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instrument for the study of a variety of medical and biological
questions.
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The effect of growth factors such as fibroblast growth
factor on the production of a basement lamina by cul-
tured endothelial cells has been investigated. The ability
of these cells to grow and differentiate properly corre-
lated with their ability to produce a basement lamina.
The effect of such a substrate on the growth, differentia-
tion, and aging of cells in vitro, as well as its use for the
long-term culture of either normal diploid cells or tumor
cells, is reviewed.
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Abbreviations:

BL: basal lamina

EGF: epidermal growth factor

FGF: fibroblast growth factor

HDL: high-density lipoprotein

LDL: low-density lipoprotein

HMG CoA: 3-hydroxy-3-methylglutaryl coenzyme A
NGF: neurite growth factor

PDGF: platelet-derived growth factor

Rat-1: normal rat fibroblasts

SDS: sodium dodecyl sulfate

Cell migration and growth in vivo are the result of a complex
balance of interactions among cells and between cells and their
substrate. Those interactions which combine to modulate the
cell shape may either permit or prevent cell proliferation and
differentiation [1]. Following its original proposal by Grobstein
[2], a role for cell-substrate interactions in the control of cell
proliferation, morphogenesis, and gene expression has been
amply demonstrated (for review, see [3]).

During the whole of embryogenesis, as well as in neonatal
and adult life, an intact basement-lamina (BL) scaffold is re-
quired for the maintenance of orderly tissue structure [4]. By
its presence it defines the spatial relationships among similar
and dissimilar types of cells and between these cells and the
space occupied by connective and supportive tissues. Replace-
ment of cells which have died during their terminal differentia-
tion or have been damaged by injury occurs in an orderly way
along the framework of the BL [4]. This process seems to be
aided by the polarity of the BL and by an apparent specificity
for cell types. It enables multicellular organisms to reconstitute
histologic structures of most tissues and organs to what they
were prior to loss of cells. If the BL is destroyed, the healing in
most tissues results in scar formation and loss of function [4].

In this short review, we outline our present knowledge of the
effect of growth factors, fibroblast growth factor (FGF) in
particular, on BL formation and the effect of the latter on cell
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growth, differentiation, and aging. The use of such a substrate
for the long-term culture of normal diploid cells or tumor cells
is also described.

FIBROBLAST GROWTH FACTOR: EFFECT ON CELL
PROLIFERATION, DIFFERENTIATION, AND
SENESCENCE

The biological effects of FGF in vitro can be seen with respect
to cell proliferation, differentiation, and senescence. Both pi-
tuitary and brain FGF have been shown to be mitogenic for
mesoderm-derived cells [5] and have been used primarily to
develop new in vitro endothelial cell lines, particularly of vas-
cular and corneal origin.

FGF can also affect the phenotypic expression of some cell
types. This is a particularly interesting characteristic of FGF,
since it has made possible the long-term culturing of various
cell types which otherwise rapidly lose their normal phenotypes
in culture when passaged repeatedly at low cell density. This
biological effect of FGF has been best studied using vascular
endothelial cell cultures cloned and maintained in the presence
of FGF and then deprived of it for various time periods [6,7].

Vascular endothelial cells grown and passaged serially in the
presence of FGF adopt, upon reaching confluence, the mor-
phology of a polarized-cell monolayer composed of tightly
packed and flattened cells (Fig. 1). This cell layer shows, as it
does in vivo, an asymmetry of cell surfaces. The apical cell
surface is nonthrombogenic, while the basal cell surface is
involved in the synthesis of a highly thrombogenic basal lamina
composed of interstitial collagen type III and basement-mem-
brane collagen types IV and V [7]. Two glycoproteins involved
in cell adhesion, laminin and fibronectin, are associated with
the BL produced by vascular endothelial cells [8] and are
absent from their apical surface.

In contrast, when low-cell-density cultures are passaged re-
peatedly in the absence of FGF, they lose within three passages
their ability to form a confluent monolayer of closely apposed
and flattened cells. Instead, the cultures adopt a multilayer
configuration consisting of large and overlapping cells that are
no longer polarized [7]. Parallel to these changes in cell mor-
phology, a loss of cell-surface properties and polarities is ob-
served. Both the apical and basal cell surfaces become covered
by an extracellular matrix composed predominantly of intersti-
tial collagen types I and III together with lesser amounts of
basement-membrane collagen types IV and V [7,8]. Fibronectin,
which in cells expressing their proper phenotype cannot be
detected in the apical surface of cells, became present when
cells started to express an aberrant morphology [7,8]. These
observations suggest that vascular endothelial cells maintained
in the absence of FGF exhibit, in addition to a much slower
growth rate, morphologic and structural alterations that pri-
marily involve changes in the composition and distribution of
their BL [7]. These changes result in no less than the loss of
the expression of the differentiated phenotype, since cells are
no longer contact-inhibited and have a thrombogenic apical cell
surface. Vascular endothelial cell cultures can regain their char-
acteristic phenotypic expression if sparse or subconfluent cul-
tures previously maintained without FGF are reexposed to it
[6]. It may therefore be concluded that FGF stabilizes and can
reestablish the phenotypic expression of vascular endothelial
cells.

FGF can also significantly delay the ultimate senescence of
cultured cells, as well as their ultimate differentiation. Thus
addition of FGF of myoblast cultures delays their fusion and
myotube formation [11]. In the case of granulosa cells, addition
of FGF to either a clonal strain of granulosa cells or to mass
cultures can extend their lifespan in culture from 10 to 60
generations [11]. Adrenal cortex cell lines cloned in the presence
of FGF show a similar dependence during their limited in vitro
lifespan, and removal of FGF from the culture medium results
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Fic 1. A, Monolayer of vascular endothelial cells grown in the
presence of 10% calf serum and 100 ng/ml FGF. The cells are closely
apposed and have their borders stained with silver nitrate (phase
contrast; reduced from X150). B, Morphologic appearance of confluent
cultures of vascular endothelial cells as seen by scanning electron
microscopy. The cell-surface area is 200 to 300 pm®.

not only in a greatly extended doubling time, but also in rapid
senescence [11]. In the case of vascular and corneal endothelial
cells, FGF has been shown to extend the lifespan of the cultures
greatly. The effect is best observed with corneal endothelial
cells passaged at low cell density, which have a lifespan of 20 to
30 generations in the absence of FGF and one of 200 generations
in its presence [10].

In summary, the following effects of FGF have been observed
with various cell types: It allows cells to survive and grow at
the low densities required for cloning; it increases the rate of
cellular proliferation; it stimulates cell migration; and it stabi-
lizes their phenotypic expression and extends their “in vitro”
lifespan. All these effects correlate with the ability of the cells
to produce a BL or extracellular matrix.

THE BASEMENT LAMINA (BL) AND ITS EFFECT ON
CELL PROLIFERATION

The BL is an organized complex of collagens, proteoglycans,
and glycoproteins, all interacting to produce a highly stable
structure of whose area only a very small portion is in contact
with the cell surface. Elucidation of the components of the BL
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involved in controlling cell proliferation either in vivo or in
vitro has been made difficult mostly by its intricate nature.
Because the correct in vitro reconstruction of the BL from its
isolated native components into the highly ordered structure
that it represents would be a formidable task, advantage was
taken of the fact that cultured corneal endothelial cells have
the ability to produce, underneath their basal surface, a thick
BL t.hat adheres strongly to plastic [12] (Fig. 2). This matrix
consists of elastin, basement-membrane collagen types IV and
V, and interstitial collagen type III. Also present are proteogly-
cans, composed of heparan sulfate and dermatan sulfate pro-
teoglycans, and glycoproteins such as fibronectin and laminin
[8]. This last glycoprotein has been reported to be a specific
marker for BL [13]. Therefore, the matrix synthesized and
se.cret‘ed by endothelial cells in culture conforms to the chemical
criteria of a BL, as well as to the biological criterion, which is
to serve as the substratum upon which cells migrate and divide
in vivo.

THE IDENTIFICATION OF GROWTH-PROMOTING
AGENTS FOR NORMAL DIPLOID CELLS
MAINTAINED ON BASEMENT LAMINA INSTEAD OF
PLASTIC

. Conventional tissue-culture techniques make use of falcon-
ized plastic dishes as a substrate for cultured cells. Since plastic
cpuld adversely affect the proliferation and phenotypic expres-
sion of various cultured cell types, we first sought to determine
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if maintaining normal diploid cells on BL-coated dishes could
improve their growth rate and differentiation. Previous studies
[9,10] have shown that corneal or vascular endothelial cells
passaged repeatedly at low density in the absence of FGF have
a declining growth rate. This correlates with morphologic and
structural alterations caused primarily by changes in the com-
position and distribution of the BL [9,10,12]. The possibility
therefore arose that the matrix produced by these cells could
have an effect on their ability to proliferate and to express their
normal phenotype at confluence.

This was analyzed by comparing the growth of vascular
endothelial cells seeded at low density on plastic with that of
those seeded on BL-coated dishes [14]. Regardless of the initial
seeding density, cells maintained on BL and exposed to plasma-
supplemented media divided extremely rapidly (average dou-
bling time 18 hours) and expressed their proper phenotype once
confluent, even in the absence of exogenously added FGF. In
contrast, similar cultures maintained on plastic and exposed to
plasma proliferated poorly (average doubling time 48 to 72
hours) and required FGF if they were to become confluent. A
similar observation was made for various other cell types that
required FGF in order to show an optimal growth rate when
maintained on plastic and exposed to either serum or plasma
(Table I).

Although one might have thought that the BL has a direct
mitogenic effect on the cells similar to that of FGF, this was
shown not to be the case, since the rate of proliferation of these
various cell types maintained on BL-coated dishes was a direct

Fic. 2. Scanning electron micro-
graphs of denuded basement lamina
(BL) produced by confluent bovine cor-
neal endothelial cells. (1) Schematic il-
lustration of the BL after removal of the
cell monolayer. The cell monolayer was
removed following exposure to 20 mM
NH,OH, as described elsewhere [19,
40,41]. The plate was then scratched
with a needle in order to detach the BL
from the plastic locally. Scanning elec-
tron micrographs were taken in the area
where the BL was folded: (A) was the
side that was originally attached to plas-
tic; (B) is the fracture edge; (C) is the
side on which cells were originally at-
tached to the BL. (2) Low-power (x200)
scanning electron micrograph of the BL.
The plastic (p) has been exposed, and
the trace of the needle running through
the BL (ecm) and the denuded plastic
can be seen: (A) was the BL side origi-
nally attached to the plastic, while (C)
was the side on which cells were origi-
nally attached. This side is pitted, the
pits corresponding to cell processes en-
tering into the BL. These pits were prob-
ably the sites where the cells were origi-
nally anchored to the BL. (B) The BL
can be observed at a higher magnifica-
tion (x3000). The fracture edge of the
BL (B).can be seen, as can the transverse
section (arrow) of a pit in which a cel-
lular process was present before denu-
dation. The BL side to which the cells
were attached is covered with numerous
small empty pits. (4) High magnification
(x8000) of side of BL previously at-
tached to plastic showing a corrugated
pattern.  (5) High  magnification
(x14,000) of the BL fracture edge, show-
ing its lamellar structure. (6) High mag-
nification (x16,000) of the BL side to
which cells were previously attached,
showing its fibrillar appearance. Two
small empty pits can be seen distinctly.
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TaBLE L. Growth factors requirement for the proliferation of normal diploid and transformed cells maintained on basement-membrane-
coated dishes and exposed to defined medium

Insulin or somato C

FGF or EGF

Transferrin

HDL (};{,]ﬂ)rotem/ g el (ng/m) lug/m) Reference

Normal diploid cells:

Vascular endothelial cells 500 — — — — 10 [16]

Corneal endothelial cells 250 2500 100 100 50 10 [17]
Vascular smooth-muscle cells 250 2500 100 100 50 10 [19]
Granulosa cells 30 1000 100 100 50 10 [20]
Adrenal cortex cells 30 50 10 100 — 5 [21]
Lens epithelial cells 250 2500 100 100 — 10 [18]
Kidney tubule cells 500 — — — — 10 [30]
Embryo fibroblasts (Rat-1) 500 5000 — - 25 25 [34]
Transformed cells (Tumor):

A-431 Carcinoma 500 — — — Toxic 10 [11,33]

Colon carcinoma cells 500 — — — — 10 [11,33]

Ewing sarcoma cells 500 — — — — 10 [11,33]

Rhabdomyosarcoma 500 — — — — 10 [11,33]

MDCK (kidney-derived) 500 — — — — 10 [11,30]

B-31 cell line 1000 — — — — 25 [34]

function of the plasma concentration to which cells were ex-
posed [12,14]. It is therefore likely that the final effect of the
BL on cell proliferation is a permissive one that results in an
increased cell sensitivity to plasma factor(s).

Among the plasma factors that could be held directly or
indirectly responsible for the active proliferation of these var-
ious cell types are plasma lipoproteins [12], insulin or somato-
medin C, and epidermal or fibroblast growth factor. Preliminary
studies demonstrated that transferrin, the main iron-carrying
protein in the bloodstream, had to be present, as with most cell
types studied to date, if cells were to respond to plasma factors.
This absolute requirement for transferrin could either reflect
its role in delivering iron to the cells or its ability to detoxify
the medium by removing toxic traces of metals [15].

In addition to transferrin, the plasma-factor requirements of
the various normal diploid cells analyzed fell into three broad
categories. The first category, represented by vascular endothe-
lial cells, required only the presence of high-density lipoproteins
(HDL) in order to proliferate actively [16]. The second category,
to which corneal endothelial cells, lens epithelial cells, and
vascular smooth-muscle cells belong, required, in addition to
HDL, the presence of insulin or somatomedin C, as well as that
of EGF or FGF [17-19]. For both these categories, HDL are
the main mitogenic factor, since in their absence, cells could
not be triggered to divide when exposed to transferrin, insulin,
somatomedin C, and FGF, or EGF added alone or in combina-
tion. The third category was represented by steroid-producing
cells, such as adrenal cortex or ovarian granulosa cells. Both
these cell types showed only a minor response to HDL, which
at concentrations above 50 pg protein per milliliter became
cytotoxic [20,21]. Instead, insulin was the main mitogenic factor
for both granulosa and adrenal cortex cells, and although ad-
dition of HDL and EGF or FGF improved the final cell density
of the cultures exposed to a defined medium, the improvements
were slight.

The substrate upon which cultures were maintained was
found to be of crucial importance if a significant response to
HDL or insulin (depending on the cell type) was to be observed,
since it was not observed with cells maintained on plastic dishes.
This suggests that in vivo, the integrity of the BL upon which
cells rest and migrate is an important factor in determining the
cells’ response to lipoproteins and insulin-like activity present
in plasma [12,16].

Although FGF had only a minor mitogenic effect on cells
maintained on BL and grown in defined media, its biological
effect on cell longevity could still be observed. This was partic-
ularly evident in the case of corneal endothelial cells, which,
when exposed to HDL, insulin, and transferrin, had a lifespan
in culture of 20 generations. This could be increased to 85
generations by the single addition of FGF [16]. Similar obser-
vations were made with lens epithelial cells [17].

One important conclusion from these studies is that cells in
culture seem to respond to growth-promoting agents that gov-
ern their proliferation early in their ontogeny. This conclusion
can be reached on the basis of a comparison of the growth
requirements of bovine corneal endothelial cells and vascular
endothelial cells maintained and passaged in total absence of
serum. While one might expect that both cell types would have
the same growth requirements (HDL and transferrin), corneal
endothelial cells additionally required the presence of insulin
and EGF in order to grow an optimal rate (Table I). Their
growth requirements are therefore similar to those of vascular
smooth-muscle cells and demonstrate that endothelial cells
from different organs do not necessarily have similar growth
requirements. This may reflect their different embryologic
origins. Indeed, while the vascular endothelium is the first
tissue to develop in the embryo and is derived from the primary
mesenchyme [22], both vascular smooth-muscle cells from the
aortic arch [23] and corneal endothelial cells [24] develop later
and originate from the neural crest.

THE MODULATION OF 3-HYDROXY-3-
METHYLGLUTARYL COENZYME A (HMG CoA)
REDUCTASE ACTIVITY BY HDL: IMPLICATIONS
FOR THE GROWTH-PROMOTING ACTIVITY OF HDL

In the absence of HDL, vascular endothelial cells do not
divide, and both vascular smooth-muscle cells and corneal
endothelial cells no longer respond to the mitogenic stimuli
provided by insulin or somatomedin C and EGF or FGF. For
all three cell types, therefore, HDL can be described as the
main mitogen.

One possible mechanism through which HDL acts to support
cell growth could be mediated by its effects on the cholesterol
biosynthetic pathway. Cholesterol synthesis is primarily regu-
lated at the level of HMG CoA reductase, the enzyme respon-
sible for the synthesis of mevalonic acid [25]. The metabolism
of mevalonate occurs through three recognized synthetic path-
ways in addition to that resulting in cholesterol formation
[25]. A branch point exists at the level of the isopentenyl
pyrophosphate intermediate, which serves as the source of
isopentenyl tRNA. Downstream in the mevalonate pathway, at
the level of farnesyl pyrophosphate, another major branch point
exists, giving rise to pathways for the synthesis of ubiquinone,
a component of the mitochondrial electron-transport chain, and
the dolichols, long-chain polyisoprenols that participate in the
process of protein glycosylation. These three pathways together
account for only a quantitatively minor fraction of the total flux
of mevalonate metabolism, but they could well be important in
the control of cell proliferation. The role of mevalonate, rather
than of cholesterol itself, in cell proliferation was first recog-
nized when it was found to substitute for acetate in an otherwise
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acetate-requiring strain of Lactobacillus acidophilolus [26].
Interestingly, bacteria neither require nor synthesize choles-
terol, and the mevalonate, therefore, was used for the synthesis
of a nonsterol product.

Quesney-Huneeus and coworkers [27] found that compactin
could block the transit of synchronized BHK cells through the
S phase of their cell cycle (as measured by [*H]thymidine
incorporation into DNA). The compactin block could be re-
versed by the addition of mevalonate, but not cholesterol, in
the form of low-density lipoprotein (LDL). Later studies [28]
showed that isopentenyl adenine could duplicate the effect of
mevalonate, but not that of cholesterol donated by LDL. Thus,
although cholesterol itself is clearly of importance in cell pro-
liferation, products of the nonsterol branching pathways of
mevalonate metabolism may also be crucial.

When the effect of HDL on the vascular endothelial cell
HMG CoA reductase activity was analyzed, it was found to
affect this enzyme activity strongly [29]. In confluent cultures
exposed to optimal concentration of HDL, the basal activity of
HMG CoA reductase was increased 10-fold. This effect was
time- and HDL concentration-dependent and could be observed
as early as 3 hours after the addition of HDL to the cultures
[30]. HDL’s stimulation of HMG CoA reductase could be
prevented and reversed by LDL. This suggests that the stimu-
lation of HMG CoA reductase by HDL does involve HDL-
mediated cholesterol efflux, although other mechanisms may
be involved as well.

The HMG CoA reductase activity of sparse, actively growing
cultures was 50-fold greater than the enzyme activity of con-
fluent, nondividing cells. The enzyme activity of proliferating
cells, despite its unstable baseline, which declines with increas-
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ing cell density, was stimulated by HDL and inhibited by LDL.
Thus both sparse and confluent cells respond to HDL by
increasing their HMG CoA reductase activity, and they thereby
gain a greater capacity to synthesize mevalonate.

To study the possible coupling between HDL]s ability to
stimulate mevalonate proliferation and cellular proliferation,
the effects of compactin on sparse cells exposed to HDL and to
LDL were compared. HDL-treated cells were found to be 30-
fold more “resistant” to the toxic effects of compactin and were
capable of proliferating actively even when exposed to compac-
tin concentrations as high as 8 pM. In contrast, cells exposed to
both LDL and a low concentration (0.1 pM) of compactin died,
despite the ability of LDL to donate cholesterol to the cells.
The relative lack of cytotoxicity of compactin when cultures
were exposed to HDL correlated with a much higher HMG
CoA reductase activity than that observed in cultures exposed
to both LDL and compactin [29]. Similar effects of HDL on
HMG CoA reductase activity were also observed with MDCK
cells. The increased HMG CoA reductase activity of the cells in
response to HDL correlated with an even higher increase (100-
fold) in resistance to the cytotoxic effect of compactin (Fig. 3)
over the level seen with cells exposed to both LDL and com-
pactin. MDCK cells proliferate to a similar extent when exposed
to either HDL and transferrin or serum-supplemented mediums
and the addition of compactin to cultures already exposed to
HDL had no deleterious effect on the cells [30] (Fig. 4). In
contrast, when cells were exposed to LDL and transferrin-
supplemented medium, the addition of compactin killed the
cells, despite the availability of cholesterol donated to the cells
by LDL (Fig. 3).

One could therefore conclude that a relationship exists be-

Fic. 3. Effects of increasing concen-
trations of compactin on the viability
and proliferation of MDCK cells exposed
to HDLs and LDL. MDCK cells (4 x 10
cells/35-mm dish) were seeded onto
ECM-coated dishes in DME supple-
mented with transferrin (10 pg/ml) and
either HDLs (750 pg protein/ml; @) or
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LDL (250 pug protein/ml; O). Cultures in
both groups were also exposed to com-
pactin, at concentrations of 0.03 to 30
1M, or to compactin plus MVA (10 mM).
Cultures were counted 4 days after seed-
ing. The inset shows the same data nor-
malized to 100 percent of the control
(i.e., without compactin) values for cul-
tures exposed to HDLs and LDL, respec-
tively. Cultures exposed to HDLs in the
absence of compactin reached a final
density of 4.9 X 10° cells per dish. Cul-
tures exposed to HDLs and increasing
concentratons of compactin showed a
dose-related decrease in final cell den-
sity. At the 30 pM concentration of com-
pactin, the final cell density was 6.5 X
10* cells per dish. The concentration of
compactin that halved the final cell den-
sity was approximately 10 uM (see in-
set). The addition of MVA to cultures
exposed to 10 uM compactin increased
the final cell density from 55 to 90 per-
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cent of the control value. Cells exposed
to LDL reached a final cell density of 6.5
X 10* cells per dish, and final cell densi-
ties declined sharply as a function of
exposure to increasing concentrations of
compactin. The concentration of com-
pactin that effected a 50 percent de-
crease in final cell density was approxi-
mately 0.1 pM (see inset). MVA in-
creased the final cell density of cultures
exposed to 10 pM compactin from 9 to
67 percent of the control value.
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F16 4. Effect of a single concentration of compactin alone, or in
combination with HDLs or LDL, on the growth of MDCK cells. MDCK
cells (4 X 10" cells/35-mm dish) were seeded on ECM-coated dishes in
DME supplemented with 5% fetal calf serum (FCS; M), transferrin (10
pg/ml) plus HDLs (800 pg protein/ml) (T + H; @), transferrin, HDLs,
and 1 uM compactin (T + H + C; A), transferrin plus LDL (200 pg
protein/ml) (T + L; O), transferrin, LDL, and compactin (T + L + C;
A), or transferrin and compactin (T + C; ©). Cultures from each group
were counted daily for 7 to 9 days. Cell growth and final cell density
were optimal in the presence of fetal calf serum, but nearly optimal
growth was attained by cultures exposed to transferrin and HDLs. The
presence of 1 uM of compactin had a minimal effect on the growth of
cultures exposed to HDLs. The final cell density of cultures exposed to
T + H + C was 85 percent that of cultures exposed to T + H. Cultures
exposed to T + L proliferated for 4 days and then showed progressive
cell death. Cultures exposed to T + L + C never proliferated, and
progressive cell death was evident by day 2. Cultures exposed to T' + L
+ C never proliferated, and progressive cell death was evident by day
2. Cultures exposed to T + C did not grow and showed a relatively
constant cell density throughout the course of the experiment.

tween the ability of HDL to activate HMG CoA reductase and
its ability to support proliferation. It would also appear that
the significance of the increased rate of mevalonate synthesis
does not lie solely in an increased provision of cholesterol to
the cells, since cholesterol provided by LDL does not relieve
compactin’s toxicity, while HDL does. Therefore, the mevalon-
ate-derived metabolic products most crucial to proliferation
could be the products of the branching isoprene pathways that
vyield dolichol, ubiquinone, and isopentenyl adenine.

EFFECT OF BASEMENT LAMINA ON TUMOR CELL
ATTACHMENT, MIGRATION, AND PROLIFERATION

A central issue in tumor biology is the understanding of the
interactions between tumor cells and their environment. It is of
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interest in this regard to study the tumor cells’ interaction with
the BL, since this could throw light on the need for stromal and
fibroblastic support for tumor cell growth, on the ability of
tumor cells to reorganize their local environment in order to
grow and invade, and on the mechanisms through which various
artificial substrates that are introduced in vivo into an animal
result in the production of malignant mesothelioma and fibro-
sarcoma.

When the attachment of colon carcinoma cells and Ewing
tumor cells to BL-coated dishes was compared with that ob-
served on plastic, these cells were observed to attach firmly and
rapidly to the BL, but not to plastic dishes [31] (Fig. 5). The
rapid attachment of colon carcinoma cells and Ewing sarcoma
cells was shown in subsequent studies [32] to be mediated by
different adhesion factors present in the BL. While colon car-
cinoma cells attached through their interaction with laminin,
the Ewing cells interacted with fibronectin. The presence of
specific adhesion factors in BL, as well as the ability or inability
of tumor cells to produce and/or interact with such factors,
may therefore determine the localization of given tumor-cell
types to specific BLs.

After their initial attachment to the BL surface, cells were
observed to migrate rapidly out from cellular aggregates [31].
This rapid migration of cells that are in contact with a BL could
be relevant to tumor growth and invasiveness. Contact of the
tumor cells with a BL. may favor migration of tumor cells along
defined routes, and it is also likely that cell movement and its
velocity are controlled by alterations in the extracellular envi-
ronment and not solely by regulation of the locomotive machin-
ery itself. Migration of cells from aggregates may simply reflect
the much stronger adhesive forces between the cells and the
BL versus those existing between cells and plastic or among
cells associated in an aggregate. This migratory effect might
also be responsible in part for the stimulation of cell growth
observed in dishes coated with a BL versus plastic alone.

Since cell shape has been shown to be a major factor in
regulating cell growth, the growth rate of tumor cells plated on
plastic (spherical configuration) was compared with that of cells
plated on BL, which adopt a flattened morphology. Although
differences in growth rate were observed, both the Ewing and
colon carcinoma cells proliferated in either configuration [31].
This demonstrated that adhesion of the cells to the BL and
their subsequent flattening did not impose a restriction on their
ability to proliferate. On the contrary, when cells flattened out,
a stimulation of cell growth that depended on the cell type and
culture conditions was observed (Fig. 64, B). This was best
seen with Ewing sarcoma cells, since active proliferation of
attached cells was observed only in dishes coated with a BL.
This resulted in an infinite increase in the final density of cells
attached to such a substrate versus those attached to plastic
[31] (Fig. 6B). Cultured tumor cells can therefore proliferate
either when they are highly flattened and firmly attached to
the substrate or when they are in suspension. Cell adhesion to
the BL, however, results in a stimulation of cell growth, which
is best observed with cells growing in the anchorage-dependent
configuration, but not in the floating configuration, thereby
indicating a need for an actual contact between the cells and
the BL.

The observation that tumor cells will divide actively when
maintained on a BL triggered our interest in their growth
requirements. In most cases examined thus far (Table 1), we
found that tumor cells show a unique requirement for HDL
alone in order to proliferate actively [33]. Two mammary car-
cinoma cell lines (MCF-7 and ZR-75-1) were exceptions to this
rule in that they required insulin in addition to HDL in order
to proliferate actively [33]. Since it would be expected that
most of the tissues from which these tumor cells are derived
would have a sophisticated growth requirement, it is possible
that when cells become transformed, they can revert to a
primitive type of growth control in which hormones play a
minor part and HDL becomes the main plasma factor involved
in their proliferation. This was examined by looking at the
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F1e 5. Scanning electron microscopy
of colon carcinoma cells maintained in
tissue culture on either a plastic substra-
tum (A) or basement-lamina-coated
dishes (B). While on plastic, cells grew
as an aggregate that did not adhere to
the substratum (A ); when maintained on
basement lamina, the cells flattened and
grew as a monolayer (B).

Fic 6. Proliferation of Ewing’s sar-
coma cells when maintained on plastic
versus basement-lamina-coated dishes.
A, B, 10° cells in 2 ml DMEM containing
0.5% calf serum were seeded into each
plastic (O) or basement-lamina-coated
(A) 35-mm dishes. Duplicate cultures
were counted every day to determine the
number of floating cells (present in the
tissue-culture medium) and of cells that
are firmly attached (dissociated with
STV). A, Total cell number (floating plus
attached). B, Firmly attached cells. The
number of firmly attached cells was
higher than 80 percent of the total cell
number found in dishes coated with
basement lamina and lower than 10 per-
cent of the total cell number obtained on
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plastic. C, Ewing sarcoma cells (4 x 10*
cells) were seeded in total absence of
serum on 35-mm basement-lamina-
coated dishes and exposed to DME alone

-
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growth control of normal rat fibroblasts (Rat-1) before and
after transformation (B31 cells) by an avian sarcoma virus.
While the Rat-1 cells do require HDL, insulin, and EGF in
order to proliferate at an optimal rate, in the process of trans-

formation, their requirement for insulin and EGF was nearly -

lost and HDL alone was able to support their proliferation at
an optimal rate [34] (Table I). The substrate upon which cells
were maintained was also an important factor to consider if
tumor cells were to respond to HDL. This was best seen in the
case of Ewing cells, which when maintained on BL-coated
dishes responded to HDL by proliferating as actively as when
exposed to serum (Fig. 6C). Yet when the same cell type was
maintained on plastic and exposed to serum, the cells that
adhered loosely to plastic did not proliferate actively (Fig. 6B).
This suggests that in this configuration, they no longer re-
sponded to the mitogenic stimuli provided by serum HDL.

(A) or to DME supplemented with trans-
ferrin and HDL (O) or 10% fetal calf
serum (J) The concentration of transfer-
rin was 10 pg/ml, while that of HDL was
750 pg protein per milliliter. The stan-
dard deviation in different determina-
tions did not exceed 10 percent of the
mean.

EFFECT OF BASEMENT LAMINA ON THE
ATTACHMENT, MIGRATION, PROLIFERATION, AND
DIFFERENTIATION OF NERVE CELLS

The role of cell-substrate adhesion in the initiation, elonga-
tion, and branching of axons from either embryonic neurons or
from neuronal tumor cell lines has been the object of numerous
in vitro studies that have led to the conclusion that there is a
strong correlation between adhesion and enhanced neuronal
morphogenesis. Thus the adhesive interaction between the
nerve cells and their microenvironment could be a crucial part
of the initiation and elongation of neurons. Regulation of neu-
ronal morphogenesis may therefore be expressed in part
through the physicochemical properties of the interacting cell
surface and its extracellular environment [35]. However, in
most cases, the substrates considered have been artificial in
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nature, consisting of plastic, chemically modified surfaces (pal-
ladium, polyornithine, or polylysine-coated), collagen gels, and
the remains of killed nonneuronal cells and the substrate-asso-
ciated material produced by them.

The ability of cultured corneal endothelial cells to produce a
matrix similar to those found in vivo provides an opportunity
to study the properties of a natural substrate with regard to
nerve cell adhesion and the subsequent neurite initiation and
outgrowth. It also allows the study of how the response of nerve
cells to a trophic and chemotactic agent such as nerve-growth
factor (NGF) may differ from the response previously observed
when cells were maintained on various artificial substrates.

The rat pheochromocytoma cell line PC12, which shares
many properties with cultured sympathetic ganglion cells, was
selected to study the role of cell-substrate interaction in regu-
lating nerve cell attachment and neurite outgrowth. The advan-
tage of using PC12 cells instead of normal sympathetic cells is
that although these cells do not require NGF in order to survive,
they depend on it in order to initiate neurite outgrowth.

When the attachment of PC12 cells to BL-coated dishes and
plastic or collagen-coated dishes was compared, it was observed
that in contrast to collagen-coated or plastic dishes, cells at-
tached rapidly and tenaciously to BL-coated dishes. Following
cell attachment, cell spreading was observed, reflecting the
functional association of the cells with their substratum
[36,37].

After this initial cell spreading, neurite outgrowth occurred
within 24 hours. Even in the absence of NGF, cells were capable
of extending neurites for 5 to 10 days. In contrast, no neurite
outgrowth occurred on either plastic or collagen-coated dishes
unless NGF was present. It is therefore likely that the cell-
substratum interaction between PC12 cells and the BL is solely
responsible for this initial neurite outgrowth. However, the
presence of NGF is still required for the long-term maintenance
(over 10 days) and expression of new neurite outgrowth
[36,37]. This also suggests that NGF may be required not so
much for initiating neurite outgrowth as for stabilizing it.

The morphologic appearance of neurites from PC12 cells
maintained on BL-coated dishes in the presence or absence of
NGF was similar, with varicosities, branching, some fascicles,
and growth cones (Fig. 7). Even after 1 or 2 days, some neurites
in cultures not exposed to NGF could have a length greater
than 100 pum. Particularly interesting was the disposition on
both sides of some neurites of microspikes, which extended
from the neurite at regular intervals and appeared to staple it

Fic 7. Morphologic appearance of
PC12 cells maintained on BL in the pres-
ence or absence of NGF. A-C, Phase-
contrast micrographs of unfixed PC12
cells cultured on basement-lamina-
coated dishes in the absence of NGF for
3 days (A) and in the presence of NGF
for 3 days (B) and 13 days (C). D, E,
Scanning electron micrographs of PC12
cells on basement lamina in the presence
of NGF for 12 days. E, Arrows point to
(1) a varicosity in a neurite, (2) the end
of a neurite, (3) a branching point, and
(4) fine projections extending from a
neurite.
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to the substrate. A similar configuration of microspikes or
branchlets has been observed by Roberts [38] for actively
growing axons in vivo that move along the inner surface of an
epidermal BL.

Since most of the BL components can be found in soluble
form in the tissue-culture media of various cell types capable of
producing such a matrix, the cell adhesion and neurite out-
growth are similar to those found in the conditioned media of
various cell types. It is interesting to note in this regard that
the components of conditioned medium from heart cells, which
stimulate neurite extension, do so primarily when bound to the
substratum [39]. The mechanism of stimulation is unknown,
but it may be mediated by an enhanced adhesion between the
cell surface and the substratum.

Therefore, the adhesive interaction of nerve cells with the
BL produced by cultured corneal endothelial cells may not only
provide a model with which to study the trophic and chemo-
tactic effects of NGF on neurites developing on a natural
substrate, but may also prove to be useful for the development
in culture of neurons from the central nervous system, which
require intimate contact with glial cells for survival and growth.
Although the role of glial cells may be to provide trophic
factor(s), it is equally possible that they could provide a suitable
surface (such as extracellular material) for neuronal cell adhe-
sion and axon outgrowth.

NATURE OF THE BASEMENT-LAMINA FACTOR(S)
INVOLVED IN CELL ATTACHMENT AND CELL
PROLIFERATION AND DIFFERENTIATION

Little is presently known about the BL factor(s) that have a
permissive effect on cell proliferation and could restore the cell
response to plasma factors. These factor(s) could be either
intrinsic components of the BL or, since cells producing it are
grown in presence of medium supplemented with serum or
plasma and FGF, they could consist of as yet unidentified serum
or plasma factor(s), as well as of growth factors, such as FGF or
platelet-derived growth factor (PDGF), which have become
part of the structure during its formation of the BL, cellular
growth-promoting factors could be adsorbed onto it and be
responsible for its growth-promoting properties.

The possibility that adsorbed growth factors such as FGF or
PDGF are the active agents was eliminated on the basis of
inactivating treatment. Treatment of PDGF in the soluble or
attached configuration with reducing agents such as DTT re-
sults in its complete inactivation. Likewise, heat treatment of
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FGF also results in its total inactivation. Since neither reducing
agents nor heat treatment of the BL affects its ability to support
cell growth [40], it is unlikely that its growth-promoting ability
is due to traces of these factors adsorbed onto the BL.

Likewise, cytoplasmic factors that would have adsorbed to
the BL during the lysis process are not likely to be involved,
since denudation using treatment with 2 M urea, which results
in little or no cell death, yields BLs that are as potent in
supporting cell growth as those prepared by using either deter-
gent or weak alkali treatment [41]. The possibility that the
factors involved are derived from serum or plasma can also be
eliminated by the demonstration that BLs produced by corneal
endothelial cells growing in defined medium supplemented with
HDL, transferrin, and insulin are as potent in supporting cell
growth as BLs produced by cells growing in serum or plasma-
supplemented medium [41]. The sole remaining possibility is
that the factors involved in permitting cell growth are intrinsic
components of the BL. Among the various components that
have been analyzed for their ability to support cell growth are
interstitial (types I, II, and III) and basement-membrane (type
IV) collagen, as well as fibronectin. None of these components
alone promoted an increased rate of cell proliferation, and in all
cases, an aberrant morphologic appearance was observed, the
cultures being composed of large cells of which a high propor-
tion were binucleated.

The possibility exists that although no single BL component
is active in supporting cell growth, a cooperative effect between
components could result in such an effect. The intricate nature
of the BL is exemplified by the complex interaction of its known
components (collagen, glycoproteins, proteoglycans, and gly-
cosaminoglycans), which form a highly stable scaffolding upon
which cells rest in vivo. This complexity makes the reconstitu-
tion of this unique structure from its known constituents a
formidable task. The role that the various BL components play
in cell proliferation has therefore been investigated by indirect
methods that rely on selective inactivation by chemical, enzy-
matic, or heat treatments. Of all the treatments used, only three
were effective in inactivating the ability of BL to support cell
proliferation. Exposure of BL-coated dishes to 14 M NH,OH
(pH 13.8), which results in the cleavage of proteoglycoproteins
or glycopeptides at the O-glycosidic bond between the protein
and carbohydrate moieties, inhibited the rate of proliferation of
vascular endothelial cells by 97 percent. Likewise, treatment of
BL-coated dishes with 4 M guanidine-HCl, which extracts up
to 80 percent of the glycosaminoglycan, caused a 92 percent
reduction in cell growth. Treatment of BL-coated dishes with
nitrous acid (HNO,), which results in the degradation of
heparan or heparan sulfate into sulfated disaccharides and
nonsulfated oligosaccharides, affected cell proliferation by 90
percent and led to the release of **SO,-labeled macromolecules,
50 percent of which were disaccharides. Although the effect of
HNO, on intact BL is not known, its specific degradation of
isolated heparan and heparan sulfate could indicate that it has
a similar effect on BL, and this may correlate with its adverse
effect on the ability of that structure to support cell growth.
Chemical treatment of the BL with a reducing agent such as
dithiothreitol (from 0.1 mM to 100 mM) did not affect its ability

to support growth, nor did treatment with SDS (2%) or urea

(2 M or 8 M). Specific enzymatic treatment with collagenase,
pepsin, trypsin, chymotrypsin, or neuraminidase did not inhibit
cell proliferation. It is therefore doubtful that any of the sub-
strates of these enzymes plays a direct role in cell proliferation.
The lack of effect of either hyaluronidase or chondroitinase
ABC, as well as the presence of chondroitinase-resistant mate-
rial in extracts of BL that affect cell proliferation, would tend
to rule out a role for hyaluronic acid or chondroitin sulfates in
the permissive effect of the BL on cell proliferation.

The importance of cell shape in proliferation suggests that
attachment factors present within the BL, such as fibronectin
and laminin, because of their direct contact with the cell mem-
brane, could modify cell shape and could therefore play a dual
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role in controlling cell proliferation. To investigate the relation-
ship between growth and attachment, the ability of vascular
endothelial cells to attach to BL-coated dishes following treat-
ment by alkaline pH and heat has been compared. In the
absence of serum, only 10 percent of the cells attached to plastic
after 1 hour, and maximal cell attachment (40%) was not
reached before 18 hours. In contrast, cells seeded on BL-coated
dishes rapidly attached and spread, and most (90%) have at-
tached by 1 hour. No significant difference is seen in the rate of
cell attachment after treatment of BL-coated dishes at alkaline
pH, although it did destroy 97 percent of their ability to support
cell proliferation. In fact, initial cell attachment (1 hour) was
slightly enhanced by alkaline treatment. It therefore appears
unlikely that the component of the BL that is removed or
destroyed by high pH treatment is involved in cell attachment
[40].

In contrast to the results obtained after treatment of the BL
with alkaline pH, thermal treatment of the collagen bed, which
results in its denaturation, had the opposite results. Treatment
of the coated dishes at 70°C, which has no effect on cell
proliferation, greatly reduced the rate of cell attachment. The
rate of cell attachment was reduced even further after treatment
at 90°C, although cell growth was reduced by only 60 percent.
This indicates that the BL component(s) implicated in cell
growth is probably distinct from those involved in cell attach-
ment. Thermal disruptions of the BL also revealed the impor-
tance of the spatial geometry of the component responsible for
cell proliferation [40].

These studies provide evidence regarding the nature of the
components of the BL that are responsible for conveying its
permissive effect on cell proliferation. It is likely that the active
component is a sulphated glycoprotein or proteoglycan that is
susceptible to extraction by 4 M guanidine-HC], is degraded by
nitrous acid, and contains an O-glycosidic bond and either
glucosamine and/or galactosamine. Its resistance to hyaluroni-
dase and chondroitinase ABC suggests that neither hyaluronic
acid nor chondroitin sulfates are involved. Identification of the
active component, however, must await a detailed analysis of
the material extracted from the BL under conditions that
inhibit cell proliferation.

CONCLUSION

Although the final effect of FGF is that of a mitogen, its
action could be indirect. It could in some way replace the
requirement of cultured cells for a substratum such as the BL
and thereby render cells, even those maintained on plastic,
more responsive to plasma growth factors. Alternatively, FGF
could direct the endogenous synthesis and secretion of the BL
produced by cultured cells, which would in turn make the cells
responsive to plasma factors.

Because the various cell types studied thus far respond to
plasma factor(s) when maintained on a natural substrate and
no longer require growth factors such as FGF in vitro, it is clear
that the proliferative response of cells to plasma factors can be
modified dramatically by the substrate upon which the cells are
maintained. It is possible that the lack of response of different
cell types in vitro to agents responsible for their proliferation
and differentiation in vivo could be attributed to the artificial
substrate (whether plastic or glass) upon which the cells rest.
Maintenance on such a surface could limit both the cells’
response to mitogenic factors and their ability to produce a
basal lamina, either of the correct composition or in adequate
amounts [12,14].

The observation that the basement lamina upon which cells
rest can replace the need for competence factors such as FGF
or PDGF has far-reaching implications, since it could make in
vitro systems more representative of the in vivo situation. It
also helps to explain why cells which in vivo rest in close
association with their natural substrate respond differently to
various growth-promoting agents than the same cells when they
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rest on plastic. A better understanding of the role the basement
lamina plays in cell proliferation and differentiation could affect
the way in which we view various problems of cell biology
currently being explored using in vitro techniques. For example,
it is likely that if one starts with a primary culture, cells are
selected which in the subsequent passages retain their ability
to produce basement lamina. Alteration in their phenotypic
expression could be the direct result of an alteration in the type
of basement lamina produced. It is therefore possible that the
widely acknowledged instability of the phenotypic expression
of cultured cells could be due to their inability, when maintained
on plastic, to continue to produce a normal basement lamina.
If this should be the case, providing the cells with an artificial
substrate closely resembling that produced in vivo should sta-
bilize their phenotypic expression.

In the field of tumor-cell biology, the growing recognition
that the substrate upon which cells are maintained could modify
their phenotypic expression is also important. One of the main
characteristics of tumor cells in tissue culture is their loss of
anchorage-dependence. This is reflected in their ability to grow
either in soft agar or in suspension. Yet tumor cells from solid
tumors, which can adhere loosely to one another in vitro, in an
in vivo site can adhere tenaciously to the substrate provided by
the host tissue or which they themselves produce. This is best
reflected in the phenomenon of metastasis, in which tumor cells
carried through the bloodstream attach tenaciously to base-
ment membrane, infiltrate through it, and form secondary
tumors at sites located far from the original tumor. It is there-
fore likely that if tumor cells in culture are provided with an
adequate substrate, they could shift their pattern of growth
from anchorage-independence to anchorage-dependence. This
could, in turn, result in an increased responsiveness to factors
to which cells growing in suspension are not sensitive.

The ways in which the basement lamina exerts its permissive
effect on the proliferation of normal diploid cells can only be
the object of speculation. One possible effect is to modify the
cell shape in order to make it responsive to factor(s) to which
the cells do not respond unless they adopt an appropriate shape.

The author would like to thank Mr. Harvey Scodel for his invaluable
assistance in the preparation of this manuscript.
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Epidermal cells cultured in low-calcium medium (0.02-
0.1 mM) grow as a monolayer, in contrast to the stratified
pattern of growth in medium with standard calcium
levels (1.2-1.8 mM). These low-calcium cells lack des-
mosomes and maintain a high proliferation rate. Raising
the extracellular calcium to >0.1 mM induces rapid des-
mosome formation followed by stratification, inhibition
of proliferation, formation of cornified envelopes, and
sloughing of the cells from the culture dish. This calcium-
induced terminal differentiation program is character-
ized by an increase in the intracellular levels of sodium
and potassium at 12 to 24 hours and is not blocked by
inhibitors of calcium or sodium flux. Of 40 to 50 agents
tested as inhibitors of calcium-induced epidermal differ-
entiation, only ouabain, harmaline, A23187, and
8(diethylamino)octyl-3,4,5-trimethoxybenzoate hydro-
chloride (TMB-8) were effective. These agents did not
block the earliest calcium-induced effect (desmosome
formation), but they did inhibit later stages in the pro-
gram of terminal differentiation. Their detailed mecha-
nism of action is unclear, although ouabain inhibits the
sodium pump (Na*K*"ATPase), lowering potassium and
elevating sodium in the cells. The other inhibitors also
prevented the calcium-induced elevation of intracellular
potassium with no common effect on intracellular so-
dium. Reduction of potassium in the medium from the
usual level of 6.5 mM to 0.1 mM lowers intracellular
potassium by 60 to 70 percent and prevents calcium-
induced differentiation. This result, along with the inhib-
itor studies, suggests that potassium plays an important
role in epidermal terminal differentiation.

The usual pattern of epidermal cell growth in culture, char-
acterized by limited proliferation, keratin synthesis, cell con-
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nections by desmosomes, stratification, and terminal differen-
tiation, can be altered remarkably by lowering the calcium
concentration in the medium from the usual 1.2 to 2.0 mM to
0.02 to 0.1 mM. In this low-calcium medium, desmosome for-
mation and stratification are prevented and epidermal cells
grow for several months as a monolayer with a high prolifera-
tion rate. The synthesis of keratin proteins continues, but
differentiating cells are shed into the medium instead of forming
multilayers, as they do in medium with >0.1 mM calcium
[1-3].

Attached cells maintain distinct intercellular spaces, with
physical communication between cells only by microvilli and
occasional gap junctions and tight junctions; desmosomes are
absent. Bundles of tonofilaments are arranged perinuclearly
[1,2,6]. Low-calcium growth selects for epidermal cells with
many of the characteristics of basal cells: small polygonal cells
with a rapid proliferation rate that contain the pemphigoid
antigen characteristic of basal cells, but lack the pemphigus
antigen characteristic of superficial differentiating cells [4].

Basal cells can be induced to terminally differentiate by
increasing the extracellular calcium concentration to >0.1 mM.
The sequence of events following the addition of calcium to
low-calcium cells has been characterized in some detail [1,2,5-
8]. Desmosome formation begins within 5 minutes and is com-
plete by 2 hours [6]. Proliferation decreases after 5 hours,
reaching minimal levels by 24 to 36 hours. This decrease can be
reversed by returning the switched cells to low calcium within
2 days. However, by 3 days, all the cells are committed to
terminally differentiate [7]. Protein and RNA synthesis de-
crease gradually to about 50 percent of normal by 3 days[1,2].
No major changes in protein-synthetic patterns were detected
at 6 hours, with no changes in synthesis of the major keratin
proteins in the first 42 hours. However, the synthesis of leucine-
labeled nonkeratin proteins in the molecular weight range of 35
to 45 kd is increased after the calcium switch [1,2]. Epidermal
transglutaminase activity increases within 6 hours of the cal-
cium switch and remains elevated for 1 to 2 days. The resulting
e(y-glutamyl)-lysine cross-links were demonstrated at 24 and 48
hours [5]. A 40- to 50-fold increase in attached cornified cells is
seen at 24 hours [7]. Detachment of most cells from the culture
dish occurs at 3 to 4 days.

The study of a variety of agents as potential modifiers of
calcium-induced terminal differentiation has suggested that the
process does not depend on changes in calcium or sodium flux





