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The mammary gland and other treelike organs develop their characteristic fractal geometries through branching
morphogenesis, a process in which the epithelium bifurcates and invades into the surrounding stroma. Controlling
the pattern of branching is critical for engineering these organs. In vivo, the branching process is instructed by
stromal–epithelial interactions and adipocytes form the largest component of the fatty stroma that surrounds the
mammary epithelium. Here, we used microlithographic approaches to engineer a three-dimensional culture model
that enables analysis of the effect of adipocytes on the pattern of branching morphogenesis of mammary epithelial
cells. We found that adipocyte-rich stroma induces branching through paracrine signals, including hepatocyte
growth factor, but does not affect the branching pattern per se. This tissue engineering approach can be expanded
to other organs, and should enable piecemeal analysis of the cellular populations that control patterning during
normal development.

Introduction

The treelike structure of the mammary gland forms
through branching morphogenesis, a process mediated

by epithelial extension and bifurcation into the surrounding
adipose-rich stroma. During embryonic development, the
mammary epithelial rudiment invades into fat pad precursor
tissue. During postnatal development, the gland remains
quiescent until puberty, at which time steroid hormones in-
duce the epithelium to invade and branch into the fat pad.
Unlike stereotyped organs such as the lung, the pattern of
the mammary epithelial tree varies between individuals. It is
unclear whether the adipocytes that make up the fat pad
influence the final pattern of the mature mammary tree.

Epithelial–stromal interactions are essential for the mor-
phogenesis and functional differentiation of most organs.1

During the branching process cap cells at the leading edge of
the pubertal mammary epithelium closely abut adipocytes as
they invade the stroma.2 Combining embryonic mammary
epithelium with salivary stroma leads to a salivary pattern of
branching, suggesting that branching patterns can be dic-
tated by the stromal compartment.3,4 Mouse mammary
stroma is dominated by adipocytes, but also includes fibro-
blasts, vasculature, and immune cells; many of these cell
types have been shown to play a role in branching morpho-
genesis.5–8 Transplantation experiments with embryonic fat
pad precursors demonstrated that both embryonic and adult
mammary epithelium must interact with a fatty stroma to
grow into a characteristic mammary tree; fibroblast-rich

mammary mesenchyme induced ductal hyperplasia.9 Indeed,
mammary branching morphogenesis is inhibited in transgenic
mice lacking white adipose tissue, indicating that the absence
of adipocytes stunts ductal growth.10 The interactions be-
tween mammary epithelium and the fat pad are likely non-
specific, however, as recombining adult mammary epithelium
with adipocytes from other organs (including the pararenal,
mesometrial, and interscapular fats) leads to branching mor-
phogenesis.11–13 Unfortunately, these in vivo studies could not
distinguish between the signals that induce branching and
those that pattern the gland.

Comprehensive analysis of the role of adipocytes in pat-
terning the mammary tree requires techniques that can sep-
arate these cells from the rest of the stroma and that can
distinguish alterations in the resulting branching pattern. A
number of culture models have been developed to recapit-
ulate the morphogenesis and functional differentiation of
mammary epithelial cells (reviewed in Nelson and Bissell14).
A natural evolution of these models is to introduce the
stromal compartment and thereby build a more faithful
histological representation of the organ—essentially to en-
gineer mammary tissue interactions in culture. Even though
the mammary stroma is populated largely by adipocytes, the
analysis of mammary epithelial interactions with stromal
cells in culture has focused primarily on fibroblasts, largely
because of their effects on tumor development (reviewed in
Bhowmick et al.15). The handful of studies examining mam-
mary epithelial interactions with adipocytes have revealed
that 3T3-L1 adipocytes16,17 or mammary fat pad explants18,19
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affect the proliferation, acinar and ductal morphogenesis,
and milk protein synthesis of primary rodent mammary
epithelial cells and mammary epithelial cell lines.

This study had two objectives aimed at understanding how
adipocytes influence the pattern of branching morphogenesis
of mammary epithelial cells. The first objective was to create a
method for coculturing mammary epithelial ducts within
adipose-rich stroma. To that end, we used microlithographic
techniques to build arrays of epithelial tubules of defined
geometry within three-dimensional (3D) collagen gels con-
taining differentiated adipocytes. The second objective was to
investigate the juxtacrine and paracrine effects of adipocytes
on mammary epithelial branching morphogenesis. Because
each microfabricated epithelial tubule was initially identical
in size and geometry, we could directly compare sites of
branching in the presence and absence of adipocytes. We
found that adipocytes stimulated branching morphogenesis
via paracrine signals, including hepatocyte growth factor
(HGF), but did not affect the pattern of branching.

Materials and Methods

Cell culture and reagents

3T3-L1 preadipocytes were obtained from the American
Type Culture Collection and maintained in growth medium
containing Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen), 10% calf serum (Atlanta Biologicals), and 50mg/
mL gentamicin (Invitrogen). Functionally normal EpH4 mouse
mammary epithelial cells20 were cultured in 1:1 DMEM:F12
(HyClone) containing 2% fetal bovine serum (FBS; Atlanta
Biologicals), 5mg/mL insulin (Sigma), and 50mg/mL genta-
micin. Mammary epithelial cells were assayed for functional
differentiation in the presence of lactogenic differentiation
medium as previously described.21

Adipocyte differentiation

3T3-L1 preadipocytes were induced to differentiate into
mature adipocytes at 100% confluence using differentiation
medium containing DMEM, 10% FBS, 50mg/mL gentamicin,
1mg/mL insulin, 1mM dexamethasone, and 115mg/mL 3-
isobutyl-1-methylxanthine for 48 h. The differentiation medium
was then replaced with medium containing DMEM, 10% FBS,
50mg/mL gentamicin, and 1mg/mL insulin every other day for
8 days. Data reported are from passages up through p6; later
passages increasingly failed to differentiate, as reported for
other preadipocytes.22 For differentiation in collagen, 3T3-L1
cells were re-suspended and mixed in liquid neutralized rat tail
collagen (BD Biosciences; 6 mg/mL final concentration) or bo-
vine dermal collagen (Koken; 4 mg/mL final concentration).
The 3T3-L1/collagen mixture was allowed to gel at 378C for
30 min, and then treated with differentiation medium for
48 h. For differentiation in laminin-rich extracellular matrix
(ECM), 3T3-L1 cells were re-suspended and mixed in liquid-
neutralized collagen containing 5% Matrigel (BD Biosciences).
The elastic modulus of these collagen preparations was
*500 Pa, as determined by rheometry (500� 51 Pa for bovine
dermal; 473� 69 Pa for rat tail).

Microlithography

Microfabricated cultures of mammary epithelial tubules
embedded within collagen gels containing adipocytes were

formed by replica micromolding using previously described
protocols23,24 with the following modifications: Patterned
elastomeric stamps of poly(dimethylsiloxane) (Sylgard 184)
were rendered nonadhesive by coating with a 1% solution of
bovine serum albumin in phosphate-buffered saline (PBS).
Stamps were then placed upon a drop of liquid-neutralized
collagen containing 3T3-L1 cells at 378C until gelation. Pre-
adipocytes within gelled samples were induced to differen-
tiate as described above. Stamps were removed after 6 days
and a concentrated suspension of mammary epithelial cells
was allowed to settle within the micromolded collagen cav-
ities. Excess mammary epithelial cells were rinsed away with
the culture medium, and a second layer of collagen gel
containing differentiated adipocytes was gently placed on
top of the sample.

Adipocyte-conditioned medium

Conditioned medium was prepared from 3T3-L1 cells in-
duced to differentiate as described above. Medium contain-
ing DMEM, 10% FBS, 50 mg/mL gentamicin, and 1mg/mL
insulin was exposed to confluent differentiated 3T3-L1 cul-
tures (6–8 days postinduction) for 48 h, centrifuged to re-
move cellular debris, and filtered through 0.22-mm-diameter
syringe filters before adding to mammary epithelial tubules.
Unconditioned medium was used as a control. To assay for
effects mediated by HGF, the cMet inhibitor PHA665752
(200 nM; Tocris25) was added to tubules at the time of
treatment with conditioned medium.

Immunofluorescence staining

Cells were stained for lipid inclusions using Oil red O
(Sigma) or Sudan III (Sigma). For Oil red O staining, cells
were washed with PBS, fixed in 4% paraformaldehyde in
PBS for 15 min at room temperature, washed again with PBS,
and incubated with 0.5% Oil red O in isopropanol for 1 h at
room temperature. Samples were washed extensively with
PBS and allowed to dry before imaging. For Sudan III
staining, samples were washed and fixed as above, and then
incubated in 0.2% Sudan III in 70% ethanol for 20 min at
room temperature. Samples were washed extensively in PBS
and counterstained with Hoechst 33342 (Invitrogen) before
mounting and imaging. To observe epithelial cytokeratins,
samples processed for Sudan III staining were blocked with
10% goat serum (Sigma), incubated with anti-pan-keratin
(Dako), washed, and incubated with appropriate Alexa-con-
jugated secondary antibodies (Invitrogen). Proliferating cells
were observed with the Click-iT EdU Imaging Kit (Invitrogen)
as previously described.26 Relative percentage of proliferating
cells was determined by quantifying frequency maps con-
structed from fluorescence images as described below.

Reverse transcription-polymerase chain reaction
(RT-PCR) analysis

Total RNA was extracted from cells using the RNeasy kit
(Qiagen). cDNA was synthesized using the Verso cDNA kit
(Thermo Fisher) from equal amounts of RNA. Quantitative
real-time polymerase chain reaction (PCR) analysis was
performed with the MiniOpticon system (BioRad) using RT
Real-Time PCR SYBR green/fluorescein master mix (SA
Biosciences). The following primers were used to amplify
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cDNA sequences: lipoprotein lipase (LPL) forward primer 50-
CGC TCC ATT CAT CTC TTC ATT G-30 and reverse 50-GTC
GCT TCT CTT GGC TCT G-30; peroxisome proliferator-
activated receptor (PPAR)g2 forward primer 50-ATG ACC
TGA AGC TCC AAG AAT ACC-30 and reverse 50-CCA CAG
ACT CGG CAC TCA ATG-30; b-casein forward primer 50-
GCT CAG GCT CAA ACC ATC TC-30 and reverse 50-TGT
GGA AGG AAG GGT GCT AC-30; 18s forward primer 50-
TCA GAT ACC GTC GTA GTT C-30 and reverse 50-CCT TTA
AGT TTC AGC TTT GC-30. Amplification was followed by
melting curve analysis to verify the presence of a single PCR
product.

Imaging and analysis

Tubules were observed 24–48 h after addition of the adi-
pocyte-conditioned medium. Samples were imaged using
either a 10�(numerical aperture [NA]¼ 0.3) or a 20�(NA
0.45) air objective on a Nikon Eclipse Ti-U inverted fluores-
cence microscope equipped with a Hamamatsu ORCA CCD
camera. Frequency maps were created using ImageJ and
Photoshop software. First, gray-scale images were converted to
black-and-white images using a binarize function. The black-
and-white images were then summed to create a composite
gray-scale image, which was converted into a color-coded
frequency map using the indexed color mode in Photoshop.

Results

Here we set out to engineer a 3D coculture model of
mammary epithelial tubules of precisely defined geometry

within adipocyte-rich stroma. This model requires embed-
ding fat cells within a 3D hydrogel; however, the isolation,
handling, and culture of mature adipocytes are problematic
due to their fragility. Therefore, we decided to differentiate
the adipocytes in situ and used the 3T3-L1 murine pre-
adipose cell line,27 a well-characterized model of adipogen-
esis that forms a fat pad when injected subcutaneously into
mice.28 3T3-L1 preadipocytes spontaneously differentiate
into mature adipocytes after reaching confluence when cul-
tured on two-dimensional tissue culture-grade polystyrene.29

Differentiation is enhanced in the presence of medium
containing dexamethasone (a glucocorticoid agonist), iso-
butyl-methylxanthine (a cyclic adenosine monophosphate
[cAMP] phosphodiesterase inhibitor), and high concentra-
tions of insulin.30 During adipogenesis, the cells round up
and accumulate lipid droplets within the cytoplasm, which
can be observed by staining with the lipophilic dyes Oil red
O or Sudan III (Fig. 1a–e).

The ECM of normal adipose tissue in vivo is dominated
by fibrillar type I collagen,31 and interactions between the
preadipocytes and the surrounding collagen are critical for
adipogenesis.32 When embedded in 3D gels of type I collagen
and treated with differentiation medium, the preadipocytes
formed fatty clusters *100-mm in diameter interspersed
throughout the gel (Fig. 1f–j). Approximately 90% of the cells
contained lipid droplets within the cytoplasm by day 6 after
induction of differentiation. Laminin-rich ECM has been re-
ported to enhance adipogenic differentiation in culture33 and
in vivo.34 However, adding laminin-rich ECM to the collagen
gels did not obviously affect the kinetics of differentiation or

FIG. 1. Time course of adipogen-
esis. (a–e) Oil red O staining of
3T3-L1 preadipocytes induced to
differentiate on two-dimensional
(2D) tissue culture polystyrene
(TCPS). Sudan III (red) and nuclear
(blue) staining of 3T3-L1 cells in-
duced to differentiate in (f–j) three-
dimensional collagen (3D Col), (k–o)
collagen plus 5% laminin-rich ex-
tracellular matrix (Colþ lrECM), or
(p–t) collagen in the presence of the
mammary epithelial-conditioned
medium (CM; ColþCM). Extent of
differentiation as determined by
quantitative reverse transcription
(RT)/polymerase chain reaction
analysis of (u) lipoprotein lipase
(LPL) and (v) peroxisome pro-
liferator-activated receptor (PPAR)-
g2 expression levels; shown are
average and standard error of the
mean (SEM). *p< 0.01; **p< 0.001.
Scale bars, 100 mm.
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the size of the fatty clusters that formed (Fig. 1k–o). To de-
termine whether mammary epithelial cells affected the dif-
ferentiation of the adipocytes, we embedded 3T3-L1 cells in
collagen, induced differentiation, and then treated with the
mammary epithelial-conditioned medium. Staining lipid in-
clusions with Sudan III showed that samples treated with the
mammary epithelial-conditioned medium formed fewer and
smaller fatty clusters than controls (Fig. 1p–t). Phenotypic
differentiation was confirmed by RT-PCR analysis of adi-
pogenic markers, including LPL and the adipogenic tran-

scription factor PPARg2 (Fig. 1u, v). Expression of LPL and
PPARg2 were both decreased in the samples treated with the
mammary epithelial-conditioned medium as compared to
3D collagen controls. These data suggest that mammary
epithelial cells either inhibit or delay differentiation of the
preadipocytes, and indicate that adipocytes should be en-
gineered into a fatty stroma before introducing the mam-
mary epithelial tubules.

On the basis of the differentiation results, we adapted a
microlithographic technique23,24 to engineer mammary epi-

FIG. 2. Construction of adipose-rich stroma. (a) Schematic of microlithography procedure used to build adipose-rich
stroma. (b) Phase-contrast image of differentiated 3T3-L1 cells within collagen gel molded around poly(dimethylsiloxane)
post. Phase-contrast images of mammary epithelial cells (c) immediately after and (d) 24 h after deposition within adipose-
rich stroma. (e) Immunofluorescence image of mammary epithelial tubule 24 h after deposition into adipose-rich stroma,
stained for nuclei (blue) and lipid inclusions (red). Scale bars, 50 mm. Circled numbers correspond to steps in (a). Asterisk
denotes post.

FIG. 3. Effect of fatty stroma
on pattern of branching mor-
phogenesis. (a) Phase-contrast
and (b) immunofluorescence
images of mammary epithelial
tubules engineered into col-
lagenous stroma. Shown are
staining for epithelial cyto-
keratins (CK; green), lipid
droplets (red), and nuclei
(blue). (c) Branching is quan-
tified using frequency maps as
described in the text. (d)
Phase-contrast and (e) immu-
nofluorescence images and (f)
frequency maps of mammary
epithelial tubules engineered
into fatty stroma. Scale bars,
50 mm. Arrows denote
branching.

3722 PAVLOVICH ET AL.



thelial tubules of defined shape and size within collagen gels
containing differentiated adipocytes (schematized in Fig. 2a).
Liquid neutralized collagen containing a suspension of
3T3-L1 preadipocytes was gelled against a silicone stamp
having rectangular posts. The collagen concentrations were
chosen to yield a gel with an elastic modulus of *500 Pa,
within the range of values reported for the normal mouse
mammary gland.21,35–37 After gelation, the samples were
placed in differentiation medium to induce adipogenesis
(Fig. 2b). Stamps were removed upon differentiation of the
preadipocytes, and EpH4 murine mammary epithelial cells
were seeded into the resulting cavities (Fig. 2c). The mam-
mary epithelial cells spontaneously rearranged to form a
tubule after overnight culture (Fig. 2d), similar to our pre-
vious studies using collagen without adipocytes.23,24,26 In the
presence of mammary epithelial tubules, the 3T3-L1 adipo-
cytes maintained their lipid droplets (Fig. 2e), suggesting
that these cells remained phenotypically differentiated.

In this model, each epithelial tubule is engineered to be
initially identical in size and geometry,23 which permits di-
rect analysis of the sites of branching in the presence and
absence of adipocytes. Mammary epithelial tubules re-
mained quiescent and failed to branch when cultured in
adipocyte-free collagen gels in the absence of an exogenous
stimulus such as epidermal growth factor or HGF (Fig. 3a–
c).23 However, when cultured within adipose-rich collagen,
the mammary epithelial tubules branched within 24 h even
in the absence of exogenous growth factors (Fig. 3d, e). At
this time point, the branches that formed consisted of mul-
ticellular extensions within the collagen gel, without appre-
ciable lumen formation. Staining for epithelial cytokeratins
and stacking images of 50 tubules generated a frequency
map of the locations of the mammary epithelial cells; these
frequency maps indicated that the epithelial cells branched
preferentially from the ends of the tubules (Fig. 3f ). Branches
continued to extend preferentially from the ends of the tu-
bules at later time points.

To determine whether adipocytes induced branching
through juxtacrine (short-range) or paracrine (long-range)
signals, we engineered mammary epithelial tubules in
adipocyte-free collagen gels and treated with adipocyte-
conditioned medium. Conditioned medium permits exami-
nation of adipocyte-derived factors in the absence of feed-
back from the epithelial cells. We found that 24-h treatment
with adipocyte-conditioned medium induced branching
morphogenesis of mammary tubules (Fig. 4a, b), with branch
sites localized to the ends of the tubules. This pattern of
branching from the ends is identical to that of tubules treated
with epidermal growth factor or HGF in the absence of ad-
ipocytes (Fig. 4c, d).23 Differentiated 3T3-L1 adipocytes
synthesize and secrete HGF,38 and a recent study found that
depleting HGF activity from adipocyte-conditioned medium
would prevent branching morphogenesis of mammary epi-
thelial cells.39 To determine the role of HGF in the engineered
system, we treated mammary epithelial tubules with condi-
tioned medium and PHA665752, an inhibitor of the kinase
activity of the HGF receptor, cMet.25 Control tubules ex-
hibited robust branching from the ends, but cMet-inhibitor-
treated tubules showed a striking and significant reduction
in branching (Fig. 4e–g). The HGF-mediated induction of
branching is not due to increased proliferation, as the con-
ditioned medium-treated samples showed a modest but

significant decrease in incorporation of the thymidine analog
5-ethynyl-20-deoxyuridine (Fig. 4h), consistent with previous
reports.39 Altogether, these data suggest that adipocytes in-
duce branching of mammary epithelial tubules through

FIG. 4. Effect of adipose-derived soluble factors on
branching morphogenesis. Quantification of branching of
mammary epithelial tubules engineered into collagenous
stroma and treated with or without adipocyte-CM. Shown
are (a) immunofluorescence image of nuclei and (b) fre-
quency maps of control tubules, (c) immunofluorescence
image of nuclei and (d) frequency maps of adipocyte-CM-
treated tubules. Frequency maps of branching of tubules
treated simultaneously with adipocyte-CM and with (e) di-
methyl sulfoxide (DMSO) control or (f) cMet inhibitor (cMet-
i) PHA665752 (200 nM). (g) Branching was quantified from
frequency maps by measuring pixel intensity (arbitrary
units, AU) at a fixed position from the ends of the tubules;
shown are average and SEM of three independent experi-
ments. (h) Proliferation of tubules treated with control (cntl)
or adipocyte-CM, as determined by 5-ethynyl-20-deoxyur-
idine (EdU) incorporation; shown are SEM of three inde-
pendent experiments. *p< 0.05; **p< 0.005. Scale bars, 50mm.
Arrows denote branching.
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soluble factors, including HGF, but do not directly determine
the sites at which new branches form.

Discussion

Tissue recombination studies11–13 and analysis of trans-
genic mice lacking a fat pad10 have revealed that adipose-
rich stroma is required for normal branching morphogenesis
of the embryonic and postnatal mammary epithelium in vivo.
However, animal studies cannot be used to evaluate the role
of adipocytes in determining the sites of branching and the
final pattern of the mature epithelium. It has thus remained
unclear whether adipose tissue acts as a global stimulator or
as a chemoattractant in regulating mammary epithelial
morphogenesis. Microscale tissue engineering approaches
enable the recreation and relative placement of different
parenchymal and stromal compartments with micrometer
length-scale precision. These models are thus ideally suited
to fill the gap between in vivo studies and conventional cul-
ture techniques.

Here, we used a microlithographic approach to surround
mammary epithelial tubules of defined geometry with clus-
ters of adipocytes within 3D collagen gels. Type I collagen
actively regulates adipogenic differentiation32 and is the
primary ECM component surrounding adipocytes in vivo.31

Indeed, we found robust differentiation of the preadipocytes
when cultured within collagen, as determined by staining
with lipophilic dyes and analyzing transcripts of specific
markers. However, adipogenesis does not require exogenous
collagen per se. Others have investigated a variety of 3D
scaffolds, including fiber meshes of polyglycolic acid28 and
silk.40 In depth analysis of the differentiation of human pre-
adipocytes within one such scaffold, polyethylene glycol,
has revealed that the stiffness of the polymer affects adipo-
genesis.41 Scaffold stiffness also regulates adipogenic differ-
entiation of human and murine mesenchymal stem cells.42

Therefore, we believe that by increasing the seeding density
of the preadipocytes and by further tuning the physical
properties of the collagen gel, one could increase the fat
content of the engineered stroma from fatty clusters to a
more continuous fat pad. However, substratum stiffness also
regulates the phenotypic differentiation of mammary epi-
thelial cells,21,37 so the physical properties of the scaffold
would need to be permissive for both adipogenesis and mam-
mary tubule formation and branching morphogenesis.

Our engineering strategy was constrained by the finding
that mammary epithelial cells inhibit adipogenic differenti-
ation, which has also been observed in other epithelial cell
lines and attributed to secreted factors.43–45 The factors re-
sponsible for inhibiting adipogenesis have not been defined,
but a teleological explanation would suggest that the inhi-
bition may be related to the time course of development
in vivo, in that the fat pad is present before the epithelium
invades, both in the embryo and during puberty.46 Previous
investigations of cocultures of mammary epithelial cells
and adipocytes or preadipocytes have also differentiated the
preadipocytes separately before combining the two cell
types, although the reasons for this approach were not
discussed.19,39 These studies have found that adipocytes
profoundly influence the morphology and function of
mammary epithelial cells, by affecting proliferation and en-
hancing alveolar morphogenesis and functional differentia-

tion.19,39 In our model system, adipocytes affected
proliferation but not lactogenic differentiation of the mam-
mary epithelial cells (Supplemental Fig. S1, available online
at www.liebertonline.com/ten).

We used the engineered coculture model to investigate
the effect of adipocytes in patterning new branch sites dur-
ing branching morphogenesis of the mammary epithelium.
We found that mammary epithelial tubules are induced to
branch when embedded in adipose-rich stroma or treated
with adipocyte-conditioned medium, suggesting that the
induction of branching is mediated by paracrine signaling.
Under both conditions, the new branches initiated from the
ends of the tubules. This pattern is identical to that observed
in the absence of adipocytes and is due in part to concen-
tration gradients of autocrine inhibitors such as transforming
growth factor-b.23 These data suggest that branch sites are
independent of the cellular stromal microenvironment.
Nonetheless, one could imagine stromal conditions that alter
the diffusion of transforming growth factor-b or the me-
chanical properties of the matrix and thereby affect induction
of branching. Adipocytes synthesize and secrete several
growth factors that can stimulate branching of the mammary
epithelium, including HGF,38,39 and inhibiting signaling
through the cMet receptor by blocking its kinase activity
disrupts adipocyte-mediated induction of branching of the
engineered tubules. Strain-specific side-branching patterns
have been attributed to the stroma rather than the epitheli-
um,47,48 although the factors and/or properties involved
remain elusive. Further, past studies have determined that
the morphology of branches depends on the type of stroma
that they encounter, with epithelium forming spiky protru-
sions when branching through collagen fibrils and rounded
bulbous buds when adjacent to fatty stroma.49 Therefore, it is
also possible that adipocytes may influence the final geom-
etry of the gland by informing the directions in which new
branches invade, rather than determining the sites from
which they sprout along the trunk.

Pubertal branching morphogenesis of the mammary
gland in vivo is stimulated by steroid hormones, including
estrogen, which acts on estrogen receptors located in the
stroma to induce production of mitogens including HGF.50,51

The stromal compartment of the mammary gland contains
adipocytes, fibroblasts, blood vessels, lymphatics, nerves,
and immune cells. Previous culture models have clearly
demonstrated that the ability to induce branching is not
limited to one stromal cell type. A mixed population of
preadipocytes and adipocytes differentiated from human
adipose-derived stem cells was recently found to induce
branching of MCF10A breast epithelial cells, also apparently
through HGF.39 Fibroblast-conditioned medium has been
shown to induce tubulogenesis and branching morphogen-
esis of TAC-2 murine mammary epithelial cells (a subline of
NMuMG cells) through secretion of HGF,52,53 and coculture
with fibroblasts induces branching of primary mammary
organoids.7 These culture models could not address branch
site selection, but our data suggest that the patterning of
branch sites is an intrinsic function of the epithelium and
may be independent of the cellular source of the stromal
stimulus. It is possible that the levels of growth factor se-
creted by these different stromal cell types differ, which
could differentially affect the extent of branching of the
mammary epithelium.
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In conclusion, we have used microlithography to build a
3D coculture model consisting of adipose-rich collagen sur-
rounding mammary epithelial tubules of precise geometry.
This model is useful for examining the principles underlying
normal mammary development, as well as future efforts to
engineer breast tissue for reconstructive purposes.54 This
study contributes to a growing family of microscale tissue
engineering approaches55,56 demonstrating the power of re-
capitulating tissue structure in culture.
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