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ORIGINAL ARTICLE

Regeneration of Bovine Mammary Gland in
Immunodeficient Mice by Transplantation of
Bovine Mammary Epithelial Cells Mixed with Matrigel
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Background and Objectives: With the global demand for dairy protein for consumption growing annually, there has
been increasing activity in the research field of dairy protein synthesis and production. From a manipulation per-
spective, it is more difficult to use live cattle for laboratory studies on the production of milk as well as of dairy
protein such as casein, as compared with using laboratory animals like rodents. Therefore, we aimed to develop a
mouse model of bovine mammary alveolar ducts for laboratory-scale studies. We studied the formation of the bovine
mammary gland ductal structure by transplanting the MAC-T bovine alveolar cell line into mice.

Methods and Results: MAC-T cells (1x10”) were suspended in Matrigel and injected into the dorsal tissue of 8-week-old
male BALB/C nude mice. Histological analysis of tissue dissected from the MAC-T cell-transplanted mice after 6 weeks
showed the typical morphology of the tubuloalveolar female gland, as well as glands made up of branching ducts that
were surrounded by smooth muscle with small alveoli budding off the ducts. In addition, the epithelial markers CK14
and CK18 were expressed within the duct-like structure. Prolactin was detected in the duct interior in these CK14+
and CK18+ cells but not in the non-transplanted MAC-T cells.

Conclusions: These results showed that duct-like tissue had been successfully formed after 6 weeks of transplantation
of the CK14+ and CK18+ MAC-T cells into mice dorsal tissue. This mouse model will be a useful tool for further
research on the bovine mammary gland.
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vine milk production and synthesis (4). Prolactin was used
to induce the MAC-T cell differentiation. The differ-
entiated cells had important characteristics of increases in
their beta-casein mRNA abundance as well as number and
size of casein secretory vesicles, and the ability to secrete
alpha-S- and beta-casein proteins (4). Dairy proteins have
been reported to have favorable effects on oxidative stress
and inflammation, as well as conveying human health ad-
vantages such as blood pressure, blood lipid, and glucose
control (5, 6). Based on these positive effects of dairy pro-
tein, many researchers have attempted to investigate the
mechanism of casein production for increasing its content
in milk. For example, hormones such as somatotropin,
growth hormone, retinoic acid, and prolactin have been
shown to increase milk protein synthesis in mammary cell
models (7, 8). However, the cell signaling mechanism that
may be involved in mediating the effect of growth hor-
mones on milk production in the mammary gland of lac-
tating dairy cows is still unknown (9). Knowledge about
such hormone-related mechanism would help to define a
novel means of steroid receptor-mediated transcriptional
repression of a physiologically important gene in mam-
mary gland development and differentiation (10). The
MAC-T cell line has the characteristics of uniform differ-
entiation, immortality, and a population doubling time of
approximately 17 h (4). These cells may be very useful for
dairy protein synthesis studies, particularly of casein.
Generally, farm animals such as cattle and horses are diffi-
cult to handle for experiments. The mouse, on the other
hand, is the most commonly used mammalian research
model for laboratory-scale experiments. Hence, it would
be beneficial to develop a mouse model of bovine mam-
mary alveolar ducts for laboratory scale-studies. Here, we
aimed to generate the bovine mammary gland ductal
structure from MAC-T cells transplanted into mice dorsal
tissue.

Materials and Methods

Animal and MACT cell transplantation

The MAC-T bovine mammalian epithelial cell line was
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco-BRL, Gaithersburg, DM, USA) containing 25 mM
glucose, supplemented with 10% fetal bovine serum (FBS;
Welgene, Daejeon, South Korea), 100 U/ml penicillin and
100 z2g/ml streptomycin (Gibco 15140-122). The cells were
grown in a humidified 5% CO2 atmosphere at 37°C.
Seven-week-old female BALB/C nude mice were purchase
from Orient bio Inc. Seongnam, Korea) and animals were
housed in an environmentally controlled room (temperature:
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23+2°C, relative humidity: 50+10%, programmed ven-
tilation, and 12:12 h light-dark cycle) prior to experiment.
All of the animal experiments were approved by the
University of Konkuk Animal Care Use Committee.
Ethics approval for this project was granted by the
Institutional Animal Care and Use Committee (IACUC,
KU16078). MAC-T cells (1X10") were suspended in BD
Matrigel™ diluted 1:1 (v/v) in Hank’s Balanced Salt
Solution (HBSS, Gibco). Cell suspension in Matrigel was
injected into the 8 weeks male BALB/C nude mice dorsal
using syringe for transplantation. After 6 weeks, small por-
tion of the transplanted tissue was dissected from BALB/C
nude mice and fixed in Bouin solution for immunostaining.
For analyzing of bovine mammary gland protein ex-
pression, to perform a mammalian gland biopsy from
fourteen month calf and fixed in Bouin solution.

Immunocytochemistry

The MAC-T cells were seeded in 6-well plate at a den-
sity of 1X10° cells/well and cell were fixed for 10 min with
4% paraformaldehyde, permeabilized for 10 miin with
0.2% Triton X-100, and then incubation for 1 hour with
3% BSA in PBS to block nonspecific antibody binding.
Cells were incubated with a 1:200 dilution of anti-cytoker-
atin 18 (CK-18), anti-cytokeratin 14 (CK-14) or anti
Prolactin for 1 hour. The cell were then rinsed with PBS
and incubated with anti-mouse Alexa 568 and anti-rabbit
Alexa 488 antibody (both 1:500; Invitrogen, Carlsbad, CA,
USA) for 1 hour. Samples were rinsed in PBS for 15 min
and incubated on DAPI for 10 min.

Immunohistochemistry

Tissues were rinsed PBS, fixed in Bouin solution for 5
hours at 22°C, and then dehydrated through an alcohol
gradient consisting of 1 hours incubations in 25%, 50%,
70%, 83%, 90%, and 100% ethanol. The dehydrated tissue
were cleared in xylene, infiltrated with melted paraffin for
2 hour at 65°C, and embedded in paraffin blocks. Tissues
were sectioned at 4 ,m thickness using rotary microtome
(Leica), and the sections were placed on glass slides.
Tissue sections were deparaffinized in xylene, rehydrated,
and equilibrated in water. Antigen un-masking was per-
formed by boiling sections in 10 mM sodium citrate buffer
for 10 minutes. Nonspecific binding was blocked using 3%
BSA in PBS for 30 minutes at 22°C. samples were in-
cubated overnight at 4°C with 1:200 dilutions of primary
antibodies. Primary antibodies included the following: cy-
tokeratinl4 (ab7800), cytokeratin 18 (ab668) from Abcam
(Cambridge, UK) and Prolactin (SC-7805) from Santa
Cruz Biotechnology. after several washes, tissue sections
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were incubated with fluorescent-conjugated secondary an-
tibody diluted 1:1000 in 1% BSA in PBS for 1 hour at
22°C. And then, slides were incubated with horse radish
peroxidase-conjugated secondary antibody (1:500; Santa
Cruz Biotechonolgy, Dallas, TX, USA) for 1 hour, at RT,
following by incubation in 3, 3'-diaminobenzidin (Vector
Laboratories, Burlingame, CA, USA). The slides were
washed with PBS and then observed under a light micro-
scope (Nikon, Tokyo, Japan).

Results

CK14, CK18, and prolactin expression in bovine
mammary gland and MAC-T cells

In the heifer mammary gland, hematoxylin and eosin
(H&E)-stained sections revealed ducts penetrating and
branching within the fibrous stroma, and there were fat

pads in part of the tissue. CK18 expression was localized
to the luminal compartment of the mammary ducts,
whereas CK14 expression was detected in the basal/my-
oepithelial layer. Prolactin, which stimulates the mam-
mary glands to produce milk, was detected in the epi-
thelial duct of the bovine mammary gland (Fig. 1). In the
mammalian mammary gland, most of the luminal epi-
thelial cells express cytokeratin 18 (CK18) whereas the
myoepithelial/basal cells express cytokeratin 14 (CK14).
We therefore immunostained the MAC-T cells to analyze
their CK18 and CK14 expression. Both CKI18 and CK14
were strongly expressed in the DAPI-immunostained
MAC-T cell line (Fig. 2).

Transplantation of bovine MAC-T cells into mice dorsal
tissue
The exterior morphology of the mice dorsal area trans-

Fig. 1. CK14, CK18, and prolactin expression in bovine mammary gland. (A) Biopsied bovine mammary gland tissues stained with hematox-
ylin and eosin revealed a ductal structure. Immunostaining for CK14 (B), CK18 (C), and prolactin (D) showed strong positive expression

of all three in the mammary gland duct. Bar=50 #m and 100 z«m.
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Fig. 2. CK14 and CK18 expression in MAC-T cells. (A) Image of MAC-T cell culture. Immunostaining for the basal cell marker CK14 (B)
and the luminal cell marker CK18 (C) showed strongly positive staining of both in bovine MAC-T cells. Bar=50 #m

Fig. 3. CK14, CK18, and prolactin expression in MAC-T cell-transplanted mice tissue. (A) Images of MAC-T cell-transplanted mice tissue
were taken after transplantation (n=5). (B) Hematoxylin and eosin-stained section of the MAC-T cell-transplanted tissue at 6 weeks after
transplantation. The basal cell marker CK14 (C) and the luminal cell marker CK18 (D) were localized exclusively in the duct-like structures
of the dorsal tissue. (E) These ducts were strongly positive for prolactin upon immunostaining. Bar=50 «m in all figures.

planted with bovine MAC-T is shown in Fig. 3A. At 6
weeks after the cell transplantation, H&E-stained sections
of the MAC-T cell-transplanted dorsal tissue revealed the
typical morphology of the tubuloalveolar female gland,
with branching ducts that were surrounded by smooth
muscle and small alveoli budding off the ducts. In addi-
tion, the organization and formation of the mammary duct
revealed that it was surrounded by a fat pad. The duct-like
structures resembled the bovine terminal ductal lobu-
loalveolar unit (Fig. 3B). We tested whether these ducts were

formed by the CK14+ and CK18+ MAC-T cells. Immu-
nostaining was used to detect the expression of CKl4,
CK18, and prolactin in the transplanted mouse tissue. The
results showed strong CK14 and CKI18 expression within
the duct-like structures (Fig. 3B, C). In addition, prolactin
was detected in the duct interior (Fig. 3E).

Discussion

Herein, we reported the first successful formation of bo-



190 International Journal of Stem Cells 2016;9:186-191

vine mammary alveolar duct-like structures in the dorsal
tissue of mice at 6 weeks after MAC-T cell transplantation.
Our results revealed significant ductal structure formation
in the dorsal tissue, and similar expression of mammary
gland epithelial markers (CK14 and CK18) and prolactin
between the bovine mammary gland and the mouse dorsal
tissue transplanted with MAC-T cells. In addition, histo-
logical analysis of the dorsal tissue revealed the typical
morphology of the tubuloalveolar female gland.

It is well known that mammary gland cell types include
an inner layer of CK18+ luminal cells and an outer layer
of CK14+ myoepithelial cells. The luminal cells in the
alveoli produce and secrete milk, whereas the myoepithelial
cells generate a contractile force to eject the secreted milk
during suckling by pups (11). For this reason, we provide
immunostaining evidence that the transplanted MAC-T
cells that had developed into mammary gland alveolar
duct-like structures were CK14+ and CK18+ cells. Inte-
restingly, PCR analysis did not show any prolactin ex-
pression in cultured MAC-T cells, but the hormone was
strongly detected in the mouse-transplanted CK14+ and
CK18+ MAC-T cells. Prolactin stimulates the mammary
gland to produce milk and its level in females is increased
during pregnancy. Otherwise, the physiological levels of
prolactin in males serve to enhance luteinizing hormone
receptors in Leydig cells, resulting in testosterone secre-
tion (12). In our experimental design, the MAC-T cells
were transplanted into male mice, not females. Neverthe-
less, our results showed the presence of prolactin from the
transplanted MAC-T cells in the dorsal tissue.

Matrigel is commonly used for the preparation of hu-
man tumor xenografts in mice, tubule formation assays,
and tissue morphogenesis by transplantation (13-15). In
the present study, it was an important component for
forming the bovine alveolar duct, where it acts as an ex-
tracellular matrix to aid formation of the mammary gland
alveolus-like structure in the mouse dorsal tissue.

BALB/C nude mice are defective in the natural killer
cells of innate immunity as well as the T and B cells of
humoral immunity. These mice are commonly used in re-
search that requires the avoidance of xenograft rejection
by T, B, and natural killer cells (16).

As a suggestion, MAC-T cell-transplanted female mice
could be useful for further studies on the hormonal regu-
lation of the bovine mammary gland and production of
dairy protein. The female mammary gland is a dynamic
organ that undergoes structural and functional changes in
relation to growth, such as before and after puberty, and
to reproduction events such as pregnancy and weaning
(17). The process of initiation and branching morpho-

genesis of mammalian gland is mutually regulated by hor-
mone (GH), estrogen, and insulin-like growth factor
(IGF)-1 to generate a ductal tree (18). During lactation,
various autocrine growth factors such as of TGF 5, IGF-1,
and IGFBP-5 are implicated in the regulation of milk
secretion. In addition, vascular endothelial growth factor
has been implicated in endothelial cell proliferation, an-
giogenesis, and vascular permeability. It may be essential
for the establishment of the vascular network necessary to
support milk secretion (19).

Certain aspects of this study remain unclear, such as
how the bovine mammary gland ducts are formed in the
mouse, and the difference between male and female hosts
for transplantation. Nevertheless, this is the first study to
have established a laboratory-scale model for developing
bovine mammary alveolar duct in mouse dorsal tissue.
These results suggest that duct-like tissue had been suc-
cessfully formed at 6 weeks after transplantation of CK14
+ and CK18+ MAC-T cells into mice dorsal tissue. This
mouse model will be a useful tool for further research on
the bovine mammary gland.
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