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Mammary cell mitogenic responsiveness was evalu-
ated with an established nontransformed caprine
mammary epithelial cell line (CMEC). As expected, the
cells responded to insulin-like growth factor 1 (IGF-1),
insulin, and hydrocortisone with an increased number
of cells after 3 and 5 d in culture. In combination,
insulin and hydrocortisone augmented each other. A
proliferation response was also observed for trans-
forming growth factor-α (TGF-α), and epidermal
growth factor (EGF), but not for fibroblast growth fac-
tor a (FGFa), FGFb, IGF-2, bovine somatotropin, or
prolactin. Comparison of mitogenic potential for these
growth factors with cells grown on plastic substratum
indicated that hydrocortisone was most potent, fol-
lowed by TGF-α in inducing a proliferative response
measured by 3H-thymidine incorporation assay. Hydro-
cortisone augmented proliferation by 149% and TGF-α
stimulated proliferation by 126% relative to the me-
dia control (p < 0.01). EGF, which binds to the same
receptor as TGF-α in other species, induced a modest
35% increase in proliferation. Comparison of culture
conditions with plastic, fibronectin, and type I col-
lagen suggests that extracellular matrix/stroma influ-
ences the magnitude and effective concentration for
cytokine-mediated growth response. Studies on respon-
siveness to ovarian steroids estradiol 17-β (E2) and
progesterone (P4) showed a modest proliferation
response to E2 only in combination with triiodio-L-
thyronine (T3), and no response to P4 or T3 either
alone or in combination when grown on plastic.

Key Words: Proliferation; mammary gland; cytokines;
hormones; cell growth.

Introduction

In vivo studies over the last 75 years have provided a
concise description of the nutritional and hormonal factors

involved in mammary gland development and function.
However, in vitro experiments with ruminant mammary
epithelial cells cultured with known mammogenic endo-
crine factors, such as estrogen, progesterone, glucocorti-
coids, prolactin, somatotropin, and placental lactogen
suggest that these factors have little to no direct effect on
epithelial cell proliferation (1–3). The data imply an indi-
rect role of hormone action mediated through stimulation
of or interaction with “growth factors.” Many of the growth
factors are cytokines, produced and acting locally to elicit
a proliferation response by autocrine or paracrine action.
Recent studies have focused on the influence of growth
factors and their collaboration in hormonal regulation of
mammary development and lactation (4,5). To date, at least
50 bioactive substances consisting of proteins, peptides,
and steroids have been found to be present in colostrum and
normal milk (reviewed in 6). Although many of the growth
factors found in mammary secretions are passed to the suck-
ling neonate to provide developmental support, many also
act as mediators of mammary gland development and func-
tion. These include: insulin-like growth factors (IGF-1 and
IGF-2), epidermal growth factor (EGF), mesenchyme-
derived growth factor (MDGF), platelet-derived growth
factor (PDGF), fibroblast growth factors (FGFa and FGFb),
mammary-derived growth inhibitor (MDGI) and trans-
forming growth factor α and β (TGF-α and β). Many of
these factors function as cytokines with either direct action
on the parenchyma or indirect modulation of stromal cells,
which subsequently influence epithelial function. There-
fore, understanding mammary epithelium modulation is
important not only for disease mechanisms, but also for a
more thorough understanding of glandular physiology.

In vitro studies with established cell lines and primary
cultures of bovine mammary epithelial cells have produced
conflicting data regarding responsiveness to endocrine and
cytokine mitogens. The bovine mammary alveolar cell-
large T-antigen (MAC-T) cell line has been shown to have
a proliferative response to IGF-1 and insulin (7,8). It is
nonresponsive to pituitary and ovarian hormones as well as
EGF. In the same experiment, bovine primary epithelial
cultures were also nonresponsive to EGF, but the murine
NmuMG mammary cell line was. Others have shown pro-
liferation response to EGF/TGF-α by bovine primary cul-
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ture epithelial cells (9,10). The more recently established
clonally derived bovine cell lines BME-UV1 and BME-
UV2 are distinctive in their mitogenic responsiveness (11).
BME-UV1 cells respond to IGF-1 and EGF where IGF-1
was able to augment proliferation greater than EGF. BME-
UV2 cells showed no response to either IGF-1 or EGF.
Both ruminant cell lines (MAC-T and BME-UV) depend
on the stable integration of SV40 large T antigen for culture
establishment. The random insertion of the expression plas-
mid may contribute to phenotypic variability, and since
SV40 large T-antigen is known to modulate pRB and p53,
the cell cycle and apoptotic pathways may be affected. As
such, the role of EGF/TGF-α remains unclear in ruminant
mammary gland biology, although they are well-known
mitogens for rodent and human mammary epithelial cells.

We have described the establishment and characteriza-
tion of a spontaneously immortalized caprine mammary
epithelial cell line (CMEC-UCONN) (12). These cells show
functional differentiation when grown on plastic substra-
tum with the expression of lactation-specific proteins pref-
erentially in cells that form dome-like structures and
morphologic differentiation with the formation of duct-like
and acini-like structures when grown within a collagen
matrix. As a further characterization of this cell line and to
elucidate the mitogenic potential of various known in vivo
endocrine and cytokine factors, we examined proliferation
responses by direct cell counts or by 3H-thymidine incorpo-
ration assay.

Results

CMECs Respond to Insulin, IGF-1, and Hydrocortisone
with an Increase in the Number of Cells

Proliferation responses were assayed by direct viable
cell count (Table 1). From previous experiments, we
observed that cells continued to proliferate for 3 d after
insulin and hydrocortisone were removed. Therefore, to
maximize the sensitivity of the proliferative response assay,

cell were cultured in growth media without insulin and
hydrocortisone for 3 d prior to the experiments. Optimiza-
tion of the proliferation assays included cell number, length
of treatments, and basal serum concentration allowing for
no growth without loss of cell viability (not shown). The
greatest difference in treatments was observed when cells
were cultured with a combination of insulin and hydrocor-
tisone. After 5 d in culture, the combination of the two
resulted in a 70% increase in the number of cells compared
to insulin or hydrocortisone alone, a 100% increase com-
pared to IGF-1 alone, and a 480% increase compared to the
control media. Cell viability assays by trypan blue exclu-
sion for all treatments and negative control were >98% for
all days tested. This demonstrates that CMEC proliferation
and culture adaptation are dependent on growth factor
stimulation. Furthermore, insulin and hydrocortisone had
an additive effect on increasing the cell number, corrobo-
rating independent stimulatory pathways for each.

TGF-α and Hydrocortisone
Are Strongly Mitogenic for CMECs

Comparative assessment of mitogenic activity of vari-
ous known or potential mammogenic factors on CMEC
proliferation as measured by 3H-thymidine incorporation
indicated that TGF-α and hydrocortisone had a greater
effect on proliferation than insulin, IGF-1, or EGF (Fig. 1).
Both insulin and IGF-1 were modest stimulators of prolif-
eration with a mean percent change from control of 41 (SD
+/– 14.0) and 42.7 (SD +/– 11.8), respectively, at maximum
responsiveness. EGF was slightly less mitogenic with a
change of 34.8% (SD +/– 5.9). TGF-α caused a greater than
fourfold increase in proliferation compared to EGF with a
mean change from control of 125.7% (SD +/– 29.7).
Hydrocortisone was a potent mitogen, inducing an increase
of 149.5% (SD +/– 24.6) from the control and with insulin
was additive, with a response of 196.7% (SD +/– 28.5),
compared to a calculated/anticipated combined response of
190.5%. All proliferation responses were dose-dependent

Table 1
Growth Factors Supports CMEC Proliferation/Survival in the Presence of Serum

Viable cell number, 104

Treatment Day 1 Day 3 Day 5

Control 3.26 ± 0.41a   4.48 ± 1.12a   3.61 ± 0.70a

Insulin and Hydrocortisone 4.32 ± 0.74b 11.41 ± 1.15b 21.18 ± 1.52b

Insulin (10 µg/mL) 3.54 ± 0.61a,b   7.95 ± 1.19c 12.12 ± 0.97c

Hydrocortisone (5 µg/mL) 3.89 ± 0.57a,b   9.22 ± 1.16b 12.87 ± 1.19c

IGF-1 (100 ng/mL) 3.81 ± 0.74a,b   7.17 ± 0.99c 10.32 ± 0.70c

a,b,cValues within the same columns with different superscripts are significantly different at P < 0.05.
Control media consisted of DME/F-12 culture media without insulin and hydrocortisone with 2% FBS.

Cells were cultured for 3 d in control media with 5% FBS prior to being plated at 5 × 104 cells/4 cm2/well–1

at day 0.
Cell viability for treatments and control were >98% on all days tested.
Values represent the mean ± SD of 4 independent experiments.
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and linear for treatment concentrations tested (data not
shown). Maximum proliferation responses at peak/plateau
are described relative to the response for cultures contain-
ing 5% fetal bovine serum (FBS), which usually resulted in
a mean 300.4% (SD +/– 54.7) change from control and
ranged from 8000 to 20,000 counts per minute (cpm)/well.
Culture in growth media with 5% FBS was not statistically
significant from cells cultured with 10% FBS for these
experiments. Various parameters were evaluated to opti-
mize the proliferation assay, including cell number, length
of incubations/treatments, length of 3H-thymidine incor-
poration, and culture media supplements. Although we
were able to observe cell growth in serum-free media (0.1%
bovine serum albumin [BSA]) with the various mitogens
(not shown), more consistent responses and responses of
greater magnitude occurred with background media supple-
mented with 0.5% FBS. Experiments with bovine prolactin
(bPRL), bovine somatotropin (bST), IGF-2, FGFa, and
FGFb showed no significant proliferative response.

Culture with Fibronectin
or Type I Bovine Tail Collagen Augments TGF-α
and IGF-1 Proliferation Response Relative to Culture
on Plastic Substratum Alone

Although supra-physiologic concentrations of insulin
were able to support proliferation similar to hydrocortisone
in the presence of 2% FBS after 5 d in culture (Table 1),
insulin and IGF-1 were only moderately mitogenic by
3H-thymidine incorporation assay with 0.5% FBS. We
evaluated the influence of extracellular matrix/stromal pro-
teins on proliferation. To emphasize the effect of matrix on
cytokine responses, the data are presented as relative to the
positive control (5% FBS) when cultured on plastic, on
collagen, or with fibronectin since basal level of 3H-thymi-
dine incorporation and amplitude of maximum response
were affected by the culture condition (Fig. 2). TGF-α at
100 ng/mL of culture induced a peak change of 76.3% (SD
+/– 7.5) of the maximum response compared to a peak
52.5% (SD +/– 6.2) for IGF-1 (10–100 ng/mL) and 42.8
(SD +/– 3.4) for media control. These responses are propor-
tional to those described in Fig. 1. With the addition of
fibronectin, there is little change in the amplitude of peak
responsiveness to TGF-α, 79% (SD +/– 4.7), (p > 0.05) (not
significant). However, the effective dose required for mito-
genic activity that resulted in a significant proliferative
response was reduced from 1 to 0.01 ng/mL relative to the
media control with the addition of fibronectin (p < 0.05). A
more dramatic effect is observed for the IGF-1 dose–
response with fibronectin. At 0.01 ng/mL, a significant
increase in proliferation is observed with a plateau trend to
100 ng/mL with a 64.7% (SD +/– 7.1) of maximum response
compared to media control of 36.7% (SD +/– 8.4) (p < 0.01),
but still less than the maximum effect of TGF-α. With
increasingly complex substratum, the magnitude and sen-
sitivity of the effective cytokine concentration are aug-
mented. Cells cultured on bovine tail collagen showed a
peak response to 10 ng/mL of TGF-α with a 90% (SD +/–
12.3) maximum response. IGF-1 at 100 ng/mL showed a
peak response of 79.3% (SD +/– 15.1) compared to 19.7%
(SD +/– 3.2) of maximum response for media. Proliferation
of the cells grown on collagen was augmented by sixfold
when compared to plastic substratum for IGF-1.

CMECs Proliferate in Response
to Estradiol When Combined with Triiodothyronine

Previous studies have shown responsiveness of ovine
mammary explants to estradiol when cultured in phenol
red-free media (13), and since both estrogens and proges-
terone are well known in vivo mammogenic factors, we
further characterize the proliferative capacity of CMECs
by examining their responsiveness to ovarian steroids
(Fig. 3). Cells were cultured in 5% charcoal-stripped FBS
(CSFBS) for one passage, and during the experiment, in
0.5% CSFBS in phenol red-free media with or without 3 pM
T3 as negative control. Responses are described as percent

Fig. 1. Comparative proliferation response to endocrine and
cytokine factors of caprine mammary epithelial cells grown on
plastic substratum in DME/F-12 supplemented with 0.5% FBS
determined by 3H-thymidine incorporation assay. Data represent
peak/plateau response. All responses were dose-dependent and
linear. Concentrations are per milliliter of culture. Ins, insulin;
Hyd, hydrocortisone. Data represent mean +/– SD of a minimum
4 independent experiments. *p < 0.05, **p < 0.01 compared to
media control.
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change from negative control. Individually, β-estradiol
(E2), progesterone (P4), and triiodio-L-thyronine (T3) had
no significant effect on proliferation. However, when the
cells were cultured with a combination of E2 and T3, an E2
dose-dependent proliferation response was observed with
a maximum 49.4% change from control with 1 nM of E2
combined with 3 pM of T3.

Discussion

We describe the proliferative responsiveness of caprine
mammary epithelial cells to endocrine and cytokine factors
using an established cell line. The interaction of growth
factors with the mammary epithelium is not well under-

stood in dairy animals, in particular, the role of EGF/
TGF-α, which has produced conflicting data depending on
the experimental model (explant culture, primary or estab-
lished cell line culture) and the species (bovine, ovine,
rodent, or human). For economic reasons, the majority of
ruminant mammary gland biology has been dedicated to
bovine species. The caprine mammary gland is not neces-
sarily representative of ruminants, since important physi-
ologic differences from the bovine have been described.
The caprine mammary gland epithelium retains its prolif-
erative capacity during the lactation cycle (14,15), which is
distinct from the bovine in which an involution period is
required between successive lactations for maximum produc-
tivity (16). Early stages of goat mammary gland regression is
associated with a decrease in the number of parenchymal cells
(17) rather than a loss of differentiated function as in the
bovine (18). As such, the mitogenic responsiveness of
the caprine mammary gland may differ from that of the
bovine regarding the potency of response to a particular
endocrine or cytokine factor, but also regarding which fac-
tors modulate a proliferative or differentiation response.

The CMEC used in this study has been maintained in
insulin (5 µg/mL) and hydrocortisone (1 µg/mL) with 5%
FBS for over 80 passages. The supplemented media for-
mula was chosen based on the metabolic and growth-pro-
moting activity of supra-physiologic concentrations of
insulin. Insulin, acting through its own receptor (1) and
with 100-fold less affinity, acting through the IGF-1 recep-
tor (7), is a well-known mediator of mammary epithelial
cell proliferation and a cell-survival factor (19). IGF-1
modulation of proliferation functions in part as a progres-
sion factor allowing for advancement through the G0/G1
stage of the cell cycle (20). Similarly, hydrocortisone has
been shown to stimulate proliferation of mammary epithe-
lial cells (21).

In this study, CMEC responsiveness to insulin and IGF-1
was demonstrated in the presence of 2% FBS. A significant
increase in cell number was observed after 3 and 5 d in
culture, which was similar to the effect of hydrocortisone
(Table 1). However, mitogenic responsiveness in low-
serum (0.5%) or serum-free (not shown) media suggested
that the effects of insulin and IGF-1 were, at best, modest
compared to hydrocortisone and TGF-α, which were
strongly mitogenic (Fig. 1). In part, these observations are
in contradiction to the potent proliferative response to IGFs
and insulin observed with MAC-T cells grown on plastic
substratum in low serum (1–1.5% FBS) or serum free media
(7,8). Other studies using ovine primary dispersion mam-
mary cell cultures described a potent mitogenic response to
insulin and IGF-1. In these experiments, while not compar-
ing substratum, the responses were assayed with fibronectin
and collagen (1). In our studies, despite using different
preparations of insulin (bovine or human and Sigma or
Intergen), different sources of rh IGF-1 (Promega, Madi-
son, WI or R&D Systems, Minneapolis, MN) and various

Fig. 2. Comparison of the effects of culture substratum on caprine
mammary epithelial cell proliferative response to IGF-1 and
TGF-α determined by 3H-thymidine incorporation assay: Per-
cent of maximum response induced by DME/F-12 with 5% FBS
and background response induced by DME/F-12 with 0.5% FBS,
BKGD. Data represent mean +/– SD of a minimum 4 independent
experiments.
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culture conditions, we did not observe a strong prolifera-
tive response to these factors for cells grown on plastic
substratum. However, cells cultured with fibronectin or on
collagen gels showed an augmented responsiveness to
IGF-1 compared to cells cultured on plastic substratum
(Fig. 2). These responses were compared with TGF-α us-
ing a cell surface receptor-mediated pathway rather than
the cytosolic steroid receptor transcription factor-mediated
pathway (hydrocortisone) as a more physiologically rel-
evant comparison for substratum influence. The mitogenic
activity of TGF-α was augmented on more complex sub-
stratum, but not to the same degree as that of IGF-1. These
data suggest that the responsiveness to insulin and IGF-1 is
influenced by serum factors that may include soluble base-
ment membrane components (i.e., fibronectin) and the sub-
stratum (i.e., collagen). Furthermore, these data suggest
that CMECs represent a more physiologically relevant in
vitro model than similar cell lines immortalized with SV40-
LTA, a known dis-regulator of cell-cycle control pathways,
which may affect the normal ability of IGFs to act as pro-
gression or mitogenic factors.

We have also been able to corroborate with this in vitro
established cell line model the mitogenic activity of TGF-α
observed with primary ovine cell cultures (22) and its
greater mitogenic potency compared to EGF described with
bovine mammary cells (9,10). TGF-α consistently induced

a strong mitogenic response, second only to hydrocorti-
sone, and up to fourfold higher than the response for EGF
with cells grown on plastic substratum (Fig. 2). Increasing
evidence from in vivo and in vitro studies suggests TGF-α
acting through the EGF receptor (23) plays a role in rumi-
nant mammary gland development and lactation (2,22,24).
Although an EGF homolog has not been described for
ruminants, the EGF receptor has been described in the
bovine species (25). The greater mitogenic activity of
TGF-α relative to EGF may be explained by the differential
processing of these ligands with the EGF receptor or the
degree of phylogenetic conservation of these cytokines. On
interaction with the EGF receptor, EGF is directly routed to
a degradation pathway, whereas TGF-α interaction with
the EGF receptor allows receptor recycling prior to degra-
dation (26). This suggests signal amplification may be
modulated at the plasma membrane level, which would be
particularly important for secreting/lactating cells that have
a high degree of membrane turnover. It has also been sug-
gested that the difference in cellular responses to the two
ligands may be related to different affinities to the receptor
or activation of other secondary mediators by the variation
in the binding domains. Characterization of TGF-α has
shown a high degree of conservation between species. The
bovine sequence differs from that of the human by two
amino acids and from the rat sequence by four (9). Con-

Fig. 3. Proliferative response of caprine mammary epithelial cells cultured in DME/F-12 with 1% charcoal stripped FBS with or without
triiodothyronine (T3) as negative media control to (A), ovarian steroids; (B) positive controls with or without T3 (2 ng/mL of culture).
Data represent mean +/– SD of a minimum three independent experiments. *p < 0.05, **p < 0.01 compared to media control.
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versely, EGF appears not to be well conserved, since the
human sequence differs from murine EGF by 16 amino
acids (27). The low conservation of EGF implies a similar
divergence in the ruminant species, either with an as yet
unidentified homolog or because TGF-α functions in rumi-
nants as EGF does in other species.

Ovarian steroids are well known in vivo mammogenic
endocrine factors supporting glandular development dur-
ing the periparturient period. Studies using tissue explants
from hormonally primed prepubertal heifer calves suggest
that the proliferation response of mammary epithelial cells
to ovarian steroids may be different in ruminants from than
of rodents (28). Murine studies have demonstrated the
requirement for the stromal fibroblast–epithelial cell inter-
action for responsiveness to estradiol by epithelial cells
(29). Mammary epithelial cells showed no responsiveness
to estradiol unless cocultured with mammary fibroblasts.
Fibroblasts support the epithelial cell response by produc-
tion of extracellular matrix/stromal proteins and by estra-
diol-dependent upregulated expression of progesterone
receptors by the epithelial cells. Furthermore, epithelial cell
responses depended on metabolically activated fibroblasts
in close proximity to the epithelial cells, suggestive of
paracrine-mediated cytokine involvement. Rodent studies
have also demonstrated the influence of adipocytes and the
mammary fat pad in modulation of the epithelial cell
response to ovarian steroids. Estrogen-dependent prolif-
eration of mouse mammary epithelial cells has been asso-
ciated with the preceding proliferation of adipocytes in the
surrounding ducts (30). These data suggest an indirect role
for ovarian steroid action on mammary gland development.
Although similar studies in the ruminant are lacking, evi-
dence suggests that stromal cell proliferation prior to an
epithelial cell response is not necessary (28). However,
responsiveness to estrogen and progesterone is likely modu-
lated by the stroma, and secondary paracrine- or autocrine-
acting cytokines or endocrine factors. Although steroid and
thyroid hormones are neither structurally nor biosyntheti-
cally related, their receptors share a common structure and
mechanism of action. The steroid/thyroid hormone recep-
tor action is dependent on ligand–receptor interaction,
which induces an allosteric change allowing the hormone–
receptor complex to act as a transcription factor that binds
to the promoter region of a target gene (31). Recent studies
describe the upregulated expression of estrogen receptor
by triiodothyronine (32) and the thyroid hormone-enhanced
proliferative response to estradiol in breast carcinoma (33).
Similarly, we have observed a modest, but significant pro-
liferation response with a combination of T3 and estradiol
for cells cultured in 1% charcoal-stripped FBS (Fig. 3).
However, this combination did not induce a significant
proliferation response for cells cultured in 0.1% bovine
serum albumin (BSA) (not shown). For breast carcinoma
cell proliferation, the augmented responsiveness was asso-
ciated with crosstalk between nuclear receptors and their

signal transduction pathways, and not with IGF-1 growth
stimulation. Others have shown that T3 with estradiol
upregulates the production of IGF-1 and IGF binding pro-
tein-3 (34), suggesting an indirect mode for induction of
proliferation. Estradiol has been shown to synergize the
responsiveness to insulin/IGF-1 and EGF in the MCF-7
breast cancer cell line (35). Our data suggest an indirect
mechanism for estradiol-T3-induced proliferation, since
only in the presence of serum/growth factors were we able
to observe a proliferation response.

Using the CMEC as being representative of the goat
mammary gland confirms the mitogenic activity of TGF-α
and its greater potency compared to EGF. The data also
indicate that the growth-promoting activity of IGF-1 in goat
nontransformed mammary epithelial cells is dependent on
substratum and serum factors. The response to estrogen
occurs only with the addition of T3 and requires serum
factors, presumably inducing growth through autocrine- or
paracrine-acting cytokines. This study suggests that
CMECs are a physiologically relevant in vitro model to
study mammary gland development.

Materials and Methods

Cells and Culture Conditions

The CMEC established by our laboratory was used in all
experiments (12). The cell line was originally derived from
biopsy of a lactating (114 d postparturition) Anglo-Nubian
(Capra hircus) goat mammary gland. The established cul-
ture shows no evidence of a transformed phenotype, and
maintains anchorage dependence and contact inhibition.
Cells were routinely cultured in phenol red-free DME/F-12
media (Sigma Chemical Co., St. Louis, MO) supplemented
with 2.2 mg/mL sodium bicarbonate, 5 mM sodium acetate,
5 µg/mL holo-transferrin (Sigma), 0.5 mM ethanolamine
(Fisher Scientific Co., Pittsburgh, PA), 10 µg/mL bovine
insulin (Intergen Co., Purchase, NY), 5 µg/mL hydrocorti-
sone (Fisher), 5% FBS, (Rehatuin, Intergen Co.,), 100 U/mL
penicillin-G, and 100 µg/mL streptomycin sulfate (culture
media). Cultures were incubated at 37°C, with saturated
humidity and 5% CO2. Prior to confluence, media were
aseptically siphoned, and cells were detached with 0.05%
trypsin/0.04% ethylenediaminetetraacetic acid (EDTA),
washed three times with modified Hanks’ balanced salt
solution (HBSS), and passaged at a threefold dilution.

Proliferation Response to Growth Factors

Responsiveness was assayed by either viable cell count
and/or by incorporation of 3H-thymidine. Based on previ-
ous findings that insulin and hydrocortisone had a 3-d
carryover effect on cell proliferation subsequent to their
removal, for cell count experiments, CMECs were subcul-
tured in growth media with 5% FBS omitting insulin and
hydrocortisone for 3 d in 75-cm2 tissue-culture flasks. The
cells were then plated at 5 × 104/2 mL/well–1 in 12-well flat-
bottom tissue-culture plates (Falcon, Becton Dickinson &



Vol. 10, No. 2 129Mammary Epithelial Cell Growth/Pantschenko and Yang

Co., Lincoln Park, NJ) with media containing 2% FBS with
insulin (10 µg/mL) and/or hydrocortisone (5 µg/mL), or
recombinant human insulin-like growth factor-1 (rh-IGF-1)
(100 ng/mL), (R&D Systems, Minneapolis, MN). After 1,
3, and 5 d, the media were aspirated, cells detached with
trypsin/EDTA, and counted by the trypan blue exclusion
method.

For 3H-thymidine incorporation experiments, CMECs
were plated at 5 × 103 cells/well/100 µL–1 in flat-bottom
96-well tissue-culture plates (Falcon) in media with 5%
FBS, without insulin and hydrocortisone. After 24 h, media
were aspirated and replaced with maintenance media con-
sisting of 0.1% BSA without insulin and hydrocortisone,
and changed daily for 2 d. Test samples were incubated
for 72 h with media containing 0.5% FBS without insulin
and hydrocortisone. Positive controls consist of 5 or 10%
FBS, and background controls were those without test
sample in appropriate media. Growth factors evaluated for
mitogenic induction included recombinant human-trans-
forming growth factor alpha (rh-TGF-α), epidermal growth
factor (rh-EGF), insulin-like growth factor 2 (rh-IGF-2),
fibroblast growth factor acidic and basic (rh-FGFa and
rh-FGFb) (United States Biochemical Corp., Cleveland,
OH), insulin-like growth factor 1 (rh-IGF-1) (R&D Sys-
tems) (for all cytokines; 150–0.01 ng/mL of culture), bPRL,
bST (USDA Beltsville, MD) (10–0.01 µg/mL of culture),
E2, P4 (100–0.01 nM), and T3 (2 ng/mL of culture) (Sigma).
Culture of cells with extracellular matrix/stromal proteins
is similar to those described above. Fibronectin (Sigma)
was added at a final concentration of 500 ng/mL of culture
prior to plating of the cells. Calf tail type I collagen solution
was prepared as previously described (36). Thirty microli-
ters per well of neutral collagen were added, allowed to
polymerize at 37°C, and then equilibrated overnight with
media. Assay for responsiveness to ovarian steroids was
the same as described above, except cells were cultured for
one passage and in the experiment, with 1% CSFBS, which
was stripped of steroids by a 2–4°C overnight incubation
with dextran-coated charcoal (Sigma). Eighteen hours prior
to harvesting, cells were pulsed with [methyl-3H] thymi-
dine (925 GBq/mmol, Amersham Pharmacia Biotech,
Piscataway, NJ), 0.5 µCi/well. CMECs were detached with
trypsin/EDTA or 0.01% collagenase (Sigma), and H2O
was lysed and harvested onto glass fiber filters using a cell
harvester (Inotech Biosystems International Inc., Lansing,
MI). 3H-thymidine incorporation was assayed with a scin-
tillation counter.

Statistical Analysis

Proliferation response as determined by 3H-thymidine
incorporation assay was described as percent change =
[(experimental – control)/control] × 100, where all hor-
mone/cytokine/serum treatments (experimental) were com-
pared to media control. Percent of maximum response is
calculated based on the positive control of 5% FBS. Sig-

nificance is determined by analysis of variance (ANOVA)
followed by Student’s two-tailed t-test for unpaired com-
parison using SigmaStat/SigmaPlot software (Jandel Sci-
entific Software, San Rafael, CA).

Acknowledgments

This work was supported by USDA AMD 9404477 and
the Storrs Agricultural Experimental Station NE-112
project.

References

1. Winder, S. J., Turvey, A., and Forsyth, I. A. (1989). J. Endocr.
123, 319–326.

2. Forsyth, I. A. (1996). J. Dairy Sci. 79, 1085–1096.
3. Knight, C. H. (1995). Intercellular Signaling in the Mammary

Gland. Wilde, C. J., Peaker, M., and Knight C. H. (eds.). Ple-
num, New York, NY: pp. 1–12.

4. Shamay, A., Cohen, N., Niwa M., and Gertler, A. (1988).
Endocrinology 123, 804–809.

5. Wilde, C. J., Addey, C. V. P., Boddy-Finch, L. M., and Peaker,
M. (1995). Intercellular Signaling in the Mammary Gland.
Wilde, C. J., Peaker, M., and Knight, C. H. (eds.). Plenum,
New York, NY: pp. 193–202.

6. Grosvenor, C. E., Picciano M. F., and Baumrucker C. R.
(1992). Endocrine Rev. 14, 710–728.

7. Zhao, X., McBride, B. W., Politis, I., Huynh, H. T., Akers, R.
M., Burton, J. H., et al. (1992). J. Endocr. 134, 307–312.

8. Woodward, T. L., Akers, R. M., and Turner, J. D. (1994).
Endocrine. 2, 529–535.

9. Tou, J. S., McGrath, M. F., Zupec, M. E., Byatt, J. C., Violand,
B. N., Kaempfe L. A., et al. (1990). Biochem. Biophys. Res.
Commun. 167, 484–491.

10. Zurfluh, L. L., Bolten, S. L., Byatt, J. C., McGrath, M. F.,
Tou, T. S., Kupec, M. E., et al. (1990). Growth Factors. 3,
257–266.

11. Zavizion, B., van Duffelien M., Schaeffer W., and Politis I.
(1996). In Vitro Cell. Dev. Biol. 32, 138–148.

12. Pantschenko, A. G., Woodcock-Mitchell, J., Bushmich S. L.,
and Yang. T. J. (1998). In Vitro Cell Dev. Biol.—Anim.,
submitted.

13. Forsyth, I. A. (1989). Reprod. Fert. 85, 759–770.
14. Knight, C. H. and Wilde. C. J. (1987). J. Dairy Sci. 70,

1991–2000.
15. Wilde, C. J. and Knight, C. H. (1989). J. Dairy Sci. 72,

1679–1692.
16. Oliver, S. P. and Soridillo. L. M. (1989). J. Dairy Sci. 72,

1647–1664.
17. Knight, C. H. and Peaker. M. (1984). Q. J. Exp. Physiol. 69,

331–338.
18. Hurley, W. L. (1989). J. Dairy Sci. 72, 1637–1646.
19. Merlo, G. R., Basolo, F., Fiore, L., Duboc L., and Hynes, N. E.

(1995). J. Cell Biol. 128, 1185–1196.
20. Herington, A. D. (1991). Bailliere’s Clin. Endocrine Metab.

5, 531–551.
21. Gaffney, E. V. and Pigott, D. (1978). In Vitro. 14, 621–624.
22. Moorby, C. D., Taylor, J. A., and Forsyth, I. A. (1995). J. Endocr.

144, 165–171.
23. Marquardt, H., Hunkapiller, M. W., Hood, L. E., and Todaro,

G. J. (1984). Science 223, 1079–1082.
24. Plaut, K. (1993). J. Dairy Sci. 76, 1526–1538.
25. Spitzer, E. and Grosse, R. (1987). Biochem. Int. 14, 581–584.
26. Decker, S. J. (1990). Biochem. Biophys. Res. Commun. 166,

615–621.
27. Gregory, H. (1975). Nature. 303, 325–327.



130 EndocrineMammary Epithelial Cell Growth/Pantschenko and Yang

28. Woodward, T. L., Beal, W. E., and Akers, R. M. (1993). J. Endocr.
136, 149–157.

29. Haslam, S. Z. (1988). J. Dairy Sci. 71, 2843–2854.
30. Shyamala, G. and Ferenczy, A. (1984). Endocrinology 115,

1078–1081.
31. Evans, R. M. (1988). Science 240, 889–895.
32. Fujimoto, N., Watanabe, H. and Ito, A. (1997). J. Steroid

Biochem. Molec. Biol. 61, 79–85.

33. Shao, Z.-M., Sheikh, M. S., Rishi, A. K., Dawson, M. I., Li,
X. I., Wilber, J. F., et al. (1995). Exp. Cell Res. 218, 1–8.

34. Gilchrist, C. A., Park, J. H., MacDoanld, G., and Shull., J. D.
(1995). Mol. Cell. Endocrinol. 114, 147–56.

35. Van der Burg, B., Rutteman, G. R., Blankenstein, M. A., de Laat,
S. W., and van Zoelen, E. J. (1988). J. Cell Physiol. 134, 101–108.

36. Michalopolos, G. and Pitot, H. C. (1975). Exp. Cell Res. 94,
70–78.


