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ABSTRACT

Morphogenesis involves the specific arrangement of

embryonic cell populations which ultimately results in

organs with unique structures. Substantial evidence

suggests that cell and tissue interactions are the

primary regulatory mechanisms for the developmental

process. A potential role for paracrine secretions in

lung organogenesis has been hypothesized (Alescio &

Piperno, 1957). These studies present direct support

for the paracrine model by demonstrating the presence

of locally produced mitogenic/maturational factors in

fetal rat lung tissue.

Conditioned serum free medium (CSFM) from nineteen

day fetal rat lung cultures was shown to contain several

bioactive peptides as detected by 3H-Thymidine

incorporation into chick embryo and rat lung

fibroblasts, as well as 14C-choline incorporat:ion into

surfactant in mixed cell cultures. Using ion-exchange

chromatography and Sephadex gel filtration, a partially

purified mitogen, 11-111, was obtained. Although

II-III cross-reacts in the somatomedin-C (Sm-C)

radioimmunoassay, disc polyacrylamide gel

electrophoresis demonstrates that this component has an

electrophoretic mobility [R f value] of 0.59 (+/-0.02)

and does not co-migrate with Sm-C in this system (R f =

o•5 3 ) and' , t h us, i s pro ba b1 Y not aut hen tic S m- C• The
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partially purified II-III stimulates mitosis in chick

embryo fibroblasts and post-natal rat lung fibroblasts.

Multiplication in fetal rat lung fibroblast cultures is

stimulated only when these are pre-incubated with a

competence factor or unprocessed CSFM. This suggests

the existence of an endogenously produced competence

factor important in the regulation of fetal lung growth.

Preparation II-III does not possess surfactant

stimulating activity as assessed by 3H-choline

incorporation into lipids in predominantly type-II cell

cultures. However, a peak of surfactant stimulating

activity was found to elute off Sephadex G-75 at a Ka v =

0.23 (MW approx. 13 Kd) and was distinct from the

mitogenic II-III peak (Ka v = 0.50).

These data demonstrate the presence of a

maturational/ mitogenic factor, influencing type-II

mixed cell cultures. In addition, II-III had been shown

to play an autocrine role stimulating the proliferation

of fetal lung fibroblasts. Finally, these data suggest

the existance of a local produced competence factor.
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INTRODUCTION

GROWTH

Growth is the most evident and striking component in

the development of a multicellular organism as it passes

from a single fertilized ovum into an adult. Strictly

defined, growth denotes a change in size due to an

increase in the number or size of cells. Growth as such

may be analyzed in terms of cell multiplication, cell

enlargement, cell replacement, and other features such as

accumulation of extracellular substance. It is

interesting, however, that no sharp distinction can be

made between cellular processes that maintain an

organism's size and those that increase it. Growth

processes which increase tissue mass or an organism's size

can be seen as a shift away from equilibrium.

Of all the processes involved in growth perhaps the

single most important mechanism is that of cell

proliferation. Early prenatal growth in the rat proceeds

entirely by cell division. Increases in whole animal DNA

closely match increases in body weight and protein

accretion during the fetal period (Enesco and Leblond,

1962; Winick and Noble, 1965). In individual organs,

beginning at day 10 of gestation and proceeding for

variable periods, growth can be entirely attributed to

mitosis. This period of rapid mitotic growth is followed
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by a period when cell division and cel~ enlargement

increase simultaneously. Finally, the last stage of organ

growth is due to cell enlargement in the form of protein

accumulation and extracellular protein deposition.

Specific rates of mitosis are related to specific stages

in developmental growth. Skin provides a relatively

simple model which exemplifies how cell division is

modulated during development at the organ level.

In its earliest stages a single layer of cells

constitutes the skin. As the embryo increases in size the

surface layer must increase and cells divide synchronously

resulting in an exponential rate of organ growth. As the

organism matures, layers of quiescent cells develop

superficial to the proliferating population. As the basal

germinal layer differentiates, the numbers of nascent

cells relative to the total number of skin cells

decreases. Cell proliferation becomes asynchronous and at

this stage organ growth becomes a linear process.

Role £i Systemic Hormones in Growth

The control of growth involves the harmonious

coordination of a myriad of factors: genetic,

environmental, and hormonal, to name a few. This paper

will be limited to discussing the hormonal regulation of

growth.

Systemic hormones have been shown to playa
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significant role in postnatal growth. Growth hormone and

thyroid hormones play a major growth promoting role since

hypophysectomy and thyroidectomy both dramatically

decrease growth rates in neonatal rats (Glasscock and

Nicoll, 1981). Growth hormone (GH) or somatotropin

promotes linear growth and its deficiency or excess will

result in growth retardation and acromegaly respectively.

Insight into somatotropin's mechanism of action began when

Salmon and Daughaday (1957) found that while GH

stimulated in vivo incorporation of sulfate into

chondrocytes, it was inactive in vitro. They presented

evidence for a factor in serum under the control of GH

that stimulated in !itro sulfate incorporation into

cartilage. This substance they called "su1fation factor".

Further research revealed that this factor stimulated the

synthesis of DNA, RNA, protein and hydroxyproline in

chondrocytes. Since this factor mediated the actions of

somatotropin in the adult it was renamed somatomedin.

Several somatomedins have since been identified.

There is evidence, however, to indicate that

perinatal and neonatal animals are far less responsive to

thyroid and growth hormone than juvenile and adult animals

(Glasscock and Nicoll, 1981). This suggests that the

regulatory role of the 'classical' hormones may change

throughout development, becoming progessively more

prominent with age. In addition, it suggests that other
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"fetal hormones" may be playing the major regulatory role

during intrauterine development.

In the fetus the role of systemic hormones has been

difficult to establish. In the fetal rat, rapid growth of

the adrenal glands. occurs at day 16 of gestation and

plasma concentrations of corticosterone (the major

glucocorticoid in this species) peaks at day 18 or 19

(Kamoun, 1970; Nathanielz, 1976). In rabbit and sheep

glucocorticoid levels increase until term and decline

postnatally. Glucocorticoids have been implicated in

various maturational processes in fetal development such

as precocious surfactant production in the lung and

development of glucogenic enzymes in the liver, and is not

associated with increased fetal growth. In addition,

although cortisol stimulates a variety of maturational

events it has inhibitory effects on mitosis (Jimenez de

Asua, g aI., 1977) and appears to inhibit growth in

primates and man (Reinisch, II aI., 1978).

Similarly, evidence exists that thyroid hormones play

a maturational rather than a growth promoting role in the

fetus. In primates and man, hypothyroidism is similarly

associated with normal birth size ( Kerr, g ~., 1975).

It is established, however, that thyroid hormones promote

differentiation in bone, the nervous system, the skin, and

the lung.
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In the fetus, GH appears late in gestation and

levels remain elevated until parturition in most mammals.

In the rat, GH is first detected in the pituitary and

plasma at 19 days of gestation (parturition = 22 days). On

gestation day 21.5 the plasma concentration has more than

doubled and peaks immediately after birth. By postnatal

day 10 the levels have decreased to adult values

(Rieutort, 1974). The significance of these high fetal

and perinatal levels is unknown; similar patterns,

however, have been observed in sheep and man.

Nevertheless, it is believed that GH is of minimal

importance in fetal growth since anencephaly, resulting

in GH deficiency, is associated with normal or near normal

size at birth in man, rat, mouse, sheep, and rabbit

(Chen, 1954; Eguchi, 1961; Reid, 1978).

Potential~~ Placental Hormones

The placenta synthesizes several pep tides that are

structurally and biologically homologous with the

hypothalamic-hypophyseal homones. Included in this list is

placental lactogen (PL) which is a product of the fetal

syncytiotrophoblast. It has been shown to have an 85%

homology with human GH. ~~ studies have demonstrated

that ovine PL is equipotent with ovine and bovine GH in

inducing Somatomedin-C in the serum of hypophysectomized

rats (Hurley, II al., 1977). In humans, immunoreactive
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Somatomedin-C (Sm-C) rises progressively during pregnancy

and correlates with maternal PL levels (Furlanetto, ~

a1., 1978). Low maternal human PL concentrations are

associated with decreased fetal growth (Cramer, ~ al.,

1971). This growing body of literature has led to the

speculation that PL rather than GH is the prime regulator

of somatomedin in fetal development (Underwood, et a1.,

1979). In addition, Daughaday and Kapadia (1978)

demonstrated that bioactive somatomedin levels did not

decline in hypophysectomized pregnant rats although the

levels fell immediately after delivery. This supports

speculation that PL regulates maternal somatomedin levels

during pregancy (Underwood and D'Ercole, 1984). Recently,

Adams et ~l., (1983a) have reported that ovine PL

stimulates in vitro synthesis of rat insulin-like growth

factor II (IGF-II) by tertiary fetal rat fibroblasts while

GH was inactive. Interestingly, when adult rat fibroblasts

were used, Sm-C (not IGF-II) synthesis was stimulated by

both ovine PL and GH (Adams, II al., 1983a). These data

would indicate not only that somatomedin production is

under PL regulation, but that there is, in addition, a

"fetal" somatomedin which predominates during in utero

growth.

Role £i Growth Factors

In recent years a large amount of evidence has
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accumulated to indicate that some growth factors and the

somatomedins play an important role in mammalian growth.

Somatomedins have been detected in the fetal circulation

of many mammalian species and it is speculated that these

hormones influence body growth in utero. Circulating

somatomedin levels at term correlate positively with

gestational age and fetal body weight (Gluckman and

Brinsmead, 1976). In the fetus, however, GH appears not

to be playing a role in regulating the somatomedin

levels as GH- deficient children have normal birth weight.

In the rat or rabbit decapitation in utero results in no

reduction in plasma somatomedin activity. Injection of

insulin, however, did cause an increase in somatomedin

activity (Hill and Milner, 1983). Somatomedins in cord

blood represent somatomedin of fetal origin as it has been

shown that somatomedin-C (Sm-C) does not cross the

placenta (Underwood, II &., 1979; D'Ercole, et al.,

1980). Sm-C appears to be synthesized ~ ~ by the

mouse from as early as day 11 of gestation (D'Ercole and

Underwood,1980).

Biochemical Characterization £i the Somatomedins

Subsequent research in this area revealed that human

serum contained several somatomedins. Somatomedin C (Sm

C) is a basic polypeptide of 7,500 daltons. Somatomedin A

(Sm-A) is a neutral polypeptide which has not been well
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defined biochemically.

Independent studies on the nature of insulin-like

activity in human serum revealed that addition of excess

insulin antibody to serum suppressed only 10% of the

insulin-like activity (Froesch, ~ al., 1963). The

nonsuppressible insulin-like activity (NSILA) was found to

possess somatomedin-like biological properties. Two

peptides, insulin-like growth factor I (IGF-I) and and

IGF-rr, were subsequently isolated from human serum and

shown to be responsible for the NSILA. All the

aforementioned peptides are ancestrally related to

proinsulin (Van Wyk and Underwood, 1978) and, thus, are

often referred to as insulin-like growth factors.

Somatomedin-C and IGF-I, both basic peptides, presently

have provisionally identical amino-acid sequences

(Svoboda, et li., 1980). IGF-II, however, has only 70%

homology with Sm-C. In addition, Sm-C is more growth

hormone dependent and more active in stimulating the

incorporation of sulfate into cartilage than is IGF-II

(Zapf, llli., 1978). Thus, presently it is known that

three distinct somatomedins exist in human serum: Sm-C

(IGF-I), IGF-II and, Sm-A.

Rat Somatomedins

In the rat, there appears to be more than one form of

somatomedin as well. Multiplicatio~ stimulating activity
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(MSA), originally isolated by Peirson and Temin (1971),

has been shown to be a family of closely related peptides

synthesized by a buffalo rat liver cell line (BRL-3A) in

culture. Buffalo rat liver MSA (BRL-MSA) closely resembles

the somatomedins found in human serum both in biological

and biochemical properties. They share with the

somatomedins their reactivity with somatomedin-binding

proteins in human and rat serum and their interaction with

specific cell-surface receptors (Rechler, et a1., 1980).--
At least three separate MSA peptides exist. MSA-I has a

molecular weight of 16,300 and an electrophoretic mobility

(R f) of 0.36 in acid (pH=2.7) urea (9M) disc acrylamide

(12.5%) electrop~oresis system. MSA-II has a molecular

weight of 8,700 and an Rf value of 0.41-0.49. ~'ISA-III,

7,100 daltons, has an Rf value of 0.59-0.62. This latter

peptide has been shown to have a 93% homology with human

IGF-II (Marquardt and Todaro, 1981).

In summary, to qualify as a somatomedin a peptide

must fulfill the following biological criteria: 1) enhance

sulfate incorporation into cartilage 2) exert insulin-like

effects on extraskeletal tissues, 3) stimulate the

multiplication of a variety of cultured cells in serum

free medium and, 4) be growth hormone dependent. The

family of somatomedins presently includes: somatomedin- A,

Sm-C/IGF-I, insulin-like growth factor I (IGF-I), insuli~-
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like growth factor II (IGF-II) and the MSA family of

growth peptides.

Evidence for Somatomedin Regulated Growth

Although somatomedins were first described as

skeletal growth factors, it is now known that specific

receptors for Sm-C (D'Ercole, II a1., 1976a) and MSA

(Daughaday, tl a1., 1982; Owen, II a1., 1980) are

ubiquitously distributed on mammalian tissues. This

agrees with the fact that the somatomedins stimulate

thymidine incorporation into DNA in a variety of cell

types (Van Wyk, llll" 1981). In addition, it has been

shown that the quantity and affinity of Sm-C receptors are

greater in the fetus than in the adult (D'Ercole, ~ a1.,

1976b). It is significant that in some tissues, such as

the fetal placenta and the lung, the apparent number

and/or affinity of these receptors was significantly

higher than in adult tissues or early gestation tissues.

In addition to the seemingly ubiquitous distribution

of somatomedin receptors, there is also evidence that

somatomedins are synthesised in multiple fetal tissues

other than the liver (D'Ercole and Underwood, 1980).

Immunoreactive somatomedin-C can be detected in the

conditioned serum free medium of human skin fibroblasts

(Clemmons, II g., 1981), the WI-38 cell line, a cloned

line of embryonic human lung fibroblasts (Atkinson, II
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.l!.!.., 1980) and, as previously mentioned, tertiary cultures

of adult rat fibroblasts (Adams, II .l!.!.., 1983a). In these

systems GH stimulates immunoreactive somatomedin

production in a dose dependent manner.

Recent studies by Adams, II aL, (1983a) have

demonstrated two c r a a s e s of specific growth peptide

receptors in tertiary fetal rat fibroblasts. One of these

identifies MSA and IGF-II; the other identifies IGF-I.

Additional studies (Adams, II al., 1983b) demonstrated

that third passage fibroblasts from 16 day old rat fetuses

synthesized a small molecular weight polypeptide that was

indistinguishable from BRL-MSA polypeptides as determined

biochemically (HPLC and disc electrophoresis), by behavior

in RIA, bioassay, receptor binding assay and competitive

protein binding assay. These findings are particularly

significant in light of the fact that IGF-II/MSA levels

are 20 to 100 fold higher in fetal rat serum than in

maternal serum and decline within days after birth (Moses,

et .l!.!.., 1977). IGF-I levels, on the other hand, are lower

in fetal and neonatal serum than in maternal serum and

increase with age (Daughaday, et ~., 1982). Shortly

thereafter, Adams, ~ ~., (1983a) using tertiary fetal

fibroblasts, presented evidence for a developmental switch

in growth factor production in vitro which correlates with

the in vivo pattern. These data support the idea that the

somatomedins are playing a vital role in fetal growth and
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that the regulatory mechanisms of fetal growth are

distinct from those involved in postnatal growth.

Regulation £i~ Cell Cycle

Since the discovery of somatomedins it had been

observed that somatomedins by themselves could not fully

substitute for serum in promoting cell growth. Although

somatomedins stimulate incorporation of thymidine into DNA

in embryonic chick fibroblast in vitro, the magnitude of

the response is lower than when fetal bovine serum is

added to the medium (Smith and Temin. 1974; Moses, ~ ~••

1978). Si milar stud ies using human fi bro blast s , however,

demonstrated that mammalian cells in vitro do not respond

to pure preparations of somatomedins (Moses. II ~., 1978;

Antoniades, et a1., 1975). Studies by Ross, et al., (1974)-- --
demonstrated that monkey blood serum promoted the

proliferation of monkey arterial smooth muscle cells in

culture while platelet-poor plasma was much less

effective. Addition of platelets to platelet-poor plasma

increased the activity to match blood serum activity,

demonstrating that much of the growth promoting activity

of dialysed serum is derived from platelets. This

platelet derived growth factor (PDGF) was later shown to

be a 13,000 dalton basic polypeptide (Antoniades, II tl.,

1975; Antoniades, II aI., 1979). These studies explained

the discrepancy of response to growth factors in avian
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versus mammalian cells. Further studies revealed that the

stimulatory action of serum was shown to be due to the

sequential action of PDGF followed by the action of growth

factors in the medium (Pledger, II a1., 1977). This work,

which was done using BALB/c 3T3 cell line, a murine

fibroblast of embryonic origin, suggested that certain

factors were necessary in moving cells through the

prereplicative phase of the cell cycle. These factors

were termed "competence factors" since progression

through G1 in response to growth factors could occur only

if resting cells were first made "competent" (Van Wyk, II

al., 1981). When PDGF is removed from the plasma the

f Lb r o bLa s t s will not progress to the synthetic phase (8)

of the cell cycle. Stiles, II a1., (1979) demonstrated

that competent BALB/c 3T3 cells will not progress to the S

phase in 3% hypopituitary plasma which is known to con~ain

PDGF. Thus, there appears to be dual control of cell

growth by "competence factors", such as PDGF, and

"progression factors", such as the somatomedins.

A distinct competence factor, fibroblast growth

factor (FGF), was isolated and purified from bovine

pituitary glands by Gvspodarowicz (1975). In addition,

studies have shown that while FGF is mitogenic for

mesodermal cells in vitro the factor is not active when

used with endodermal or ectodermal cells (Gospodarowicz
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and Moran, 1976b; Scher, ~~, 1980). Although FGF can

stimulate DNA synthesis in sparse resting 3T3 cells, it

cannot, by itself, replace the serum requirement of these

cells (Gospodarowicz, ~ a1., 1976b). It has also been

shown that cells require only transient exposure to

competence factors for DNA synthesis while progression

fac tors are required continuously (Pledger, II &, 1977).

This is true for both PDGF and FGF.

ROLE OF HORMONES IN LUNG DEVELOPMENT

Late fetal life is characterized by various

developmental processses which ultimately prepare the

fetus for extrauterine survival. Development of the

neonate's respiratory system necessarily precludes

adaptation to the extrauterine environment; thus, much

attention has focused on lung development in an effort to

understand the etiology and delineate preventive clinical

treatment of hyaline membrane disease, or infant

respiratory distress syndrome (RDS), as it is more

commonly referred to today. This condition, characterized

by respiratory insufficiency, is a disease confined to

premature infants or predominantly those weighing less

than 2500gm at birth (Singer, 1984). It is estimated that

40,000 infants per year develop RDS in the US alone

(Vidyasagar, 1984).

The pathological characteristics of RDS were first
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described by Hochheim in 1903 and more detailed clinical

descriptions followed. The pathogenesis of RDS, however,

remained obscure although atelectasis was recognised as

the feature of major physiological significance in the

disease. Insight into the pathogenesis of the disease

came in the 1950's with the work of Cook, llA.!., (1957)

who demonstrated that infants with neonatal respiratory

distress have significantly lower pulmonary compliance,

and the later studies by Avery and Mead (1959), who

demonstrated that the surface tension of lung extracts of

RDS infants was higher than expected. It subsequently

became clear that RDS was a developmental disease.

As early as 1968 it was hypothesized that the

endodermally derived fetal lung and gut both required

glucocorticoids for proper development (Buckingham, ~

a1., 1968). This was subsequently confirmed by Liggins

(1969) who noted that preterm lambs treated with

glucocorticoids were unexpectedly viable. The following

year de Lemos, ~ ~., (1970) clearly demonstrated that

precocious fetal lung maturation occurred in

glucocorticoid treated sheep. Thus, by the early 1970's

the importance of pulmonary endocrinology in understanding

and clinically treating RDS was recognized and efforts to

elucidate the hormonal regulation of lung organogenesis

had begun.
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Since Liggins' (1969) initial observation that

precocious lung maturation occurs as a result of antenatal

glucocorticoid treatment a great number of studies have

been done to determine the mechanism whereby these

steroids exert their action. Glucocorticoids were also

found to stimulate surfactant production in vitro in fetal

lung organ cultures and in mixed cell cultures (Gross, ~

~l., 1980, Gross, 1983). Cytoplasmic receptors to

glucocorticoids have been identified in two populations of

lung cells: pulmonary fibroblasts and alveolar type-II

cells (Ballard, 1980). The morphological effects of

antenatal glucocorticoid administration have been well

documented and include flattening of epithelial cells,

narrowing of septa, increased number of alveolae, and

appearance of lamellar bodies (Hitchcock, 1980).

Physiologically, there is greater distensibility, greater

deflation stability, and earlier appearance of surface

active material. Biochemically, the major effect of

glucocorticoids on type-II cells is through increasing the

concentration and degree of saturation of

phosphatidylcholine (Hitchcock, 1980). In addition,

glucocorticoid exposure results in increased enzymatic

activity in surfactant synthesizing pathways. It is

interesting to note that glucocorticoid therapy also

results in decreased lung growth in rabbits (Carson, ~

a1., 1973).
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Receptors for thyroxine have been demonstrated in rat

and Ballard, 1982). In addi tion, thyroxine has been shown

to stimulate fetal lung maturation and acts

synergistically with glucocorticiods to augment surfactant

production (Gross, 1983). These hormones influence the

rate of maturation although, it seems, not the pattern of

differentiation. (Ballard, 1983). Maturation, as

monitored by disaturated phosphatidyl choline

accumulation, in organotypic fetal rat lung cultures in

the absence of hormones has been reported to correlate

well with in~ biochemical changes and is not dependent

on time in culture, suggesting that systemic hormones

modulate but do not initiate differentiation (Gross,

1983).

In addition to the aforementioned hormones it was

shown that peptide factors were agents involved in

accelerating lung maturation. Injection of epidermal

growth factor (EGF) into rabbit fetuses promotes both

epithelial cell growth and cytodifferentiation in fetal

lung (Catterton, llg., 1979). This factor, originally

isolated from mouse salivary glands (Cohen, 1963), has

been found to be mitogenic for a variety of epithelial

tissues eliciting a classic pleiotropic effect (i.e.,

increased ion and precursor uptake, enhanced glycolysis,

RNA, DNA, and protein synthesis). Sundell, II a1., (1980)

,



18

demonstrated that infusions of EGF induced respiratory

competence in premature lambs as early as day 128 of

gestation. This demonstrated that the lung was

responsive to growth factors and implicated a role for

endogenous peptide factors.

As early as 1949 studies with lung rudiments began

to indicate that the fetal lung was a self-developing

entity (Waddell, 1949). In vitro organ explant studies

later supported this idea (Chen, 1954). Culture studies

have favored the idea that many of the morphological

characteristics, particularly the branching epithelial

tree, can develop normally in the absence of systemic

influences (Rudnick, 1933; Sorokin, 1961; A1escio and

dUti c hell e , 1968 ) , a 1 tho ugh aft e r s eve r aIda ysin c uI t ur e

growth falls behind age matched controls as determined by

epithelial and mesenchymal mitotic indices (Sorokin,

1961).

Dameron (1961) demonstrated that the epithelium of

the fetal lung isolated from the surrounding mesenchyme

was incapable of mOlphogenesis. When the epithelium is

recombined with pulmonary mesenchyme development resumes.

The inductive influence of mesenchyme on the growth of

lung epithelium was recognized by Alescio and associates.

Working with cultured lung rudiments of the mouse they

found that if the epithelium/mesenchyme ratio was altered

in favor of mesenchyme, epithelial growth was
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significantly increased (Alescio and Piperno, 1967). This

agreed with studies in other epithelio-mesenchymal organs

as had been demonstrated by Grobstein (1953) in the fetal

mouse salivary gland. It was speculated that a growth

factor was responsible for the inductive lung influence

and that such a factor could regulate mitosis and/or

cytodifferentiation.

Smith reported in 1979 that glucocorticoids

stimulated the production of a peptide factor by cultured

fetal lung tissue. This peptide, fibroblast-pnuemocyte

factor, (FPF) having an approximate molecular weight of

6,000 daltons, was reported to stimulate surfactant

production, as measured by the incorporation of

radiolabeled choline into disaturated phosphatidylcholine.

The existence of a fibroblast produced factor would

explain why in vitro studies showed that glucocorticoids

could stimulate surfactant production in fetal lung organ

cultures and in mixed cell cultures (Gross, llll., 1980)

while this stimulatory effect was lost when cloned type-II

epithelial cells are used (Smith, 1979). In addition,

there was some evidence to suggest that FPF stimulates

surfactant production in pure type-II cell cultures and

that FPF production varies with the gestational age of the

fibroblasts cultured becoming maximal at day 20 of

gestation. (Smith, 1981). It is significant that
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morphologically distinct type-II cells are first seen at

day 20 of gestation in the rat in vitro. These studies

have led to speculation that a local peptide factor may

mediate the maturational actions of glucocorticoids.

STATEMENT OF THE PROBLEM

Morphogenesis is the pr o c e ss whereby a tissue

primordium arises and develops into a mature organ

exhibiting a characteristic arrangement of cell

populations each having specific functions. In epithelio

mesenchymal organs, such as the lung, final organ form is

dependent on the interaction of the epithelial and

mesenchymal components. It has been noted that evidence

exists suggesting that lung mesenchyme is producing a

factor or factors exerting both mitogenic and maturational

effects. The question, then, regards the identity of the

factor(s) produced by the fetal lung. Alescio and

diMicelle (1968), in addressing this issue, have

postulated the existence of a "mesenchymal factor" the

mitogenic actions of which were directed at the

epithelium. Smith (1979, 1981), on the other hand, has

presented evidence for a non-mitogenic fibroblast derived

factor which promotes the differentiated function of the

epithelium. In neither study were the peptides purified

and characterized. It would be important to isolate and

characterize these factor(s) in order to determine whether
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a single factor was responsible for both growth promoting

and maturational effects. Moreover the mesodermally

derived peptides of the above-mentioned studies were not

examined for any effect on lung mesoderm. In this regard

it is important to note that mesodermal components

comprise the bulk of lung tissue and it is these cell

populations that are responsible for the production of

extracellular matrix, vascularization as well as other

functions.

D'Ercole and Underwood (1980), and Adams, tl a1.,

(1983b), in concluding that somatomedin-C and MSA

respectively were ubiquitous products of fetal rodent

tissues, utilized immunological criteria which left open

the possibility that the substance(s) produced by fetal

lung fibroblasts was (were) distinct from somatomedin-C

and MSA. It is likely that tissue-specific mitogens all

share some structural homology which imparts commonality

in antigenic determinants, but may differ from one another

in amino acid composition. In lieu of sequencing lung

mitogen(s), which would necessitate purification to

homogeneity, evidence of structural distinctiveness can be

obtained by techniques which exploit relative differences

in amino acid composition. Techniques such as ion

exchange chromatography, sephadex gel filtration and

analytical polyacrylamide gel electrophoresis can be

applied to partially purified preparations of the
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mitogen(s) and would obviate the need for large scale

processing of culture media.

In order to determine the identity of the mesenchymal

factor(s), it would first be necessary to initiate

cultures consisting predominantly of fibroblasts, harvest

the medium, and isolate and characterize the factor. From

these studies it would be possible to determine if it was

a somatomedin-like peptide and whether it was authentic

somatomedin-C, as suggested by the studies of n'Ercole and

Underwood (1980), MSA as suggested by Adams, .!U. ~.,

(1983a) or a distinct factor. Furthermore it would be of

prime importance to determine the possible biological

actions of the factor(s) in the developing lung.

There is evidence from Smith's (1981) studies that

systemic hormones such as cortisol control the production

of the factor(s). It can be hypothesized that systemic

hormones orchestrate fetal development via the production

of local tissue-distinct growth factors. It would be

important to determine if the production of the local

factor(s) was under systemic hormonal control.
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MATERIALS AND METHODS

ISOLATION OF LUNG DERIVED PEPTIDES

Animals

Female Wistar rats (250-300gms) were mated and vaginal

lavage samples were inspected for the presence of sperm. A

sperm positive smear designated day 0 of fetal gestation.

Animals were sacrificed at specific gestational ages and

lung tissue was obtained from the fetuses for culturing.

Organ Explant Cultures

Fetal lung cells were obtained from day 19 fetuses.

Each maternal rat was given an overdose of Nembutal (1%

solution of sodium pentabarbital) which consisted of

approximately 0.15 ml of Nembutal/kg body weight. Complete

anesthesia, which usually took 15 minutes, was ascertained

by absence of flexion of the lower limb when the foot was

pinched. All dissections were performed in a stagnant air

hood. After laparotomizing the fully anesthesized maternal

rat through a midline incision, the entire pregnant uterus

was immersed in cold, Ca++-Mg++ free sterile buffered

saline (HBSS). An incision of the anti-mesometrial aspect

of each uterine horn was made and the fetal-placental units

were removed aseptically. Each fetus was dissected free

from its amnion and the umbilical cord was severed. A

midline incision was made in each fetus and the lung-heart
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unit removed and immersed in cold HBSS containing

antibiotics. The lungs were then minced into 0.25mm

squares using a McIlwain Tissue Chopper in a stagnant hood.

The tissue fragments were immersed in sterile HBSS in

sterile 50 ml polystyrene Corning tubes and transferred to

a SterilGard vertical laminar flow hood (Barker Co.) where

all subsequent procedures were performed under sterile

conditions. The tissue fragments in HBSS were shaken

vigorously to remove macrophages, allowed to settle, and

the loose cells were decanted. This procedure was repeated

3 times, after which a 0.25 g/dl collagenase solution in

HBSS was added to partially digest the tissue. After 15

mins the digestion was stopped by adding HBSS containing

10% fetal bovine serum (FBS). The cells were pelle ted by

centrifugation and resuspended in culture medium consisting

of a 1:1 mixture (v/v) of Ham's F-12 and Dulbecco's

Modified Eagles Medium (DME) supplemented with gentamycin

(5 mg/dl), penicillin (l00 1U/ml), streptomycin (l00

mcg/ml), fungizone (2.5 mcg/ml) and 10% FBS. The medium had

previously been sterilized by passage through a 0.22 micron

filter using a sterile Naglene filtering unit. The

explants were plated in 75cm 2 or 150cm 2 Costar culture

flasks with just enough medium to coat the flask bottom (8

mls and 16 mls respectively) and incubated at 37 0C in

humidified 95:5 air:carbon dioxide.

The explants were allowed to attach overnight. The
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following morning they were washed with phosphate buffered

saline (PBS) three times and were then incubated in serum

free culture medium (SFM) as described above. The medium

was changed again 24 hours later to insure that all traces

of FBS had been removed. All medium change procedures were

performed under sterile conditions in the laminar flow

hood. The SFM conditioned by these cells (CSFM) was

collected at 3-day intervals. It was filtered through a

nylon bolting cloth (41um mesh size), pooled, and kept at 

4 0C until processing.

PEPTIDE ISOLATION

Ion Exchange Chromatography

Batches of CSFM consisting of 0.3-1.0 liters were

first adjusted to pH 6.8 before passing through a column

(1.6 X 40cm; 75 ml bed volume) containing AG 50-1X8 cation

exchange resin (Bio Rad) in the Na+ form. Before use the

column was equilibrated with unbuffered 0.9% NaCl solution.

The CSFM was then applied and the column was developed at

room temperature by sequential treatment with 100 mls of

O.lM sodium bicarbonate solution adjusted with NaOH to pH

9.0 followed by a O.lM ammonium hydroxide solution at pH

11. Eight milliliter fractions were collected. For each

fraction the pH was monitored (Beckman Zeromatic pH Meter)

as was the optical density at 280 nm (Beckman DU

Spectrophotometer). The ammonium hydroxide fraction was

neutralized with 2N HCl, dialysed overnight against acetic
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acid in Spectra-Por 3 (MW cut off = 3,000) and subsequently

lyophilized. The material was reconstituted in 50% (v/v)

acetic acid. The suspension was then centrifuged for 2

minutes in a Beckman Microfuge B microcentrifuge and the

supernatant collected and designated preparation pH 11.

Sephadex Gel Flitration

The reconstituted Fraction pH 11 in 50% acetic acid

(HAc) was applied to a Sephadex G-50 or G-75 column (1.2 X

115cm) in a volume not exceeding 500pl (Moses, ~ al.,

1980). The column was eluted with 1M HAc at room

temperature, and 5 ml fractions were collected. Each

aliquot was monitored spectrophotometrically at 280nm for

protein content. The fractions were individually assayed

for immunoactivity and individually lyophilized for

bioassay in the chick embryo fibroblast assay (CEFA) (see

Results p.39). When not individually bioassayed, the

immunoreactive peaks were pooled, lyophilized and the

activity of the pool was determined using the CEFA (see

Biological Characterization section).

Polyacrylamide Gel Electropho~e~is

Biologically ac ti ve fractions of Sephadex G-75 were

analyzed in a disc acrylamide electrophoresis system

containing 15% acrylamide (Kodak) at pH 4.3. This method

was modified from Reisfeld (1962). Disc acrylamide

electrophoresis was run in glass tubes 75 X 5mm (inner
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diameter) utilizing a Buchler Polyanalyst analytical

apparatus (Searle). Prior to analysis the acrylamide

solution was filtered using a 0.2pm filter. A 2.5%

acrylamide spacer gel was used to concentrate the sample.

The lyophilyzed samples were reconstituted using 25»1 of 1M

acetic acid, and after 1 hour 5»1 of 0.1% methylene blue

tracking dye in 1M acetic acid and 20ul glycerol was added.

The chamber buffer consisted of 2.85 M B-a1anine buffered

with acetic acid at pH 4.5 and the samples were run at a

constant current of 3 mA/gel with reverse polarity.

Protein Determination

Protein determinations were done by the method of

Lowry, llll. (1951), or the Dye technique (BioRad). The

optical density of each sample was determined on· a Klett

Summerson photoelectric colorimeter, using a 660um filter.

Bovine serum albumin was used as the standard. When

protein solutions were very dilute, aliquots were first

lyophilized and reconstituted in small vol~mes.

Radioimmunoassay

The reagents for the somatomedin-C radioimmunoassay

were supplied by Dr. Louis Underwood, University of North

Carolina at Chapel Hill via the National Institutes of

Health. The somatomedin reference standard used was human

acromegalic serum purified by acid chromatography. Assays

were carried out in 30mM sodium phosphate at pH 7.5
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containing 0.25% bovine serum albumin (Sigma), 0.02% sodium

azide, protamine sulfate, and 10mM EDTA. Antihuman Sm-C

antiserum was diluted 1:4000 in assay buffer and the

reaction initiated by adding 50nl to the unknown sample.

The sample was incubated for 24 hours at 4oC. Trace 1251_

Sm-C was diluted to 5,000 cpm/50ul after treatment with

ion-exchange resin (Bio-Rad Anion Exchange Resin AG l-X8

200-400 mesh chloride form) to remove free iodine and SO~l

was added to each sample tube. Incubation proceeded for

another 24 hours at 4 oC. Separation of bound from free

counts was achieved by using a double antibody

precipitation technique. Rabbit gamma globulin was diluted

with assay buffer to a final concentration of Img/ml and

SOul added to the sample. Incubation continued overnight at

4oC. This is followed by adding ~l (1 drop) of neat anti

rabbit gamma globulin. Precipitation was allowed to proceed

at room temperature for 1 hour or overnight at 4oC. All

reagents were added using micrometric pipettes (Gilson

Pipetteman). The samples were centrifuged at 2000 RPM for

20m ins at 4 0C and the supernatant decanted. The samples

were counted using a Beckman Gamma counter.

BIOLOGICAL CHARACTERIZATION

Chick Embryo Fibroblast Assay

Fractions at all stages of the isolation procedure

were monitored for [3H]-thymidine incorporation into DNA
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activity. Following the method of Dulak and Temin (1973a),

tertiary cultures of nine day old chick embryo skin

fibroblasts were plated in 24-well plastic clusters

(Costar) and allowed to grow to confluence. The cells were

serum starved for 24 hours before being exposed to the test

medium. Labeled thymidine was added at least 1 hour after

sample exposure and incubated for 18 hours. Cells were

washed with cold buffered saline twice, protein

precipitated with O.2N perchloric acid and dissolved in IN

NaOH. Two aliquots were taken per well: one for counting

using a Packard Tri-Carb liquid scintillation spectrometer,

the other for protein determination employing the Lowry

technique.

Rat Lung Fibroblast Assay

Cultures:

Both fetal and neonatal fibroblast cultures were

established for experimentation. The procedure for

dissection of the fetal tissues was identical to that

described for initiating organ explant cultures. The

neonatal rats were first decapitated, a transverse incision

was made below the rib cage followed by a midline incision

ajacent to the sternum, exposing the heart and lungs. For

both fetal and neonatal rats, the lungs were removed,

dissected free of visible elements of the tracheobronchial

tree and then minced into O.25mm blocks. The tissue

fragments were treated as described above except that the
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tissue was dispersed completely using an enzyme solution

consisting of 100mg% collagenase (Sigma), 200mg%

pronase(Calbiochem), 50mg% chymopapain (Sigma), Img%

DNAase, 35 JI/ml elastase (Calbiochem) and 2% FBS in HBSS.

The tissue was digested for approximately 15 minutes with

intermittent pi petting to dissociate the cells. The

suspension was passed through a 160um nylon bolting mesh

and diluted with 10% FBS in HBSS, pelleted, resuspended in

10mg% DNAase in HBSS and incubated for 10-15mins at 37 oC.

The cells were then pelleted, resuspended in DME culture

medium with 10% FBS and plated in 24-well Costar multi

well clusters. Fibroblasts attach about 2 hours after

plating and, for this reason, unattached cells were

discarded after two hours, the medium replenished, and the

fibroblasts were permitted to grow to confluency in 10%

FBS.

Thymidine Incorporation:

Two separate protocols were used. For the first

protocol cultures were treated exactly as for the chick

embryo fibroblast assay, except these cultures were

preincubated in SFH for 3 days before an experiment.

Subsequently, the cells were incubated with the test

hormone for a continous 18 hour period. In the second

protocol, cells were incubated with the test materials at

specific concentrations and were subjected to a removal and

replenishing of the medium at given concentrations so as to
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minimize concentration changes that might occur due to

endogenous production of bioactive substances. The medium

of these cells was changed every 3 hours for a total of 12

hours at which time SFM containing labeled thymidine was

added. The cells were incubated for an additional 16

hours, the incubation terminated by washing with cold

buffered saline, precipitation with 0.2N perchloric acid,

and dissolved in 200~1 of IN NaOH. An aliquot was used for

counting, another for protein determination.

Choline Bioassay

The treatment of neonatal tissues used in obtaining

these cultures was identical to that used for initiating

rat lung fibroblast cultures up to the incubation with

10mg% DNAase. After this incubation the modified method of

Keller and Ladda (1979) was used to initiate type-II cell

cultures. The cells obtained from the digested tissue were

pelleted, resuspended and subjected to discontinuous

density gradient centrifugation using 10 and 20gm%

Metrizamide in HBSS solutions. The cells at the 10-20%

interphase were collected, washed, pelleted and, plated in

Hams F-12 medium with 10% FBS. After two hours the loose

cells which consisted mainly of type II cells were removed

and replated in 24-well Costar clusters and allowed to

attach overnight. Predominantly type II cell cultures

were incubated in SFM for 24 hours, after which they were
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incubated with or without hormones for the subsequent

48hours. The incubation was stopped by washing the cells

with cold HBSS and subsequent trypsinization for 8-10mins

at room temperature. The loose cells were transfered to

12X75cm culture tubes and diluted 1:10 (v/v) with sterile

saline. The cells were pelleted, the supernatant decanted,

resuspended in saline, and repelleted to wash off excess

label. After the supernatant was completely decanted

400ul of distilled water was added to each tube and the

cells were subsequently sonicated using a Heat Systems Cell

Disruptor. To extract total lipids the method of Bligh and

Dyer (1972) was employed. A 400~1 aliquot of the lipid

containing solvent phase was transferred to scintillation

vials, evaporated in the vials, toluene scintillation

cocktail was added and the samples counted.

STATISTICS

Statistical significance was determined by use of

Student's T-test.
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RESULTS

PARTIAL ISOLATION OF LUNG DERIVED MITOGEN

Primary organ explant cultures were used for

harvesting purposes. It was found that fetal rat lung

explants from gestational day 19 fetuses would attach

readily and remain attached for up to 2 months in culture.

The procedures used to isolate peptides from the

conditioned serum free medium (CSFM) of fetal lung explants

followed those used in the isolation of Multiplication

Stimulating Activity (MSA) (Dulak and Temin, 1973a; Moses

.!.t !.l., 1980). The modified isolation scheme used in these

studies is outlined on Figure 1.

12! Exchange Chromatography

Conditioned serum-free medium from nineteen-day old

fetal rat lung organ cultures adjusted to pH 6.8 was

chromatographed using a cation exchange resin (Figure 2).

Adsorbed cationic species were eluted off the column by

successive washings with lOOmIs of 0.9M NaCl, O.lM NaHC0 3

at pH 9 and, O.lM .~H40H at pH 11. Each fraction was

also monitored spectrophotometrically for protein and for

immunoactivity using the somatomedin-C radioimmunoassay.

There were two immunoreactive peaks which corresponded to

protein peaks associated with the pH 9 and the pH 11

washings. This was evidence for the presence of at least

two immunoreactive protein species. The fractions
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FIGURE 1- ISOLATION SCHE~E
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FIGURE 2. CATION EXCHANGE CHROMATOGRAPHY OF CONDITIONED
SERUM-FREE MEDIUM (CSFM). Adsorbed cationic peptides are
washed off the column by successive washings with NaHC03
at pH 9 and NH 40H at pH 11 (top) and the pH of the eluate
was monitored ( •••••••• ). Fractions collected
(Bmls/fraction) were numbered I-SO. The protein content
of each fraction was monitored spectropnotometrically
at 280 nanometers (e e). Each fraction was monitored
simultaneously for immunoactivity using the somatomedin-C
radioimmunoassay (0 0). The fractions
corresponding to the two peaks were pooled and were
respectively designated the pH 9 and pH 11 preparations.
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correspondin~ to the two peaks were pooled and designated

respectively the pH 9 and pH 11 preparations. The material

was neutralized with 2N HCI and was dialyzed overnight

against 2% acetic acid at room temperature and subsequently

lyophilized. The results of the chromatography demonstrate

that the majority of the mitogenic substance elutes off the

column in the pH 11 effluent.

Furthermore, this isolation protocol was monitored for

purification and recovery using the chick embryonic

fibroblast assay (CEFA). The effluent corresponding to the

pH 9 and pH 11 peaks, as well as the unretained, were

dialysed, lyophilized, reconstituted and tested for

bioactivity. The specific activity of each preparation was

monitored and was defined in terms of 3H-thymidine

incorporation where one unit of mitogenic activity is the

amount of label incorporation elicited by Img/ml of fetal

bovine serum. It was found that the unretained fraction

contained only a small amount of mitogenic activity even

after processing via anion exchange resin. This amounted

to 7 units/liter as compared with 63.6 and 244.9

units/liter for the pH 9 and pH 11 respectively. The

ammonium hydroxide effluent, the pH 11 preparation,

contained the majority of both the biologically active, as

well as the immunologically active substance (Table 1.).



TABLE 1: ISOLATION OF MITOGEN FROM CELL-CONDITIONED SERUM-FREE MEDIUM (CSFM)
Mitogenic activity was assessed by the chick embryo fibroblast
assay (CEFA). One unit of activity is equivalent to the mitogenic
potency of 1 mglml fetal bovine serum. Protein concpntration was
measured by the Lowry technique.

Per 10 litersIsolation
step

IniUal

Preparation

CSFH

Protein
(mg)

3,684

Total ActivitY'
(units)

4,495

Recovery
'l

100

Specific Activity
(units/mg P~)

1.22

Enrichment
(fold)

I

AG 5OW-X8 Unretained:
pH 2 11.1 70 2 5.3 4

Retained:
pit 9 9.8 6]6 14 64.9 53pH 11 19.1 2,449 54 128.2 105

w
oe
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Gel Filtration

To determine if the pH 11 preparation contained more

than one active peptide species, Sephadex gel filtration

was performed after reconstituting the pH 11 preparation

with 50% (v/v) acetic acid. This extraction in acetic acid

was done to dissociate the peptide from binding protein and

to reduce aggregation. The chromatographic profile, seen

in Figure 3, shows the fractions collected and tested

simultaneously for protein content, immunoactivity and,

bioactivity. The majority of the protein eluted near the

void volume (32-44mls) had immunological activity but no

biological activity. This high molecular weight component

probably represents binding protein. This material was

additionally shown to displace antibody in the Sm-C

radioimmunoassay (Sm-C RIA). On the chromatographic

profile, two immunoreactive peaks were demonstrated: peak

II (48-56mls), having a Ka v value of 0.31 (Range: 0.23

0.38), and peak III (60-72mls), having a Ka v value of 0.54

(Range: 0.46-0.69). The last of these was found to contain

the majority of the biological as well as immunological

acitvity. The fractions corresponding to this peak were

pooled and designated the pH II-III preparation. Figure 3

also demonstrates that the molecular weight of II-III is

between 13,000 and 6,000 da1tons.
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FIGURE 3. SEPHADEX G-75 CHROMATOGRAPHY OF THE, pH 11
PREPARATION. Fractions were collected in 4 ml aliquots.
Each fraction was monitored simultaneously for cross
reactivity in the somatomedin-C radioimmunoassay and
mitogenic activity in the chick embryo fibroblast assay
(CEFA). The results are expressed as percent inhibition
of binding (0 0) and percent change from the
control (A------A), r e s pe c t i ve Ly , The protein content
was measured using the Dye technique. The column was
calibrated using cyto·chrome-C (13 kilodaltons), insulin
(6 kilodaltons), and blue dextran. The fractions
corresponding to the three mitogenic peaks were pooled
and designated pH II-I, II-II and II-III.
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Dose Response Studies

The somatomedin-C radioimmunoassay and the CEFA were

used to monitor overall enrichment of the immunoreactivity

and bioactivity at each step of the isolation procedure.

The competitive dose-response curves are shown in Figure 4.

The ordinate shows specific binding of labeled Sm-C and the

abscissa shows the unlabeled competitor in absolute protein

per tube. This graph demonstrates an enrichment of three

orders of magnitude of the immunoreactive material from the

starting material to the pH II-III preparation. Acid

chromatographed human acromegalic serum supplied by the

National Institues of Health (NIH) is an enriched source

of Sm-C. This preparation as well as commercially obtained

Multiplication Stimulating Activity (MSA) (Collaborative

Research) were also assayed. As can be seen from Figure 4,

the pH II-III curve lies to the left of the NIH/Sm-C curve.

It is not parallel to the competitive binding curve of the

NIH/Sm-C standard while it does appear to parallel that of

the MSA suggesting these may be antigenically similar.

Dose response curves were similarly constructed to

monitor bioactivity using the CEFA. The results are seen in

Figure 5. Incorporation of tri tia ted thymidine is plot ted

on the ordinate expressed as percent increase of control.

Protein concentration is seen on the abscissa. A similar

enrichment of the mitogenic material could be traced and

was shown to increase at each successive purification
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FIGURE 4. MEASUREMENT OF IMMUNOREACTIVITY OF LUNG
DERIVED FACTORS BY THE SOMATOMEDIN-C RADIOIMMUNOASSAY. A
single batch of conditioned serum-free medium (CFSM) was
processed according to the isolation scheme outlined in
Figure 1. Preparations derived from sequential
isolation steps were dialysed, lyophilized, reconstituted
in lOmM HCl and were assayed for immunoactivity. Protein
was determined by the method of Lowry, et al., (1951).
Multiplication stimulating activity (MSAr-w~ purchased
from Collaborative Research and a somatomedin-C enriched
preparation of human acromegalic serum obtained from the
National Institutes.of Health were used as standards.
The data are expressed as relative specific binding
versus total protein added per assay tube.
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FIGURE 5. MEASUREMENT OF BIOACTIVITY OF LU~G DERIVED
FACTORS IN THE CHICK EMBRYO FIBROBLAST ASSAY (CEFA).
A single batch of conditioned serum-free medium (CSFM)
was processed according to the isolation scheme outlined
in Figure 1. Preparation derived from sequential isolation
steps were dialysed, lyophilized, reconstituted in 10mM
HCl and analysed for H-thymidine incorporation into DNA
in CEFA. Protein was measured by the method of Lowry, II
ale, (1951). Multiplication stimulating activity (MSA),
purchased from Collaborative Research, was used as a
standard to monitor cell re~ponsiveness. The data are
expressed in percent change H-thymidine incorporation
from control versus protein concentration per ass say
well.
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stage. Collaborative Research MSA (CR-MSA) exhibited a

greater mitogenic potency than the pH II-III preparation in

the CEFA system (Figure 5).

Analytical Disc Acrylamide Gel Electrophoresis (PAGE)

In order to evaluate the homogeneity of the pH 11-III

preparation it was electrophoresed using 15% acrylamide

gels in acetic acid at buffer pH 4.5. Figure 6 shows the

results of one experiment where the pH 11-II and the pH 11

III preparations were electrophoresed on duplicate gels.

The gels were either stained with Coomassie Blue or cut

into 1mm slices. The slices were eluted overnight in

Earle's buffered saline containing 0.5% bovine serum

albumin. The eluate was subsequently tested for

immunoactivity. The electrophoretic pattern for the pH 11

II preparation contained several stainable bands with Rf

values of 0.15, 0.22, 0.29, 0.42 and, 0.61. The major

immunoreactive peaks appeared at Rf value of 0.33 and a

minor component at 0.26. These peaks did not correspond to

the stainable bands. Electrophoresis of the pH 11-III

preparat~on revealed only one stainable band at Rf value

0.70 which did not correspond to the major immunoreactive

peak at 0.59. This demonstrated that the Sephadex peaks

11-II and 11-III were composed of two distinct populations

of peptides.
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FIGURE 6. ELECTROPHORETIC PROFILES OF II-II AND II-III.
Pools of II-II and II-III were obtained after Sephadex
gel filtration. The samples were electrophoresed on 15%
acrylamide gels as described in Materials and Methods.
Two gels were simultaneously electrophoresed for each of
the two preparations. One of the pair was stained for
protein with Coomasie Blue. The other gel was sliced
into Imm slices and eluted overnight in Earl's buffered
saline solution containing 0.5% bovine serum albumin.
The elute was then assayed using the somatomedin-C
radioimmunoassay. The results are plotted as percent
inhibition of binding versus electrophoretic mobility
expressed in Rf units.
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To determine whether the immunoreactive peak

corresponded to the mitogenic substance, a pH II-III

preparation was run and simultaneously tested for

immunoactivity and mitogenic activity (Fig 7). A major

immunoreactive peak emerged again at Rf value 0.59.

Testing of the slices for mitogenic activity revealed that

a number of mitogenic species were present. The major peaks

at Rf values of 0.59 and 0.53. The lesser peaks found at

0.47, 0.65 and, 0.33 did not cross react with the

somatomedin-C RIA. These studies showed that II-III was a

heterogeneous preparation containing several mitogenic

species, at least one of which did not appear to cross

react with the Sm-C RIA system.

Acid PAGE £i 125I-Somatomedin-C

The electrophoretic mobility of Sm-C had been

previously reported to be 0.41 +/- 0.01 using 18%

acry1amide gels in the same buffer system (Svoboda, ~ a1.,

1980. Figure 8 shows the electrophoretic profile for 125I_

Somatomedin-C in this acid PAGE system. Two peaks are

seen; one at Rf value 0.29 the second at Rf value 0.53 +/

0.02 (n=3). The first peak is probably due to aggregated

damaged label and the second peak represents authentic Sm

C. Thus the major component at Rf 0.59 of the II-III

preparation is not authentic Sm-C.
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FIGURE 7. BIOASSAY AND RADIOIMMUNOASSAY OF II-III
ELECTROPHORETIC PROFILE. The II-III preparation was
electrophoresed as described in Materials and Methods and
the gel sliced in Imm sections. After overnight elution
of the slices in Earl's buffered saline solution
containing 0.5% bovine serum albumin, the eluate was
simultaneously assayed for mitogenic activity using 3H_
thymidine incorporation in the chick embryo fibroblast
assay (CEFA) and immunoactivity using the somatomedin-C
radioimmunoassay. The data are expressed in counts per
minutes (A ~) and percent inhibition of binding
( ..-----e), respectively, versus electrophoretic mobility
in Rf units.
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FI~URE 8. Et~~TROPHORETIC PROFILE OF 125I-SOMATOMEDIN-C.
10 cpm of I-somatomedin-C were electophoresed as
described in Materials and Methods. The gel was sliced
into 1mm slices, and counted. The data are expressed in
counts per minute versus electrophoretic mobility in Rf
units.
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BIOLOGICAL CHARACTERIZATION

In order to study the potential paracrine function of

the mitogens contained in the II-III preparation, the

following series of experiments were executed.

llHl-Thymidine Experiments

As shown by the dose response study using chick embryo

fibroblast, II-III did stimulate mitosis in a dose

dependent manner (Figure 5). In order to test the

mitogenic potency of this preparation on homologous rat

cells, rat lung fibroblasts were incubated with [3 H]_

thymidine in the presence and absence of the pH II-III

preparation for a total of 18 hours. Figure 9 shows that

preparation II-III stimulated mitosis in postnatal day 4

rat lung fibroblasts in a dose-dependent manner. As

demonstrated here, however, fetal fibroblasts were

producing the mitogenic peptides contained in the II-III

preparation, therefore a procedure had to be devised to

look at the mitogenic effects controlling for endogenous

production of factors.

To examine the mitogenic effects of II-IlIon the

cells which produce it, monolayer cultures of day 19

fibroblasts were incubated with or without hormone and the

medium was changed every 3 hours for 12 hours. A set of

control wells received no hormone and no medium change

during the 12 hour period. Subsequent to the 12 hour

period, the test medium was removed from all wells, fresh
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FIGURE 9. EFFECT OF II-IlION 3H-THYMIDINE INCORPORATION
IN POSTNATAL RAT LUNG FIBROBLASTS. Mitotically quiescent
confluent cultures of lung fibroblasts from four-day old
rat pups were exposed to varyinJ concentrations of II-III
in the presence of 0.5 uCi/ml H-thymidine for 18 hours.
Results are expressed relative to thymidine incorporation
rates in cultures not exposed to 11-III. Fetal bovine
serum (lmg/ml) served as a positive control.

* p < 0.05
** P < 0.01



••..

,.-

600-

I S.E.

500·
n=2

Z
0
I-
-c
c:: 400-
0
c..

.cr:
~

0 0)

o e 300-
Z e:u

s: •
Co) ~

W ~
Z

200--C- --
~
>
:r:
J- 100-

57

.r,
I

10
I

100
.

1000 . F BS

pHl1 mCng/ml)



58

medium containing 3H-thymidine was added and incubated for

an additional 12 hours. Figure 10 shows the various

treatment groups labeled on the abscissa while on the

ordinate is plotted thymidine incorporation as percent

change from the no medium change control. The results

indicate that under these conditions fetal cells were not

responsive "to the mitogens in the II-III preparation,

although they were responsive to fetal bovine serum as well

as MSA purchased from Collaborative Research.

Figure 11 shows the results for monolayers of day 4

neonatal cells using the same procedure as well as a

control treatment group which received no medium change

during the first 12 hours. Thymidine incorporation was

significantly stimulated at the highest dose of II-III

(lJIg/ml) in the no medium change group, although the same

dose failed to stimulate mitosis in cells whose medium was

continually replenished.

One way of explaining these seemingly contradictory

results was the possibility these cells were producing

other factors which were necessary for the expression of

the mitogen. These factors were perhaps being depleted

during the change of medium protocol. A more comprehensive

study was done which involved comparing II-III with a

dialyzed and lyophilised sample of CSFM. Two standards

were used: FBS and a preparation of MSA (BRL-MSA), which

has pure progression activity and was freshly purified from
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FIGURE 10. EFFECT OF II-III ON 3 H-THYMIDINE
INCORPORATION INTO FETAL LUNG FIBROBLASTS. Confluent,
mitotically quiescent cultures of day 19 fetal rat lung
fibroblasts were subjected to four medium changes at 3
hour intervals in the presence or absence of II-III (0,
100, 1000 ng/ml) to eliminate. interference by
endogenously produced mitogens. Results are expressed as
percent change from the zero dose, no medium change
control.

[]= Experiment A, in which fetal bovine serum
(lmg/ml) served a positive control.

E]= Experiment B, in which MSA (Collaborative
Research) served as a positive control.
* P< 0.05
** P< 0.01
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FIGURE 11. EFFECT OF 11-II1 3H-THYMIDINE INCORPORATION
INTO POST-NATAL DAY 4 RAT LUNG FIBROBLASTS: EVIDENCE FOR
ENDOGENOUSLY PRODUCED GROWTH FACTOR. Comparison of 2
experimental protocols: A) exposure to II-III for a
continous 18 hours. B) exposure to II-III with
replenishment of medium every 3 hours. Results are
expressed as counts per minute versus II-III
concentration (1, 10, 100, 1000 ng/ml) for 2 protocols.
Fetal bovine serum (lmg/ml) was used as a positive
control to monitor cell responsiveness.

I = X S.E. of 2 replicates.
* P < 0.05
** P <0.01
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the CSFM of Buffalo rat liver cells and processed by the

method of Moses, ~ a1. (1980). Figure 12 demonstrates

that neither BRL-MSA nor II-III alone stimulated

proliferation of day 19 fetal rat lung fibroblasts, while

the starting material induced a dose dependent stimulation.

To confirm the mitogenic role of II-III in fetal lung

fibroblast and further test the hypothesis that the missing

component was a competence factor, the cells were pre

exposed to a known competence factor, FGF, for only 3 hours

and the experiment proceeded as before. The results, seen

in Figure 13, clearly show II-III to be mitogenic at a

dose of 1000 ng/ml in cells which were rendered competent

by FGF.

Dose Response Studies in the Presence of EGF

Epidermal growth factor (EGF) has been implicated to

have a maturational and growth promoting role in the fetal

lung (Sundell, ~ al., 1980) and receptors to EGF have been

detected in high concentrations in fetal mouse tissues

(Nexo, ~ al., 1980). To determine if the II-III mitogen

was exerting its effects via the EGF receptor system,

dose response study was conducted using cultures of

fibroblasts from postnatal day 4 rat lungs in the presence

and absence of EGF. As can be seen in Figure 14, the

presence of EGF resulted in an additive mitogenic response,

shifting the entire dose response curve upward. This
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FIGURE 12. EFFECT OF II-III ON 3H-THYMIDINE INCORPORATION
IN FETAL DAY 19 RAT LUNG FIBROBLASTS: EVIDENCE FOR
ENDOGENOUSLY PRODUCED COMPETENCE ACTIVITY. Fibroblasts
were exposed to various concentrations of II-III, buffalo
rat liver cell-derived multiplication stimulating
activity (BRL-MSA) and unprocessed conditioned serum
free medium (CSFH). The medium containing the
appropriate test dose was replenished every 3 hours for a
total exposure time of 12 hours. The data are expressed
relative to thymidine incorporation rates in control
cultures. FBS was used to monitor responsiveness of the
cells.

* P < 0.05
** p < 0.01
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FIGURE 13. FETAL LUNG FIBROBLASTS REQUIRE EXPOSURE TO
COMPETENCE ACTIVITY FOR RESPONSIVENESS TO II-III:
EVIDENCE THAT II-III IS A PURE PROGESSION FACTOR.
Confluent, quiescent cultures of fetal day 19 lung
fibroblasts were pre-treated with FGF at a concentration
of 300ng/ml for 3 hours after which time the cells were
exposed to II-III at a concentration of Lu g z mL, or
buffalo rat liver cell-derived multiplication stimulating
activey (BRL-III) at a concentration of lug/mI. Fetal
bovine serum (FBS) served as a positive control to
moniter cel1

3
responsiveness. The results are expressed

relative to H-thymidine incorporation rates in control
cultures that were not exposed to growth factors.

* P < 0.05
** P < 0.01
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FIGURE 14. ~ITOGENIC RESPONSE OF POST-NATAL DAY 4 RAT
LUNG FIBROBLAST TO II-III IN THE PRESENCE OF EPIDERMAL
GROWTH FACTOR (EGF). Post-natal day 4 monolayers of rat
lung fibroblasts were incubated in serum free medium for
at least 24 hours. Cultures were exposed to II-III
alone or to II-III plus EGF for a total of 20 hours. The
data are expressed in dpm as a function of II-III
concentration.

* P > 0.01
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suggests that II-III and EGF are acting via separate

receptor systems to stimulate proliferation.

114CJ-Choline Incorporation Experiments

These experiments were carried out to determine if the

pH II-III preparation contained a substance that could

influence the incorporation of choline into pulmonary

surfactant, the surface active material secreted by the

alveolar type II cells. A surfactant stimulating factor

having an apparent molecular weight between 5000-7000

daltons had been reported by Smith (1979).

114CJ-Choline Incoip~~~~~ using Mixed Cell Cultures

Mixed cell cultures from fetal and post-natal lungs

were initiated. Figures 15 and 16 contrast rat lung

fibroblast cultures with mixed cell cultures prepared

simultaneously from the same cell suspension. The cells in

these photomicrographs were obtained from the lungs of IS

day old neonatal rats and were taken at the light

microscope level after two days in culture. It can be seen

that the mixed cultures (Figure 16) contain cells

morphologically distinct from the fibroblasts seen in

monolayers which are characterized by their spindle shapes

(Figure 15). It should be noted that the mixed cultures

did contain more than one distinguishable cell type as can

be seen in Figure 17 A and B. Mixed cell cultures from

postnatal day IS lungs were composed of approximately 70%
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.
FIGURE 15. PHOTOMICROGRAPHS OF RAT LU~G FIBROBLAST
CULTURES. Both fibroblast and mixed cell cultures were
obtained from the same tissue pool of post-natal day 15
rat lung and were plated simultaneously. (A) Rat lung
fibroblast monolayer after 48 hours in culture. lOOX
magnification. The swirl-like pattern of growth typical
of fibroblast cultures is seen here. (B) rat lung
fibroblast monolayer after 48 hours in culture. 200X
magnification. The characteristic spindle shape of the
fibroblasts can be distinguished in the lower left of
the photograph.
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FIGURE 16. PHOTOHICROGRAPHS OF ~tIXED RAT LUNG CELL
CULTURES. As explained in the previous figure, both
fibroblast and mixed cell cultures were obtained from the
same tissue pool of postnatal day 15 rat lung and were
plated simultaneously. (A) Mixed cell culture after 48
hours in culture. lOOX magniiication. (B) Mixed cell
culture after 48 hours. 200X magnification. These
cultures have round cells with large central nuclei,
contrasting sharply with the fibroblast cultures.
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FIGURE 17. PHOTOMICROGRAPHS OF MIXED CELL CUTURES. (A)
At a magnification of 400X vacuoles of various sizes
become visible in the cytoplasm of many of the rounded
epithelioid-type cells. (B) In the same culture cells
resembling neither fibroblasts nor epithelial cells can
be found. 400X magnification.
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type-II cells as determined by transmission electron

microscopy.

To determine the responsiveness of these cultures to

known stimulators of surfactant in mixed cell cultures, a

dose response study was done using cortisol. It was found

that surfactant stimulation was significantly increased at

a concentration of 10-6 molar cortisol in day 19 mixed cell

cultures (Figure 18).

Surfactant synthesis in these cultures, however, was

not stimulated by the II-III preparation. Clearly seen in

Figure 19 is the fact that, though the cultures were

responsive to cortisol, exposure to II-III at a

proceeded using the A549 cloned

concentration of 1000ug/ml did not stimulate the

incorporation of 14C-choline into cell lipids in cultures

isolated at various ages. Simultaneous exposure to both

cortisol and II-III resulted in either no effect or a

response intermediate in magnitude between cortisol and 11

III alone.

l14JC-Choline Incorportation Studies using AS49 Cultures

Further investigation of ll-III's potential effects on

type-II cell function

type-II cell line.

When the cells were exposed for 24 hours, II-III at

lug/ml did not stimulate but rather depressed choline

incorporation in A549 cells both alone and in the presence

of cortisol (Figure 20). Also seen in these results is
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FIGURE 18. EFFECT OF CORTISOL ON PHOSHOLIPID SY~THESIS IN
PRIMARY MIXED LUNG CELL CULTURES. Cell cultures were
incubated in serum free medium for at least 18 hours
prior to hormone exposure. Subsequently, cultures were
incu~~ted ~ith gortisol at varying c~~centrations
(10- , 10- , 10-) in the presence of C-choline.
Total incubation time was 48 hours at which time the
cells were trypsinized off the cluster wells and
transferred to-glass tubes. ~ellular lipid was extracted
as described in Materials and Methods. The results are
expressed relative to choline incorporation in the
control cultures.

** P > 0.01
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FIGURE 19. EFFECTS OF II-IlION PHOSPHOLIPID SY~THESIS

IN PRIMARY LUNG CELL CULTURES. Cells were isolated from
rat lungs of various ages: fetal day 19 and 20, as well
as postnatal day 15. Cultures were incubated in serum
free medium for at least 18 hours prior to hormone
exposure. Cells were subsequently incubated with II-III
( lu%/ml ~ alone or in the presence of cortisol
(10- /10-). Cortisol alone was used to monitor cell
responsiveness.

* P > 0.05
** p > 0.01
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FIGURE 20. PHOSPHOLIPID SYNTHESIS IN THE A549 CELL LINE:
EFFECTS OF CORTISOL AND II-III AFTER 24 nOURS OF
EXPOSURE. A549 cells were exposed to II-III (100, 1q~0

ng/~l), algne, or in the presence of cortisol (10 - ,
10- , 10- M). The assay was incubated with the
hormones for 24 hours. The results are expressed as dpm
per ug protein in each assay well versus hormone
concentration.
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of cortisol (Figure 20). Also seen in these results is

the fact that cortisol did not affect choline incorporation

at any of the concentrations tested. In addition, when

the hormone exposure period was extended to 48 hours, no

change for any test treatments was seen (Figure 21).

Analysis of the A549 cell conditioned medium showed no

change of lipid extractable 14C-choline in the medium.

II-III is Distinct from Surfactant Stimulating Factor

Figure 22 shows the chromatographic profile for

unprocessed CSFM passed through Sephadex G-75. The

effluent was collected in 4 ml aliquots and numbered 1

through 24. The eluates were simultanEously assayed to

meas~re immunoactivity using the somatomedin-C RIA (plate

A, Figure 22), 3H-thymidine incorporation into DNA in two

culture systems (i) the chick embryonic fibroblast assay

(plate B), (ii) mixed type-II cell culture (plate C), and

choline incorporation in mixed cell cultures (plate D).

The results clearly demonstrate the presence of 2 bioactive

substances, both derived from fetal lung fibroblasts.

There was a large choline stimulating peak which eluted at

a Ka v value of 0.22, having a molecular weight of

approximately 13,000 daltons (plate D). This substance

also stimulates proliferation in the mixed cell cultures

(plate C). It is distinct from the immunoreactive and,

CEFA- stimulating, II-III peak (A, B). Interestingly,
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these peptides had no mitogenic activity in the mixed type

II cell cultures (comparison of A and B v s , C).
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FIGURE 21. PHOSPHOLIPID SYNTHESIS IN THE A549 CELL LINE:
EFFECT OF CORTISOL AND II-III AFTER 48 HOURS OF EXPOSU~E.

A549 cells were exposed to II-III (lOO'IJOOO ~g/rnl)6
alone or in the presence of cortisol (10 - , 10- , 10
~). The assay was incubated with the hormones for 48
hours. The results are expressed as dpm per ug protein
in each assay well versus hormone concentration.
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FIGURE 22. SEPHADEX G-75 CHROMATOGRAPHY OF CONDITIONED
SERUM-FREE MEDIUM (CSFM): EVIDENCE FOR A SURFACTANT
STIMULATING FACTOR DISTINCT FROM II-III. Fractions
were eluted in 1M acetic acid and collected in 4 ml
a liq uo t s, num bered on the a bscissa. Each f r ac t ion was
monitored simultaneously for immunoactivity in the
somatomedin-C radioimmunoassay (plate A), mitogenic
activity in the chick embryo fibroblast assay (CEFA)
(plate B), mitogenic a4ctivity in the mixed cell
cultures (plate C), and 1 C-choline incorporation into
phospholipids in mixed cell cultures (plate D). The
column was calibrated using cytochrome-C (13,000
daltons), insulin (6,000 daltons), and blue dextran.
Plate A: Immunoactivity from the collected fractions
was assayed directly and the results are expressed in
uU. The Ka value of the peak is 0.50.
Plate B: Individual fractions were lyophilized,
reconstituted (10mM HCI), and bioassayed•. The CEFA
results are expressJd in mU of mitogenic activity. (One
unit of activity. H-thymidine incorporation elicited
by Img/ml of fetal bovine serum.)
Plates C & D: Mixed cell cultures were exposed to
3ndividual reconstt,uted fractions in the presence of
H-thymidine and C-choline. Results are expressed

relative to incorporation rates in control cultures.
The Ka v value of the peaks is 0.23 for both mitogenic
and surfactant stimulating activity.
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DISCUSSION

PARTIAL ISOLATION OF LUNG GROWTH FACTORS

Our present understanding of growth factors results

from a convergence of knowledge from 3 different areas of

research on (1) the mediators of the growth-promoting

actions of GR, (2) the identity of serum factors that

stimulate cellular multiplication in vitro and (3) the

purification and characterization of factors produced in

vitro by specific cell populations. To date, growth

factors which have been chemically identified have been

shown to exhibit significant structural homologies across

evolutionary lines. This provides support for the

generalization that the MSA family and the somatomedin

family of peptides belong to a class of mitogenic peptides

which certain mammalian tissues are capable of producing in

response to somatomammotrophins (growth hormone, prolactin,

placental lactogen). Along the same lines, present evidence

also attests to the concept of species specific families

of growth factors.

Organogenesis during embryonal development is

presently perceived as a process which is characterized by

differential growth and maturation of different organ

systems. This concept would argue against the pivotal

role of non-site specific mitogens. The amply documented

site-specificity of nerve growth factor production would

attest to the belief that tissue-specific growth and
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maturational factors must exist 3S important regulators in

development.

Evidence brought forth by Alescio and Piperno (1967)

and Smith (1979, 1981) support the theory that lung

development proceeds under the inductive influence of

locally produced peptide factors. Their studies, coupled

with the fact that the fetal lung receives only a small

fraction of the cardiac output and is considered a poorly

perfused organ while being competitive in growth rate with

other, better perfused tissues, provide strong argument

for the existence of locally produced mitogen(s) in the

fetal lung. The experiments described here were performed

to determine whether fetal lung fibroblasts produce local

peptide factors which might be playing a major role in

fetal lung growth and maturation.

Preliminary results indicated that the conditioned

medium of cultured lung fibroblasts did contain growth

factors, as it was capable of stimulating mitosis in

embryonic chick fibroblasts. The existence of these

factors had been hypothesized by Alescio and Piperno (1967)

but had not been systematically researched. The present

studies focused on the in situ production of mesenchymal

lung growth factors, their partial biochemical isolation

and characterization, and their biological

characterization.

Dulak and Temin (1973a, 1973b) first isolated a
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family of low molecular-weight, mitogenic polypeptides

from serum-free culture medium conditioned by a cloned

Buffalo rat liver cell line. They subsequently named this

family of liver-derived pep tides "multiplication

stimulating activity", or MSA. Using more sensitive

biochemical techniques, Rechler, ~~ ~l. (1980),

distinguished seven biologically active components in the

BRL-MSA family of growth factors. In the current

experiments an isolation scheme similar to theirs was

employed, using an initial cation exchange chromatography

followed by gel filtration. The dose response studies

employed to monitor successive isolation steps clearly

demonstrated the effectiveness of these techniques in

successively purifying the mitogen.

It is interesting to compare the present results for

the lung derived CSFM to the isolation results of the liver

deri ved CSFM. The percent recovery of mi togenic acti vi ty

after ion exchange chromatography was 54% in the pH 11

preparation and 14% for the pH 9 effluent as determined by

bioassay (Table 1). Dulak and Temin (1973a) report 58%

and less than 2%, respectively, for this stage in their

isolation procedures. Thus, recovery values for the

mitogenic material using this technique were similar.

Moses, ~ ~., (1980) found three bioactive peaks on

gel filtration in Sephadex G-750f the chromatographed BRL

CSFM. The Ka v values were 0.18 (range: 0.13-0.22), 0.36
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(range: 0.26-0.45) and, 0.56 (range:0.48-0.64) for MSA-I, 

II, -III, respectively. MSA peak III from G-75 was found

to be composed of three species, one of which (MSA 111-2)

was purified to homogeneity and found to have a molecular

,... eight of 7100 daltons ( Hoses, tl tl., 1980). The fetal

lung fibroblast material revealed only two bioactive peaks

on gel filtration having Ka v values of 0.50 (range:0.44

0.56), and 0.72 (range:0.61':'0.83) for pH II-II and pH 11

III respectively (Fig. 3). Thus, the peptides which

compose the pH II-III fraction are in a lower molecular

weight range than MSA III.

Using identical gel filtering techniques to

chromatograph lyophilized lung CSFM, Smith (1979) reported

a Ka v value of 0.45 for his fibroblast pneumocyte factor.

It should be noted that the biological activity monitored

in his studies was radiolabled choline incorporation into

phosphatidylcholine.

Analytical disc acrylamide electrophoresis of

material from peak II-III demonstrated that we were dealing

with at least 4 molecular species, two of which did cross

react in the Sm-C RIA. The major component having an

electrophoretic mobility of 0.59 (+/- 0.02) exibited both

mitogenic as well as immunoreactive properties (Fig. 7).

Comparison of the electrophoretic migration of the II-III

peptides with the mobility of radiolabeled Sm-C revealed

that the major peptide at 0.59 was not Sm-C (R f = 0.53
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It should be noted that the Sm-C RIA system

employed in these studies does exhibit crossreactivity with

other growth factors. Specifically, it exibits a 1.2%

crossreactivity with MSA 111-2 (Van Wyk, II .2.1., 1980). In

addition, rat IGF-I is 15% as reactive as human IGF-I in

this system (Daughaday, .!U. ~., 1982). These results

indicate that we are dealing with a member of the family of

growth factors which has structural homologies ,{ith insulin

but which is distinct from 8m-C.

BIOLOGICAL CHARACTERIZATION

The chick fibroblast assay is the standard bioassay

commonly used in the detection of growth factors. The 11

III preparation clearly did stimulate mitosis in a dose

dependent manner using this system (Fig 5). Monolayer

cultures of fetal rat lung fibroblasts, however, failed to

respond when incubated with II-III alone (Figure 10). In

these latter studies the endogenous production of II-III

was controlled for by replenishing the medium every three

hours during the hormone incubation period, a total of 12

hours. This protocol had the effect of abolishing the

positive mitogenic response to the II-III preparation in

post-natal rat lung fibroblasts (Figure 11). These

experiments, coupled with a further study (Figure 12)

demonstrating significant stimulation of mitosis by the

unprocessed conditioned medium, but not in the presence of
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progression factor alone, provided evidence for the

existence of other endogenously produced substances

nec~ssary for the expression of mitosis in these mesodermal

cells. Studies using human fibroblasts have demonstrated

that mammalian cells do not respond to preparations of pure

progression factors (Moses, ~ al. 1978, Antoniades, et

~., 1975). Avian cells differ in that they do not req~ire

competence factors for proliferation. This would explain

the mitogenicity of II-III in the chick fibroblast assay,

and the lack of response in the rat lung fibroblast

cultures. Figure 13 shows that with transient exposure to

FGF, a competence factor, the rat lung fibroblasts did

respond to II-III. It would thus appear that II-III is an

important autocrine factor during development. The

significance of such an autocrine mesodermal factor is

clear when one considers that the bulk of lung tissue, and

the principal fate of this organ, resides in its mesodermal

components (smooth muscle cells, endothelial cells, and

fibroblasts). In addition to allowing for

vascularization and the regulation of regional blood flow,

these are the cell populations that produce the

extracellular matrix upon which the epithelium resides.

During recent years, substantial evidence has accumulated

which supports the hypothesis that extracellular materials

direct differential cell behavior during morphogenesis.

Studies indicate that the substrate upon which a cell rests
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can dictate its shape and may playa role in a differential

response to various growth factors (Wessells, 1964;

Gospodarowicz, ~ al., 1976a).

In addition to making clear the fact that II-III

exhibits pure progression factor activity, the rat lung

fibroblast data also suggest the presence of an

endogenously produced competence factor (Fig. 12).

Comparision of the medium change protocol versus the no

change protocol (Fig 11) supports this hypothesis. In

addition, it was shown that exposure to lyophilized

starting material, as well as transient exposure to the

known competence factor, FGF, prior to II-III exposure,

proved to stimulate cell division (Figures 12 and 13).

These data suggest that the starting CSFH contains a

competence-endowing factor which is excluded during

isolation of II-III. This finding is extremely significant

in view of the fact that competence factors, to date, have

been shown to be synthesized by limited tissues: bovine

pituitary and platelets.

As has been previously noted, quiescent cells are

arrested in the Go phase of the cycle. It was found, for

example, that 3T3 cells became growth arrested 12 h prior

to DNA synthesis. It was proposed that a critical and

irreversible regulatory event occurred in this phase of the

cycle (Scher, et al., 1979).-- Ant 0 n i a des, II g. (1977),

found that only a short exposure (4-6 h) to PDGF, a
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platelet derived competence factor, was required to

'commit' the cells to division. Pledger, et a1. (1977),

went on to show that a second regulatory component, the

progression factor, was necessary if PDGF-competent cells

were to enter the S phase of the cell cycle. It is now

clear that both factors are needed for an optimal

proliferative response in mammalian cell cultures. It

should be emphasized that FGF, which has been extensively

characterized, only stimulates cells of mesodermal origin

and that non mesodermal cells do not require FGF for growth

(Gospodarowicz and Moran, 1976). PDGF shows a similar

specrtrum of biological action (Scher, II i!l., 1980).

Paracrine regulation of organ growth clearly could be

under the two-fold control of locally produced competence

and progression factors. In addition, since competence

activity is needed by only mesodermally derived cell

populations, fibroblasts could produce large amounts of

progression f ac tor, inducing cell division in nei gh boring

populations while not responding themselves due to low

competence availability. Although only speculative at

present, evidence exists to suggest that competence

factors may play a role in differentiation. FGF has been

shown to exert influence over the phenotypic expression of

cells once they reach confluency. This is best

demonstrated by its influence on the appearence of specific

cell surface proteins such as fibronectin and CSP-60
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(Gospodarowicz, II g., 1980).

In order to explore the potential maturational

influence of II-III, its effect on surfactant production

was monitored. The radiolabeled choline incorporation

experiments us Ln g mixed cell cultures (Figure 19) provide

evidence against any maturational surfactant stimulating

property of II-III. The lung is thought to contain

approximately 40 different cell types in the adult. This

fact necessitates a method of isolation of type-II cells

prior to culturing (Hitchcock, 1980; Mason and Williams,

1980). The method of Keller and Ladda (1979) was modified

as described in the Materials and Methods. This resulted

in cultures which, on inspection by light microscopy,

contained a majority of round, granular cells and which

were 70% type-II cells as determined by transmission

electron microscopy. In addition, choline incorporation

into lipids was increased by glucocorticoids, an effect

that has been a well-documented response of lung explants

and mixed cell cultures.

In addition, the maturational influence of II-III was

also monitored using the AS49 cloned cell line. As

previously noted the AS49 cell line is derived from a human

adenocarcinoma of the lung. Use of this bioassay system

obviates the need to isolate type-II cells, as well as

eliminating the interference of other cell types in

culture. The morphological as well as biochemical
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characteristics of the A549 cells have been extensively

studied as a model for exploring the role of the type-II

cell in lung development (Shapiro, II a1., 1978). Nardone

and Andrews (1979) reported that the A549 cell is a

faithful model of pulmonary type-II cell as determined by

the following criteria: 1) general ultrastructure as

determined by transmission electron microscopy, 2) total

phosphatidylcholine composition, 3) the pattern of

incorporation of phosphotidylcholine precursors, 4) the

production of phosphatidylcholine synthesized from

radiolabeled choline is consistent with values reported for

type-II cells. Mason and Williams (1980), ho~ever, disagree

with Nardone and Andrews (1979) and conclude from their

studies that the phospholipid composition of these tumor

cells is significantly lower than for freshly isolated rat

type-II cells.

In light of this, both culture systems were used in

the present studies. Results for both the mixed cell and

the A549 cultures showed no effect of II-IlIon choline

incorporation into lipids. Thus, it would appear that the

mitogens isolated via these procedures were distinct from

the maturational factor described by Smith (1979, 1981).

The production by lung fibroblasts of a surfactant

stimulating factor was further explored by chromatographing

starting CSFM through Sephadex G-75. These experiments

revealed the presence of a surfactant stimulating
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substance at a Ka v value of 0.23 (Fig.22). This factor did

not exibit immunoactivity in the somatomedin-C

radioimmunoassay, and differentially stimulated mitosis in

mixed cell cultures. These data clearly demonstrate that

the CEFA stimulating activity is distinct from the choline

stimulating substance, which has a considerably higher

molecular weight (>13000). Interestingly, the choline

stimulating activity is also mitogenic in the mixed cell

cultures but not in the CEFA bioassay. These data bear

witness to a true paracrine factor which has both

maturational and mitogenic properties and which is distinct

from II-III. In addition, II-III does not appear to be

mitogenic for type-II cells as attested to by the lack of

mitogenic response in the mixed cell cultures.

SUMMARY AND CONCLUSIONS

Alescio and Piperno (1967) were the first to

demonstrate that fetal lung epithelium required the

presence of mesenchymal lung tissue. These investigators

hypothesized the existence of an epithelial growth factor

like the one demonstrated by Grobstein's (1953) studies on

mouse salivary gland. In subsequent years the isolation of

growth peptines has provided indirect support for Alescio's

and Piperno's (1967) original hypothesis. The huge body of

literature accumulating in the area of growth factors has

begun to transform the classical concepts of the hormonal

regulation of growth. It is now clear that, though blood
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borne factors probably do play an important role in

orchestrating organ growth, fine~tuned regulation probably

occurs locally. Locally secreted pep tides are considered to

be paracrine factors if they exert their influence on

neighboring populations of cells, and are considered

autocrine factors if they secrete factors necessary for

their own growth.

The results of these studies provide direct support

for the paracrine model of lung development first conceived

of by Alescio and Piperno in 1967. The lung-derived

peptides which have been demonstrated in the current

studies constitute several discrete components of the

"inductive mesenchymal influence" postulated nearly 20

years ago by these investigators. These studies demonstrate

the presence of a maturational/mitogenic factor,

influencing type-II mixed cell cultures. In addition to

this paracrine factor, II-III has been shown to play an

autocrine role in stimulating proliferation of fetal lung

fibroblasts, thereby increasing mesenchymal mass. Finally,

these data suggest the existence of a locally produced

competence factor which may be playing a critical role in

regulating mitosis in the fibroblast population. The

existence of this family of local fetal lung factors,

synthesized and secreted in ~, provides the first step

toward a true under stand ing of the mechanisms con troll ing

embryonic development in general. In particular, these
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studies begin to explain the suprising degree of autonomy

previously described in lung organogenesis nearly 35 years

ago.



103

BIBLIOGRAPHY

Adams, S.O., S.P. Nissley, S. Handwerger, M.M. Rechler.
(1983a) Developmental Patterns of Insulin-like Growth
Factor-I and -II Synthesis and Regulation in Rat
Fibroblasts Nature 302:150-154.

Adams, S.O., S.P. Nissley, M. Kasuga, T.P. Foley, M.
Rechler. (l983b) Receptors for Insulin-like Growth Factors
and Growth Effects of Multiplication-Stimulating Activity
(Rat Insulin-Like Growth Factor-II) in Rat Embryo
Fibroblasts. Endocrin. 112:971-978.

Alescio, T., and E.C. Piperno. (1967) A quantitative
assessment of mesenchymal contribution to epithelial growth
rate in mouse embryonic lung development. J. Embryol. Exp.
Morph. 17:213-227.

Alescio, T., and M. diMichele. (1968) Relationship of
epithelial growth to mitotic rate in mouse embryonic lung
development in vitro. J. Embroyol. Exp, Morph. 19:227-237.

Antoniades, H.N., D. Stathakos, C.D. Scher. (1975)
Isolation of a cationic polypeptide from human serum that
a t Lmu La t e s proliferation of 3T3 cells. Pr o c , Nat. Acad
Sc ience USA 72: 2535-2639.

Antoniades, H.N., and C. Scher. (1977) Radioimmunoassay of
a human serum growth factor fc~ Balb/c3T3 ~ells:Derivatio~

from platelets. Pr oc , NatL Aca d , Sci. 74:1973-1977.

Antoniades, H.N., C.D. Scher, C.D. Stiles. (1979)
Purification of human platelet derived growth factor. Proc.
Nat. Acad Science 76:1809-1813.

Atkinson, P. R., E.R. Weidman, B. Bhaunick, R.M. Ba l a ,
(1980) Release of somatomedin-like activity by cultured WI
38 human fibroblasts. Endocrinol. 106:2006-2012.

Avery, M.E., and J. Mead (1959) Surface properties in
relation to atelectasis and hyaline membrane disease. AMA
J. Dis. Child. 97:517-527.

Ballard, P.L. (1980) Hormonal influences during fetal lung
development. In:Metabolic Activities II the Lung p p , 251
271. Ciba Foundation Symposium.

Ballard, P.L. (1983) Hormones and receptors in developing
lung. In: Abnormal functional Development of the Heart.
Lungs. and Kidneys: Approaches ~ Functional Teratory.
(A.R. Liss e d s ) Academic Press, New York.



104

Bligh, E.G. and W.T. Dyer. (1972) A rapid method of total
lipid extraction and purification. Can. J. Bioch. Phys.
37:911-917.

Buckingham, S, W. McNary, S. Sommers. (1968) Is lung an
analog of Moog's developing intestine? I. Phosphatases and
pulmonary alveolar differentiation in fetal rabbits. Fed.
Pr oc , 27:328-235.

Carson, S.C., H.W. Taeusch, M.E. Avery. (1973) Inhibition
of lung cell division after hydrocortisone injection into
fetal rabbits. Appl. Physiol. 34: 660-663.

Catterton, W.Z., M.B. Escobedo, W.S. Sexson, M.E. Gray,
H.W. Sundell, M.T. Stahlman. (1979) Effect of epidermal
growth factor on lung maturation in fetal rabbits. Pede
Res. 13:104.

Clemmons, D.R., L.E. Underwood, J.J. Van Wyk. (1981)
Hormonal control of immunoreactive somatomedin production
by cultured human fibroblasts. J. Clin. Invest. 67: 10-19.

Chen, J.M. (1954) The Cultivation in Fluid Medium of
Organised Liver, Pancreas, and other tissues of Fetal Rats.
Ex pe r , Cell Res. 7:518-529.

Cohen, S. (1963) Isolation of a mouse submaxillary gland
protein accelerating incisor eruption and eyelid opening in
the newborn animal. BioI. Chem. 237:1555-1562.

Cook, C., J. Sutherland, S. Segal. (957) Studies of
respiratory physiology in the newborn infant. 111.(1957) J.
Clin. Invest. 36 :440-448.

Cramer, D.W., P. Beck, E.L. Makowski. (1971) Correlation of
gestational age with maternal human chorionic
somatomammotrqphin and maternal fetal growth hormone plasma
concentrations during labor. J. Obstet. Gynecol 109:649
655.

Da mer 0 n , F. (1 96 1) L' i n flu e nee des
la differenciation de l'epithelium
de poulet en culture in vitro.
MorphoL 9:628-633. -

divers mesenchymes sur
pu1monaire de l'embryon

J. Embryo!. Expt!.

Daughaday, W. H. and M. Kapadia. (1978) Maintenance of
Serum Somatomedin Activity in Hypophysectomized Pregnant
Rats. Endocrin 102:1317-1320



(1970)
in the
Am Rev

105

Daughaday W.H., LA. Parker, S. Borowsky, B. Trivedi, M.
Kapadia. (1982) Measurement of somatomedin-related pep tides
in fetal. neonatal, and maternal rat serum by insulin-like
growth factor (IGF) I radioimmunoassay, IGF-II
radioreceptor assay (RRA), and multiplication-stimulating
activity RRA after acid ethanol extraction. Endocrinol.
110:575-581.

D'Ercole, A.J., L.E. Underwood, J.J. Van Wyk, C.J. Decedue,
D. Foushee. (1976a) Specificity, topography, and ontogeny
of the somatomedin-C receptor in mammalian tissues. In:
Growth Hormone and Related Peptides (A. Pecile and E.E.
Muller eds.) pp 190-201. Exerpta Medica, Amsterdam.

D'Ercole, A.J., D.B. Foushee, L.E. Underwood. (1976b)
Somatomedin-C Receptor Ontogeny and Levels in porcine fetal
and human cord serum. J. Clin. En d oc r Ln o L, Metab. 43:1069
1077.

D'Ercole, J. A., G.T. Applewhite, and L.E. Underwood.
(1980) Evidence that Somatomedin is Synthesized by Multiple
Tissues in the Fetus. Dev, Bdo L, 75:315-328.

D'Ercole, J.A., and L.E. Underwood. Ontogeny of
somatomedin during development in the mouse: serum
concentrations, molecular forms, binding proteins and
tissue receptor s , (1980) Deve, BdoL, 79: 33-45.

De Lemos, R.A., D.W. Shermeta, J.H. Knelson.
Acceleration of appearance of pulmonary surfactant
fetal lamb by administration of corticosteroids.
Re s p Lr , Dis. 102:459-461.

Dulak, N.C. and H.M. Temin. (1973a) A paritially purified
polypeptide fraction from rat liver cell conditioned medium
with multiplication-stimulating activity for embryo
fibroblasts. J. Cell. Physio!. 81: 153-169.

Dul~k, N.C. and H.M. Temin. (1973b) Multiplication
stimulation activity for chicken embryo fibroblasts from
rat liver cell conditioned medium: a family of small
polypeptides. J. Cell. Physiol. 81 :160-169.

Eguchi, Y. (1961) Atrophy of
following decapitation in utero.

the fetal mouse adrenal
End oc r Lno L, 68:716-719.

Enesco, M., and C.P. Leblond. (1962) Increase in cell
number as a factor in the growth of the organs and tissues
of the young male rat. J. EmbryoL Ex p , Mol. 10:530-538.



106

Froesch, E.R., H. Burgi, E.B. Ramseiser, P. Bally, A.
Labhart. (1963) Antibody-suppressible and nonsuppressible
insulin-like activity in human serum and their
physiological significance. An insulin assay with adipose
tissue of increased precision and specificity. J. Clin.
Invest. 42: 1816

Furlanetto R.W., L.E. Underwood, J.J. Van Wyk, S.
Handweger. (1978) Serum immunoreactive somatomedin-C is
elevated late in pregnancy. J. Clin. Endocrin. Metab.
47:696-698. ( 47:1378-1381.)

Glasscock, G.F., and C.S. NicolL (1981) Hormonal control
of growth in the infant rat. Endocrinol. 109:176-184.

Gluckman, P.D., and M.W. Brinsmead. (1976) Somatomedin in
cord blood: relationship to gestational age and birth size.
J. Clin. Endocrinol Metab. 43: 1378-1381.

Gonzales, L.W., and P.L. Ballard. (1982) Nuclear 3,5,3'
triiodothyronine receptors in rabbit lung: Characterization
and developmental changes. Endocrinol. 111:542-546.

Gospodarowicz, D. (1975) Purification of a fibroblast
growth factor. J. Bdo L, Che m, 250:2515-2519.

Gospodarowicz, D. and J.S. Moran. (1976) Growth factors in
mammalian cell cultures. Annu. Rev. Biochem. 45:531-556.

Gospodarowicz, D., J.S. Moran, H. Bialecki. (1976)
Mitogenic factors from the brain and the pituitary:
physiological significance. In: Growth Hormone and Related
Peptides (A. Pecile and E.E. Muller eds.) Elsevier, New
York.

Gospodarowicz, D., I. Vlodavsky, N. Savion, J.P. Tauber.
(1980) Control of the Proliferation and differentiation of
vascular endothelial cells by fibroblast growth factor. In:
Peptides: Integrators Qf Cell and Tissue Function. (F.E.
Bloom, ed.) Raven Press, New York.

Grobstein, C.. (1953) Morphogenetic interaction between
embryonic mouse tissues separated by a membrane filter.
Nature. 172:869.

Gross,I., C.M. Wilson, L.D. Ingleson, A. Brehier, S.A.
Rooney. (1980) Fetal lung in organ culture. III. Comparison
of dexamthasone, thyroxine, and methylxanthines. J. AppL
Physiol. 48 :872-878,



107

Gross, I. (1983) The regulation of fetal lung develpment.
In: Abnormal Functional development of the Heart, Lungs,
and Kidneys: Approaches to Functional Teratology. (A.R.
Liss) pp. 93-102.

Hitchcock, K.R. (1980) Lung development and the pulmonary
surfactant system: Hormonal influence. Anat. Rec. 198:13
34.

Hill, D.J. and R.D.G. Milner. (1983) Somatomedins and fetal
growth. In: Ciba Foundation Symposium ~ The Fetus and
Independent Life., (K. Elliot, e d , }, p p , 124-151
Elesevier, Amsterdam.

Hurley, T.W., A.J. D'Ercole, S. Handweger, L.E. Underwood,
R.W. Furlenetto, R.E. Fellows. (1977) Ovine placental
lactogen induces somatomedin: a possible role in fetal
growth. Endocrinol. 101: 1635-1638.

Jimenez de A~ua, L., B. Carr, D. Clingan, P. Ru d La n d ,
(1977) Specific glucocorticoid inhibition of growth
promoting effects of prostaglandin F2a on 3T3 cells.
Nature 265:450-452

Kamoun, A. (1970) Activity of the adrenal corte~ during
gestation, lactation, and in pre- and post-natal
development in rats. J. Physiol., Paris. 62:5-32.

Keller, G.H. and R.L. La d d a , (1979) Quantitation of
phosphotidylcholine secretion in lung slices and primary
cultures of rat lung cells. P'r o c , NatL Acad. Sci. USA
76:4102-4106.

Kerr G. R., I.B. Tyson, J. H. Allen, J.H. Wallace, G.
Scheffler. (1975) Deficiency of Thyroid Hormone and
Development of the Fetal Rhesus Monkey. Bd o I Neonate
21:282-295

Liggins, G.C. (1969) Premature delivery of fetal lambs
infused with glucocorticoids. J. Endocrinol. 45:515-523.

Lowry, O.,N. Rosebrough, A.Farr, R. RandalL (1951) Protein
measurement with the Folin phenol reagent. J. BioL Chem.
193:265-272.

Marquardt H. and G. Todaro. 11981) Purification and Primary
Structure of a Polypeptide with Multiplication-Stimulating
Activity from Rat Liver Cell Cultures. J. BioI. Ch e m,
256:6859-6865. .



108

~1 a son, R• J. and :'1 • C• Wi I 1 i a ms • (1 9 8 0 ) P h 0 s P h o L i. p i d
composition and ultrastructure of A549 cells and other
cultured pulmonary epithelial cells of presumed type II
cell origin. Biochim.· et Biophys. Acta 617:36-50.

Horishige, W.K., and D. Guernsey. (1978) Triiodothyronine
receptors in rat lung. End oc r Lno L, 102:1628-1632.

Noses A. C., K.I. Cohen, R. .Jo h n s o n bau g h , S.P. Nissley.
(1978) Contribution of human somatomendin activity to the
serum growth requirement of human skin fibroblsts and chic~

embryo fibroblasts in culture. J. Clin. Endocrino!. :retab.
46:937-946.

M0 s e s , A•C., S •P • Niss ley, P. A• Sh 0 r t, N• N• Re c h l, e r, ~ • ;-1 •
\.j hit e, A• B• Kn i g h t , 0 •Z. Hi g a • (1 9 7 7) Inc rea sed Le v e Iso f
multiplication~stimulating activity, an insulin-like growth
factor, in fetal rat serum. Proc. Na t L, Acad. Sci. USA
77:3649-3653.

M0 s e s , A•C., S •P. Niss ley, P. A• Sh 0 r t , >1 •>1. Re c h 1 e r , J. ~! •
Podskalny. (1980) Purification and Characterization of
Multiplication Stimulating Activity. Eu r , J. Biochem.
103:387-400.

Nathanielz, P.W. (1976) Glucocorticoids from the Fetal
Adenal Glands. In: Fetal Endocrinologv: An Experimental
Approach ( P.W. Na t h a n i e Lz e d , ) p p, 151=161. Elsevier,
Amsterdam.

Nardone, L.L., and S.B. Andrews. (1979) Cell line A549 as
a model of the type II pneumocyte. Phospholipid synthesis
from native and organometallic precursors. Biochim.
Biophys. Acta 573:276-295.

Nexo, E., M.D. Ho1lenburg, A. Figueroa, N. Pratt. (1930)
Detection of epidermal growth factor-urogastrone and its
receptor during fetal mouse development. Pr o c , Na t L, Aca d,
Sci. 77:2782-2785.

Owen, P.C., M.\-l. Brinsmead, M.J. i.Jaters, G.D. Thornburn.
(1980) Ontogenic changes in multiplication-stimulating
activity bindin~ to tissues and serum somatomedin-like
receptors in the ovine fetus. Biochem Biophys. Co mm,
90:1812-1821.

PIe d g e r, ~v. J ., S til e s , H• N. Ant 0 n i a des, C•D• S c her. (1 9 7 7 )
Induction of DNA synthesis in 3ALB/c3T3 cells by serum
components: reevaluation of the commitment process. Pr oc ,
Na t l., Ac a d , Science 74:4481-4485.



109

Peirson, R.W., and H. Temin. (1971) The partial
purification from calf serum of a fraction with
multiplication-stimulating activity for chicken fibroblasts
in cell culture and with non-suppressible insulin-like
activity. J. Cell. Physio1. 79:319-330.

Rechler M.M., J. Zapf, S. P. Nissley, E. R. Froesch, A.C.
Moses, J. Podskalny, E.E. Schilling, R. HumbeL (1980)
Interaction of Isulin-Like Growth Factors I and II and
Multiplication-Stimulating Activity with Receptors and
Serum Carrier Proteins. Endocrin. 107:1451-1459

Reid, J. (1978) Congenital abcence of the pituitary gland.
J. Pe d La t r L, 56:658-666.

Reinisch J.M., N.G Simon, W.G. Karrow, R. Gandelman.
(1978) Prenatal exposure to prednisone in human and animals
retards intrauterine growth. Science 202:436-438.

Reisfeld, R.A. (1962) Disk electrophoresis of basic
proteins and peptides in polyacrylamide gels. Nature.
195:128-283.

Rieutort, M. (1974) Pituitary content and plasma levels of
growth hormone in fetal and weanling rats. J. Endocrin.
60:261-268.

Ross, R., J. Glomset, B. Kariya, L. Harker. (1974) A
platelet-dependent serum factor that stimulates the
proliferation of arterial smooth muscle cells in vitro.
Proc Natl Acad Science 71:1207-1210. --

Rudnick, D. (1933) Developmental capacities of the chick
lung in chorioallantoic grafts. J. Exptl. Zoo1. 66:125-154.

Salmon, W.D., and W.H. Daughaday. (1957) A Hormonally
Controlled Serum Factor which Stimulates Sulfate
Incorporation by Cartilage in vitro, J. Lab. Clin. Med.
49:825-835.

Sc h e r , C.D., R.C. Shepard, H.N. Antonaides, C.S. Stiles.
(1979) Platelet-derived growth factor and the regulation of
the mammalian fibroblast cell cycle. Biochim. Biophys.
Acta 560:217-241.

Scher, C.D., J.I. Farhi, R.I. Handin, D.R. Kaplan, J.S.
Lillquist, K.M. McGoven, C.D. Stiles. (1980) Initiation of
cell replication by cationic polypeptide hormones. I~:

Peptides: Integrators £i Cell and Tissue Function (F.E.
Bloom ed.) Raven Press, New York.



110

Shapiro, D.L., L.L. Nardone, S.A. Rooney, E.K. Motoyama,
J.L. Munoz. (1978) Phospholipid biosynthesis and secreation
by a cell line (A549) which resembles type II alveolar
epithelial cells. Biochim. Biophys. Acta 530:197-207.

Singer, D.B. (1984) Morphology of Hyaline mem brane Disease
and its pulmonary sequelae. In: Hyaline Membrane Disease:
Pathogenesis and Pathophysiology. (L. Stern e d, }, pp, 63
95. Grune & Stratton, Florida.

Smith, B.T. (1979) Lung maturation in the fetal rat:
acceleration by injection of Fibroblast-pneumocyte factor •

.Science 204:1094-1095.

Smith, B.T. (1981) Differentiation of the pneumocyte:
optimization of production of fibroblast-pneumocyte factor
by rat lung fibroblasts. In: The Biology £i Normal Human
Growth (M. Ritzen ed.) pp. 157-162. Raven Press, New York.

Smith, G.C., and H. M. Te ma n , (1974) Purified
multiplication-stimulating activity from rat liver cell
conditioned medium: comparison of biological activities
with calf serum, insulin, and somatomedin. J. Cell
Ph y s t o l , 84: 181-192.

Sorokin, S. (1961) A. study of development in organ
cultures of mammalian lungs. Dev. BioI. 3:60-83.

Stiles, C. D., G.T. Capone, C.D. Scher, H.N. Antoniades,
J.J. Van Wyk, W.J. Pledger. (1979) Dual c o n t r o I of cell
growth by somatomedins and platelet-derived growth factor.
Proc Natl Acad Science 75:1279-1283.

Sundell, H.W., M.E. Gray, F.S. Serenius, M.B. Escobedo,
M.T. Stahlman. (1980) Effects of epidermal growth factor on
lung maturation in fetal lambs. Am J. Pathol. 100:707-726.

Svoboda, M.E., J.J. Van Wyk, D.G. Klapper, R.E. Fellows,
F.E. Grissom, R.J. Schlueter. (1980) Purification of
somatomedin-C from human plasma: chemical and biological
properties, partial sequence analysis, and relationship to
other somatomedins. Biochem. 19:790-797.

Underwood, L.E., A.J. D'Ercole, R.W. Furlanetto, S.
Hand weger, T. W. Hur ley. (1979) In: Somatomedins and Growth
(Giordano, J.J. Van Wyk, and Minuto, e ds , }, pp 215-224.
Academic Press, London.

Underwood, L.E. and A.J. D'Ercole. (1984) Insulin and
insulin-like growth factors/somatomedins in fetal and
neonatal development. In: Clinics in Endocriniology and
Metabolism 13:69-89 1984.



111

Van Wyk, J.J. and L.E. Underwood. (1978) In: Biochemical
Actions of Hormones Vol. 5 (G. Litwack, e d , }, p p , 102-142.
AcademiclPress, New York.

Van Wyk, J •.J., M.E. Svoboda, L.E. Underwood. (1980)
Evidence from radioligand assays that somatomedin-C and
insulin-like growth factor-I are similar to each other and
different from other somatomedins. J. Clin. Endocinol.
50:206-208.

Van Wyk, J.J., L.E. Underwood, A.J. D'Ercole, D.R.
Clemmons, -W.J. Pledger, W.R. Wharton, E.B. Leof. (1981)
Role of somatomedins in cellular proliferation. In: The
Biology 2i Normal Human Growth (M. Ritzen, ed.) pp. 223
239. Raven Press,

Vidyasagar, D. (1984) Clinical features of respiratory
distress syndrome. In: Hyaline !;1embrane Disease:
Pathogenesis and Pathophysiology (L. Stern ed.) Grune &
Statton, Florida.

Waddell W.R. (1949) Organoid Differentiation of the fetal
lung. Arch Pa t ho l , 47:227-247.

Wessells, N.K. (1964) Substrate and nutrient effects upon
epidermal basal cell orientation and proliferation. Pr oc ,
Nat!. Acad. Sci. 52:252-259.

Winick, M., and A. Noble. (1965) Quantitative changes in
DNA, RNA, and protein during prenatal and postnatal growth
in the rat. De v , Bd o L, 12: 451-466.

Zapf, J. Rinderknecht, E., Humbel, R.E., Froesch, E.R.
(1978) Nonsuppressible insulin-like activity (NSILA) from
human serum: recent accomplishments and their physiologic
implications. Metabolism 27:1803-1828.




