibrils were distinct from those observed in the two

dimensional culture on surface of plastic dish or collagen

gel. From these evidences, the growth repression induced by

th culture within collagen gel is thought to be due to the
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intact linkage of collagen fibrils-collagen receptors

cytoskeletons (and/or another linkage of fibronectin bound to

collagen fibrils-fibronectin receptor-actin microfilaments).

This hypothesis is also supported by the following facts.

First, in the culture of fibroblasts on plastic dishes, focal

contacts and other sites of cell adhesion are partially

disrupted and the associated actin filaments detach from

plasma membrane and are disorganized, when the cells were

stimulated in growth by the growth factors (Alberts et al.,

eds.,1989-a). It is suggested that growth stimulation is

closely correlated wi th the di sorganiza tion of cytoskeleton.

Second, growth of human fibrosarcoma HT1080 cells was not

repressed even within collagen gel (Nishiyama et al., in

contribution) . However, HT1080 cells wi thin collagen gel

showed attachment to collagen fibrils and elongate shape

similar to normal fibroblasts. On the contrary, actin

filaments of HT1080 cells within collagen gel were

disorganized, suggesting that no growth inhibition might be

due to the disruption of actin filaments.

To confirm the hypothesis, we have examined the

preliminary experiments whether fibroblasts growth-arrested in

contracted collagen gel are stimulated in proliferation by the

disruption of intact linkage from extracellular collagen to

intracellular cytoskeleton. In the first experiment,

fibroblasts in contracted collagen gel were treated with a low

dose of cytochalasin D (0.1 WM) which disrupt actin filaments

but does not affect the cell growth on plastic dishes. After

8 days culture with CD and 10% FBS, cell number of fibroblasts

in contracted collagen gel was slightly increased by less than

7% as compared to the control culture without CD. Secondly,

fibroblasts in contracted collagen gel were treated with 0.1%

trypsin or wi th collagenase (0. 03- 1 . a uni t/ml; collagenase

Form III, Advance Biofactures Co., NY) to cleave the binding

sites between collagen fibrils and cell surface receptors. In

these experiments, we have not yet observed any stimulative

effect on cell growth. Thirdly, fibroblasts in contracted
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collagen gel were treated with epidermal growth factor (EGF),

one of potent mi togens. It has been reported that several

mitogenic growth factors stimulates membrane ruffling and

disassembly of stress fibres as well as focal adhesions

co n t a i n i n g fib ron e c tin, its r e c e p tor ( i n t e g r in), and

cytoskeletal components, when human epidermoid carcinoma line

A431 or Balb/c 3T3 cells were cultured on plastic dishes

(Schlessinger and Geiger, 1981; Herman and Pledger, 1985;

Herman et aI., 1986; Alberts et aI., eds., 1989-a). We have

expected that a potent growth factor might be able to release

the inhibition of growth in contracted collagen gel. However,

EGF did not stimulate the mitogenic response of fibroblasts.

From these preliminary studies, we did not conf irm the above

hypothesis, but the quiescent state of fibroblasts in

contracted collagen gel is intriguing, in that a potent

mitogen, which is well-known to stimulate the grovlth of

fibroblasts in monolayer culture on plastic dishes, is

completely inactive for fibroblast proliferation.

High collagen concentration can account for differential

growth repression of the cells in the contracted gels.

Collagen concentration in the contracted gel was estimated to

be 6-15 %, comparable with the lJ:l. vivo collagen concentration

reported previously. The estimation was obtained by two

different ways. First, density of collagen fibrils at a

plane of cross-section was found to be 28 ± 5 % from the

analysis of electron micrographs as shown in Fig. 3B. If

density per volume is approximated by (density at plane)3/2,

this would be calculated to be about 15 % [(0.28)3/2= 0.15].

Second, since at least 1.2 mg of collagen remained in a

contracted gel with volume of about 18 mm 3 , the

concentration is taken to be 6-7 %. Growth of fibroblasts was

repressed in dermis where according to Harkness et al. (1958),

the concentration of collagen was about 7% of the wet weight

in mice. In the case of human dermis, 20% of the wet weight

(Bartley et aI., 1968) or 80-200 ~g/mm3 with different ages

(Shuster et al., 1975) were reported.
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Three-dimensional collagen matrix, but not the two

dimensional collagen matrix, repressed growth rate of

fibroblasts. For this distinct observation, the separation of

logarithmic phase growth from a lag period prior to

logarithmic growth is essential. A prolonged lag period in

growth curve of fibroblasts either "on-gel" or "in-gel" was

marked in comparison wi th plastic cui ture. The prolonga tion

may be due to strong adhesion of cells with collagen fibrils.

We presume that lag time failed to be observed by Schor (1980)

in the culture of cells on the surface of gels was hidden in

an interval of measuring cell numbers (every two or three

days), since a lag time was less than 2 days as shown in Fig.

III-1. Elsdale and Bard (1972) and Yoshizato et al. (1984 and

1985) have· described that by 48 hours after initiating

culture, 3 H- TdR incorporation in fibroblasts was reduced

either on collagen gels or on collagen-coated dishes. They

did not report data on incorporation rates at some later

stag s of growth curve. Their observations for reduced

thymidine incorporation by collagen fibrils at an early stage

must have included in a large part reduced incorporation due

to a prolonged lag period. The initial repression in

thymidine incorporation after starting the culture is thus not

ne c e s sa r i 1 Y ref 1 e c tin g rep res s ion in g row t h rat e 0 f

logarithmic phase.
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Table III-l. Comparison of lag time and population doubling time

of huran skin fibroblasts (HF-30) cultured with =llagen substrata.

Substratum Lag time(h) Doubling time (h)

on Plastic dish a) 24 27 ± 1

m Collagen coated dish 24 28 ± 2

under Collagen gel( 1 . Omg / ml ) 24 28 ± 2

m Collagen gel (1.0mg/ml) a) 48 29 ± 2
(3.0mg/ml) 48 31 ± 1
(6.6mg/ml) 48 30 ± 2

in Collagen gel (1.0mg/ml) a) 48 42 ± 1

a). Calculated from data shown in Fig. 1II-1.

Cells (5x1 0 4 ) were cultured on each collagen substratum. Media

containing 10% FBS were renewed every 2 days. Oa ta

calculated fran the growth curves by the measurement of 3 dishes.

Table III-2. Repression of growth rate by "in-<:Jel" culture

Hunan

fibroblasts
PBS

(%)

Doubling time (h)

on Plastic on Collagen in Collagen

gel gel

HF-O (15th POL)
(3200 POL)

HF-30 ( 8th POL)

HF-41 ( 8th POL)

10 27 ± 1 29 ± 1 48 ± 1
10 75 ± 4 76 ± 5 120 ±10

1 59 ±11 62 ± 7 123 ±17
2 43 ± 7 47 ± 5 78 ± 9
5 31 ± 3 34 ± 4 63 ± 5

lOa) 27± 1 29 ± 2 42 ± 1

10 50 ± 3 48 ± 4 91 ± 5

a). Calculated from data shown in Fig. III-1.

Cells (5x10 4 ) were cultured on each collagen substratum (1.0

mg/ml) . Media containing FBS were renewed every 2 days. Data
were calculated from the growth curves by the measurement of 3
dishes.
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a). Cell density on plastic dish at canfluency was 850±7 cells/11l1l2 .
b). D3ta represent the triplicate determinations ± SD.

Table 1II-3. 3Il-1t1ymidine in=rporation into human skin fibroblasts (lfF-30)

in logarithmic ['hase growth

69

3.0±0.1

1.0±0.2

1.4±0.1
1. 3±0. 1

0.9±0.1

30 ± 2

29 ± 3

28 ± 3

14 ± 0.2

Cell density Collagen gel 3H_'I'dR in DNAb )

(cells/mm2 ) size (mm 2) (103dpm/wgDNA/h)

D3ys in Number of

culture cells

(104cells)

Initial

cell number

(104cells)

Substratum

on Plastic dish 5 3 26±1 290±10a )

on Collagen coa ted 5 3 24±2 267±22
dish

on Collagen gel 5 3 17±2 213±25 900

in Collagen gel 5 4 12±1 10± 2 900

.in Contracted 5 7 12±0 41 ± 5 71 ±1
collagen gel 5 H 24±1 70± 6 40±5

10 7 19±1 62± 4 50±J
20 7 25±1 121 ±13 40±2
34 7 34±1 171 ±1 0 30±1
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Fig. 111-1. Effect of different substrata on growth of human

skin fibroblasts. Human skin fibrobalsts (HF-30) in DMEM

containing 10% FBS were plated at an intial density of 5x10 4

cells/dish and cell number determined at indicated times as

described in Materials and Methods. Each point is the mean of

triplicate determinations. The standard deviation was in all

points less than 10%. 0 cells on plastic dishes; • cells

on the surface of collagen gel; • cells within the collagen

gel; • cells in the contracting collagen gel.
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Fig. 111-2. Diffusion of 3 H- TdR , 3H-proline or 125 r _EGF into

collagen gel. Collagen gels (1 mg/ml) were prepared in 35 mm

plastic tissue culture dishes. Diffusion of the label

(originally 4.4 x 10 6 dpm) from culture medium into collagen

gel was measuresd. Each points is the mean of triplicate

determinations. The standard deviation was in all points less

than 5 %. • 3H- TdR ; 0 3H-proline; .6. 1 2 5 r -EGF.
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Fig. 111-3. (A). A micrograph of paraffin-embedded section of

contracted collagen gel with human skin fibroblasts (HF-30)

after 14 days culture. The bar corresponds to 25 ~m.

(B). An electron micrograph of contracted collagen gel with

human skin fibroblasts (HF-30) after 14 days culture. The

bar corresponds to 1 ~m.

(e). An electron micrograph of collagen fibrils under the

condition of (B). The bar corresponds to 200 nm.

(D). Relationship between the density of collagen fibrils

per cross-sectional area in gels and the size of contracted

collagen gels.

(Electron microscopy was examined by Dr. E. Adachi in Osaka

University Medical School.)
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Chapter IV

Characteristics of the Quiescent state of Human Dermal

Fibroblasts in Contracted Collagen Gel

Part A No response to epidermal growth factor and

its stimulant.

Part B Growth response to other growth factors.
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Part A No response to epidermal growth factor and

its stimulant.

[Summary]

Th study in Chapter III indicated that human fibroblasts

in the contracted collagen gel did not proliferate in the

presence of 10 % serum even though there was no apparent

cell-cell contact. We interpreted this cell growth inhibition

as being caused by a high level of cell-collagen fibril

interactions or cell-rna trix contact inhibition. In the

present study, the effect of epidermal growth factor (EGF) on

fibroblast proliferation in the contracted collagen gel was

examined to elucidate the mechanism of repressive effect of

cell growth by reconsti tuted collagen f ibr ils. Non-dividing

cells at confluency on a plastic dish or on collagen gel

responded to the added EGF and multiplied, while the cells in

the contracted collagen gel did not show any growth response

to EGF at concentrations up to 100 ng/ml. Binding assay of

125 I _EGF to the cells showed that the number of binding sites

and the binding constant obtained from Scatchard analysis were

essentially unchanged in the contracted collagen gel,

indicating that EGF receptors were not masked by collagen

fibrils but that the intracellular events including signal

transduction after binding of EGF were blocked. The blocking

was suppressed by the addi tion of saikosaponin b 1 . These

results suggested that the quiescent fibroblasts in the

contracted collagen gel were in a distinct state from

previously known quiescent states of cultured cells, namely

quiescent states due to cell-cell contact inhibition at

conf 1uency or to deficiency of growth factors. The mechanism

of the effect of saikosaponin b 1 , which has a potent saponin

activity, is discussed.
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1. Introduction

A repressive effect of the three-dimensional collagen

matrix on fibroblast proliferation, in contrast to the effect

of the two-dimensional matrix, was reported in Chapter III. A

collagen gel containing fibroblasts contracts spontaneously

when the end of the gel is detached from the dish as shown in

Chapter I. The repression of cell growth was more marked in a

contracted collagen gel than in an uncontracted gel still

attached to the dish and finally fibroblasts in a contracted

collagen gel stopped proliferation in the presence of

sufficient serum without apparent cell-to-cell contacts. We

concluded tha t the high densi ty of collagen f ibr i ls in the

contracted collagen gels, resulting in a high level of cell

matrix interaction, was the major reason for the growth

repression. Compared to quiescent cells at confluency or in

cell-cell contact inhibition, the state may be called cell

matrix contact inhibition, which is thought to be mediated

through the interactions of cell surface receptors with

collagen fibrils.

Epidermal growth factor (EGF), a soluble peptide factor,

regulates various cellular activities such as proliferation,

differentia tion and metabolic acti v i ty (Antoniades and Owen,

1982; Carpenter and Cohen, 1984; Colige et al., 1988; Hata et

al. 1988, Kawamoto et al., 1989). Various cells of epithelial

or mesenchymal origin respond to EGF when grown as monolayers

~ vitro. It has been reported that the collagen gel matrix

modulated the growth response to EGF of corneal epithelial

cells (Gospodarowicz and Tauber, 1980) or that the collagen

gel caused a decrease in the effect of EGF on collagen

synthesis by fibroblasts (Colige et al., 1988). Nakagawa et

a 1. (1989) and Rhudy and McPherson (1988) have shown that the

collagen matrix also suppressed 3H-thymidine incorporation

stimula ted by peptide growth factors. In terms of cell

adhesion, a speculative model of growth regulation is proposed

when a cell cultured on plastic is stimulated to proliferate
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by growth factors (Burridge et al., 1988; Alberts et al.,

eds., 1989-a). Binding of growth factor to its receptor leads

to phosphorylation of the ~ protein. This protein kinase

is activated and in turn phosphorylates tyrosine residues on

neighboring transmembrane cell-adhesion proteins, including

the fibronectin receptor. As a results, focal contacts and

other sites of cell adhesion are partially disrupted and the

associated actin filaments detach temporarily from the plasma

membrane. Growth factors seem to act, in part, by transiently

weakening the adhesions on which normal cell proliferation

depends. Growth regulation by growth factors is closely

coupled with the organization of cell adhesion.

In this chapter, th effect of reconstituted type I

collagen fibrils on the grov'th response to human dermal

fibroblasts to growth factors was examined to elucidate the

mechanism of growth repression by the interactions between a

cell (via surface receptors) and collagen fibrils. In Part 1,

we found that EGF was able to bind to its receptor of

fibroblasts which had apparently stopped dividing in the

contracted collagen gel, but the cells did not respond to

stimulation with EGF alone. However, they resumed multiplying

upon combined addition of EGF and saikosaponin b 1 , one of the

biologically active or erythrolytic saponins, purified from

the root of Bupleurum falcatum L. Sikosaponin b 1 is one of

the antagonist to cell-matrix contact inhibition.

2. Ma terials and Methods

Cell culture

Fibroblasts were isolated from human foreskin of a

O-year-old male (HF-O) and from human skin of a 30-year-old

female (HF-30) and a 41-year-old male (HF-41) obtained during

plastic surgery, as described in Chapter 1. Cultures at the

4th population doubling level (PDL) were frozen and kept in
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liquid nitrogen. Human fibroblasts from 7th PDL to 10th PDL

were used throughout the experiments.

Preparation of collagen substrata and cell cultures

A solution of pepsin-treated type I collagen (porcine

tendon) in dilute HCI (pH 3.0) at a concentration of 3 mg/ml

was obtained from Nitta Gelatin Co. (Osaka).

To prepare collagen-coated dishes, 0.67 ml of collagen

solution (3 mg/ml) was placed in each 35-mm plastic tissue

culture dish, which was then dried under a laminar flow of

sterile air at 25°C. Dishes were incubated with 2 ml of

cultur medium at 37°C for 2 h prior to use.

For culture with Dulbecco's modified Eagle's medium

(DMEM, Nissui Pharmaceutical Co., Tokyo) containing 0.21 fetal

bovine serum (FBS, GIBCO Labs., New York) on three-dimensional

gels of collagen fibrils in 35-mm plastic tissue culture

dishes, 1.5 ml aliquots of a solution (collagen-medium

solution) obtained by rapidly mixing 6 ml of collagen solution

(3 mg/ml), 3 ml of 3x concentrated DME~1 with sodium

bicarbonate, penicillin and streptomycin, 0.5 ml of FBS, and

8.5 ml of DMEM containing 51 FBS were pipet ted into the

dishes. The collagen-medium solution (1 mg /ml) was incuba ted

at 37°C for 3 h in a humidified CO2 incubator. One ml of the

cell suspension in DMEM containing 51 FBS (2xl05 cells/ml) was

placed on the surface of each collagen gel and the plate was

incubated for 6 h at 37°C. The cells were cultured in 0.21

FBS-DMEM for 24 h at 37°C, after being washed 4 times with 2

ml of 0.21 FBS-DMEM for 30 min at 37°C.

In the case of culture under collagen gel, cells (2xl0 5

cells) were placed on a plastic dish and incubated with 51

FBS-DMEM at 37°C for 6 h. The cultured cells were washed

twice wi th 0.21 FBS-DMEM, and then 1.5 ml of the collagen

medium solution (1 mg /ml, 0.21 FBS-DMEM) was over la id on the

cell layer. Cells under the gel were incubated for 3 h at 37

°C, and then 1.5 ml of 0.21 FBS-DMEM was overlaid on the

surface of gel. The incubation was continued for 24 h at 37
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Incorporation of cells within the three-dimensional

collagen gel was performed by rapidly mixing a cell suspension

with the collagen-medium solution (1 mg/ml of collagen and 5%

FBS-DMEM), then plating the mixture into 35-mm plastic tissue

culture dishes. The gels containing cells (2x10 5 cells/2 ml)

w re incubated for 6 h at 37°C and then washed 4 times with

0.2% FBS-DMEM for 30 min at 37°C. The gels were overlaid with

1.5 ml of 0.2% FBS-DMEM. The incubation was continued for 24 h

at 37°C. The effect of EGF was examined by culturing the

cells with 0.2% FBS-DMEM containing EGF (24 ng/ml) for 9-72 h.

Preparation of contracted collagen gels containing fibroblasts

Collagen solution containing fibroblasts was prepared by

mixing 6 ml of collagen solution (3 mg/ml) with 3 ml of 3x

concentrated DMEM, 1 ml of FBS, 5 ml of 10% FBS-DMEM and 3 ml

of the cell suspension in 10% FBS-DMEM (9xl 05 cells/ml) at 4

°c to give a final density of 1.5xl05 cells/ml and a collagen

concentration of 1.0 mg/ml. One ml of the solution containing

cells and collagen was placed in a bacteriological 24-well

flat-bottomed plastic tray (Terumo Co., Tokyo) and then

brought to 37°C for the gel formation. The edge of each gel

was scraped off at 3 h after starting culture to release the

gel from the well; this procedure assured uniform collagen gel

contraction (Nishiyama et al., 1988). The incubation of the

contracted gel was continued at 37°C for 8 days until cells

cea sed to mul tiply. The culture medium was renewed every 2

days. Fibroblasts arrested in the contracted collagen gel were

incubated for 2 days with culture medium and then cultured

with EGF and/or saikosaponin b1 for 9-72 h.

Cell culture under a low serum condition or at confluency on

plastic dishes

In the case of cultur under a low serum condition, cells

(2xl0 5 cells) were placed on a 35-mm plastic tissue culture

dish and incubated wi h 5% FBS-DMEM at 37°C for 6 h. The
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cul tured cells were washed twice with 0.2% FBS-DMEM and

incubated with 0.2% FBS-DMEM at 37°C for 24 h. The effect of

EGF and/or saikosaponin b 1 was examined by culturing the cells

with 0.2% FBS-DMEM containing EGF and/or saikosaponin b 1 for

9- 7 2 h.

In the case of monolayer culture, cells (5x1 0 4 cells)

were placed on a 24-well flat-bottomed tissue culture tray and

incubated with 10% FBS-DMEM at 37°C for 4 or 5 days until

cells reached at confluency. The culture medium was renewed

every 2 days. Fibroblasts arrested at confluency in 10% FBS

DMEM were then cultured with EGF and/or saikosaponin b 1 for

9-72 h.

D termina tion of cell number

The cell number was determined by measurement of DNA as

described by Labarca and Paigen (1980). The amount of DNA was

converted to cell number by using the factor of 10 pg DNA/

cell. Cells grown on or in collagen gels were placed in a

plastic tube and incubated with 0.2% bacterial collagenase

(Wako Pure Chemical Co., Tokyo)-1 mM CaC1 2 in phosphate

buffered saline (PBS, pH 7.4) for 2 h to dissolve the gels.

The floating cells were then collected by centrifugation at

300 g for 10 min. The cell pellets were washed twice with

0.1% trypsin plus 0.02% EDTA in PBS.

125I _EGF binding assay

Mouse EGF and bovine serum albumin (BSA) were obtained

from Sigma (St. Louis). 125 I _ EGF was purchased from New

England Nuclear (Boston).

In the case of monolayer culture on plastic dishes,

125 I _ EGF binding assay was performed at 4 °c using a

modification of the reported method (Carpenter and Cohen,

1976). Non-specific binding was measured as the radioactivity

bound to cells in a medium containing a 100-fold molar excess

of unlabeled EGF. Non-specific binding was always less than

10% of the total.
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The effect of EGF was examined on the cells which had

ceased to divide in the contracted collagen gels at 8 days.

To measure 125 I _EGF binding, the contracted collagen gels were

washed twice with DMEM and incubated with DMEM containing 0.1 %

BSA and 25 mM Hepes buffer pH 7.4 (binding medium) for 1 h at

37°C. The contracted collagen gels were incubated with 200 ~l

of binding medium containing 125 I _EGF at 4 °c for an indicated

per iod of time. To terminate the incuba tion, the contracted

collagen gels were washed 4 times in ice-cold Hank's balanced

sal solution (pH 7.4) containing 25 mM Hepes for 10 min at 0

DC. Then, the contracted collagen gels were dissolved in 1 N

NaOH. The radioacti v i ty was counted in a y-counter (Aloka,

Tokyo). For non-specific binding the radioactivity was

measured with the same procedure in a medium containing a

100-fold molar excess of unlabeled EGF. The non-specific

binding in the contracted gel was rather high compared with

the case of plastic culture, but was less than 30 % of the

total. Binding assays showed experimental errors within ±10 %.

other materials

Saikosaponins a, b 1 , b 2 , c and d were purchased from

Koshiro Pharmaceutical Co. (Osaka). Platelet-derived growth

factor (PDGF) from human pIa telets, basic fibroblast growth

fa c tor (b-FGF) fr om bov i ne bra i nand tra nsf orming growth

factor B (TGF-B) from porcine platelets were purchased from R

& D Systems Inc. (Minneapolis, MN).

3. Results

3.1 Effect of reconstituted type I collagen gel on growth

response of fibroblasts to EGF

The growth response to EGF of human dermal fibroblasts

(HF-30) in mitotic arrest on plastic dishes, on collagen-
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coated dishes, on the surface of three-dimensional collagen

gels ("on-gel" culture), under collagen gels ("under-gel"

culture) and within collagen gels ("in-gel" culture) is shown

in Table IV-l. Fibroblasts cultured with any of the collagen

substrata responded to EGF after incubation for 72 h, though

the growth response to EGF was retarded in "in-gel" culture

compared to other cultures including "on-gel" or "under-gel"

culture. The number of cells in "in-gel" culture without

contraction of the gel after incubation with EGF for 72 h was

increased by 28 ± 2 % as compared to the control culture in

the absence of EGF. Thus the collagen rna tr ix itself wi thout

contrac ion essentially did not interfere with the mitotic

response of cultured cells to EGF.

3.2 Growth response to EGF of quiescent fibroblasts in the

contracted collagen gel

Collagen gels containing fibroblasts and 10% FBS began to

contract rapidly when the gel attachment to the dish was

released. The human dermal fibroblasts in the contracted gels

showed a decreased proliferation rate and finally ceased to

divide. The cessation of proliferation of the human dermal

fibroblasts in the contracted gel was completed within 8 days

after the start of culture under the conditions of the present

study. The time course curves of growth response to EGF of

fibroblasts arrested at confluency on plastic dishes or in the

contracted gels are shown in Fig. IV-l. Quiescent fibroblasts

at confluency resumed multiplying after more than 24 h upon

exposure to EGF in the concentration range from 0.1 ng/ml to

100 ng/ml, while the cells in the contracted gels did not

respond to EGF in the same concentration range (Figs. IV-l and

IV-2) .

No response to EGF in the contracted gels was also

observed by using other human fibroblasts (HF-O and HF-41)

under the condition with 10% FBS (data not shown).
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3.3 Binding of EGF to quiescent fibroblasts in the contracted

collagen gel

Time courses of the EGF binding to fibroblasts (HF-30l on

plastic dishes and to those in the contracted gels at 4 °c are

shown in Fig. IV-3A. The fibroblasts on plastic dishes were

tested 2 days after reaching confluency and those in

contracted gels were examined 2 days after the cessation of

proliferation. The amount of EGF bound with fibroblasts

plastic dishes reached a plateau after incubation for 1.5 h,

while in the contracted g Is the plateau for the bound EGF

attained after incubation with EGF for 4 h.

A Scatchard plot (Fig. IV-3B) of EGF binding with the

fibroblasts on plastic dishes gave a straight line, which

could be interpreted in terms of a single class of binding

sites with a Kd of 4x10- 9 M and a maximum binding capacity of

7x10 4 sites per cell. A similar plot of EGF binding with the

fibroblasts in the contracted gels also gave a straight line,

which could be interpreted in terms of a single class of

binding sites with a Kd of 4x10- 9 M and a maximum binding

ca pac i t y 0 f 6 x 1 0 4 sit e s per cell. Fib rob 1 a s t sin the

contracted gels thus appear to have a slightly smaller number

of binding sites/cell than those in monolayer on plastic

dishes, while the values of affinity constant of the receptor

were identical in the two cases.

3.4 Mitotic effect of a combination of EGF and saikosaponin b,

on the growth of quiescent fibroblasts in the contracted

collagen gel

Saikosaponins are biologically active components (mainly

saikosaponins a, b 1 , b 2 , c and d) from the root of Bupleurum

falcatum L. Saikosaponins have been used as drugs for

hepatobiliary diseases in oriental traditional medicine. The

structural formula of saikosaponin b 1 is shown in Fig. IV-4.

The time course of the growth response of quiescent
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fibroblasts (HF-30) in the contracted gels to the combination

of EGF (24 ng/ml) and saikosaponin b1 (lxl0- 6 M) is shown in

Fig. 5. Neither EGF alone nor saikosaponin b 1 alone

stimulated the growth, while the combination of the two was

found to stimulate the proliferation of fibroblasts arrested

in the contracted gels. Dose dependency of growth stimulation

by the combination of EGF and saikosaponin b 1 was determined

after 60 h of incubation at a fixed concentration of EGF (24

ng/ml), and with various concentrations of saikosaponin b1
from 3xl0-8 M to 3xl0- 5 M (Fig. IV-SB). Doses higher than

lxl0- 4 M saikosaponin b 1 , had a cytotoxic effect.

Saikosaponin b1 alone at a concentration of less than 3xl0- 6 M

did not stimulate the growth of fibroblasts in the contracted

gels. The quiescent cells in the contracted gels recovered

proliferative activity upon exposure to saikosaponin b 1 alone

in the concentration range from 3xl0- 6 M to 3xl0- 5 M. The

mitotic effect of combination of EGF and saikosaponin b 1 was

also observed by using other human fibroblasts (HF-41).

The stimulative effect of saikosaponin b 1 alone or the

combination of EGF and saikosaponin b1 on fibroblast growth

was also observed in the culture under a low serum condition

or at confluency on plastic dishes (Table IV-2). In addition,

saikosaponin b1 was found to enhance the mitotic response of

quiescent fibroblasts in the contracted gels to other growth

factors (b-FGF, PDGF and TGF-B) (Table IV-3). Saikosaponin

b 1 , therefore is a growth factor with an entirely new chemical

structure.

4. Discussion

The present study demonstrated that human fibroblasts in

contracted collagen gel did not multiply in response to EGF

alone, but that they multiplied in response to the combination

of EGF and saikosaponin b 1 . Since EGF is known and was
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confirmed here (Table IV-1, Figs. IV-1 and IV-2) to be a

potent mitogen for quiescent fibroblasts at confluency or at

serum depletion, the negative response to EGF is a distinct

characteristic of the cells in contracted collagen gel, where

the density of cell-collagen interaction sites may be as high

as that ~ vivo (Figs. IV-1 and IV-2). Quiescent states of

normal epithelial cells or fibroblasts plated on a dish are

provided by two conditions (Alberts et al., eds., 1989-a) .

First, normal cell proliferation in culture generally stopped

mul tipling under the depletion of serum containing growth

factors. Second, normal cells plated on a dish in the

presence of serum will adhere to the surface and spread out,

and divide until a confluent monolayer is formed in which

neighboring cells touch one another. At this point normal

cells stop dividing (a phenomenon known as density-dependent

inhibition of cell division, but a molecular mechanism still

unkown), called cell-cell contact inhibition. Both quiescent

sta tes are known to be released by the potent mi togen such as

growth factors. Thus the contracted collagen gel provides

another quiescent state for human fibroblasts. In Chapter

III, the repressed growth of fibroblasts in contracted

collagen gel was ascribed to the high density of collagen-cell

interaction sites, or cell-matrix contact inhibition. Since

EGF binding to the cells was essentially unchanged (Fig. IV

3), and the combination of EGF and saikosaponin b 1 stimulated

cell growth (Fig. IV-5), the negative response to EGF of the

fibroblasts in the contracted collagen gel may be due to a

block in the signal transduction pathway of EGF and other

intracellular events induced by EGF, caused by the strong

interaction between the cell and collagen fibrils.

A growth signaling pathway leading to cell division in

general consists of several reaction steps; 1) binding of an

extracellular signal such as a growth factor with the specific

receptor on the cell membranes, 2) rapid internalization and

d gradation of growth factor which binds to cell surface

receptors by receptor-mediated endocytosis, and 3) signal
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conversion to intracellular events after the binding and/or

internalization, ultimately transmitted to the nucleus

(Antoniades and Owen, 1982; Carpenter and Cohen, 1984;

Rozengurt, 1986). One of intracellular events by the signal

transduction after binding of growth factors is known that the

cell's focal contacts on plastic, where the cell is bound

tightly to substrata by a cell-matrix junction involving the

fibronectin receptor (and other transmembrane adhesion

molecules in the integrin family) and actin filaments (and

other cytoskeleton) on its intracellular side, change their

structure: focal contacts and other sites of cell adhesion are

partially disappeared and the actin filaments that were

anchored there are temporarily di srupted (Burr idge et a1.,

1988; Alberts et al., eds., 1989-a). Thus, in stimulating a

quiescent cellon plastic dishes to divide, the treatment of

growth factors appears to loosen cell adhesions. Several

growth factors, EGF, FGF, PDGF, TGF-B, and cholera toxin,

known to have these activity (Burridge et al., 1988).

Direct binding of extracellular collagen fibrils with the

cell surface may affect not only the extracellular signaling

pathway, but also the later intracellular events. The present

study (Fig. IV-3) indicated that EGF binding with the cells

was not affected by the collagen fibrils except for the

reaction rate of binding; a longer time was required to bind,

though it was much shorter than would be expected from a

comparison of the times required for cell growth in total

(Fig. IV-3A). An alternative interpretation of the cell

matrix contact inhibition is that general cellular activity

including the growth signal transduction might be repressed

through interference by the collagen fibrils. However, the

present finding does not favor this interpretation. That is,

saikosaponin b1 at a concentration below 10- 6 M (added with

EGF) restores the mitogenic activity of EGF toward the cells.

It was also found in Part 2 tha t PDGF stimulates the

proliferation of fibroblasts growth-arrested by the cell

rna r ix contact inhibi tion.
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From the findings that the two-dimensional collagen gel

surface affected the cell growth or the growth stimulation by

EGF as much as the plastic dish and that the three-dimensional

collagen matrix without contraction did not completely repress

the cell proliferation or the response to EGF (Table IV-1), it

seems likely that the number of cell-collagen interaction

sites per cell and their distribution are important for the

regula tion of cellular growth signal transduction and other

intracellular events as loosening cell-collagen adhesions (or

interactions). In the previous reports, morphological and

biosynthetic changes in fibroblasts induced by the

interactions wi th the three-dimensiona I network of collagen

fibrils were distinct from those observed in the two

dimensional culture on the surface of a plastic dish or

collagen gel (Chapter I and II; Tomasek and Hay, 1984; Nusgens

et al., 1984; Colige et al., 1988; Tsunenaga et al., 1989).

We have suggested that the repression of cell growth by

collagen fibrils in the three-dimensional gels is not due to

direct cell-cell contact, but instead is dependent on the

distribution and number of contact si tes between a cell and

collagen fibrils (Chapter III). It was also confirmed in the

present study that the interaction between the whole cell

surface and the dense three-dimensional network of collagen

fibrils most effective in repressing the cell

prolifera tion.

Above results demonstrate the characteristics of a

quiescent sta te of fibroblasts in contracted collagen gel,

presumably due to the large number of contact sites on the

whole cell surface. The state can be called cell-matrix

contact inhibi tion; both inhibi tion of in tracellular signal

transduction pathway by EGF and inhibition of transient

disorganization of cell adhesion sites (or motility).

Saikosaponins are known to have a hemolytic activity and

to cause a change in the fluidity of erythrocyte membranes

(Abe et al., 1978 and 1980). The maj or components of

saikosaponins are saikosaponins a, b 1 , b 2 , c and d. The
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effect of each on the plasma membrane is different from that

of the others. However, the interaction or reaction of

saikosaponins with biological membranes of human nucleate

cells such as fibroblasts has rarely been reported. We found

in the present study that saikosaponin b 1 facilitated the

recovery of mitotic response to EGF of the quiescent

fibroblasts in the contracted gels (Fig. IV-5) as well as that

of cells growth-arrested under a low serum condition and at

confluency on plastic dishes (Table IV-2). The stimulative

effect of saikosaponin b 1 on the mitotic response to b-FGF,

PDGF and TGF-B in the contracted gels was also demonstrated in

Table IV-3. As shown in Fig. IV-5B, saikosaponin b 1 alone

stimulated the growth of fibroblasts in the contracted gels in

th concentration range from 3x10- 6 M to 3x10- 5 M. This

stimulation may be due to its combined effect with growth

factors contained in 10 % serum. Saikosaponin b 1 might have

the potential to reactivate the EGF stimulation inhibited by

cell-matrix contact inhibition as following: 1. a release of

interference of intracellular signal transduction by EGF; 2. a

weakening of cell-collagen fibrils adhesion; 3. an activation

of alternative pathway of signal transduction. The finding

could provide a clue to the location of the blocking site of

growth stimulation by growth factors.

Saikosaponins a, c and d had no activity to potentiate

the mitotic response, while saikosaponin b 2 , which has the

same structure as saikosaponin b 1 (Fig. IV-4) except for the

position of 16-0H, was also effective in reactivating the

mi totic response to EGF in the contracted gels (unpublished

data). Further investigation is required to clarify the

action of saikosaponin b 1 on the regulation of the growth

response to EGF of quiescent fibroblasts in contracted

collagen gels.
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Table IV-l. Comparison of growth response to EGF of human

dermal fibroblasts (HF-30) cultured with collagen substrata.

Substratum Growth Stimulation

(% of control)

on plastic dish 142 ± 1

on collagen-coated dish 143 ± 4

under collagen gel 140 ± 4

on collagen gel 138

in collagen gel 128

Cells (2.0x10 5 ) in mitotic arrest in culture under a low serum

condition (0.2% FBSj were incubated with 24 ng/ml of EGF.

After incubation for 72 h, the cell number was determined as

described in Materials and Methods. The data were expressed as

% cell number with respect to the controlculture in the medium

without EGF and values the of triplicate

determinations ± so.
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Table IV-2. Growth stimulation by the combination of EGF and

saikosaponin b 1 in the culture under a low serum condition or

at confluency on plastic dishes

Growth Stimulation (% of control)Concentration of

Saikosaponin b 1
(M)

under a low serum

EGF

at confluency

EGF

0 100 133 100 129

10- 7 100 139 104 128 ± 1

10- 6 111 154 108 ± 1 137 ± 3

10- 5 115 166 ± 4 112 ± 2 141 ± 1

Fibroblasts (HF-30) growth-arrested in culture under a low

serum condition (0.2% FBS) or at confluency (10% FBS) on

plastic dishes were incubated with saikosaponin b 1 or the

combination of EGF (24 ng/ml) and saikosaponin b 1 . After

incubation for 48 h, the cell number was determined as

described in Materials and Methods. The data are expressed as

% cell number with respect to the control culture, 2.0xl0 5

cells for a low serum condition and 2. 4xl 05 cells for a

confluent culture, in the medium without EGF and saikosaponin

b 1 . Values are the mean of triplicate determinations ± SD.
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Table IV-3. Growth stimulation in contracted collagen gel by

the combination of growth factor and saikosaponin b 1

Growth Stimulation (% of control)

Growth Factor

saikosaponin b 1

EGF 101 121 ± 2

b-FGF 105 123 ± 2

POGF 125 141 ± 4

TGF-t3 101 111 ± 1

Fibroblasts (HF-30) growth-arrested in contracted collagen

gels were trea ted with a growth factor or combinations of

growth factor and saikosaponin b 1 (10- 6 M). After incubation

for 60 h, the cell number was determined as described in

Materials and Methods. The data are expressed as % cell

number with respect to the control culture, 2.1 xl 05 cells,

without growth factors and saikosaponin b 1 . Values are the

mean of tr iplica te determina tions ± SO. Concentra tion of

growth fator: EGF 24 ng/ml; b-FGF 10 ng/ml; POGF 30 ng/ml;

TGF-t3 10 ng/ml.
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Fig.IV-1. Time course of growth response to EGF of human dermal

fibroblasts in contracted collagen gel. Fibroblasts (HF-30) in

mitotic arrest in culture with 10% FBS at confluency (A) and

in contracted collagen gel (B) were incubated with 24 ng/ml of

EGF. The medium was renewed at 48 h. After incubation for the

times indicated, the cell number was determined as described

in Materials and Methods. Each point

triplicate determinations ± SO .

• : EGF.

represents the mean of

0: control culture;
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Fig. IV-2. Dose-response relationship for proliferative effect of

EGF on human dermal fibroblasts in contracted collagen gel.

Fibroblasts (HF-30) were grown on plastic dishes (0) or in

contracted gel (-.) in 10% FBS-DMEM. Cultures were used 2 days

after the cessation of proliferation. At this stage, EGF at

the concentrations indicated was added to 10% FBS-DMEM. After

incubation for 60 h, the cell number was determined as

described in ~laterials and Methods. The ordinate, groHth

stimulation, is expressed as % cell number, cell numbers at 60

h incuba tion wi th various concen tra tion of EGF vs. those,

2.3x10 S cells for monolayer culture and 2.1x10 S cells for

contracted gel culture, at 60 h incubation without EGF

(control). Each point represents the mean of triplicate

determinations ± SD.
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Fig.IV-3. EGF binding to human dermal fibroblasts in contracted

collagen gel. Fibroblasts (HF-30) were grown on plastic dishes

or in contracted collagen gels in 10% FBS-DMEM. Cultures were

used 2 days after the cessation of proliferation. EGF binding

was determined at 4 °c as described in Materials and Methods.

The data represent the specific (total minus non specific)

binding and values are the mean of triplicate determinations.

II: time course of EGF binding; B: Sca tchard plots of EGF

binding data. 0: cells on plastic dishes; .: cells in

contracted collagen gels.
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Fig.IV-4. Structural formula of saikosaponin b,.
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Fig. IV-S. Growth stimulation in contracted collagen gel by the

combination of EGF and saikosaponin b 1 . Human dermal

fibroblasts (HF-30) in contracted gel were cultured in 10 %

FBS-DMEM. Cultures were used 2 days after the cessation of

pro11feration. At this stage, EGF, saikosaponin b 1 or the

combination of both was added to 10% FBS-DMEM. A: time course

curves of grow h response to 24 ng/ml of EGF (()), lxlO- 6 M

saikosaponin b 1 (0) or the combina tion of EGF (24 ng /ml) and

saikosaponin b 1 (lxlO- 6 M) (4tl. B: dose-dependency of growth

response to saikosaponin b 1 (0) or saikosaponin b 1 with EGF

(24 ng/mll (4t) after incubation for 60 h. The cell number was

determined as described in Materials and Methods. The data

were expressed as % cell number with respect to the control

culture, 2.2xl0 5 cells, in the medium without EGF and

saikosaponin b 1 . Each point represents the mean of triplicate

determinations ± SD.
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Part 2 Growth response to other growth factors.

[Summary]

Mitogenic responses to various growth factors were

compared for quiescent human dermal fibroblasts cultured under

three different conditions; serum depletion, cell-cell contact

inhibition and cell-matrix contact inhibition. The non

di viding fibroblasts cul tured under a low serum condi tion

(0.2% fetal bovine serum, FBS) or in a confluent culture with

10% FBS resumed multiplying upon exposure to anyone of or any

combina tion of the growth factors examined; epidermal growth

factor (EGF), basic fibroblast growth factor (b-FGF),

platelet-derived growth factor (PDGF) and transforming growth

factor B (TGF-B). The only exception was the lack of effect

of TGF-B on the cells under a low serum condition. In

contrast, the proliferation of fibroblasts which were growth

arrested in contracted collagen gel by cell-matrix contact

inhibition was not stimulated by any of the growth factors

examined except for PDGF. It is currently accepted that the

mechanism of growth stimulation or signal transduction after

binding of each growth factor to the specific receptor depends

on the kind of growth factor. The results suggest that the

signal transductions delivered by EGF, b-FGF or TGF-B are

inactivated by a high level of interaction of collagen fibrils

wi th the cell membrane (under the condi tion of cell-rna tr ix

contact inhibition), whereas the signal transduction by PDGF

is unaffected. The finding also supports the existence of a

specific growth stimulation pathway for PDGF.
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1. Introduction

We have reported in Part 1 that human dermal fibroblasts

in contarcted collagen gel did not multiply in response to

EGF. The negative response to EGF is a distinct characteristic

of the cells in contracted collagen gel, where the density of

cell-collagen in eraction sites may be as high as that .:h.!!.
vivo. Thus the contracted collagen gel provides another

quiescent state for fibroblasts. It is unknown whether human

dermal fibroblasts growth-arrested in a contracted collagen

gel multiply in response to other growth factors such as

basic-fibroblast growth factor (b-FGF), platelet-derived

growth factor (PDGF) or transforming growth factor-B (TGF-B).

These growth factors are defined as substances which are

capable of reinitiating multiplication of cells in a quiescent

state such as in a low serum condition or in cell-cell contact

inhibition. Mitogenic effects of the growth factors have been

found for various cells of epithelial or mesenchymal origin in

culture (Antoniades and Owen, 1982; Carpenter and Cohen, 1984;

Ross et aI., 1986; Massaque, 1987; Kawamoto et aI., 1989).

Mitogenic response to the growth factors is initiated by the

binding of a growth factor to the specific receptor, then the

binding is believed to generate a series of signals in the

membrane, cytosol and nucleus. The signal transduction

comprises multiple steps including unidentified processes up

to mitogenesis, and the pathways have been shown to depend on

the kinds of growth factors (Sawyer and Cohen, 1981;

Nishizuka, 1984; Rozengurt, 1986; Magnaldo et al., 1986;

L'Allemain and Pouyssegur, 1986; Matuoka et aI., 1988). It

has been demonstrated tha t the proli fera ti ve response of cells

to a growth factor is affected by the extracellular substrate

(Gospodarowicz and Tauber, 1980; Rhudy and ~lcPherson, 1988;

Nakagawa et aI., 1989). Therefore, it is intriguing whether

the strong interactions between a cell and collagen fibrils,

called cell-matrix contact inhibition, prevent the growth

stimulation by other growth factors as well as by EGF, in that
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the characteristics of cell-matrix contact inhibition could be

defined in terms of the intracellular signal transduction

induced by each growth factor.

In Part 2, the growth response to the growth factors,

EGF, b-FGF, POGF and TGF-B, was examined with human dermal

fibroblasts in three different quiescent states; in a low

serum condition, at confluency and in contracted collagen gel.

Among the growth factors examined, only POGF was found to

stimulate the proliferation of fibroblasts growth-arrested in

a contracted collagen gel.

2. Materials and Methods

Cell culture

Fibroblasts were isolated from skin of a 30-year-old

female (HF-30) and a 41 -year-old male (HF- 41) obtained during

plastic surgery, as described in Chapter I. Cultures at the

4th population doubling level (POL) were frozen and kept in

liquid nitrogen. Human fibroblasts from the 7th POL to 10th

POL were used throughout the present experiments.

One ml of the cell suspension (1 xl 05 cells/ml) in

Oulbecco's modified Eagle's medium (OMEM, Nissui

Pharmaceutical Co., Tokyo) containing 10% fetal bovine serum

(FBS, GIBCO Labs., New York) was incubated at 37°C on a 24

well flat-bottomed plastic tray. The culture medium was

renewed every 2 days.

For the culture with 0.2% FBS-OMEM, 1 ml of the cell

suspension in 5% FBS-OMEM (2xl 05 cells/ml) was placed on a

plastic dish and incubated at 37°C for 6 h. The cultures were

washed twice with 2 ml of 0.2% FBS-OMEM and then incubated

with 0.2% FBS-OMEM for 24 h at 37°C. After reaching the

quiesc nt state, the cells were cultured with a growth factor

at an indicated concentration for 9-72 h.
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Preparation of contracted collagen gels containing fibroblasts

A solution of pepsin-treated type I collagen (porcine

tendon) in dilute HCl (pH 3.0) at a concentration of 3 mg/ml

was obtained from Nitta Gelatin Co. (Osaka).

Solutions of 6 ml of collagen solution (3 mg/ml), 3 ml of

3x concentrated DMEM, 1 ml of FBS, 5 ml of 10% FBS-DMEM and 3

ml of the cell suspension in 10% FBS-DMEM (9xl 05 cells/ml)

were gently mixed at 4 °c giving the final density of 1.5xl05

cells/ml and the final collagen concentration of 1.0 mg/ml.

One ml of the mixed solution containing cells and collagen was

incubated in a bacteriological 24-well flat-bottomed plastic

tray (Terumo Co., Tokyo) at 37°C. Collagen gel formed was

scrap d off at the periphery at 3 h after starting the culture

to release the gels from the wells so that the collagen gels

contracted uniformly (Chapter I). The incubation was continued

at 37°C to day 8, when the cell multiplication ceased. The

culture medium was renewed every 2 days. The fibroblasts

growth-arrested in the contracted collagen gel were then

cultured with a growth factor at an indicated concentration

for 9-72 h.

Determination of cell number

The cell number on plastic dishes or in contracted

collagen gels was determined from measurement of DNA content

as described by Labarca and Paigen (1980), followed by its

conversion to cell number by using the factor of 10 pg

DNA/cell. Briefly, cells grown in contracted collagen gel were

placed in a plastic tube and incubated with 0.2% bacterial

collagenase (Wako Pure Chemical Co., Tokyo)-l mM CaC1 2 in

phosphate-buffered saline (PBS, pH 7.4) for 2 h to dissolve

th e gel s . The flo a tin g cell s we ret hen coIl e c ted by

centrifugation at 300 x g for 10 min. The cell pellets were

washed twice with 0.1% trypsin plus 0.02% EDTA in PBS. DNA

contents were determined fluorometrically as described above

(Labarca and Paigen, 1980).
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Growth factors

EGF from mouse submaxillary glands was obtained from

Sigma (st. Louis, MO). PDGF from human platelets, b-FGF from

bovine brain and TGF-S from porcine platelets were purchased

from R&D Systems Inc. (Minneapolis, MN).

3. Results

3 _1 Growth response of quiescent fibroblasts on plastic dishes

to growth factors

The growth responses to EGF, b-FGF, PDGF or TGF-S of

human dermal fibroblasts (HF-30) in mitotic arrest on plastic

dishes under a low serum condi tion (0.2% FBS) or in a

confluent culture with 10% FBS are shown in Table IV-4 and

Fig. IV-6. Quiescent fibroblasts cultured under a low serum

condition began to multiply upon exposure to EGF, b-FGF or

PDGF, but not to TGF-S. The non-dividing fibroblasts in

confluent monolayer culture, under cell-cell contact

inhibi tion, resumed multiplying upon exposure to each growth

factor in the concentration range from 0.1 ng/ml to 100 ng/ml.

Increases in the cell number after 60 h of incubation with EGF

(30 ng/ml), b-FGF (10 ng/ml), PDGF (30 ng/ml) and TGF-S (30

ng/ml) wer 35 ± 2 %, 59 ± 2 %, 51 ± 6 % and 33 ± 3 % of that

in the control cuI ture, respectively. The combination of any

two or more growth factors more markedly stimulated the growth

of fibroblasts than a single type of growth factor (Table IV

5) .

Response to growth factors was essentially the same for

human fibroblasts derived from the skin of another person

(HF-41) growth-arrested under a low serum condition or in a

confluent culture (data not shown).
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3.2 Mitogenic effect of EGF, b-FGF, PDGF or TGF-B on human

dermal fibroblasts growth-arrested in contracted collagen gel

Collagen gels containing human dermal fibroblasts in the

presence of 10% serum contracted rapidly and by 8 days after

the start of culture the fibroblasts in contracted collagen

gels had ceased to divide (data not shownl. The fibroblasts

at 2 days after cessation of proliferation in the contracted

gel were treated with EGF, b-FGF, PDGF or TGF-B to observe the

mitogenic effect.

The time courses of the growth response to each growth

factor (30 ng/ml) of the fibroblasts in contracted gels are

shown in Fig. IV-7A. Quiescent fibroblasts responded to PDGF

rapidly after incubation for 24 h, but not to the other growth

factors during incubation for up to 72 h. Dose dependency of

growth stimulation by the growth factors is shown in Fig. IV

7B, based on determination of the increase of cell number at

60 h after incubation with the growth factors in the

concentration range from 0.1 ng/ml to 100 ng/ml. No growth

stimulation by EGF, b-FGF or TGF-B on the fibroblasts growth

arrested in the contracted gels was seen at any concentration.

Combina tions of any two of these three growth factors were

also ineffective (Table IV-51. Only PDGF was found to be

potent in stimulating growth of the fibroblasts growth

arrested in the contracted gels at a concentration comparable

to the concentration effective for the cells at confluency in

monolayer culture (Fig. IV-6). Combinations of PDGF wi th one

of the other growth factors also stimulated the growth of

fibroblasts, but only to the same extent as in the case of

PDGF alone, indicating that the other growth factors did not

interact with the growth signal transduction by PDGF (Table

IV-5) .

The growth response to PDGF was also observed for the

human fibroblasts derived from the skin of another person

(HF-41) growth-arrested in contracted collagen gels (data not

shown) .
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4 _ Discussion

In the present study, we found that in contrast to the

fibroblasts in quiescent states owing to either serum

depletion or cell-cell contact inhibition, the quiescent cells

in the contracted collagen gels were stimulated by PDGF but

not by EGF, b-FGF and/or TGF-B. We propose that the negative

mitogenic response to EGF, b-FGF or TGF-B of the fibroblasts

in contracted collagen gels is due to the high density and

ubiquitous distribution of collagen fibril-cell membrane

interaction sites. We hypothesized that the repression of cell

growth in the contracted gel was not due to direct cell-cell

contact, but was due to the distribution and number of contact

sites between the cells and surrounding collagen fibrils

(Chapter III and Part A ; Nishiyama et al., 1989; Tsunenaga et

al., 1989) or cell-matrix contact inhibition. We found that

fibroblasts surrounded by a three-dimensional structure of

collagen fibrils, particularly in the contracted gel, were

repressed in the growth response to EGF, while the cells grown

on a two-dimensional surface of collagen gel were not (Part

A). It was also shown that EGF bound to the receptors of

fibroblasts in contracted collagen gels as strongly as to

those of the cells on a plastic dish, in that the number of

binding sites and the apparent binding constant were

unchanged. Therefore, the strong suppression of the mitotic

response to EGF, b-FGF or TGF-B of fibroblasts in contracted

gels might be related to interference with the signal

transductions of these growth factors by collagen fibri ls.

Specifically, transduction of the signal delivered by the

binding requires rapid phosphorylation, redistributions in the

plane of the membrane and endocytosi s (Rozengurt, 1986).

Modifications of these processes induced by the interaction

between the cell membrane (via collagen receptors) and

collagen fibrils could result in the strong suppression of the

growth response to EGF, b-FGF or TGF-B.

Characteristics of growth factor actions are summarized

102



in Table IV-6. Several features are similar to each other, but

a signal transduction pathway for PDGF is distinct from that

of 0 her growth factors. In this respect, the finding in the

present study that only PDGF could activate the proliferation

of fibroblasts growth-arrested in contracted collagen gels may

suggest a distinct pathway of siganl transduction of PDGF as

compared wi th other growth factors. The phenomenon

demonstrated that the quiescent state of fibroblasts in the

contracted gels was different from that under a low serum

condi tion or in confluent monolayer culture. The previous

reports concerning signaling pathways induced by growth

factors using fibroblast cultures on plastic indicated that

PDGF acts through a pathway that was different from those

activated by EGF, b-FGF or serum (Sawyer and Cohen, 1981;

Nishizuka, 1984; Rozengurt, 1986; Magnaldo et al., 1986;

L'Allemain and Pouyssegur, 1986; Matuoka et al., 1988).

Treatment of fibroblasts with PDGF rapidly elicited enzymatic

hydrolysis of phosphatidyl-inositol 4,5-bisphosphate (PIP 2 )

into inositol 1,4,5-trisphosphate (IP 3 ) and 1,2

diacylglycerol, both of which are intracellular second

messengers. It has recently been reported that PIP 2 breakdown

appears to be a crucial process in the initiation and

maintenance of cell proliferation induced by PDGF (Matuoka et

aI., 1988). In contrast, mitogenesis of fibroblasts by EGF,

b-FGF or serum is independent of PIP 2 breakdown (Magnaldo et

al., 1986; L'Allemain and Pouyssegur, 1986; ~latuoka et al.,

1988). An alternative pathway of signal transduction for PDGF

may well exist. The present findings together with the

previous reports may suggest that in the contracted gels the

high level of interaction of collagen fibrils with the cell

membrane did not abolish the polyphosphoinosi tide signaling

pathway induced by PDGF, whereas it completely repressed the

other signaling pathway activated by EGF, b-FGF or serum.

Further evidence for distinctness of the quiescent state

of fibroblasts in contracted collagen gel was obtained in the

response of cells to growth factors as shown in this chapter.
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The effect of PDGF was different from those of other growth

factors including EGF, b-FGF and TGF- B on the stimulation of

proliferation. Furthermore, it was found that a combination of

EGF, b-FGF or TGF- B with a particular saponin, Saikosaponin

b" initiated the cellular multiplication in contracted

collagen gel, though as described above EGF, b-FGF or TGF-B

alone did not show the mitogenic effect. These results

suggest that the quiescent state of the fibroblasts in

contracted collagen gel at a high density of interactions

between a cell membrane (via cell surface receptors) and

collagen fibrils is mainly caused by the suppression of

certain signal transduction pathway(s) of growth stimulation,

which might inhibit the weakening of cell-collagen adhesion

(or binding) induced by growth factors. PDGF and saikosaponin

b 1 might be useful for studying the mechanisms of cell-matrix

contact inhibition by the strong interactions of cell surface

receptors with collagen fibrils.

Finally, the quiescent fibroblasts in the contracted

collagen gel may be useful as a research tool, comprising a

model system with a limited, specific signaling pathway, for

investigating cell growth regulation.
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Table IV-4. Growth response to growth factor of

quiescent fibroblasts on plastic under a low serum condition

Growth Factor Growth Stimula tion (% of Control)

EGF (24 ng/ml) 145 10

b-FGF (10 ng/ml)

PDGF (30 ng/ml)

TGF-B (10 ng/ml)

148

143

90

Human dermal fibroblasts (HF-30) were cultured in 0.2% FBS

DME~l containing a growth factor for 72 h. The data are

expressed as % cell number with respect to the control culture

without growth factor and each value is the mean of triplicate

determinations ± SD.
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Table IV-s. Growth response of human fibroblasts

to combinations of growth factors

Growth Stimulation (% of Control)

Growth Factor on Plastic in Contracted Gel

EGF + b-FGF 203 ± 1 105 ± 1

EGF + POGF 187 ± 2 128

EGF + TGF-B 159 ± 3 107 ± 3

b-FGF + TGF-B 184 ± 4 105 ± 3

EGF + b-FGF

+ POGF + TGF-B 223 ± 2 128 ± 2

Human dermal fibroblasts (HF-30) growth-arrested in confluent

culture on plastic dishes or in contracted collagen gels were

treated with combinations of growth factors for 60 h. The

data are expressed as % cell number with respect to the

control culture without growth factors and each value is the

mean of triplicate determinations ± so. Concentration of

growth factors: EGF 24 ng/ml; b-FGF 10 ng/ml; PDGF 30 ng/ml;

TGF-B 10 ng/ml.
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Table IV-6. Some growth factors and their actions

Stimulation

of cell growth

Competence factor

(GO --> G,)

Binding to

its receptor

Internalization

of GF-R complex

Tyrosin kinase

activity

Phosphoinosi tide

(PI) turnover

Weakening of

cell adhesion

Cell motility

(chemotaxis)

EGF b-FGF PDGF TGF-B

(+)= property activity present.

(-)= property or activity absent.
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Fig. IV-6. Growth response to EGF, b-FGF, PDGF or TGF-B of

human dermal fibroblasts at confluency on plastic dishes.

Fibroblasts (HF-30) were grown on plastic dishes in 10% FBS

DMEM. Cultures were used 2 days after the cessation of

proliferation. At this stage, each growth factor at the

concentration indicated was added to 10% FBS-DMEM. After

incubation for 60 h, the cell number was determined as

described in Materials and Methods. The data are expressed as

% cell number with respect to the control culture in the

medium without any growth factor. Each point represents the

mean of triplicate determinations ± SD. 0 EGF; .L,b-FGF;

• PDGF; A TGF-B.
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Fig. IV- 7. Growth response to EGF, b-FGF, POGF or TGF-13 of

human dermal fibroblasts growth-arrested in contracted

collagen gel. Fibroblasts (HF-30) in contracted gel were

cultured in 10% FBS-OMEM. Cultures were used 2 days after the

cessation of proliferation. At this stage, each growth factor

was added to 10% FBS-OMEM. A: time course curves of groclth

response to 30 ng/ml of growth factor. Control([]) ; EGF(()) ;

b-FGF(~); POGF(4t); TGF-I3(~). The cell number was determined

as described in Materials and Methods. Each point represents

the mean of triplicate determinations ± so. B: dose

dependency of growth response to each growth factor after

incubation for 60 h. The data are expressed as % cell number

with respect to the control culture in the medium without any

growth factor. Each point represents the mean of triplicate

determination ± SO. EGF(()); b-FGF(~); POGF(4t); TGF-I3(~).
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General Discussion

The morphology and the cytoskeletal organization of human

dermal fibroblasts within collagen gel were distinguished from

those on plastic (or on glass), on collagen-coated dishes and

on collagen gel as shown in Chapters I and II. The growth

rate of fibroblasts and the mitogenic responsiveness to growth

factors were repressed only when the cells were cultured

wi thin collagen gel, but not on top of the gel (Chapters III

and IV). It should be noted that the cells within collagen

gel are embedded in a three-dimensiona 1 ne twork of

reconstituted collagen fibrils, while the cells on top of

collagen gel are grown on a two-dimensional surface. The

cells on a two-dimensional surface attached to collagen

fibrils only by the lower side of cells and upper side of

cells was free from collagen. The cells in a three

dimensional matrix attached to collagen fibrils equally by all

sides of cell membrane. Scanning electron micrographs of

fibroblasts in collagen gel as shown in Chapter II revealed

many rough picks which can be putative direct interaction

sites between a cell and collagen fibrils. The resultant

difference in cellular shape, cytoskeletal organization, cell

growth rate and growth response to growth factors could have

resulted from the distribution of cell-collagen fibril

interaction sites per cell.

The elongation process of fibroblasts in collagen gel is

induced by the interactions. The morphological change of

fibroblasts in collagen gel from initial spherical shape was

markedly retarded as compared to that on glass and on collagen

gel. The retarda tion in collagen ge 1 was found to be

antagonized upon treatment with a low dose of cytochalasin D

(0.2 ~M), accompanying disorganization of actin microfilaments

to fragments. In addi tion, the extremely elongate cell shape

caused by collagen gel was not changed upon treatment with

cytochalasin D. From the results in Chapter II, the role of

actin microfilaments under the influence of interaction with
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collagen fibrils across the plasma membrane are elucidated; 1)

actin microfilaments hold the scaffold of initial spherical

cells and prevent the following elongation process, and 2)

actin microfilaments do not participate in maintenance of

elonga ted fibroblasts. Therefore, the elonga te shape of

fibroblasts might be maintained by the interactions in a

linkage of collagen--collagen receptors--cytoskeleton other

than the well known linkage of fibronectin--integrin--(talin,

vinculin, C/.-actinin) --actin microfilaments (Horwitz et al.,

1986; Burridge et al., 1988).

The cellular behavior within collagen gel which was

examined in the present study might be closely coupled \-lith

each other and influenced by the interactions between a cell

and collagen fibrils. The interactions observed in the

present study are thought to be mediated through specific

collagen receptors directly. Collagen is knovm to bind with

other extracellular matrix components such as fibronectin.

Involvement of fibronectin in the present observations cannot

be ruled out. The issue resides out of the present

examina tion.

Our observation of the distinct cellular behavior within

three-dimensional collagen gel leads to a hypothesis that the

distribution of cell-collagen interaction sites per cell is

one of the intrinsic factors for regulation of cellular

activity. That is, the effect of extracellular matrix on

cellular behavior is influenced by the state of interactions

with cells, even if components of extracellular matrix are

biochemically identical.

The human dermal fibroblasts in contracted collagen gel

containing high density of collagen fibrils stopped

multiplying, even in the presence of 10% fetal bovine serum.

The inhibition of cell growth caused by collagen fibrils in

three-dimensional collagen matrix at a high density of cell

collagen fibril interaction sites per cell was found, not due

to direct cell-cell contact inhibition, not due to repression

of general cellular activity, not due to reduction of
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diffusion of nutrients including growth factors, nor due to

masking of growth factor-receptor as shown in Chapters III and

IV. Characteristics of this quiescent state of the fibroblasts

cultured in the contracted collagen gel were clearly

demonstrated in terms of the mitogenic responsiveness to

growth factors. Quiescen t fibroblasts in contracted collagen

gel were stimulated in growth only by PDGF, but not by EGF,

b-FGF and TGF-B. This result demonstrates that collagen

fibrils at a high density of cell-collagen fibril interaction

si tes per cell completely prevent the intracellular signal

transduction pathway of growth factor stimulation except for

PDGF.

Our study of the inhibition of normal fibroblast

proliferation in contracted collagen gel (Chapters III and IV)

leads to another hypothesis. It is that the high density of

collagen fibrils in contracted collagen gel, resulting in a

high level of interaction between a cell and collagen fibrils,

is the major reason for the growth inhibition and the strong

suppression of mi togenic responsiveness to grololth factors. In

this respect, preliminary studies on human fibrosarcoma HT1080

cells are Iolorth referring to reinforce the hypothesis. Many

tumor cells not merely divide without anchorage but also fail

to make firm attachments to the extracellular matrix. It

reported that when fibroblasts from a chick embryo

transformed with v-s££, they secrete large amounts of

plasminogen acti va tor, which loosens their at tachments to the

culture dishes. When these cells were grown in the presence

of an antibody tha t blocks the acti vi ty of thi s protease, they

attach more firmly to the dish and, at the same time, become

more obedient to the normal social controls on cell

proliferation: instead of piling up in multiple layers, they

tend to stop dividing on reaching confluence (Sullivan and

Quigl y, 1986; Alberts et al., eds., 1989-a).

Thus, for these transformed cells, the formation of firm

attachments to the extracellular matrix seems to inhibit

growth. In the case of HT1080 cells, it has been reported
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tha the cells have the collagen-specific receptors (Wayner

and Carter, 1987). We have observed that HT1080 cells wi thin

collagen gel shovled attachment to collagen fibrils and

cellular shape similar to human dermal fibroblasts, but

collagen gel contraction by HT1080 cells was weak and the

growth rate of HT1080 cells was not repressed within collagen

gel or slightly contracting gel (Nishiyama et al., in

contribution). On the contrary, the growth of HT1080 cells

was inhibited in contracted collagen gel when cells were co

cuI tured wi th normal fibroblasts. In the co-culture, collagen

gel contraction was as marked as that by normal fibroblasts

alone. In the co-culture of HT1080 cells and normal

fibroblasts, firm attachments by large number of interaction

sites between cell and collagen fibrils might have been

formed, resulting in inhibiting proliferation of HT1080 cells.

The high density of collagen fibrils in contracted collagen

gel which is media ted through the fibroblasts, resulting in

large number of interaction sites between a fibroblast and

collagen fibrils, is a major reason for the new quiescent

state of fibroblasts in contracted collagen gel.

Three-dimensional organization of collagen fibrils

provides a potent solid-phase regulator for fibroblast

activi ties. The quiescent fibroblasts in the contracted

collagen gel may be useful as a research tool, comprising a

model system with a limited, specific signallng pathway, for

investigating cell growth regulation.
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Conclusion and Perspective

In the present thesis, a distinct characteristic of the

cellular behavior of human dermal fibroblasts within a three

dimensional matrix of reconstituted collagen fibrils was

demonstrated in comparison with the cells on a two-dimensional

surface of the rna tr ix. The dif ference was interpreted to be

due to the ubiquitous distribution and/or high density of

collagen-cell interaction sites on the entire surface of the

cell. The morphology, cytoskeletal organization, cell growth

rate and mitogenic responsiveness to growth factors were

closely correlated with each other. The influence from the

interactions between cell and collagen fibrils may have some

common signal transduction of the influence from collagen

fibrils. These initial sites must be collagen receptors in the

cell membrane. The present observations are essentially

identical as to regulatory effects of collagen matrix on

cellular activity, including the reduced protein and collagen

synthesis by the fibroblasts in the contracted collagen gel as

previously reported. From the evidence on direct action of

collagen fibrils to human dermal fibroblasts, three

dimensional organization of collagen fibrils provides a potent

solid-phase regulator for cellular activities.

In any case, flexibility of the collagen aggregates is

one of the important characteristics of this protein and the

collagen is a potent biomaterial not only just as building

blocks for construction of scaffold architecture of living

organisms but also as solid-phase regulators for multicellular

activities. It should be further pointed out that the

metabolic charcteristics of collagen, stable yet degradable,

might be important in designing multicellular architecture

analogous to living tissues and organs.
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