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Abstract

 

Morphogenesis is underpinned by orientated cell division, motility and growth. The substratum for migrating

cells 

 

in vivo

 

 comprises either extracellular matrix or the surfaces of adjacent cells and both are believed to inform the

dynamic behaviour of adherent cells through contact guidance. Collisions between migrating cells 

 

in vitro

 

 can induce

the phenomena of contact inhibition of locomotion and division, suggesting that their sensitivity to substratum-

derived cues may also be influenced by population density. In the present study dermal fibroblasts, which are

known to be motile in culture and are fundamental to the organization of the extracellular matrix, were used to

examine the influence of population pressure on the ability of substratum topography to induce contact guidance.

The findings suggest that sensitivity to substratum-derived morphogenetic guidance cues, as revealed by alignment

of cells to microtopography, is modulated by population pressure.
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Introduction

 

By far the majority of experimental evidence supporting

the notion that morphogenetic guidance cues may assist

the process of embryogenesis has been derived from

studies on cultured cells. One such cue, termed ‘contact

guidance’ by Weiss (1934), was deduced from observa-

tions that nerve fibres regenerating from explants

cultured in plasma clots tend to follow a course dictated

by fibrin micelles orientated in the direction of stress

within the clot. Attempts have been made to identify

 

in vivo

 

 corollaries for such mechanisms that may operate

during embryogenesis. For example, Stuart & Moscona

(1967) reported that a meshwork of aligned collagen

fibrils precedes the appearance of dermal papillae in

developing embryonic chick skin and they suggested

that the orientation of the meshwork influenced the

direction of dermal cell migration. Bard & Higginson

(1977) showed that fibroblasts align to an orthogonal

array of fibrillar collagen in the posterior stroma of the

developing chick cornea. Structures capable of guiding

cell movement have been suggested to be important in

chick heart (De Haan, 1963), neural crest cell migration

in avian embryos (Newgreen, 1989) in teleost fin (Wood

& Thorogood, 1984, 1987), in guidance of primordial

germ cell migration in early embryogenesis (Wylie et al.

1979), and in the establishment of retino-tectal specificity

(Horder & Martin, 1979). In the context of CNS develop-

ment it has been reported that glial cell progenitors and

oligodendrocytes within the optic nerve may be guided

by fasciculated axonal topography within developing

nerve trunks (Webb et al. 1995) and that developing

neurons appear to ‘ride the glial monorail’ (Hatten, 1990).

The extent to which substratum-derived mechanisms

have a role in the developing nervous system has received

considerable experimental attention. Lofberg (1976)

reported a conspicuous orientation of collagen fibrils

on the surface of axolotyl neural tube and which would

serve to guide neural crest cells. However, Dunn (1971)

suggested that for neurites emerging from chick dorsal

root ganglia cultured in plasma clots that contact guid-

ance was not of prime importance for non-fasciculated

outgrowths. Instead, Dunn (1971) suggested that contact

inhibition of neurite extension, more specifically perhaps
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lateral extension, dictated the radial pattern of neurite

outgrowth from ganglia explant cultures. The first

observation, which would now be termed contact

inhibition of locomotion in motile cells, was reported

by Loeb, 1921) in studies of cultured 

 

Limulus

 

 ameo-

bocytes. However, that cultured fibroblasts also exhibit

contact inhibition of locomotion was first demon-

strated by Abercrombie & Heaysman (1954), who later

reported that other cells behaved similarly (Abercrom-

bie & Ambrose, 1958). Detailed analysis of radial cell

migration taking into account the number of cell–cell

contacts indicated that the incidence of centrifugal

migration increases with the frequency of contacts

(Abercrombie & Heaysman, 1966).

It is unlikely that individual morphogenetic guidance

cues would operate independently in steering cell

division and migration during embryogenesis. More

plausible is the notion that cell movements during

development are choreographed by multiple cues

acting in concert, interacting either synergistically or

antagonistically and with spatio-temporal interdepend-

ency. Indeed, that this may the case has been demon-

strated in several reports on cell orientation in response

to the interactions between different types of guidance

cue in cell culture, the conclusion from which must

be that morphogenetic guidance cues acting in parallel

may constitute a complex, highly integrated system for

controlling aspects of development. Human skin cells in

culture are known to have variable alignment and motility

responses to substratum microtopography, with vari-

ation between different cell types and in their responses

to variation in the dimensions of the surface features

(Sutherland et al. 2000a,b,c). In the present report we

present evidence to suggest that population pressure

also affects the propensity for human dermal fibro-

blasts in cell culture to exhibit contact guidance in

response to substratum microtopography.

 

Materials and methods

 

Skin samples were obtained with informed consent

from patients undergoing elective surgery at Bradford

Royal Infirmary and Airedale District General Hospital

after gaining local research ethics committee approval.

Given the paucity in supply and the intrinsic value of

the material, all available specimens were included in

this study, the majority being derived from patients

aged 18 years and over undergoing auriculoplasty,

abdominoplasty and mammoplasty.

All reagents were purchased from Sigma Chemical

Company (Poole, UK) unless otherwise specified. After

rinsing briefly to sterilize in 70% ethanol/30% MilliQ

water, the skin samples were washed three times in

Ca

 

2+

 

/Mg

 

2+

 

-free Hanks balanced salt solution (HBSS)

containing 100 units mL

 

−

 

1

 

 penicillin and 100 

 

µ

 

g mL

 

−

 

1

 

streptomycin. Using a sterile technique, the epidermis

was raised and small pieces of tissue trimmed off, leav-

ing behind as much connective tissue as possible. For

fibroblast culture, after washing thoroughly in HBSS

the dermis was macerated using a scalpel blade. The

macerate was transferred into 75-cm

 

3

 

 tissue culture

flasks (Dow Corning) with 8 mL of serum-containing

media and inverted. The flasks were incubated at 37 

 

°

 

C

for 48 h before being turned the correct way up and

cultured as normal for sufficient time to allow cells to

migrate from the macerate onto the tissue culture plate

and to achieve confluence. Occasionally this required

periods of up to 6 weeks to complete. Normal growth

media for dermal macerate and isolated fibroblasts was

25 m

 

M

 

 Hepes-buffered Hams F10 supplemented with

20% fetal calf serum, 100 units mL

 

−

 

1

 

 penicillin and 100

 

µ

 

g mL

 

−

 

1

 

 streptomycin. Serum concentration was reduced

to 5% after passage 1. Experiments were carried out in

triplicate and analysis of motility was done after 24 h.

Several culture substrates were produced to test cell–

surface interactions. These were either planar substrata

or topographic substrata fabricated in fused silica using

photolithographic and electron-beam lithographic

methods, followed by reactive ion etching as described

previously (Britland & McCaig, 1996; Rajnicek et al. 1998).

The range of dimensions of the electron-beam multiple-

grooved substrates were 1, 2 and 4 

 

µ

 

m pitch at depths

of 27, 110, 460 and 1000 nm. Sets of gratings were

produced using standard photolithographic methods

with dimensions of 5, 10, 25, 50 and 100 

 

µ

 

m pitch and

with depths of 44, 380, 780, 1300 and 3400 nm. All sub-

strates were derived by adsorption of serum proteins

from culture medium for 1 h prior to cell plating. Cells

from stock were obtained by enzymatic detachment

from culture flasks and reseeded onto test surfaces

at 1 

 

×

 

 10

 

4

 

 mL

 

−

 

1

 

 in normal culture media for low-density

cultures or 2.5 

 

×

 

 10

 

5

 

 mL

 

−

 

1

 

 to obtain confluent cultures.

Analysis of cell alignment was carried out after a further

24 h to allow cell adhesion and spreading. Cultures were

viewed using inverted phase-contrast optics (Nikon

PSM-2120 and Olympus CK40) and photographed

using CCD cameras (Nikon CB-230 H and Kodak DC290).

Analysis of cell alignment was carried out on living cell
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populations using phase-contrast optics using an eyepiece

360

 

°

 

 protractor graticule taking in six fields of view

per device. Individual cells were scored as aligned if the

long axis of the cells deviated less than 10

 

°

 

 from parallel

with the orientation of the underlying topography.

Statistical evaluation of alignment data was carried out

using a 

 

χ

 

2

 

 test (Wardlaw, 2000).

 

Results

 

In healthy cultures fibroblastic cells normally adhere and

spread on suitable substrata in less that 6 h (Fig. 1A).

Although cells retain mitotic capability in culture, the

actual rate of cell division is influenced by many factors

such as the age of the donor and the level of passage.

Typically these parameters in the present experiment

were such that variation in the rate of cell division

between the time of plating and the point at which

analysis of alignment was commenced was of minimal

consequence. In high-density cultures cells can become

confluent and progress to become stratified (Fig. 1C),

becoming mutually aligned but not in relation to any

obvious substratum features. This is similar to cells that

migrate from the dermal explants during the initial

culture protocol, but here there is alignment that has

directional persistence away from the explant itself

(Fig. 1B). Interestingly, different layers in stratified

fibroblast cultures often have a mutually opposed

pattern of alignment (Fig. 1C). The degree of cell align-

ment in low-density cultures was dependent on both

groove width and groove depth – the proportion of

aligned cells generally increased with groove depth for

all widths (Fig. 2, 

 

χ

 

2

 

 = 

 

P <

 

 0.01). However, for these cells,

an increase in alignment for all groove widths was most

conspicuous for submicrometre depth devices. Cells within

confluent cultures were consistently more responsive

to substratum topography, particularly for devices

less that 1 

 

µ

 

m in depth. Unless there was already near

complete alignment, cells in confluent populations

and therefore under greater population pressure were

guided more effectively by shallower topography

than cells comprising lower density cultures (Fig. 3). For

structures 1 

 

µ

 

m deep and greater the majority of

cells were aligned at all widths in both low-density and

confluent cultures.

 

Discussion

 

The present study has demonstrated that cell–surface

interaction, of a type that is mainly referred to as

contact guidance, is modulated by the extent of physical

contact between cells. Whether this pattern of behaviour

reflects a fundamental difference in cellular reactions

to their surroundings, for example differential gene

expression between the low-density and confluent

cultures, or whether these trends could be resolved on

the basis of statistical probability is worth further

consideration. Elimination of either possibility is beyond

the scope of the data presented but it is reasonable to

conclude that cells are capable of different behaviours

Fig. 1 Phase contrast photomicrographs 
illustrating human dermal fibroblast 
morphology in P1 primary culture. In 
low-density culture (A) cells are not 
orientated in relation to each other, 
do not tend to cluster and most often 
adopt a multipolar morphology. Cells 
emanating from explants of dermis are 
crowded together and migrate radially 
outwards across the culture substratum 
(B). Fibroblasts in confluent monolayers 
are similarly crowded and tend to 
exhibit a parallel alignment, often 
becoming stratified into separate 
cellular layers whose orientation is often 
mutually perpendicular (C). Scale bar on 
A = 50 µm, and B and C are at the same 
magnification.
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in response to what amounts to only subtle variations

in microenvironment conditions.

Variation in alignment responses of cells to substratum

topography has been reported previously in cells derived

from immortalized lines. MDCK epithelial cells grown

on similar substrata to that used here only aligned to

the underlying topography when solitary, i.e. when

physically isolated from other cells (Clark et al. 1990).

This tendency for isolated cells to align to substratum

topography was diminished to a large extent when the

cells congregated in clusters (Clark et al. 1991), with the

cells also assuming a different morphology irrespective

of whether they resided on micrometre-scale surface

features or finer. This is opposite to the present findings,

where sensitivity to substratum shape was heightened

by the proximity of other cells. Although there are

differences between the two studies in terms of the

precise dimensions of the substratum features and

differences in culture conditions, this dissimilarity never-

theless points to the fact that epithelial and fibroblastic

cells are programmed to respond differently to similar

circumstances. The origin of these differences in behaviour

may have a molecular genetic basis in that both cells

are programmed to behave in a unique way to similar

circumstances. A key difference here may relate to MDCK

and other epithelial cells normally existing as colonies,

whereas, in the context of the present study, fibroblasts

 

in vivo

 

 are usually solitary and are known to exhibit

contact inhibition, a manifestation of avoidance of

population pressure. The heightened sensitivity of the

fibroblasts to substratum shape is consistent with their

propensity to display alignment only in stratified cultures

where substratum topography appears to have a

contributory role, but is derived from the proximity of

neighbouring cells. This relationship between population

pressure and alignment could have functional significance,

Fig. 2 Line graphs illustrating the proportion of cells aligned to the underlying linear substratum microtopography within low-
density and confluent cultures. Graphs A and B represent confluent cultures, C and D low-density cultures, and each displays 
alignment data for cells cultured on sets of grooves of increasing pitch and also increasing depth. Population pressure can be 
seen to exert maximum influence on alignment of cells on narrower grooves with depths between 380 and 1300 nm. On the 
narrowest grooves most cells in low-density cultures were insensitive to gratings 27 nm depth, but at confluence 25% of cells were 
aligned to the substratum.
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especially as it recognized that tissue regeneration

during wound healing, for example, is underpinned by

orientated cell division and migration (Clark, 1996).

Other studies on primary porcine epithelial cells

similarly reported variable responses of single, pairs

and clusters of cells to substratum topography (Oakley

& Brunette, 1995). For dermal fibroblasts, alignment

to the substrata serves as a predictor for orientated

motility (Sutherland et al. 2000a,b,c). Interestingly, the

general principles of cell migration originating from

studies on tissue explants cultured in clotted plasma and

lymph at the beginning the last century (Harrison, 1912;

Loeb & Fleischer, 1917), suggesting that ‘cells tend to

follow the path of least resistance’, are not contradicted

by the results of this study.

Since Weiss (1934, 1945) first suggested the term ‘con-

tact guidance’ to describe the migratory movement

of cells, attempts to unravel the precise nature of cells’

interactions with the physicochemical properties of

their substrata have continued unabated. The advent

of microelectronics fabrication technology allowed the

production of culture substrates incorporating guidance

structures with meaningful and relevant dimensions

for cells of both topographic and chemical nature

(Curtis & Clark, 1990). Curtis & Clark (1990) specifically

addressed the issue of density-dependent responsive-

ness of cells to substratum topography, concluding that

it was a significant modulatory factor. The range of

model culture substrata incorporating topographic cues

(Flemming et al. 1999) and chemical heterogeneity

(Ito, 1999) that have been employed in examining the

phenomenon of contact guidance is now immense. Contact

guidance represents only one of several substratum-

related and other microenvironmental mechanisms that

are thought to influence cell motility. Evidence is accu-

mulating that such processes are relevant 

 

in vivo

 

 and

may include chemotaxis (Zicha & Dunn, 1995) and

chemokinesis (Horikawa et al. 1995), haptotaxis (Carter,

1965; Brandley & Schnaar, 1989; Koivisto et al. 1999),

galvanotaxis (McCaig, 1986), and indeed population

Fig. 3 Phase contrast micrographs 
illustrating the effect of population 
density on alignment responses of 
fibroblasts. The micrographs are in pairs 
illustrating the same substratum but 
with analysis of alignment carried out 
on low-density and confluent cell 
cultures. A and B = 110 nm depth × 2 µm 
pitch, C and D = 780 nm depth × 25 µm 
pitch, E and F = 780 nm depth × 50 µm 
pitch. A, C, E, confluent cultures; B, D, 
F, low-density cultures. Scale bar on 
A = 100 µm, and the other images are at 
the same magnification.
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pressure (Abercrombie & Gitlin, 1965) and surface rough-

ness, termed rugophilia (Rich & Harris, 1981; Chehroudi

& Brunette, 1995). Recent reports have suggested that

cells also exhibit orientation responses to variation in

surface rigidity, termed durotaxis (Lo et al. 2000; Wang

et al. 2001), and extraneous extracellular tensional forces

(Vandenburgh, 1988; Eastwood et al. 1998).

It is noteworthy that a small number of studies have

reported a hierarchical nature for the influence of

separate guidance cues on cell alignment and motility

when applied simultaneously (McCaig, 1986; Britland

et al. 1996; Britland & McCaig, 1996), and the molecular

genetic responses of cells to dual cues such as contact

guidance and mechanical stimuli (Mudera et al. 2000).

Furthermore, it has been shown that population

pressure can affect cell–cell interaction in a manner

that affects normal growth patterns by a mechanism

termed ‘topoinhibition’ (Dunn & Ireland, 1984). The

introduction of laminar flow of media across cells in

culture, which could also be considered a morphoge-

netic guidance cue, reduces topoinhibition, which in

turn suppresses cell growth mainly at the upstream end,

probably by reducing the concentration of available

growth factors.

The integration of the influences on motility extends

beyond substratum-derived cues to include trophic

factors. Ware et al. (1998) reported that epidermal

growth factor alters the rate of fibroblast migration

and directional persistence reciprocally and that this

relationship is altered according to the physicochemi-

cal properties of the substratum, similar to the variable

orientation responses of extending 

 

Xenopus

 

 neurites

on different substrates (Rajnicek et al. 1998). However,

it is worth noting that by far the majority of all research

reports relating to the concept of contact guidance

have involved studies on cell lines or often a single

primary cell type derived from an animal model. By

comparison, there has been a paucity of reports con-

cerning even contact guidance in human-derived cells.

The weight of experimental evidence at present appears

to support the notion that at the cellular level develop-

ment may be influenced, in part, by the nature of the

cell–substratum interaction. Given that several other

putative morphogenetic guidance cues have been shown

to modulate cells’ reactions to their substratum, it is

possible that synergistic and hierarchical interactions

within this system of guidance cues forms the basis of

a highly integrated control system for cell movement

and positioning during development.
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