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The objective of this study was to examine optimum conditions for primary
culture of porcine preadipocytes. Dorsal subcutaneous adipose tissue was obtained

from biopsies of 40-50 kg pigs and digested with collagenase

in

Krebs Ringer

Bicarbonate buffer. Isolated stromal vascular cells were cultured in different test media.

Stromal vascular cells (2-3 X 104 cells/cm2) were plated in DME medium containing
10% FCS for 24 hours (unless stated otherwise). After plating, the cells were washed

with DME medium without serum three times to remove excess FCS. For the next 11

days, cells were grown in various test media as assigned.

The results of the study

agree with previous observations that indicate serum-containing medium fails to
stimulate porcine preadipocyte differentiation. Serum-free medium (ITTC medium) has

been shown to induce a relatively high rate of porcine preadipocyte differentiation.
The plating time in serum-containing medium was found to be crucial in order to
achieve a high rate of cell differentiation. A plating time of 24 hours in the serum-

free culture system resulted in a higher number of differentiated cells (P<.05)

compared to 48, 72, and 96 hours.

Maintained in serum-free medium (ITTC),

approximately 40% of the stromal vascular cells underwent differentiation characterized

by numerous cytoplasmic lipid droplets and a positive reaction to a histochemical test
for lipogenic enzymes (esterase, glycerol-3-phosphate dehydrogenase and glucose -6phosphate dehydrogenase). The number of differentiated cells was significantly higher
(P<.05) in serum-free medium compared to serum-containing medium. Addition of calf
serum (2.5%, 5%, and 10%) reduced (P <.05) the number of differentiated adipocytes
and increased (P<.05) total cell number (both adipocytes and non-differentiating cells).

The effect of fibroblast growth factor (FGF) in stimulating the proliferation of porcine
stromal vascular cells had not previously been investigated. The results of this study

show that FGF stimulates proliferation of both preadipocytes and non-differentiating
cells. The number of adipocytes as well as non-differentiating cells increased (P<.05)
in ITTC medium plus FGF compared to ITTC medium alone. The results of this study
also show that insulin is an important factor in ITTC medium since exclusion of insulin

caused a 73% reduction (P<.05) in the number of differentiated cells. T3 appeared
to be a minor factor in this serum-free system. Transferrin, a binding protein of iron,

which is used in other serum-free systems, appears to be important in supporting
porcine preadipocyte differentiation, since exclusion of transferrin reduced (P<.05) the

number of adipocytes by 29%. Hydrocortisone also seems to play an important role

since its elimination from the medium reduced (P<.05) differentiation by 71%.

A

serum-free medium (ITTC) which allows a high rate of porcine preadipocyte

differentiation has been established.

This serum-free culture system for porcine

preadipocytes will allow investigation of factors that regulate the formation of
adipocytes.
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Differentiation of Porcine Stromal Vascular Cells in Primary Culture

INTRODUCTION

Consumption of high levels of saturated fat

is

currently associated with

increased risk of cardiovascular disease. Production of leaner red meats from meat

animals will not only lower their fat content but will also enhance their image among
consumers.

This in turn might benefit farmers who currently suffer from reduced

demand for red meat and increasing consumer preference for poultry, fish and
vegetable protein sources. Unfortunately, effective methods for reducing fat deposition

in meat producing animals, regardless of substantial efforts from scientists, have not

been developed. One obstacle of finding such methods is lack of basic knowledge
of the regulation of adipose development, a complex biological system, which must be

resolved in order to understand how to alter fat deposition. To study this complex
regulation, scientists have developed cell culture systems which allow examination of
adipose development.

Adipose tissue consists of various cell types. Differentiated adipocytes which
accumulate triglycerides in a single droplet are termed mature adipocytes. These cells

float on the top of the medium after collagenase digestion. All other types of cells
sink to the bottom of the isolation tube. These cells are termed stromal vascular (SV)
cells.

Since some SV cells accumulate fat during culture, these cells sometimes are

termed preadipocytes. The existence and identification of preadipocytes are yet to be

determined. The term "preadipocytes" in this thesis represents those cells which are
capable of accumulating triglycerides in the in vitro culture conditions.
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In cell culture conditions, regulatory factors that are important for adipose
development can be studied extensively.

It

is

important to establish

conditions for preadipocytes (adipocyte precursor cells)

suitable

in order to achieve a high

rate of cell differentiation, a major parameter of adipose development in culture.
However, culture conditions of preadipocytes from different species vary, due to the
differing requirement for factors such as hormones, growth factors, attachment factors

and binding proteins needed for their growth and development (Barnes and Sato,
1980).

Researchers have established culture conditions which support growth and
development of clonal cell lines and primary cultures.

For years sera from a variety

of animals have been used to provide hormones, growth factors, attachment factors

and binding proteins that are needed for cell survival in culture (Barnes and Sato,
1980). However, sera also contain antiadipogenic factors which inhibit differentiation

of some types of preadipocytes (Loffler and Hauner, 1987).

Therefore, when

preadipocytes do not grow well in serum-containing medium, a serum-free medium

should be considered as an alternative.

Researchers have developed serum-free

media containing insulin, triiodothyronine, glucocorticoid, transferrin, and FGF that are
suitable for preadipocyte development in culture (Serrero and Mills, 1986; Des lex et al.,

1986, 1987; Broad and Ham, 1983).

Information regarding the in vitro development of preadipocytes of domestic
animals such as pigs is still limited.

Hausman et al. (1984) and Ramsay et al. (1989a,

1989b) have explored the development of porcine preadipocytes in culture using
serum-containing media, however, the results reveal that the rate of preadipocyte

3

differentiation was relatively low.

Serum-free medium has been shown to support

differentiation of human and rat preadipocytes (Des lex et al., 1986; 1987). With the

same technique, Hausman (1989) examined the porcine adipocyte development in
serum-free medium. However, the results indicate that the rate of differentiation is still
low.

Establishing optimum culture conditions that promote a high rate of porcine
preadipocyte differentiation is crucial for further study of the factors that regulate the

development of porcine adipose tissue.

Therefore, this study was conducted to

establish an optimum culture condition for porcine preadipocytes.

4

REVIEW OF LITERATURE

Cell Culture System for Adipocytes

Investigation of factors that regulate development of adipose tissue will provide

important information on control of adipose accretion.

Due to the interactions of

numerous systems involved in adipocyte metabolism, it is clearly difficult to perform
in vivo studies. Therefore, investigators have established an in vitro cell culture system

as a useful tool for studying adipose development. This allows investigators to monitor
adipose development under conditions of controlled substrate concentration, free from

the influence of all neural and hormonal input other than those specifically-imposed

by the investigators (Johnson and Goldstein, 1984). There are two sources of cells
for in vitro studies of adipose development: cell lines and primary culture of SV cells.

Clonal Cell Lines

Cell lines were originated from a single cell which has survived very stringent
conditions used to achieve cloning (Johnson and Goldstein, 1984). Several adiposelike cell

lines have been developed and widely used as models for adipose

development (Table 1).
Cell lines offer some advantages over primary culture: (1) the cells theoretically

possess an identical genome, (2) they can be frozen for years and thawed out for
experimentation as needed. However, there are also some disadvantages: (1) the cell

5

Table 1. Clonal cell lines used as models for the study of
adipocyte differentiation (Hauner and Loffler, 1987).

Clonal cell lines
References

Name

Origin

3T3-L1

Swiss mouse embryo

Green and Kehinde (1974)

3T3-F442A

Swiss mouse embryo

Green and Kehinde (1976)

ob17

Adult ob/ob mouse

Negrel et al. (1978)

HGFu

Lean adult mouse

Forest et al. (1983)

ST 13

Mammacarcinoma

Hiragun et al. (1980)

of ddN mouse
1246

Teratocarcinoma mouse

Darmon et al. (1981)

CHEF/18

Chinese hamster embryo

Sager and Kovac (1982)

TA1

10T1/2C18 mouse embryo

Chapman et al. (1984)
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is not a representative of the animal tissue which contains many kind of cells,

(2) cell lines are usually aneuploid, often showing large variations in chromosome
number within each subculture, making interpretation of results difficult (Johnson and
Goldstein, 1984).

Despite some disadvantages, cell lines are still widely used due to the
simplicity of this system compared to primary culture and to its usefulness as a model

for the study of adipose development.

Cell lines have significantly contributed to

knowledge regarding adipose development.

Primary Cultures

In 1964, Rodbell developed the technique of cell isolation which segregated

the adipose tissue into mature adipocytes and SV cells.

After this achievement,

investigators have used this technique to study many aspects of adipose tissue culture.
In primary culture system, freshly isolated cells derived from adipose tissue are

grown in an artificial environment (culture condition). Johnson and Goldstein (1984)

proposed two advantages of this system: these cultures are "closest" to the in vivo
situation

and primary culture cells are normally diploid.

Further, they identified

disadvantages of this system: (1) primary cultures contain many type of cells, thus

additional procedures must be used to select desirable cell types and (2) these
cultures have all the genetic variability of the individual animal from which the were
derived.

Two major cell types are used in primary system: mature adipocytes and

adipocyte precursor cells

(preadipocytes).

Examples of primary culture systems of
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both mature adipocytes and preadipocytes which are presented here are based on the

very limited available information.

For instance, to date, only one publication on a

sheep preadipocyte culture system is available.

Mature Adipocytes

For several years, investigators have applied the primary culture system of
mature adipocytes to the study of human obesity (Adebonojo, 1975). In this system,

isolated cells were cultured under or between coverslips to prevent the loss of cells
during media changes (Ng et al., 1971 and Van et al., 1976). Another technique has
also been used to culture mature adipocytes (Adebonojo, 1975). With this technique,

isolated cells are plated using a minimal amount of media, so that even floating cells

will presumably be in contact with the surface of the culture plate. Both techniques
have been found technically difficult to repeat by other investigators, therefore Sugihara
et al.

(1986) developed a new technique for culturing mature adipocytes.

This

technique which they called "ceiling culture" is considered very simple (Figure 1).
Van et al., (1976) demonstrated that cultured mature fat cells undergo marked

morphological alterations and acquire the cytological characteristics of differentiating
SV cells. Other investigators (Ng et al., 1971 and Adebonojo, 1975) also observed

that mature adipocytes divided and attained a fibroblastic morphology rapidly
(dedifferentiation).

Furthermore Sugihara et. al., (1986) described that under ceiling

culture conditions, unilocular fat cells change into multilocular fat cells or cells with a
fibroblast appearance. These cells then proliferate, form a cell monolayer attached to
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Figure 1. The ceiling culture method for culturing unilocular fat cells. The separated
unilocular fat cells were incubated in culture flasks that were completely filled with
medium. The unilocular fat cells floated to the top of the medium and adhered to the
top of the inner surface of the flask. When the cells had attached firmly, the flask was
placed upside down to allow regular observation (Sugihara et al., 1986).
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the substratum and, after becoming confluent, exhibit accumulation of intracytoplasmic

lipid droplets. These dedifferentiated cells continue to exhibit lipogenic and lipolytic
ability.

The dedifferentiation phenomenon is still a debated issue since some
investigators consider that adipocytes are terminally differentiated cells (Novakofski and

Hu, 1987).

Despite disagreement among investigators, primary culture of mature

adipocytes has contributed important information regarding factors affecting adipocyte
development in vitro.

Preadipocytes

One of the most dramatic developments in adipose research at the cellular
level has been the establishment of the culture system for a fat cell precursor ( Van,
1985). Cell culture provides a convenient method to study preadipocyte development.

Many laboratories have conducted studies on preadipocyte development in cultures

using the cells derived from human adipose tissue (Van et al., 1976), as well as rat

(Van and Roncari, 1978), bovine (Plaas and Cryer, 1980), ovine (Broad and Ham,
1983), rabbit (Nougues et al., 1988), and porcine adipose tissue (Hausman et al., 1984
and Ramsay 1989a, 1989b).
Unlike

primary

culture

of

mature

preadipocyte culture are rather simple.

adipocytes,

techniques

involved

in

SV cells isolated from adipose tissue are

resuspended in growth medium, plated in culture dishes or flasks, and incubated at

370C in an atmosphere of 5% CO2 and 95% 02.

The culture medium is usually
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changed every 2-3 days until the end of the observation.
Van (1985) proposed that in culture, adipocyte precursors, regardless of their
origin, are initially fusiform with a centrally-located nucleus and sparse cytoplasmic lipid
inclusions.

In

later cultures, the cells acquire an abundance of coalescing lipid

droplets and become more ovoid, but the nucleus remains central. In an enriched
medium, preadipocytes can attain a complete differentiation characterized by unilocular

fat cells. Furthermore, Van (1985), proposed a morphological developmental sequence

for preadipocytes in culture shown in Figure 2. Three stages occur in preadipocyte
development in culture: (1) plating stage, (2) replication stage or proliferation, and (3)
adipose conversion or differentiation.

In the plating stage, cells are attached to the

bottom of the flask or well. Next, proliferation occurs with the SV population doubling
every 40-60 hours. Population doubling time in clonal cell lines is approximately 25
hours.

In cell lines which have reached monolayer confluence, cell-to-cell contact

inhibition occurs.

This prevents more cell replication.

In

primary culture, this

phenomenon does not necessarily happen, since a lack of stimulatory growth factor
(mitogen) will stop cell division.

Finally, the cells undergo differentiation. They are

filled with cytoplasmic lipid droplets, forming multilocular fat cells.
Beside morphological changes, there are also changes in lipogenic enzymes

such as malic enzyme, glycerol-3-phosphate dehydrogenase, glucose-6-phosphate

dehydrogenase, esterase and lipoprotein lipase (Novikoff et al., 1980; Kasturi and
Joshi, 1982; Kuri-Harcuch and Green, 1977). It is not surprising that these lipogenic
enzymes are elevated during preadipocyte differentiation.
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Figure 2. Morphological growth characteristics of preadipocyte and cell lines in culture
(Van, 1985).
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Primary culture of preadipocytes has proven to be a valuable tool to study the

development of preadipocytes into adipocytes.

This technique also has certain

advantages over the use of mature adipocyte systems, including simpler methods,
easier observation, and more easily interpreted results.

However, since the method

of separating preadipocytes (adipocyte precursor cells) from other cells types in SV
cells has not been fully established, the nature of preadipocyte development in culture

is not entirely understood.

Effect of Serum-Containing Medium on Adipocyte Development

Barnes and Sato (1980) stated that beyond a basal nutrient mixture of salts,
sugars, amino acids and vitamins which are ingredients of culture media, cells in vitro
also require a supplement of poorly-defined biological fluid or extracts. These include

embryo extract, spinal or amniotic fluid, lymph, and plasma or serum from various
sources.

Because of availability and ease of storage, the most commonly used

supplement is serum. According to Barnes and Sato (1980), serum contains nutritional

and hormonal components, as well as binding proteins for nutrients and hormones
which serve to stabilize, transport, or in other ways modulate the activity of their ligand

in culture media.

Serum also has adipogenic factors which stimulate growth and

development of adipocytes in culture.

Serum-containing medium has successfully

supported adipose conversion both in clonal cell lines and primary cultures.
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Clonal Cell Lines

The 3T3 clonal cell line, established by Green and Kehinde (1974), is the most
extensively used to study adipocyte development in culture.

Kuri-Harcuch and Green

(1978) demonstrated that adipogenic factors present in serum were absolutely required

to induce adipose conversion of 3T3 cells. Without these factors, 3T3 cells failed to
undergo cell

differentiation

even though they reached monolayer confluence.

Furthermore, they found that sera from human,

calf, and pig supported adipose

conversion at the same rate; however, horse serum was less effective and fetal calf
serum (FCS) was by far the most effective. Conversely, cat serum differed from other

species tested in that it was virtually unable to support adipose conversion.

Thus it

appeared that cat serum lacks the adipogenic factors needed to induce differentiation
of 3T3 cells.
Hiragun (1985) has established the ST13 cell line which was derived from the

adult mouse. This cell line also requires adipogenic factors from serum to stimulate
cell growth and differentiation. Cultured in a medium supplemented with 10% FCS and
5 gg/m1 insulin, an almost homogenous adipose conversion was attained. Other cell

lines such as, CHEF/18 (Sager and Kovac, 1982) and Ob17 (Negrel et al., 1978) also
require serum in the culture medium for their growth and differentiation. However, the
1246 cell line (Darmon et al., 1981) and 3T3 -L1 cell line (Gamou and Shimizu, 1985)

can grow and differentiate in a serum-free medium.
The response of cell lines to serum-containing media indicates that they need
serum factors for their survival. Barnes and Sato (1980) stated that serum-containing
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medium is successful at supporting survival and growth of cells in culture

to the

extent that it is capable of replacing the in vivo hormonal, nutritional and stromal

environment of the cells by providing hormones, nutrients, binding proteins and
attachment factors.

Primary Cultures

Human

Primary culture of human preadipocytes has been widely used to study the
process of fat accretion and development in obese people. An appropriate culture
condition which maintains a high rate of human preadipocyte differentiation has been

developed. Human preadipocytes were grown successfully in a medium containing
20 % FCS (Ng et al., 1971, Poznanski et al., 1973 and Pettersson et al., 1985).

Ng et al. (1971) were among the first to study the effect of serum-containing
medium on development of human adipocytes in culture.

Sedimented cells derived

from adipose tissue were cultured on glass coverslips in Leighton tubes containing 1.5

ml of lactalbumin hydrolysate growth medium supplemented with 20 % FCS.

The

result indicated that in early cultures cells resembled fibroblasts and contained some
lipid. After 2 months the cells became balloon-shaped and accumulated large amounts

of lipid. Van et al. (1976) also demonstrated that a high level of FCS (20 %) in the

medium was able to stimulate growth and differentiation of human preadipocytes.

In

this study, they compared two different kinds of cell types: preadipocytes (SV cells)
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and skin fibroblasts. In their culture conditions, SV cells underwent adipose conversion

and acquired many fat droplets and became rounded, while skin fibroblasts reached
confluence without lipid accumulation or morphological changes.
differentiated cells formed

In both studies, the

multilocular fat cells with nuclei remaining in the center.

Van and Roncari (1978) have established culture conditions allowing human
preadipocytes to grow and attain complete differentiation. SV cells were cultured in
an enriched medium which consisted of Parker's medium 199 supplemented with 30
% FCS, 10 mM glucose, 200 AU/m1 insulin, linoleic acid, biotin and pantothenate. This
enriched medium was able to stimulate complete differentiation of human preadipocytes

which contained a single, central lipid globule.

This study identifies the essential

factors in fetal calf serum which are needed for human preadipocyte development in
vitro.

Rat

The rat is the species which has been most extensively used to study adipose
development in vitro.

Bjorntorp et al. (1985) demonstrated that rat SV cells isolated

from fat pad adipose tissue developed into mature adipocytes in the serum-containing

medium. Another study revealed that the source of serum which supplemented the
culture medium was important in attaining rat preadipocyte differentiation (Bjorntorp et
al., 1985).

Ramsay et al. (1988) reported that serum from decapitated fetal pigs

reduced the number of proliferating rat preadipocytes

in culture,

signifying the

importance of hormones in regulating preadipocyte proliferation and differentiation.

In
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a study mentioned earlier, Van and Roncari (1978) studied the effect of enriched media

on rat adipose conversion.
serum-containing

media

As with human preadipocytes, they demonstrated that
stimulated

rat

preadipocytes

to

undergo

complete

differentiation.

Other investigators studied the effect of different sera on adipose conversion.

Ramsay et al. (1987) founded that rat preadipocytes differentiated less if cultured in
a medium supplemented either with FCS or Fetal Pig Serum (FPS). Conversely, the

rate of cell differentiation was much higher if rat preadipocytes were maintained in a
medium supplemented with mature pig serum.
Wiederer and Loffler (1987) suggested that rat preadipocytes require not only

serum in the medium but also hormonal supplements.

Rat preadipocytes were

cultured in medium M199 with Ear les salts supplemented with 5 % FCS, antibiotics,
and physiological concentration of insulin (10-8 M) and corticosterone (10-7 A4). In this

condition, about 80% of cells acquired a rounded shape and became filled with
numerous fat droplets.

However, without supplements of insulin and corticosterone,

rat preadipocytes were not able to accumulate lipids and acquire the characteristic of
adipocytes. In this study, it was shown that serum alone is not sufficient to support

differentiation of rat preadipocytes.

Cattle

Plaas and Cryer (1980) and Cryer et al. (1984), have studied the development

of bovine adipocytes

cultured in serum-containing media.

SV cells were obtained
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from subcutaneous adipose tissue and grown in medium 199 supplemented with 20
% (v/v) FCS and antibiotics. Prior to confluence, cells exhibited low lipoprotein lipase
(LPL) activity.

However, during 21 days in culture the activity of LPL, an important

marker enzyme of adipocyte differentiation,

increased 20-fold and differentiated cells

also accumulated substantial amounts of intracellular lipid. When insulin was included

in the medium, the activity of LPL did not increase.

This demonstrates that unlike

human and rat preadipocytes, bovine preadipocytes

do not require insulin in the

medium in order to attain cell differentiation.

pig

Hausman et al. (1984) were among the few investigators to study the
development of porcine preadipocytes in culture. In their study, SV cells isolated from
fetal pig adipose tissue were cultured in medium 199 supplemented with 2% FCS, 2%

horse serum, 10% porcine serum, 5 mM glucose, and antibiotics.

After reaching

monolayer confluence, some cells underwent cell differentiation. The differentiated cells

were arranged as a tight cluster surrounded by stromal cells. They proposed that the
tight cluster of differentiated cells may be unique to cultures of fetal pig preadipocytes.

Because of limited information on porcine primary cultures, it is difficult to
determine from a review of current literature the effect of serum-supplementation on
porcine preadipocyte development.
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Effect of Serum-Free Medium on Adipocyte Development

Serum-containing media have been shown to support cell growth and
differentiation of both clonal cell lines and primary cultures. However, this does not

imply that serum-containing media provide perfect culture conditions for adipose
conversion.

Loffler and Hauner (1987) suggested that in addition to adipogenic

factors, serum also contains "antiadipogenic factors".

These poorly-defined factors

have been shown to inhibit differentiation of 3T3 cells (Loffler and Hauner, 1987).
Barnes and Sato (1980) have observed that some cell types cannot be cultured

in serum-containing media because serum may be an unsuitable substitute for the in
vivo environment.

Serum supplemented media may be deficient, quantitatively or

qualitatively, in one or more components essential for the survival and proliferation of

some cell types.

Serum may also be toxic to some cell types.

Based on these

observations, they proposed a unique approach: serum free media.

This unique

system offers some advantages. First, investigators can replace the function of serum

by adding hormones, binding proteins, and attachment factors into the medium. This

allows the investigators to monitor some specific requirements for certain cell types.
Secondly, this serum-free medium doesn't contain "unknown substrates" provided by

the serum, so it is relatively easy to interpret the results of observations.
Serum-free media have been used to investigate the requirement of hormones

and growth factors in adipose conversion both in clonal cell lines and primary cultures.
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Clonal Cell Lines

Serrero and Khoo (1982) have established a cell line that can

proliferate and

differentiate into adipocyte-like cells in a serum-free medium. The 1246 cell line was

maintained in medium DME/Ham's F12 (1:1, v/v) supplemented with a hormone
(insulin), a binding protein (transferrin), a mitogenic factor (fibroblast growth factor or
FGF), and an attachment factors (fibronectin). In serum-free media, the 1246 cell line
expressed LPL activity and accumulated fat droplets in the cytoplasm. In addition, the

cells developed a lipid-mobilizing enzyme system that responded to lipolytic hormones

such as adrenaline and glucagon.

Primary Culture

Human
Des lex et

preadipocytes.

al.

(1986) have developed a serum-free medium for human

In their system the SV cells isolated from adipose tissue were plated

in a medium DME/Ham's F12 (1:1, v/v) medium supplemented with 10% FCS for 24
hours.

The cells were thoroughly washed three times to remove all FCS, and

DMEM/Ham's F12 medium supplemented with 850 nM insulin, 0.2 nM triiodothyronine,
10 µg /ml transferrin, 33 1.1M biotin, 17 AM pantothenate and antibiotics was added. In

this serum-free medium (designated ITT medium), between 10 20% of cells changed
their morphology and accumulated lipid droplets. Differentiated cells were present as
tight clusters (usually 4 to 16 clustered cells) surrounded by morphologically
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undifferentiated cells.

Rat

Using the same serum-free medium (ITT), Des lex et al. (1987) also tested the

growth and differentiation of rat preadipocytes.
accumulated lipid droplets.

Over ninety percent of the cells

When FCS was added to the medium, the rate of cell

differentiation decreased substantially.
Serrero and Mills (1986) also developed a serum-free medium (4F medium) for

rat preadipocytes consisting of DME/Ham's F12 medium supplemented with human
plasma fibronectin (2.5 µg /ml), bovine insulin (10 gg/m1), human transferrin (10 µg/ml)

and FGF (25 ng/ml). The SV cells, isolated from newborn rat adipose tissue, were

grown in medium 4F for 7 days at which time cell numbers had increased by 4-fold
and 90 % of cells

had accumulated lipid droplets in their cytoplasm.

Rabbit

Reyne et al. (1989) utilized ITT medium to study the development of rabbit
preadipocytes in culture. They reported that isolated SV cells of rabbit were not able
to achieve differentiation in ITT medium. Therefore, they supplemented ITT medium

with hormones and growth factors. Neither growth hormone (20 ng/ml) nor FGF (25
ng/ml) stimulated the development of adipocytes; however, addition of corticosterone

(100 nM) or dexamethasone (100 nM) resulted in a high frequency of adipose
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conversion. This suggests that there are some differences among animal species in
terms of hormonal and growth factor requirement for adipose conversion.

Sheep

Broad and Ham (1983) compared the ability of fibroblasts from sheep skin and

SV cells from sheep subcutaneous adipose tissue to proliferate and differentiate in
serum-free medium.

Their serum-free medium consisted of medium MCDB 202

supplemented with 1µg /ml bovine insulin, 1 AM dexamethasone, 100 ng/ml FGF and
20 µg /ml lipid mixture. After 4 weeks in culture, SV cells differentiated slightly while
fibroblasts did not undergo adipose conversion.

The differentiated cells were

characterized by (1) small fat droplets, (2) an increase in the specific activity of
glycerol-3-phosphate dehydrogenase, and (3) increase in the specific activity of [14C]
acetate incorporation into triglycerides. In this system, addition of FCS to the medium

supported cell proliferation but failed to support cell differentiation.

Pig

Hausman (1989) studied the effect of hormones on porcine preadipocyte
differentiation in serum-free medium in primary culture.

He used a modification of

Deslex's technique (ITT medium) in which cells were incubated in a plating medium
consisting of medium 199 with Earle's salt, 5 mM glucose, 10 % FCS and antibiotics
for

1,

2, or 4 days.

Subsequently, cells were shifted to a serum-free medium
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supplemented with various combinations of insulin, transferrin, sodium selenite,
triiodothyronine and Insulin-like Growth Factor-1 (IGF-1). In these conditions, porcine

preadipocytes differentiated as tight clusters in monolayer cultures.

Compared to

Deslex's results on human and rat preadipocytes, the rate of cell differentiation of
porcine adipocytes was relatively low.

Morphological studies also indicated that the

number of clustered fat cells was low. This study did not report the effect of plating
time (1, 2, or 4 days), which may be critical since it has been shown that FCS inhibits
cell differentiation. Another difference between Hausman's and Des lex's methods was

the washing procedure. In Hausman's method, after plating with FCS supplemented

medium (1, 2, or 4 days), cells were washed one time (5 minutes); while in Des lex's
technique, after plating 24 hours in FCS supplemented medium, washing was repeated

three times (2 times of 5 minutes each and the third washing for one hour).

The

washing procedure may be important since the presence of even traces of FCS in the
cultures might interfere with cell differentiation. Although Hausman's study provides

important observations, development of an effective serum-free medium supporting a

high rate of porcine preadipocyte differentiation was not satisfactory.

Serum-free

medium for porcine preadipocytes that can support a high rate of adipose conversion

is required to study the factors that regulate adipose development in vitro. However,
this medium is not available currently.
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Hormones and Growth Factors Stimulating Adipocyte Development in Culture

Insulin

The role of insulin as a factor needed to induce adipocyte differentiation of
clonal cell lines and primary cultures has been widely examined. The requirement of
insulin by clonal cell lines and primary cultures is variable, depending on conditions
imposed by investigators and cell lines used. 3T3 cells need insulin in concentrations

which are 2-3 times higher than physiological levels, while ob 17 cells require only
physiological levels of insulin (Loffler and Hauner, 1987). Moreover, Gaben-Cogneville
et al. (1988) demonstrated that in rat primary culture only a physiological concentration

of insulin (1.5 nM) was needed to stimulate

a high rate of adipocyte differentiation.

They also found that during rat adipose conversion, the number of insulin receptors
was significantly increased compared to the level found in the proliferative stage.

Insulin in physiological or pharmalogical concentrations has been used to
induce cell growth and differentiation in serum-containing media as well as in serumfree media. Van and Roncari (1978), examined serum-containing media that stimulated

complete differentiation of rat adipocyte precursors.

In order to attain complete

differentiation, insulin (200 gU/m1) was added into the enriched medium. Under these

conditions, rat preadipocytes developed into mature adipocytes with a unilocular lipid
droplet in the cytoplasm. Meanwhile, Wiederer and Loffler (1987) showed that insulin
(10 M-8) and corticosterone (10 M-7) combined, both in physiological concentrations,
were needed to stimulate rat preadipocyte differentiation in a serum-containing medium.
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When rat preadipocytes were maintained in serum-containing medium alone (medium

+ 5% FCS),

cell differentiation did not occur.

However, if cells were maintained in

serum-containing medium supplemented with insulin and corticosterone, more than
80% of cells underwent adipocyte conversion.

Serrero and Khoo (1982) have successfully cultured the 1246 cell line in a
serum-free medium which among other supplements,

contained 10 µg /ml insulin.

Gamou and Shizimu (1984) conducted a study to examine the regulatory effects of
insulin in differentiating 3T3-L1 cells. Results of this study are described in Table 2.

They concluded that the presence of insulin during the induction period was essential
for the subsequent appearance of adipocytes in serum-free medium. Furthermore, the

magnitude of differentiation in serum-free medium was far less than that in the serumcontaining medium.
The importance of insulin in serum-free media for primary culture also has been
examined.

Serrero and Mills (1986) demonstrated that insulin is a crucial factor in

serum-free 4F medium for rat preadipocytes.

Exclusion of insulin from 4F medium

reduced Glycerol-3-Phosphate Dehydrogenase (G3PDH) activity, a marker enzyme for
differentiation of adipocytes, by approximately 90%.

Insulin was an important

component of the serum-free ITT medium which was established for human and rat
preadipocytes (Des lex et al., 1986; 1987).

Furthermore, in combination with glucocorticoids, insulin induced a high rate
of cell differentiation of rabbit preadipocytes grown in serum-free medium (Nougues et

al., 1989). However, increasing levels of insulin have no effect on the development of

ovine preadipocytes in serum-free medium (Broad and Ham, 1983).

Insulin is an
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Table 2. Effect of insulin on growth and adipocyte differentiation
of 3T3 -L1 cells under serum-free medium

Presence of insulin (10 gg/ml)
Expression
Induction
(0-48hr)

Total cell
number

(48-96hr) (96-144hr)

69.1

+
+
+

Adipocyte
number

+

+
+

+

+

77.2
82.7
87.7
138.3
171.9

0.43
0.88
0.51

0.59
4.18
6.23

Serum-free medium contained transferrin (2 gg/ml), insulin
(10 gg/ml), EGF (20 ng/ml), biotin (100 ng/ml), BSA (0.1 %) and
ethanolamine (0.1 mM).
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important hormone in regulation of growth and development of adipocytes both in
serum-containing and serum-free media in all other species.

Glucocorticoids

Investigators

have

explored the

role

of

glucocorticoids

differentiation of clonal cell lines and primary cultures.

in

regulating

Schiwek and Loffler (1987)

observed that an adipogenic factor in human serum which played a role in the adipose
conversion of 3T3-L1 cells was in part, glucocorticoid. Knight et al. (1987) found that

dexamethasone, a synthetic glucocorticoid, was a regulatory factor that was required

for triggering the expression of differentiation dependent genes in TA1 cells. Other

studies indicated that dexamethasone and cAMP stimulated expression of the
differentiation-induced gene for fatty acid-binding protein in 3T3-L1 cells (Cook et al.,
1988).

Wiederer and Loffler (1987) have reported that corticosterone in combination

with insulin stimulated differentiation of rat preadipocytes maintained in a culture
medium containing 5% FCS.

Ramsay et al. (1987) reported an increase in G3PDH

activity and a decrease in cell proliferation of rat preadipocytes cultured in a medium

containing 2.5% serum from hypophysectomized pigs supplemented with 50 ng/ml
hydrocortisone. Other investigators (Hentges and Hausman, 1987) also demonstrated

that 0.1 Ag hydrocortisone or 0.25 IIM dexamethasone in medium containing serum
and insulin, stimulated G3PDH activity and cytodifferentiation of porcine preadipocytes.

In a recent study, Ramsay et al. (1989) reported an increase in lipogenic enzyme
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activity in differentiated porcine preadipocytes after addition of hydrocortisone to

medium containing 2.5% pig serum.

The stimulatory effect of glucocorticoids on adipose conversion in serum-free
media also has been documented. Dexamethasone and 1-methyl -3-isobutylxanthyne

(dex-mix) have been found to be highly effective

in

accelerating the adipose

differentiation of 1246 cells in a serum-free medium (Serrero and Khoo, 1982). Further,

Reyne et al. (1989) have established the importance of glucocorticoid in inducing
adipose conversion of rabbit preadipocytes. When rabbit preadipocytes were grown
in ITT medium, none differentiated; however, when dexamethasone or corticosterone

was added to medium ITT, 20 50% of cells became adipocytes. However, Broad and

Ham (1983) found that
required for adipose

preadipocytes.

dexamethasone (1 gM) and other glucocorticoids were not
differentiation in a serum-free culture

system for ovine

Due to the conflicting observations of the role of glucocorticoid in

adipose differentiation in cultures, glucocorticoids deserve further investigation in
establishing any preadipocyte culture system.

Triiodothyronine (T3)

Gharbi-Chihi (1981) reported that ob 17 cells bind T3 to binding sites whose
numbers increase during cell differentiation. T3 was observed to stimulate 14C-acetate
incorporation into lipids and elevate fatty acid synthetase and G3PDH activity. Sztalryd

et al. (1989) demonstrated that T3
through

stimulated differentiation of rat preadipocytes

stimulation of both fatty acid synthesis and esterification, but T3 did not
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induce a mitogenic response in rat preadipocytes. In contrast, Wiederer and Loffler
et al., (1987) reported that T3 had no effect on the differentiation of rat preadipocytes
maintained in a medium supplemented with 5% FCS.
T3 has been found to be an important factor in serum-free medium for human
(Des lex et al., 1987), rat (Des lex et al., 1986) and rabbit preadipocytes (Reyne et al.,
1989).

Based on this, it is likely that T3 is also required in serum-free medium for

porcine preadipocytes.

Transferrin

In mammalian systems the specific iron-binding protein transferrin is the primary

carrier of iron, which is required for growth and metabolism of all cells and tissue
(Morgan, 1974). Studies of the growth of cells in serum-free media have demonstrated
that transferrin has an

important growth-promoting effect on many cell

lines

(Fernandez-Pol, 1978). Transferrin has been used in serum-free medium for the 1246

cell line (Serrero and Khoo, 1982), rat preadipocytes (Des lex et al., 1986 and Serrero
and Mills, 1987), human preadipocytes (Des lex et al., 1987), and rabbit preadipocytes
(Reyne et al., 1989).

Fibroblast Growth Factor (FGF)

Gospodarowicz (1975) isolated FGF, a mitogen, from bovine brain and
pituitary that exhibited its effects on various cell types.

FGF isolated from bovine
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anterior pituitary has been shown to promote proliferation of adipose precursor cells
(Lau et al., 1983).

FGF inhibited differentiation of 3T3-F44A cell line (Hayashi et al., 1981) and
rat preadipocytes (Des lex et al., 1986) in serum-free medium. Conversely, FGF has

been found to stimulate both cell proliferation and differentiation of rat preadipocytes

(Serrero and Mills, 1986).

Broad and Ham (1983) observed that when FGF was

omitted from a serum-free medium, ovine preadipocytes did not differentiate; however,

addition of FGF caused preadipocytes to differentiate.
adipose development in culture has not been examined.

The role of FGF in porcine
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OBJECTIVES

Among domestic animals, the pig has been shown to be a good model with
which to study adipose metabolism in culture. Hausman et al. (1984) and Ramsay et
al. (1989a; 1989b) have observed the development of porcine adipocytes maintained
in serum-containing media.

Results indicated that the rate of porcine preadipocyte

differentiation is relatively low compared with human and rat preadipocytes maintained

in serum-containing media.

Some investigators have observed a high rate of

differentiation of preadipocytes from humans, rats, and rabbits maintained in serumfree media.

Based on these techniques, it appeared possible to culture porcine

preadipocytes in serum-free media.

The serum-free culture system for porcine

preadipocytes need to be developed so that porcine adipocyte development can be
further explored.

Therefore, the present study was designed to examine porcine preadipocyte
differentiation in culture. Specifically, I determined:

(1) Effect of serum-containing and serum-free media on porcine preadipocyte
differentiation.

(2) Effect of plating time in serum-containing (10% FCS) medium on porcine
preadipocyte differentiation.

(3) Effect of FGF on porcine preadipocyte differentiation.
(4) Effect of omission of individual components of the ITT-CF medium on porcine
preadipocyte differentiation.

31

The results of this study will provide valuable information regarding factors
that regulate porcine adipocyte development in culture. Furthermore, the serum-

free system for porcine preadipocytes can be used to study many other aspects
involved in porcine adipocyte development. Hopefully this data will assist

investigators in establishing methods of reducing fat deposition in meat animals.
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MATERIALS AND METHODS

EXPERIMENTAL DESIGN

Experiment 1

Experiment 1 was designed to establish an optimized plating time in 10% Fetal

Calf Serum (FCS)-supplemented medium which supported cell attachment and a high

rate of porcine preadipocyte differentiation in culture.

SV cells were plated in 10%

FCS-supplemented medium for 24, 48, 72, and 96 hours and then shifted to serumfree medium (ITTC medium) until day 12. At the end of the experiment, cells were

stained with Oil Red 0 (ORO) and counted under a microscope.

Experiment 2

This experiment was designed to examine two different culture conditions
(serum-containing medium and serum-free medium) on the ability to stimulate porcine

preadipocyte proliferation and differentiation in culture. Adipose SV cells were plated
in 10% FCS supplemented medium for 24 hours and then test media (ITTC medium,

2.5%, 5%, 10% calf serum supplemented media) were applied for the next 11 days.

At day 12, experiment was terminated and the cells were stained with ORO and
counted.

Enzyme histochemistry was used to stain esterase, glucose-6-phosphate

dehydrogenase, and glycerol-3-phosphate dehydrogenase.
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Experiment 3

This experiment was designed to observe the effect of addition of calf serum

to ITTC medium on preadipocyte development into adipocyte. SV cells were plated
in 10% FCS-supplemented medium for 24 hours for cell attachment. The next day, the

cells were fed with test media (ITTC alone, ITTC supplemented with 2.5%, 5%, and
10% calf serum). On day 12 the cells were stained with ORO and counted.

Experiment 4

This experiment was designed to examine the mitogenic effect of Fibroblast
Growth Factor (FGF) on porcine preadipocytes in culture. FGF (0 ng, 25 ng, 50 ng,
and 100 ng/ml) were added to ITTC medium.

SV cells were plated in 10 % FCS

supplemented medium for 24 hours and then shifted to test media for the next 11
days. On day 12, cells were stained with ORO and counted.

Experiment 5

This experiment was designed to examine the importance of individual
components of ITTCF medium (insulin, T3, transferrin, corticosterone and FGF) in
supporting porcine preadipocyte differentiation in culture. SV cells were plated in 10%
FCS supplemented medium for 24 hours and then switched to treatment media: ITTCF

alone, or one of four serum-free media each without one of the following: insulin, T3,

transferrin, and FGF for the next 11 days. On day 12, cells were stained with ORO
and counted.
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Adipose Tissue Biopsy

Pigs (40 - 50 kg) were utilized in all experiments and each experiment was
repeated three times using subcutaneous adipose tissue from different pigs.
were anesthetized with thiamylal sodium/Bio-tal (5 mg/kg).

Pigs

Eight plugs of adipose

tissue from the dorsal subcutaneous fat depot (1-2 g/plug) were obtained using an
electric biopsy gun.

The plugs were placed in sterile warm 37°C Krebs Ringer

Bicarbonate (KRB) buffer, pH 7.4, 20 mM Hepes and 4 mg/ml gentamicin sulfate and
were immediately transferred to the laboratory.

Isolation of Stromal vascular Cells

The plugs were freed from skin and hair, finely minced and incubated with

10 mg collagenase/g tissue in KRB (Rodbell, 1964) at 37°C for

1

hour.

After

incubation, the SV cells were separated from mature adipocytes and centrifugated at

600 x g for 10 minutes, three times. Aliquots of SV cells were stained and counted
in a hemocytometer.

Cell Culture

SV cells were plated into 16 mm wells (24 well-plates) at a density of 2-3 x 104

cells/cm2 and maintained for cell attachment in 1 ml (16mm wells) of DME medium

containing 15 mM NaHCO3, 15 mM Hepes buffer, pH 7.4, 33 AM biotin, 17 AM
pantothenate and 40 mg/I gentamicin sulfate supplemented with 10 % FCS for 24
hours (except when stated otherwise) at 37°C in an atmosphere of 95% 02/5% CO2.

Attached cells were then thoroughly washed three times (2x5 minutes and 'I x 60
minutes) with a mixture of DME/Ham's F12 medium containing NaHCO3, Hepes buffer,
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biotin, pantothenate and antibiotic as above. After washing, cells were maintained in

the various test media. The basic medium was ITT (a mixture of DME/Ham's F12 as

above supplemented with 850 nM insulin, 0.2 nM triiodothyronine and 10 µg /ml
transferrin) according to Des lex et al.(1986). In addition to ITT, 50 ng hydrocortisone,

25, 50, and 100 ng FGF, and 2.5, 5, and 10% calf serum, were included. Culture
media were changed every 3 days.

Evaluation of Fat Cell Numbers
The differentiated cells (three wells) were stained for fat with Oil Red 0 and for
nuclei with hematoxylin. To quantify results, the total number of fat cells were counted

in eight microscopic fields (100X or 1 mm2), four from the edge of the wells and four

from the center in predefined pattern.

Oil Red 0 Staining
ORO staining was performed according to Novakofksi and Hu (1987).

The

wells were fixed with Baker's formalin for 15 minutes and rinsed with distilled water.
Then, they were left in 100 % propylene glycol for 2 min and stained with ORO for 10
min.

Subsequently, they were left in 60% propylene glycol for

distilled water and stained for 6 minutes in Harris hematoxylin.
mounted in glycerine jelly.

1

min, rinsed with

Finally, wells were
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Esterase

Esterase (EC 3.1.1.1) activity was demonstrated according to Barka and

Anderson (1983) as modified by Hausman et al. (1984).

Briefly, wells were fixed in

cold Baker's formalin (15 minutes), rinsed in a 0.2 M phosphate buffer (pH 7.1) and
incubated for 15 minutes at room temperature in the following media : 40% 0.15 M

sodium phosphate buffer (pH 7.1), 1%-naphthol acetate in acetone, and 2% hexa-

pararosaniline-solution; final pH adjustment is to 7.1. After incubation, wells were
mounted in glycerine jelly.

Glucose-6-Phosphate Dehydrogenase

Glucose-6-phosphate dehydrogenase (EC 1.1.1.49) activity was determined

according to Rieder et al. (1978).

Wells were incubated for 15 min at 37°C in the

following media: 5.0 mM nitro blue tetrazoleum (NBT), 50 mM tris-HCI buffer pH 7.4,

5.0 mM MgCl2, 10 mM glucose-6-phosphate, 0.8 mM NADP, 20% (w/v) Polyvinyl
Alcohol (PVA), 10 mM NaN3 and 0.32 mM phenazine methosulfate (PMS).

After

incubation, the wells were fixed for 15 minutes in 4°C Baker's formalin and mounted
in glycerine jelly.

Glycerol-3-Phosphate Dehydrogenase

Glycerol-3-phosphate dehydrogenase (EC 1.1.1.8) activity was demonstrated

according by Hausman et al. (1984). Wells were incubated (37°C, 15 min) in the
following media: 50 mM NBT, 0.05 M glycyl glycine-HCI buffer (pH 7.8), 0.05 M NaGlycerol-phosphate, 0.8 mM NAD, 20 % PVA, 10 mM NaN3 and 0.32 mM PMS. After
incubation, wells were mounted in glycerine jelly.
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Statistical Analysis

Data of experiments were analyzed by analysis of variance, with differences
between means tested for significance by Least Significant Difference (lsd).

38
RESULTS

Effect of Serum Type on Porcine Preadipocyte Differentiation

This study was designed to examine : 1) medium type: medium 199, DMEM,

and Ham's F12; 2) type and concentration of sera: fetal calf serum, calf serum, and

pig serum; 3) insulin and glucose supplement in serum-containing media; 4) lipid
supplement in serum-containing media.

The results of these experiments show that all treatments (culture conditions)
failed to support porcine preadipocyte differentiation (Figure 3). Addition of insulin and

glucose to serum-containing media did not induce cell differentiation.

Moreover, lipid

supplementation was also shown to be ineffective in stimulating lipid filling in the
cytoplasm

(Figure 3).

The ability of serum-containing media to support cell

multiplication was shown in

all treatments.

As expected, a high density of

undifferentiated cells was achieved if cells were cultured in high serum concentration
(Figure 3).

Regardless of the high rate of cell proliferation, conditions were not

suitable for porcine preadipocytes to differentiate.

Therefore, a different approach

(serum-free medium) was applied in the subsequent studies to achieve that goal.
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Figure 3. Effect of serum-containing media on porcine adipocyte development in
primary culture. The cells were maintained in Ham's F12 medium plus 10% FCS for
4 days. The next 10 days, cells were grown in a medium containing 5% calf serum
(a) or 5% calf serum plus 1% Intralipid (b). Note that serum-containing medium
stimulated a high rate of cell proliferation but failed to induce cell differentiation (a,b).
Addition of 1% Intralipid caused a small amount of fat accumulation but did not induce
differentiation (b). The cells were stained with ORO, phase contrast photomicrographs,
X100
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Effect of Plating Time in Serum-Containing Medium on Porcine Preadipocyte
Differentiation

The cell culture technique that was used in this study was based on Des lex's

In his technique, cells were plated in a medium containing 10%

technique (1986).

FCS for 24 hours.

The purpose of plating in that medium was to achieve cell

attachment since the attachment factor was not included in medium ITT. After 24 hour
in plating medium, excess FCS was removed by thoroughly washing (three times) with

the culture medium without serum.

Recently, Hausman (1989) examined serum-free

media for porcine preadipocytes using Deslex's techniques.

Cells were plated in

plating medium for 1, 2, and 4 days. Plating for 4 days was necessary in Hausman's

system to reach monolayer confluence which is required for differentiation of porcine
preadipocytes (Hausman, 1984).

Hausman (1989) did not compare the results of

different plating times, so it was not clear which plating time was most successful.
Therefore, the current study was conducted. Establishing a plating time is important

since longer incubation in plating medium (10% FCS) may restrain the process of
differentiation.

Results of this experiment are shown in Figure 4 and Table 3.

Both the

number of differentiated cells and morphology of differentiated cells were influenced

by plating time.

When plated for only 24 hours, the number of adipocytes was

significantly (P<.05) higher compared to 48, 72 and 96 hours plating time. Prolonging

the plating time caused a reduction (P<.05) in adipocyte number and increased
(P<.05) the number of fibroblast-like cells (Table 3).

Preadipocytes, plated for 24
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hours, had a high rate of differentiation with large individual cells.

However, cell

clusters developed if cells were plated for more than 24 hours in medium containing
10 % FCS (Figure 4).
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Table 3. Effect of prolonged incubation in medium
supplemented with 10% FCS on differentiation
of pig preadipocytes1

Time of
Incubation

Fat cells/mm2

Nuclei/mm2

24 hours

130a

+7

276a

+ 16

48 hours

76b

+5

316b

+

72 hours

47c

+4

3664

+ 10

96 hours

36d

+4

433d

+

Values are mean + SEM of three culture dishes. Values
in three columns with differing superscripts differ
significantly (P<.05).
1

8

8
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DME/F12 + 10% FCS on pig

preadipocyte differentiation maintained in ITTC medium. The cells were maintained in

DME/F12 medium plus 10 % FCS for 24, 48, 72 and 96 hours and then shifted to
ITTC medium for the next 11 days. Note that increasing the time of incubation in
DME/F12 + 10% FCS resulted in decreasing the number of adipocytes. In 24 hours
incubation, adipocytes were formed as individual cells (a), however in longer times of
incubation, fat cell clusters were formed: 24 hours (b), 48 hours (c) and 96 hours (d).
The cells were stained with ORO, phase contrast photomicrographs, X100
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Effect of Serum-Containing and Serum-Free Medium on Porcine Preadipocyte

Differentiation

The effects of serum-containing (2.5%, 5% and 10% calf serum) and serumfree media on porcine preadipocyte differentiation are shown in Figure 5 and Table 4.
The morphological study clearly shows that the serum-free medium (ITTC) was superior

to serum-containing media in stimulation of preadipocyte differentiation (Figure 5). The

rate of differentiation of porcine preadipocytes was much higher in medium ITTC than
in serum-containing media as indicated by the prevalence of Oil Red 0 stained cells
in medium ITTC.

Furthermore, morphologically, the differentiated cells in medium ITTC

and serum-containing media were different.

When cultured

in

medium ITTC,

differentiated cells formed

individual fat cells with cytoplasm that was filled with

numerous lipid droplets.

Conversely, when cultured in serum-containing media,

differentiated cells formed small clusters of fat cells.

The number of differentiated cells

per mm2 area in the culture wells was

significantly (P<.05) higher in medium ITTC than in medium containing 2.5%, 5%, and

10% calf serum.

In addition, the number of total cells or nuclei (the number of

adipocytes plus non-adipocytes) was significantly (P<.05)

higher in all serum

containing media than in medium ITTC. It was expected that serum-containing media

would contain higher mitogenic activity than medium ITTC, and would thus support a
high frequency of cell proliferation

.

Moreover, it was suggested that serum stimulates

the cell multiplication of "fibroblast-like cells" or non-differentiating cells.

Therefore, it

was not surprising that numbers of non-adipocytes cells were much higher in serum-
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containing media than that in medium ITTC.

Also, the total number of nuclei

(adipocytes + non-adipocytes) per mm2 area in cultured wells increased with the

increase of the concentration of calf serum in the media. This indicates that high
medium serum concentration promotes mitogenic activity with a resulting higher rate
of cell proliferation.

The results demonstrate that serum-containing media were able to support
cell proliferation but failed to stimulate differentiation of porcine preadipocytes. On the

other hand, medium ITTC was poor in mitogenic activity, so it had less ability in
promoting cell proliferation, but it was successful in stimulating differentiation of porcine
preadipocytes.
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Table 4. Effect of serum-free (ITTC) and serum-containing
medium on differentiation of pig preadipocytes1

Media

Fat cell/mm2

ITTC

143a

Nuclei/mm2

+ 11

341a

+

34

2.5% calf serum

16b

+

1

700b

+

22

calf serum

14b

+

1

9024

+

26

10% calf serum

15b

+

1

1134d

+

45

5%

IValues are mean + SEM of three culture dishes. Values
in the same column with differing superscripts differ
significantly (P<.05).
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Figure 5. Pig preadipocyte differentiation in serum-free (ITTC) and serum supplemented
media. Cells were maintained in DME/F12 + 10% FCS for 24 hours and then shifted
to either ITTC or DME/F12 medium plus 2.5%, 5%, or 10% Calf Serum for the next 11

days. A high number of individual fat cells were formed in culture with ITTC medium
(a). However, only a small number of fat cell clusters developed in serum-containing
medium: 2.5 % CS (b), 5 % CS (c) and 10 % CS (d). The cells were stained with
ORO, phase contrast photomicrographs, X100
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Effect of Serum Addition to ITTC Medium on Porcine Preadipocyte Differentiation

This experiment was conducted to determine whether addition of serum to
medium ITTC would interfere with differentiation of porcine preadipocytes.

Serum

contains not only adipogenic factors but also anti-adipogenic factors. The latter may
inhibit preadipocyte differentiation in serum-containing media.

Previous observations

demonstrated that serum-containing media without additional hormones or growth

factors supported differentiation of preadipocytes of some animal species but not
others.

Similar

results

have

been

obtained

using

serum-containing

media

supplemented with hormones and growth factors. This suggests differences among
animal species in response to serum-containing medium with or without hormone and
growth factor supplementation.

Addition of calf serum (2.5%, 5% and 10%) to ITTC medium stimulated cell

proliferation and inhibited (P<.05) preadipocyte differentiation (Figure 6, Table 5).
Morphology of differentiated cells was changed as a result of serum addition (Figure
6). As in previous experiments, the number of differentiated cells in medium ITTC was
significantly (P<.05) higher than in medium ITTC plus serum (Table 5). Moreover, cells

in non-supplemented ITTC developed into individual adipocytes.

Addition of a small

amount of 2.5% calf serum to ITTC medium caused the formation of fat cell clusters
with large multilocular adipocytes (Figure 6). Cultured in medium ITTC plus 5 % calf

serum, differentiated cells developed into fat clusters with smaller adipocytes.

ITTC

medium plus 10% calf serum produced much smaller fat clusters with small cells within
the clusters.
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Addition of serum caused the total cells (adipocytes plus non-adipocytes) to
increase while the number of adipocytes decreased. This finding justifies the previous

statement that mitogenic activity was increased by adding serum to culture media.
This experiment explicitly shows that addition of serum to medium ITTC supported
proliferation of non-adipocytes as well as adipocytes, however the rate of differentiation

was still less than without the addition of serum. Unfortunately, the inhibitory effect
of serum, also occurred in this experiment which caused the reduction of the number

of differentiated cells, and the individual cells within the clusters were also affected;
they became smaller.
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Table 5. Effect of serum addition to medium ITTC on
differentiation of pig preadipocytes1

Media

Fat cells/mm2

Nuclei/mm2

129a + 6

280a + 17

ITTC + 2.5 % CS

82b + 7

445b + 34

ITTC + 5 % CS

66bc + 4

696c + 24

ITTC + 10 % CS

54c + 3

823d + 44

ITTC

/Values are mean + SEM of three dishes. Values in the same
column with differing superscripts differ significantly (P<.05).
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Figure 6. Effect of addition of 2.5 %, 5% and 10% calf serum to FTC medium on pig
preadipocyte differentiation. The cells were maintained in DME/F12 + 10% FCS for 24
hours then shifted to ITTC + calf serum for the next 11 days. In ITTC alone, the rate

of differentiation was high and individual fat cells were formed (a). Addition of
increasing amounts of calf serum decreased differentiation slightly, and large fat cell
clusters developed: ITTC + 2.5% CS (b), FTC + 5% CS (c) and ITTC + 10% CS (d).
The cells were stained with ORO, phase contrast photomicrographs, X100.
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Effect of Fibroblast Growth Factor (FGF) on Porcine Preadipocyte Differentiation

In preliminary experiments, medium ITTC failed to support cell attachment
during longer incubation periods.

On culture day 8 when most of the cells had

accumulated lipid droplets in the cytoplasm, approximately 30

cells had became detached.

50% of differentiated

Early results indicated that on day 12, cells in ITTC

medium had not reached complete confluence, however, substantial numbers of cells

were differentiated. This problem can be avoided by plating with a higher cell density

or addition of mitogenic factors to the culture media. Since mitogenic factors have

been used successfully in serum-free medium by others (Broad and Ham, 1984;
Serrero and Mills, 1986), we decided to use mitogenic agents in our system.

Fibroblast Growth Factor (FGF), a mitogen, has been shown to stimulate cell
proliferation in many cell types including fibroblasts and preadipocytes.

This

experiment was designed to examine the effect of FGF on differentiation of porcine
preadipocytes. Addition of FGF to ITTC medium stimulated both cell proliferation and

differentiation of porcine preadipocytes (Table 6 and Figure 7 ).

Addition of FGF

increased the cell density (Figure 7). The morphology of differentiated cells grown in
medium ITTC plus 25 ng, 50 ng, and 100 ng FGF appears similar. Individual fat cells

developed with numerous lipid droplets in the cytoplasm. However, individual fat cells

in medium ITTC plus 100 ng FGF appeared to be smaller than those in 25 ng and 50

ng FGF. The number of adipocytes was significantly (P<.05) higher in the 100 ng
FGF than in 50 ng FGF, 25 ng FGF or 0 ng FGF. Cell density in 100 ng FGF was
much higher than in other levels.
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Table 6. Effect of FGF on differentiation of pig preadipocytes1
Nuclei/mm2

FGF Concentration

Fat cells/mm2

ITTC

150a

+ 10

324a

+ 12

ITTC + 25 ng FGF

175b

±

2

403b

± 20

ITTC + 50 ng FGF

187b

±

6

436b

± 11

ITTC + 100 ng FGF

211c

±

6

547

+ 37

/Values are mean + SEM of three dishes. Values in the same
column with differing superscripts differ significantly (P<.05).
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Figure 7. Effect of FGF on pig preadipocyte differentiation maintained in medium ITTC.
The cells were maintained in DME/F12 + 10% FCS for 24 hours then shifted to ITTC
alone and ITTC + 25 ng, 50 ng or 100 ng FGF. In medium ITTC alone, the density

of cells was still low, however addition of FGF increased the density of cells.

Differentiated cells in medium ITTC alone were bigger than in ITTC with FGF. In all
treatments, adipocytes formed individual cells with large lipid droplets. The cells were
stained with ORO, phase contrast photomicrographs, X100.
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Effect of Omission of Individual Components in ITTCF Medium on Porcine Preadipocyte
Differentiation

Importance of hormones and growth factors has been explored in cell lines
and some primary cultures.

However, observations are still very limited on the effect

of hormones and growth factors in primary culture of preadipocytes obtained from
domestic animals.

Therefore, the contribution of each hormone and growth factor

component of ITTCF medium; insulin, triiodothyronine, transferrin, corticosterone and
FGF was examined.

The results of this experiment are presented in Table 7 and Figure

8.

Omission of insulin from media reduced (P<.05) the rate of cell differentiation by 73%

compared to that of complete medium.

Omission of T3 from the medium did not

change the rate of cell differentiation. If transferrin was excluded from the medium, the

reduction (P<.05) of cell differentiation was only 29%. If corticosterone was removed,

a reduction (P<.05) of 61% in cell differentiation occurred. When FGF was excluded

from the medium, number of both adipocytes and non-adipocytes were reduced
(P<.05) significantly.

Although numbers of both cell types were reduced, the

percentage of cell differentiation was still high (Table 7).
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Table 7. Effect of the omission of individual components of the
ITTCF medium on differentiation of porcine stromal
vascular cells/
Conditions

Fat cells/mm2

Nuclei/mm2

ITTCF

167a ± 11

422a ± 22

Insulin
T3

- Transferrin

Hydrocortisone (C)
FGF

45c +

4

421a + 27

159a +

17

412a + 24

118b +

8

409a + 32

65c ±

7

411a ± 29

121b + 14

306b +

9

/Values are mean + SEM of three dishes. Values in the same
column with differing superscripts differ significantly (P<.05).
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Figure 8a.

Effect

of omission

of

individual components of medium ITTC on

differentiation of porcine preadipocytes. The cells were maintained in DME/F12 + 10%
FCS for 24 hours then shifted to ITTCF alone (a) ITTCF insulin (b), and ITTC T3 (c).

In the absence of insulin, differentiated cells were dramatically reduced and they
formed the small adipocytes. However, without T3, the degree of cell differentiation was
still high and characterized by numerous cells contained large cytoplasmic fat droplets.
The cells were stained with ORO, phase contrast photomicrographs, X100.
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Effect of omission of individual components of medium ITTC on
differentiation of porcine preadipocytes. The cells were maintained in DME/F12 + 10%
FCS for 24 hours then shifted to ITTCF alone and ITTCF transferrin, -corticosterone

Figure 8b:

In the absence of transferrin, the number of differentiated cells was
Exclusion of corticosterone caused the same effect (b). Without FGF,
cell differentiation was high, but total cell number was lower than that of other
treatments (c). The cells were stained with ORO, phase contrast photomicrographs,
and

FGF.

reduced (a).

X100.
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Enzyme Histochemical Study of Differentiated Porcine Preadipocytes

When preadipocytes undergo cell differentiation, changes in both morphology

of cells and lipogenic enzyme activities occur.

Morphological changes can be

visualized by staining with oil red 0 (ORO) which stains lipid.

Lipogenic enzyme

activities which elevate during cell differentiation also can be detected by histochemical
staining.

Three major lipogenic enzymes frequently stained as markers of cell

differentiation are glycerol-3-phosphatase dehydrogenase (G3PDH), esterase and

glucose-6-phosphate dehydrogenase (G6PDH). Activity of these lipogenic enzymes in

porcine adipocytes maintained in medium ITTC was detected using histochemical
staining. The results are shown in Figure 9. Differentiated cells reacted positively to
G3PDH staining, esterase staining and G6PDH staining, while non-differentiating cells

surrounding the adipocytes did not react with enzyme staining.
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Figure 9. Enzyme histochemical staining of porcine adipocytes. The porcine stromal
vascular cells were maintained in medium ITTC as in the previous experiments. The
enzyme activities which are shown here are G-3-PDH (a), esterase (b) and G-6-PDH
(c).

a. G-3-PDH

:

note the dark blue color in cytoplasm which indicates the enzyme
activity.

b. esterase

:

the esterase activity is shown as a brown color in the cytoplasm of

c. G-6-PDH

:

purple color in cytoplasm is an indication of the enzyme activity.

adipocytes.
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DISCUSSION

Effect of Plating Time

in

Serum-containing Medium on Porcine Preadipocyte

development

Des lex et al. (1986) described that in their system SV cells freshly isolated from

adipose tissue first were plated in plating medium containing 10% FCS.

Plating

medium was needed because ITT medium does not contain attachment factors such

as fibronectin and vitronectin.

Serrero and Mills (1986) did not use this plating

medium, but for cell attachment fibronectin was included in their serum-free medium.
Des lex et al. (1986) reported that by replacing the plating medium with one containing
fibronectin and vitronectin, the result was no different. I suspect that the use of plating

medium with 10% FCS in Deslex's technique is just a matter of simplicity.
Hausman (1989), who adopted Deslex's system, reported that upon shifting to

serum-free medium (after plating for 24 hours in 10% FCS) cells detached within
several days.

He also noted that cell detachment in the post-plating period was

retarded by plating cells longer than 24 hour. Therefore, in his study, SV cells were
plated in 10 % FCS-containing medium for 2

4 days.

The rate of preadipocyte differentiation was substantially decreased by addition
of FCS in ITT medium (Des lex et al., 1986). This phenomenon was also reported by

Broad and Ham (1983) who found that in the presence of FCS, sheep preadipocytes

did not undergo differentiation.

Furthermore, Des lex et al. (1986) speculated that

continuation of FCS in the culture medium caused "decommitment" of already
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committed cells through their continued proliferation and/or the overgrowth of
fibroblast-like, non differentiating cells.

If that is the case, plating time in 10% FCS

may be a crucial factor in failure to achieve a high rate of cell differentiation in serum-

free medium. The relatively low rate of differentiation in Hausman's study appears to
be caused by plating time. The current study was conducted to establish an optimum
plating time for porcine preadipocytes which supports cell attachment and a high rate
of differentiation.

The results of current study (Figure 4 and Table 3) demonstrate that plating
time affects the rate of cell differentiation. It is clearly shown that 24 hour plating time

allowed a high rate of cell differentiation and supported cell attachment. This finding
is in agreement with Hauner et al. (1989) who demonstrated that prolonging the time

of incubation (up to 180 hours) in 10% FCS caused a drastic reduction of G3PDH
activity (a marker enzyme of differentiation). Des lex et al. (1986) also reported that 12-

24 hour plating time gave the maximum result. The 24 hour plating time was used in
all subsequent experiments.

Effect

of Serum-containing and Serum free Medium on Porcine Preadipocyte

Development

Serum contains hormones, growth factors, and attachment factors which are

needed in culture medium to support the growth and development of preadipocytes

(Hayashi and Sato, 1976; Kuri-harcuch and Green, 1978; Barnes and Sato, 1980).
Despite the important serum factors for cultured preadipocytes, serum-containing
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medium is not suitable for some species including the pig (see results section). The

previous study shows that a serum-containing medium greatly supported cell
proliferation of porcine preadipocytes; however, it failed to induce cell differentiation.
The failure of serum-free media in stimulating porcine preadipocyte differentiation also

has been observed by another investigator (Novakofski; personal communication).
Loffler and Hauner (1987) stated that serum contains "antiadipogenic factors"

that may inhibit the differentiation of preadipocytes in culture.
possibility,

To overcome this

Barnes and Sato (1980) developed serum-free medium containing

hormones, growth factors and attachment factor to replace the serum. Several studies
showed that serum-free media are able to successfully support proliferation as well as
differentiation of 3T3-L1 (Gamou and Shimizu, 1985), 1246 cell line (Serrero and Khoo,

1982), rat (Serrero and Mills, 1986; Des lex at al., 1987; Sztalryd et al., 1989), human
(Des lex et al., 1986), sheep (Broad and Ham, 1983) and rabbit preadipocytes (Reyne

et al., 1989). Hausman (1989) also cultured the porcine preadipocytes from neonatal
pigs in serum-free medium; however, his results indicate that the rate of cell

differentiation was relatively low.

The current study was conducted to examine the effect of serum on porcine
preadipocyte differentiation. Serum-containing medium (2.5%, 5%, and 10% calf serum)

again failed to support a high rate of cell differentiation (Table 4 and Figure 5).
Conversely, serum-free medium (ITTC medium) induced a high rate of porcine
preadipocyte differentiation. Approximately 40% of SV cells developed into adipocytes
characterized by

morphological changes (fibroblast to balloon shaped cells),

accumulated a large amount of fat droplets and qualitatively reacted to lipogenic
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enzyme staining (Figure 9).

Using serum-free medium, other investigators have

reported that more that 90% of rat preadipocytes (Serrero and Mills, 1986; Des lex et
al.,

1987), 50% of rabbit preadipocytes (Reyne et al., 1989) and 20% of human

preadipocytes (Des lex et al., 1986) became adipocytes.

However, Hausman (1989)

found that only 5% of porcine preadipocyte developed into adipocytes in a similar
serum-free medium.

The results of previous investigations and the current study reveal that serum-

containing medium is not suitable for porcine preadipocytes to differentiate in culture.

On the other hand, serum-free medium (ITTC medium) supported a high rate of
porcine preadipocyte differentiation.

This study has demonstrated the ability of SV cells isolated from 40

50 kg

pigs to differentiate into adipocytes in a serum-free medium. Approximately 40% of the
SV cells developed into adipocytes characterized by morphological changes (fibroblast-

like cells changing to balloon shaped cells), accumulation of large amounts of fat
droplets, and a positive reaction to lipogenic enzyme staining. This percentage was

lower compared to rat SV cells maintained in medium ITT, of which more than 90%
of the cells became adipocytes (Des lex et al., 1987). However, the results of current

study were higher compared to human SV cells cultured in medium ITT (10

20%;

Des lex et al., 1986) and also as compared to SV cells isolated from neonatal pigs
maintained in serum-free medium (5%; Hausman,1989). Morphology of differentiated

cells in the system under study was different than that of Hausman's culture system.
In this system, the differentiated cells (maintained in medium ITTC with and without
FGF) formed individual cells with numerous, large fat droplets. In Hausman's system,
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differentiated cells developed into small, tightly arranged clusters, and the number of

adipocytes also remained relatively low, indicating that the current serum-free medium

is more suitable for porcine preadipocyte growth and differentiation than that used in
Hausman's study.

Effect of Serum Addition to ITTC Medium on Porcine Preadipocyte Differentiation

Addition of calf serum to medium ITTC interfered with the process of cell
differentiation (Table 5 and Figure 6). Addition of, as little as 2.5% calf serum, caused

a reduction in cell differentiation. Higher concentrations of calf serum (5% and 10%)
inhibited

cell differentiation more, as indicated by a reduction in the number of

differentiated cells.

Serum addition also induced a changed morphology in

differentiated cells, stimulating the formation of cell clusters. The individual fat cells

within the clusters became smaller in the presence of higher concentrations of calf
serum.

This result is in agreement

with other research which has reported that

addition of fetal calf serum (FCS) to serum-free medium reduces rat, human (Des lex

et al., 1986; 1987 and Serrero and Mills, 1986) and sheep (Broad and Ham, 1983)
preadipocyte differentiation. Serum has been shown to contain anti-adipogenic factors

that inhibit the development of adipocytes (Loffler and Hauner, 1987).

Furthermore,

it has been shown that serum possesses a high level of mitogenic factors which
stimulate the proliferation of almost all cell types (Barnes and Sato, 1980).

Other

investigators have also demonstrated that when the mitogenic potency of a serumfree medium (ITT medium) is increased by supplementation with 10% FCS, SV cells
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isolated from human adipose tissue grew as a multilayer and did not differentiate.
Results of the current study indicate that addition of calf serum (2.5%, 5%, and 10%)

to ITT-C medium stimulates the proliferation of non-adipocyte SV cells.

However,

whether calf serum stimulates the proliferation of preadipocytes is unclear. Calf serum-

containing media without hormones did not induce cell differentiation of porcine
preadipocytes. Conversely, other investigations demonstrated that sera (FCS and rat

serum) or human and rabbit plasma supplemented media without hormones and
growth factors stimulated a high rate of human (Van and Roncari., 1978; Sypniewska

et al., 1986), rat (Van and Roncari, 1978), bovine (Plaas and Cryer, 1980) and rabbit
(Nougues et al., 1988) cell differentiation. Results of current study demonstrate that
a calf serum-containing medium is able to stimulate a high rate of SV cell proliferation,

but is unsuitable for porcine preadipocyte differentiation.

Effect of Fibroblast Growth Factor on Porcine Preadipocyte Development

Gospodarowicz (1984) suggested that FGF is one class of mitogen that is used

in cell culture to stimulate the proliferation and differentiation of various cell types.
Investigators have explored the effect of FGF on cell proliferation and differentiation of

cell lines and preadipocytes in culture with conflicting observations.

Hayashi et al.

(1981) demonstrated that FGF had an antiadipogenic effect on 3T3-F44A cells,
inhibiting cell differentiation.

Des lex et al.

(1986) concluded that FGF had an

antagonistic effect on adipose conversion, so they excluded FGF from serum-free ITT
medium.

Lau et al. (1983) isolated from bovine anterior pituitary FGF that promoted
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the replication of adipocyte precursors. Moreover, it has been found that FGF is an

essential component of serum free medium for rat preadipocytes (Serrero and Mills,
1986) and ovine preadipocytes (Broad and Ham, 1983). The effect of FGF on porcine
preadipocyte proliferation and differentiation in culture has not been reported. Results

of the current study indicate that FGF stimulated the proliferation of both porcine
fibroblast cells and

preadipocytes. This was indicated by the increasing number of

differentiated cells as well as non-differentiating cells (Table 6 and Figure 7).

Therefore, this finding corroborates other findings indicating the ability of FGF to
induce the proliferation and differentiation of preadipocytes.

Effect of Omission of Individual Components in ITTCF Medium on Porcine Preadipocyte
Development

Barnes and Sato (1980), explained that serum-free medium contained
supplementary substrates that replace serum factors such as hormones, binding
proteins, growth factor and attachment factors. In our serum-free medium, we included
:

insulin, T3 and corticosterone as the hormones, transferrin as a binding protein and

FGF as a growth factor. Since we plated the cells in serum-containing medium for cell

attachment, we did not include attachment factors in our serum-free medium .
The importance of each individual factor included in ITTCF medium
triiodothyronine,

transferrin, corticosterone and

examined in the current study.

(insulin,

Fibroblast Growth Factor), was

It has been established that insulin influences the

differentiation of cell lines and primary cultures of preadipocytes (Gamou and Shimizu,
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1985; Gaben-Cogneville et al., 1988; Serrero and Mills, 1986; and Sager and Kovac,
1982).

In serum-free media, insulin is also a major factor that stimulates adipose

conversion. Serrero and Mills (1986) reported that elimination of insulin from serum-

free medium (medium 4F) caused a drastic reduction
preadipocytes.

in differentiation of

rat

Further, a reduction of approximately 90% occurred in the G3PDH

specific activity as compared to that in cells cultivated in the presence of insulin.

the current study,

In

insulin was shown to be a very important hormone in porcine

adipocyte development in culture. The data (Table 7 and Figure 8a and 8b) show that

omission of insulin from the medium drastically reduces the number of differentiated
cells and clearly demonstrates that insulin is a crucial factor in serum-free media for
porcine preadipocytes.

Gharbi-Chihi et al. (1981) demonstrated the importance of T3 in stimulating
14C- acetate incorporation into lipids in ob17 cells.

In a recent study with a serum-

free medium containing insulin and T3, Sztalryd et al. (1989) reported that T3 induced
the differentiation of rat preadipocytes. However, Wiederer and Loffler (1987) showed

that T3 failed to stimulate differentiation of rat preadipocytes cultured in serumcontaining medium. The current study demonstrates that T3 is not a significant factor
in

serum-free medium for inducing cell differentiation of porcine preadipocytes.

Exclusion of T3 from the medium did not restrain the process of cell differentiation.
This observation is in agreement with those of Des lex et al. (1986; 1987) and Hausman
(1989).

Transferrin was an important component

in

serum-free media for rat

preadipocytes (Des lex et al., 1987 and Serrero and Mills, 1986), human preadipocytes
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(Des lex et al., 1986) and porcine preadipocytes (Hausman, 1989).

Exclusion of

transferrin from ITTCF medium in the current study slightly reduced cell differentiation
of porcine preadipocytes. Serrero and Mills (1986) found that omission of transferrin
from serum-free medium (medium 4F) resulted in a reduction of G3PDH specific activity

by 25%.

Even though the function of binding protein (transferrin) in stimulating

adipocyte development has not been established, data from the current study (Table

7 and Figure 8a) and that of others indicate that transferrin is should be included in
serum-free medium.

Effects of glucocorticoids in stimulating cell differentiation of cell lines and
primary culture have been established (Wiederer and Loffler, 1987; Ramsay et al.,
1989a; Reyne et al., 1989 and Loffler and Hauner, 1987). Wiederer and Loffler (1987)

demonstrated that glucocorticoids act as permissive factors allowing the insulin effect

on cell differentiation of rat preadipocytes.

In addition, Reyne et al. (1989) reported

that SV cells from rabbits were unable to differentiate in serum-free ITT medium unless

corticosterone or dexamethasone was added.

Furthermore, Ramsay et al. (1989a)

stated that hydrocortisone induced differentiation of porcine preadipocytes in vitro.
Results of the current experiment indicate that omission of corticosterone from medium

ITTCF caused a reduction in differentiated cells, indicating that glucocorticoids play

an important role in the development of porcine adipocytes.
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Histochemical Study of Differentiated Porcine Preadipocytes in Culture

Several investigators have shown that enzymes involved in lipid synthesis are
greatly increased in activity during the differentiation of preadipocytes in culture (Kuri-

Harcuch and Green, 1977; Wise and Green, 1979; Van et al., 1976).

lipogenic enzymes that are used as

Three major

markers of adipose conversion are esterase,

G3PDH and G6PDH (Hausman et al., 1984; Broad and Ham, 1983; Novikoff et al.,
1980). Activity of these enzymes in differentiated cells can be determined qualitatively
by enzyme histochemistry staining (Hausman et al., 1984).

Novikoff et al. (1980) reported that most undifferentiated 3T3-L1 cells showed

little or no esterase activity, while a high activity of this enzyme was detected in
differentiated 3T3-L1 cells.

Ramsay et al. (1987) found that differentiated rat

preadipocyte reacted with esterase staining.

Esterase activity was also present in

differentiated porcine preadipocytes from fetal adipose tissue (Hausman et al., 1984).

The current study (Figure 9) reveals that differentiated preadipocytes derived from
mature pig adipose tissue reacted positively to esterase staining.
Broad and Ham (1983) reported that the activity of G6PDH is greatly increased

in sheep preadipocytes maintained in serum-free medium. Other studies have shown
that differentiated rat and porcine preadipocytes reacted to G6PDH staining, indicating
that this enzyme is a marker for adipose differentiation (Hausman et al., 1984; Ramsay

et al., 1987). The current study (Figure 9) demonstrates a similar response.

G3PDH, an important lipogenic enzyme, is known to be a late marker for
adipose differentiation in culture (Des lex et al., 1987).

It has been shown that the

activity of this enzyme is high in differentiated 3T3-L1 cells, human preadipocytes
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(Des lex et al., 1986), and rat preadipocytes (Des lex et al., 1987; Serrero and Mills,
1986).

Moreover, Hausman et al. (1984) and Ramsay et al. (1987) reported that the

activity of G3PDH is detectable histochemically in rat and porcine differentiated cells
in culture.

In the present study (Figure 9), differentiated porcine preadipocytes also

have been shown to react to G3PDH staining.
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CONCLUSION

Both studies presented in this thesis demonstrate that serum-containing media

are not suitable for porcine preadipocyte differentiation in culture.

It is unknown why

serum-containing media fail to allow porcine preadipocyte differentiation.

Other

investigators have reported that preadipocytes of some species are able to grow and
differentiate in serum-containing medium. It is apparent that species differences may

be important factors in primary culture, and that each species will adapt differently in
a serum-containing medium.

A serum-free medium which supported human, rat and rabbit preadipocyte
differentiation appeared to allow proper culture conditions for porcine preadipocyte
differentiation.

In serum-free medium (ITTC medium), approximately 40% of SV cells

underwent differentiation, characterized by large cytoplasmic lipid droplets and
histochemically staining for lipogenic enzymes. The high rate of porcine preadipocyte
differentiation in serum-free media compared to serum-containing media may suggest

that serum contains unknown factors that are inappropriate for preadipocyte
differentiation.

In our serum-free system for porcine preadipocyte culture, it was found that
SV cells must be plated in 10% FCS-containing medium for no more than 24 hours

in order to achieve both cell attachment and a high rate of differentiation.

This

procedure was utilized because in this serum-free system attachment factors were not
included.

It is interesting to note that the addition of calf serum to ITTC medium which

caused an increase

in

mitogenic potency resulted not only

in

a reduction

in
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differentiated cells (consequently in the increase of non-differentiating cells) but also
resulted in changes in morphology. The adipocytes formed clusters, however, serum
factors causing the fat clusters have not been determined.

One great advantage in applying serum-free culture systems to the study of

adipose development is that the investigator can monitor the importance of factors
individually and in combination that promote preadipocyte differentiation.

The data

showed that insulin, transferrin, and hydrocortisone appeared to be important in
stimulating porcine preadipocyte differentiation.

T3, however, is not significant in

inducing porcine preadipocyte differentiation, while FGF was found to stimulate
proliferation of both porcine preadipocytes and non-differentiating cells. Even though

we have determined some factors that regulate porcine preadipocyte differentiation,

further studies need to be done in order to evaluate these factors more closely.
In this study we have established a serum-free system that allows differentiation

of 40% of porcine SV cells.

However, since a higher rate of cell differentiation has

been achieved in the serum-free system for rat, preadipocytes development of more
optimal culture conditions for porcine preadipocytes should be investigated.
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Appendix A. Experimental Design
Experiment 1.
Title

:

Effect of plating time in serum-containing medium on porcine adipocyte
differentiation

Treatments:

24 hours in
48 hours in
72 hours in
96 hours in

I.

II.

III.

IV.

medium DME/F12 + 10% Fetal Calf Serum
medium DME/F12 + 10% Fetal Calf Serum
medium DME/F12 + 10% Fetal Calf Serum
medium DME/F12 + 10% Fetal Calf Serum

Protocols:

1. All incubations were at 37°C, 95% 02 and 5% CO2
2. Cells were plated in medium DME/F12 + 10 % FCS for 24,48,72, and 96 hours.
3. After plating, cells were washed three times (2 X 5 minutes and 1 X one hour) and
shifted to treated media for the next 11 days.
4. On day 12, experiment was terminated.
5. Observations made.

Experiment 2.
Title

:

Effect of serum-containing and serum-free media on porcine preadipocyte
differentiation

Treatments :
I.
Medium DME/F12 + ITTC
II.
Medium DME/F12 + 2.5 % Calf Serum
III.
Medium DME/F12 + 5 % Calf Serum
IV. Medium DME/F12 + 10 % Calf Serum

Protocols :
1. All incubation were at 37°C, 95% 02 and 5% CO2
2. In all treatments cells were plated in medium DME/F12 + 10 % FCS for 24 hours.
3. After incubation, all cells were washed three times as in experiment 1 and shifted
to medium DME/F12 ITTC (all treatments) for the next 11 days.
4. The media were changed every 3 days
5. On day 12 the experiment was terminated.
6. Observations made.

Experiment 3.

Title: Effect of serum addition to ITTC medium on porcine preadipocyte differentiation
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Treatments :
I.
Medium ITTC
II.
Medium ITTC + 2.5 % Calf Serum
III.
Medium ITTC + 5 % Calf Serum
IV.
Medium ITTC + 10 % Calf Serum
Protocols:

The protocols were the same as in experiment 2.
Experiment 4.
Title

:

Effect of Fibroblast Growth Factor (FGF) on porcine preadipocyte differentiation

Treatments:
I.
Medium ITTC

Medium ITTC + 25 ng FGF
Medium ITTC + 50 ng FGF
Medium ITTC + 100 ng FGF

II.

III.

IV.

Protocols :
The protocols were the same as in experiment 2.
Experiment 5:
Title

:

Effect of omission of individual components in ITTCF medium on porcine
preadipocyte differentiation

Treatments:
Medium
Medium
Medium
Medium
Medium
Medium

ITTCF
ITTCF

Insulin
ITTCF - T3
ITTCF Transferrin
ITTCF Corticosterone
ITTCF

FGF

Protocols:

The protocols were the same as in experiment 2.

82

Appendix B. Adipose tissue biopsy from 40-45 kg pigs
Equipment:

1. Biopsy gun
2. Knife and/or scalpels
3. Forceps
4. 10 cc syringe
5. Needle 23G1
6. Rubber band
7.

Sterile Kimwipes

8. Anesthetic (Biotal; add 10 ml of sterile water to 1 gram of Biotal. Use 5 ml of
Biotal solution for 50 kg pig)
9. 70 % alcohol
10. Brush (Scrubmate with iodophor scrub)
11. Iodine (Prepodyne scrub)
12. Topazone
13. Transport medium (KRB buffer)
Procedure:

1. Hold the pig with snare
2. Spray the ear with 70% alcohol
3. Rub with sterile Kimwipes
4. Tie the ear with rubber band so that the ear vein is visible
5. Inject 5 ml of Biotal through the ear vein
(in 10 seconds the pig will be anesthetized)
6. Scrub the pig's neck with iodine
9. Spray the area with 70% alcohol and wipe thoroughly
10. Take eight plugs of tissue with biopsy gun
11. Cut off the skin from each plug before immersing it transport medium
12. Clean up the hole with sterile Kimwipes
13. Spray the wounds with Topazone
14. Bring the tissue immediately to the laboratory.
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Appendix C. Stromal vascular cell isolation
Preparation of KRB-Glu-BSA FrV
for 10 flasks (3 gram tissue/flask)

:

10 flasks x 15 ml/flask = 150 ml incubation medium
10 flasks x 30 ml x 3 = 900 ml washing medium
Prepare 1200 ml premix:

Stock solution
0.770 M NaCI
0.770 M KCI
0.770 M KH2PO4
0.770 M MgSO4
0.770 M NaHCO3
0.3 M Glucose
H2O

0.275 M CaCl2.H20

in ml
237.000
9.450
2.325
2.325
49.800
150.000
741.750
7.20

in gram
10.6650
0.5425
0.2435
0.4415
3.2220
8.1000

1200.0 (bring up to)
0.2910

Gas 10 min. with 95%02:5%CO2 (before adding BSA)
Add 7.15 gram Hepes to 1200 premix solution (20 mM Hepes)
Divide into 2 portions: a. Incubation medium (120 ml premix + 30 ml BSA
(20 % BSA FrV). b. Washing medium (1080 ml premix + 270 ml DDH2O).
Procedure:

1. Slice tissue 0.025" (0.65 mm) thick.
2. Add 3 gram sliced or minced tissue to a polypropylene or siliconized flask (1
gram tissue yields about 1 cc cells).
3. Add 15 ml incubation medium (KRB-Glu-BSA FrV, 37°C).
4. Add 30 mg collagenase to flask (10 mg collagenase/1 gram tissue).
5. Swirl flask to dissolve collagenase.
6. Gas flask with 95%02:5%CO2 and stopper.
7. Incubate 1 hour @ 370C on gyratory waterbath (setting 2).
8. Filter into a sterile polypropylene centrifuge tube through polyester chyffon,
squeeze cells through chiffon with plastic rod.
9. Let sit at 37°C, cells rise to top.
10. Remove mature adipocytes by suction.
11. The adipocyte free solution is centrifuged at 800 g for 5 min.
12. The pellet is washed with serum-free Ham's F12 medium three times by
centrifugation.
13. The final pellet is resuspended with serum-free Ham's F12 medium.
14. An aliquot of cell suspension is counted using a hemocytometer.
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Appendix D. Stromal vascular cell counting
Hemocytometer

This instrument can be used to determine the number of stromal vascular cells.
1. Look at the hemocytometer and locate the shiny surfaced portions which are the
counting areas crossed with microscopic grid lines.

2. Notice that the cover slip does not rest on the grid area but on the shoulders
on either side.
3. Place the hemocytometer under the microscope and locate the grids (first under
low power then change to high. Notice the 25 larger squares are each divided
into 16 smaller squares (2.5 mm3 for entire chamber). The larger squares
outlined with triple lines have an area of 1 square mm (1 mm2).
4. The volume of the counting chamber is determined by multiplying the depth of
the chamber by the grid area: 0.1 mm X 1 mm X 1 mm= 0.1 cubic mm (mm3).
The volume of each larger square is 0.004 mm3.
Counting

1. Mix 0.75 ml isolated stromal vascular cells with 0.25 ml Rappoport's stain
2. Pipette 100 gl cells to the angle of the coverslip and surface and allow the cells
to flow under the coverslip until the area is filled.
3. Locate the counting area under low power (60X) and then switch to high power
(600X) for counting.
4. Count only 5 large squares each of the four at corners of grid and one in the
center.

4. Include those cells inside the triple lines and the cells on the bottom and right
sides when they are touching the center of the triple line. Do not count cells
twice.

Calculation of concentration

1. Dilution rate of the cell suspension is 3:4.
2. 5 large squares were counted on the hemocytometer. This 5 squares contain
(5/25 X 0.1) or 1/50 mm3 (hemocytometer factor).
3. You counted (x) number of cells in the 1/50 mm3 (example: 30 cells were
counted).
4. Calculation:
Dilution rate x hemocytometer factor x cell counted = cells/mm3.
30
= 2000 cells/mm3.
4/3
x
50
x
5. Concentration is normally expressed as cells/cubic cm or ml.
1 cc = 1000 mm3 therefore:

4/3 x 50 x 30 x 1000 = 2000,000 cells/cc.
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Appendix E. Preparation of culture medium
Culture medium:
DMEM

Ham's F12

Procedure:

1. Measure 900 ml cold (15

30°C) distilled, deionized water, and put into 1000 ml

Erlenmeyer flask.

2. Rinse the inside the original container to remove all traces of powder.
3. Stir water and powder slowly (using stirring bar).
4. Add sodium bicarbonate (NaHCO3): 3.70 gram for DMEM medium and 1.176 gram
for F12 medium. Gently stir until NaHCO3 is dissolved.
5. Add 40 mg/I gentamicin sulfate
6. Add additional water to bring medium to final volume (1000 ml)
7. Adjust the pH of medium, if needed, with 1 N sodium hydroxide or 1 N hydrochloric
acid. Since the pH will rise during filtration, adjust pH to 0.2 0.3 units lower than
final pH desired.
8. Sterilize by filtration through a membrane of 0.20 gm porosity (Falcon 7105 Bottle
top filter 0.22 gm without grid)
9. Store at 2-8°C.
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Appendix F. Histochemistry

Oil Red 0 (ORO)

1. Purpose: to demonstrate fat in the cytoplasm
2. Solutions
10 % buffered neutral formalin (10 ml 37-40 % formaldehyde
:

solution + 90 % dd H2O + 1 g CaCO3)
100% Propylene glycol
60% Propylene glycol in distilled water
Hematoxylin solution
Dilute acid, e.g. 0.1 HCI in water
Glycerin-gelatin (Heat 40 g gelatin and 120 ml glycerin in 210
ml water until dissolve)
0.5% Oil Red 0 solution in 100% Propylene glycol
(Add small amount of propylene glycol to 0.5 g ORO in beaker and mix
well: crush larger pieces. Gradually add propylene glycol to 100 ml,
stirring occasionally. Heat gently with stirring until solution reaches 95°C.
Filter solution coarse filter paper while still warm and allow to stand
overnight at room temperature. Filter it through a Seitz filter vacuum
(when using Seitz filter put rough surface of filter uppermost). If solution
becomes turbid, refilter).

3. Procedure:

1. Post fix in 10% buffered neutral formalin (add 1 ml of formalin to each well
and allow to stand 10 minutes).
2. Rinse in distilled water.
3. Leave in 100% propylene glycol, 2 min.
4. Stain in Oil Red 0, 10 min.
5. Differentiate in 60% propylene glycol, 1 min.
6. Rinse in distilled water.
7. Stain in Hematoxylin, 6 min.
8. Rinse in running water for 10 min.
9. Mount in glycerine jelly (add warm glycerol gel to the well so it cover the
surface and let it air dry).

4. Result: Fat is stained red and nuclei are blue
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Esterase Staining

Chemicals required:

Baker's formalin (pH should be 7.0

7.1)

NaH2PO4. H2O
Na2HPO4

Alpha naphthol acetate 1% in acetone
Pararosaniline -HCI

4% Sodium nitrite 4g1100 ml
Solution preparation:
1. Baker's formalin
Combine 10 ml formalin, 10 ml of 10% calcium chloride (g/volume) and 80
ml of distilled water.
- Store at 5°C.
2. PO4 buffer (rinse solution)
mix 33 ml of .2M NaH2PO4 with 66 ml of .2M Na2HPO4
- Adjust the pH to 7.1 by adding either NaH2PO4 or Na2HPO4 and then bring
up the total volume to 200 ml with distilled water.
2. Pararosaniline solution
Add 2 grams of pararosaniline-HCI to 50 ml of 2 N HCI and gently heat.
After cooling, filter the solution through a Whatman # 1 filter paper.
Wrap in tinfoil (light sensitive) and refrigerate 0 5°C.
3. Hexa-pararosaniline solution
- Mix equal volume of pararosaniline solution and 4% sodium nitrite (example:
1.5 ml of each)
- Keep the solution in the dark for 30 minutes ("curing")
The solution must be made at least 30 minutes before adding to incubation
medium

4. Incubation solution
Mix 40 ml of 0.15 M NaH2PO4with 1 ml of I% alpha naphthol acetate in acetone
and 2.2 ml of Hexa-pararosaniline solution
Adjust the pH to 7.1 with 0.15 M NaH2PO4(This maintains the PO4 buffer at
0.15 M)
- Filter just before use through a filter Whatman #1 filter paper.
Procedure:

1. Fix the cells in cold (0-5°C) Baker's formalin
2. Rinse in PO4 buffer
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3. Incubate in freshly filtered (within 10 minutes) incubation solution for 15 minutes
4. Rinse in distilled water
5. Mount with glycerol gel (add warm glycerol gel to the well so it cover the surface
and let it dry)

Glucose-6-phosphate dehydrogenase

1. Purpose: to demonstrate G6PDH activity in differentiated preadipocyte in
primary culture

2. Solutions :
a. Incubation media:
5.0 mM nitro blue tetrazoleum/NBT
50mM tris-HCI-buffer pH 7.4
5.0 mM MgCl2
10mM glucose-6-phosphate
- 0.8 mM NADP
20% (w/v) Polyvinyl Alcohol/PVA
10 mM NaN3
0.32 mM phenazone methosulfate/PMS
b. Baker's formalin
3. Procedure:
- incubate the coverslips in the incubation media for 15 min at 370C
fix for 15 min in cold (40C) Baker's formalin

4. Result: the activity of G6PDH is shown by the deposition of the formazan
( red-purple stain).
Glycerol-3-phosphate dehydrogenase

1. Purpose: to demonstrate G3PDH activity in differentiated preadipocytes in
primary culture
2. Solution:
a. Incubation media:
50 mM NBT
0.05 M glycyl glycine buffer (pH 7.8)
0.05 M glycerol-phosphate
0.8 mM NAD
20% PVA (w/v)
10 NaN3
0.32 mM PMS
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b. Baker's formalin
3. Procedure:
incubate the coverslips in the incubation media for 15 min at 370C
Fix for 15 min in cold (+40C) Baker's formalin

4. Result: the activity of this enzyme is shown by the deposition of formazan
(red-purple stain)

