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INTRODUCTION
Postnatal mammary gland development research focuses primarily
on mammary epithelial cells (MECs), as the epithelium undergoes
dramatic expansion in preparation for milk synthesis (Lyons, 1958;
Nandi, 1958). The MEC is also highlighted in studies on
postpartum involution, a developmental window characterized by
massive epithelial cell death that is necessary to return the gland to
a non-secretory state (Green and Streuli, 2004; Lund et al., 1996).
Although fluctuations in hormones and growth factors are essential
for postnatal MEC development (Brisken and O’Malley, 2010;
Hynes and Watson, 2010), the epithelial cell interacts with a
complex microenvironment and evidence for stromal participation
in postnatal mammary development is accumulating (Cunha et al.,
1995; Howlett and Bissell, 1993; Lyons et al., 2011). Of note,
immune cells, including macrophages, eosinophils and mast cells,
are required for pubertal and gestational gland development
(Coussens and Pollard, 2011; Lilla and Werb, 2010; Reed and
Schwertfeger, 2010). The role of macrophages in mammary
development has been investigated using mice that lack the
macrophage growth factor colony stimulating factor 1 (CSF1) or

its receptor (CSF1R). Macrophage depletion during puberty
decreases terminal end bud number, mammary duct length and
branching (Dai et al., 2002; Gouon-Evans et al., 2000).
Macrophage depletion during pregnancy leads to diminished
branching and precocious lobuloalveolar development (Pollard and
Hennighausen, 1994). These pioneering studies demonstrate that
macrophage function lies at the confluence of proliferation, tissue
remodeling and terminal differentiation events required for
mammary gland morphogenesis and function. Potential
contributions of macrophages to postpartum mammary gland
involution have not been elucidated, in large part owing to the
inability to investigate normal involution in the background of
abnormal pubertal and pregnancy development that occurs with
embryonic macrophage depletion. However, recent
immunohistochemistry (IHC) and microarray data have identified
macrophage influx and associated gene expression profiles
following weaning, with maximal influx occurring after the peak
window of MEC apoptosis (Clarkson et al., 2004; Lund et al.,
1996; O’Brien et al., 2010; Stein et al., 2004).

MEC apoptosis, which is a hallmark of postpartum involution,
is described as an intrinsically regulated developmental program
(Strange et al., 1992). Proposed initiation mechanisms include
mechanical stress from milk stasis, accumulation of pro-apoptotic
factors in the milk, and autocrine/paracrine production of pro-
apoptotic/anti-survival factors by the MEC (Green and Streuli,
2004). Dramatic changes in gene expression occur at the time of
weaning, and several genetic experiments demonstrate the
requirement of MEC-intrinsic pro-apoptotic factors for execution
of apoptosis (Green and Streuli, 2004; Watson, 2006). In mouse
models, MEC death is an early event, with histological evidence
observed between 12 and 72 hours of forced weaning, and later
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SUMMARY
Mammary gland development is dependent on macrophages, as demonstrated by their requirement during the expansion phases
of puberty and pregnancy. Equally dramatic tissue restructuring occurs following lactation, when the gland regresses to a state
that histologically resembles pre-pregnancy through massive programmed epithelial cell death and stromal repopulation.
Postpartum involution is characterized by wound healing-like events, including an influx of macrophages with M2 characteristics.
Macrophage levels peak after the initial wave of epithelial cell death, suggesting that initiation and execution of cell death are
macrophage independent. To address the role of macrophages during weaning-induced mammary gland involution, conditional
systemic deletion of macrophages expressing colony stimulating factor 1 receptor (CSF1R) was initiated just prior to weaning in
the Mafia mouse model. Depletion of CSF1R+ macrophages resulted in delayed mammary involution as evidenced by loss of
lysosomal-mediated and apoptotic epithelial cell death, lack of alveolar regression and absence of adipocyte repopulation 7 days
post-weaning. Failure to execute involution occurred in the presence of milk stasis and STAT3 activation, indicating that neither is
sufficient to initiate involution in the absence of CSF1R+ macrophages. Injection of wild-type bone marrow-derived macrophages
(BMDMs) or M2-differentiated macrophages into macrophage-depleted mammary glands was sufficient to rescue involution,
including apoptosis, alveolar regression and adipocyte repopulation. BMDMs exposed to the postpartum mammary involution
environment upregulated the M2 markers arginase 1 and mannose receptor. These data demonstrate the necessity of
macrophages, and implicate M2-polarized macrophages, for epithelial cell death during normal postpartum mammary gland
involution.
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stages of involution described by, but not limited to, extracellular
matrix (ECM) remodeling and adipocyte repopulation (Clarkson et
al., 2004; Lund et al., 1996; Schedin et al., 2004; Stein et al., 2007;
Strange et al., 1992). Anticipated roles for involution-associated
macrophages have focused on later stage activities, including
phagocytosis of cell debris, milk clearance and protease production
related to ECM restructuring, events that occur 3-4 days post-
weaning, after the peak in apoptosis (Atabai et al., 2007; O’Brien
and Schedin, 2009; Schwertfeger et al., 2006).

To address potential roles for macrophages in postpartum
mammary gland involution, macrophages expressing CSF1R were
systemically depleted prior to weaning. Unexpectedly, in the
absence of macrophages, postpartum involution processes,
including MEC death and adipocyte repopulation, failed to occur.
Injection of bone marrow-derived macrophages (BMDMs) directly
into mammary glands of macrophage-depleted mice at the time of
weaning restored involution, confirming a requirement for
macrophages in postpartum involution.

MATERIALS AND METHODS
Mouse breeding and tissue preparation
The University of Colorado IACUC approved all mouse procedures. Mafia
and C57BL/6J wild-type mice (Jackson Laboratories, Bar Harbor, ME,
USA) were bred in static micro-isolator cages with 12-hour light/dark
cycles. Two days postparturition litter sizes were standardized to 5-6 pups.
AP20187 drug (Ariad Pharmaceuticals, Cambridge, MA, USA) or vehicle
(4% ethanol, 10% PEG 400, 2% Tween 20) intraperitoneal treatment was
initiated 72 hours before weaning at 10 mg/kg body weight daily for 4-9
days. Weaning commenced (denoted InvD0) at lactation days 10-14. Mice
were anesthetized with Isoflurane (VetOne, Meridian, ID, USA), followed
by cardiac puncture to collect plasma. Lymph node-free mammary gland
4-5 tissue was collected, flash frozen and stored at –80°C. Mammary tissue
adjacent to the lymph node region and abdominal fat were fixed in 10%
neutral buffered formalin for 24 hours and paraffin embedded.

For macrophage add-back experiments, isolated bone marrow from 8-
to 12-week-old female C57BL/6J mice was differentiated to BMDMs or
M2-activated macrophages as described (Edwards et al., 2006). Two
thousand five hundred macrophages were resuspended in 5 l PBS for
mammary orthotopic injections at InvD0. Results are representative of
three separate experiments.

Flow cytometry
CD45-APC and/or F4/80-PE antibodies (Invitrogen, Carlsbad, CA, USA)
were added to 100 l whole blood and incubated at room temperature for
20 minutes. Samples were treated with Red Cell Lysis Buffer (eBioscience,
San Diego, CA, USA) and then analyzed on a Beckman Coulter CyAn. In
vitro cultured macrophages were stained with F4/80-FITC (AbD Serotec,
Raleigh, NC, USA), CD45-APC, CD11b (ITGAM – Mouse Genome
Informatics) (eBioscience) and GR1-PE (LY6G – Mouse Genome
Informatics) (BD Pharmingen, San Diego, CA, USA) antibodies and
analyzed on a Beckman Coulter Gallios.

Quantitative immunohistochemistry
Paraffin-embedded 4 m mammary tissue sections were pre-treated in
Dako (Carpinteria, CA, USA) Target Retrieval Solution (TRS) or EDTA
Antigen Retrieval Solution at 125°C under pressure for 5 minutes. Primary
antibody incubations were for 1 hour at room temperature: F4/80 (TRS,
1:100; AbD Serotec), perilipin (TRS, 1:200; Cell Signaling, Danvers, MA,
USA), smooth muscle actin (SMA) (EDTA, 1:200; Dako), p63 (TRP63 –
Mouse Genome Informatics) (EDTA, 1:200; Biocare, Concord, CA, USA),
cleaved caspase 3 (TRS, 1:200; Cell Signaling), phosphoSTAT3 (EDTA,
1:100; Cell Signaling), GFP (TRS, 1:400; Vector Laboratories, Burlingame,
CA, USA) and mannose receptor (MR) (TRS, 1:600; Sigma, St Louis, MO,
USA). Immunoreactivity was detected using Envision+ Systems (Dako)
for non-conjugated primary antibodies or streptavidin-HRP (Dako) for
biotinylated antibodies. Images were extracted from scanned slides using
Aperio (Vista, CA, USA) hardware and software. F4/80, GFP, perilipin and

MR IHC stains were quantified as percentage positive alveolar area
utilizing the Aperio color deconvolution algorithm, with ten
fields/gland/mouse, n2-6 mice/time point. Average lumen area was
quantified for eight to ten lumen/400� field, five to six fields/gland/mouse,
n2-6 mice/time point utilizing ImageJ software (NIH). The average
number of acini per lobule was quantified from five lobules/mouse and
three mice/time point. The average number of cleaved caspase 3-positive
cells/200� field was quantified from ten fields/gland/mouse, n2-6
mice/time point.

Western blots
Mammary tissue samples were prepared (three mice/group) and loaded by
equal volume as described (Schedin et al., 2004). Membranes were
incubated (overnight at 4°C unless stated otherwise, diluted in 5% BSA in
TBS-T) with the following antibodies: STAT5 (1:200; Santa Cruz, Santa
Cruz, CA, USA), STAT3 (1:1000; Cell Signaling), phosphoSTAT5 (1:200;
Cell Signaling), phosphoSTAT3 (1:1000; Cell Signaling), phosphoERK1/2
(1:1000; Cell Signaling), ERK1/2 (1:1000, 1 hour at room temperature;
Millipore, Billerica, MA, USA), cathepsin B (1:1000; Abcam, Cambridge,
MA, USA), cathepsin L (1:1000; R&D Systems, Minneapolis, MN, USA),
iNOS (1:100, 4 hours at 4°C; Abcam), arginase 1 (1:120; Santa Cruz), MR
(1:100; Sigma) and GAPDH (1:1000, 1 hour at room temperature; Sigma).

RNA analyses
RNA was isolated from 15 mg mammary tissue or 1�106 CD11b+

macrophages using Trizol reagent (Invitrogen). Concentration and purity
were determined by 260 nm and 280 nm fluorescence. cDNA was
synthesized from 500 ng RNA using the Verso cDNA Synthesis Kit
(ThermoScientific, Waltham, MA, USA) and cDNA was amplified using
primers for Csn2, Tgfb3 and Actb (supplementary material Table S1). Real-
time RT-PCR conditions were: 95°C for 5 minutes, then 40 cycles of 95°C
for 3 seconds and 60°C for 30 seconds. mRNA was normalized using the
geometric average of Actb.

Statistics
Unpaired t-tests were performed using InStat (GraphPad) software.

RESULTS AND DISCUSSION
Macrophage depletion blocks postpartum
mammary gland involution
The abnormal pubertal and gestational mammary gland
development resulting from macrophage depletion in CSF1-
deficient mice renders this model unsuitable for investigating
postpartum involution. To examine involution-specific macrophage
function(s), conditional depletion of CSF1R-expressing
macrophages following full lactation was performed 3 days prior
to weaning, utilizing previously described Mafia (macrophage Fas-
induced apoptosis) transgenic mice (Burnett et al., 2004). In these
mice, CSF1R-expressing cells express a suicide transgene and
green fluorescent protein (GFP). Treatment of Mafia mice with a
modified dimer (AP20187) triggers Fas-mediated apoptosis in
CSF1R-expressing cells (Burnett et al., 2004). Peripheral blood
isolated from vehicle- or AP20187-treated mice at involution day
(InvD) 1, 3 and 5 was analyzed for CD45 (PTPRC – Mouse
Genome Informatics; a leukocyte-specific antigen), GFP
(transgene-expressing cells) and F4/80 (EMR1 – Mouse Genome
Informatics; a mouse macrophage antigen), which confirmed an
~85% decrease in CD45+ GFP+ F4/80+ cells with AP20187
treatment as early as InvD1 (supplementary material Fig. S1A).
IHC analyses for F4/80 and GFP in mammary tissue confirmed that
systemic delivery of AP20187 resulted in significant macrophage
depletion (Fig. 1A,B; data not shown).

Compared with control Mafia mice, mammary glands of
AP20187-treated mice exhibited distended alveoli filled with milk
at InvD3, a trend that persists at InvD5 and InvD7 (Fig. 1A,C,D,E).
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The increase in lumen area in macrophage-depleted glands at
InvD3 compared with InvD1 suggests stretching due to milk stasis
(Fig. 1D). Lumen size is reduced in macrophage-depleted glands
at InvD5; however, the number of acini per lobule does not
decrease, confirming that acini do not regress but rather decrease
in area, probably owing to milk clearance (Fig. 1D, supplementary
material Fig. S1B). Additional evidence that mammary involution

does not progress in the absence of macrophages is provided by a
lack of adipocyte repopulation, as measured by expression of
perilipin, an adipocyte-specific lipid droplet protein (Fig. 1E,F).
Further, the rare perilipin-positive adipocytes were lipid depleted
in AP20187-treated mice (Fig. 1E, insets). AP20187 treatment in
wild-type (WT) mice did not affect normal involution, ruling out
non-specific drug actions (supplementary material Fig. S1C).
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Fig. 1. Systemic macrophage depletion delays postpartum involution. (A)F4/80 immunohistochemistry (IHC) at involution day (InvD) 3 in
mouse mammary tissue treated with vehicle or AP20187. (B)F4/80 IHC quantification. *, P<0.03; n2-5. (C)Hematoxylin and Eosin (H&E)-stained
mammary tissue at InvD1, 3, 5 and 7. The lumen are outlined. (D)Lumen area quantification. *, P<0.01; n2-5. (E)Perilipin IHC in mammary tissue
at InvD3, 5 and 7. Arrows indicate perilipin+ adipocytes. (F)Perilipin IHC quantification. *, P<0.04; n2-5. (G)-casein expression as assessed by RT-
PCR (for Csn2). *, P0.002; n3. (H)PhosphoSTAT5 western blot. Vir, virgin; L, lactation day 10; I, involution; V, Veh, vehicle; AP, AP20187. Error
bars indicate s.e.m. Scale bars: 90m in A; 20m in A inset; 120m in C,E; 10m in E inset.
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AP20187 treatment also did not induce apoptosis in adipocytes
directly, as adipocytes are present in the mammary tissue of
AP20187-treated nulliparous mice and in the abdominal fat pad of
AP20187-treated involution mice (supplementary material Fig.
S1D). Myoepithelial cells are also not depleted by AP20187
(supplementary material Fig. S1E). Transcript levels of the milk
protein -casein were assessed. Surprisingly, -casein expression
persisted, although at lower levels, in the AP20187-treated glands
through InvD3 (Fig. 1G), even in the absence of the
phosphoSTAT5 transcription factor necessary for lactation (Fig.
1H) (Liu et al., 1997).

Suppressed alveolar regression suggests that MEC death is
inhibited without macrophages. MEC apoptosis was essentially
absent in macrophage-depleted glands through InvD7, as
measured by cleaved caspase 3 (Fig. 2A,B). Of note, this
maintenance of MEC survival post-weaning is longer in duration
than that reported for most delayed involution phenotypes,
including those resulting from knockout of Il6, type II TGF
receptor (Tgfbr2) or Stat3, where compensatory mechanisms
initiate apoptosis by InvD7 (Bierie et al., 2009; Chapman et al.,
1999; Radisky and Hartmann, 2009; Zhao et al., 2002). In
contrast to these gene studies, here a distinct macrophage
population is depleted, suggesting that compensation for a cell
type is less likely.

A primary mediator of MEC apoptosis is the transcription factor
STAT3, which is phosphorylated (activated) within 12-24 hours
post-weaning (Pensa et al., 2009). Western blot analyses for
phosphoSTAT3 demonstrated that macrophage-depleted glands
activate STAT3 at the same rate and intensity as observed in

vehicle-treated glands (Fig. 2C). Although unanticipated, this
observation is consistent with previous reports showing that STAT3
phosphorylation is not sufficient to induce apoptosis at the onset of
involution in the absence of IL6 or TGF (Bierie et al., 2009; Zhao
et al., 2002). In Il6 knockout mice, decreased ERK1/2 (MAPK3/1
– Mouse Genome Informatics) activation was suggested to
contribute to delayed apoptosis (Zhao et al., 2002). With AP20187
treatment, phosphoERK1/2 is also decreased in mammary tissue
from recently weaned InvD1 dams (Fig. 2C,D), providing evidence
for altered MEC signaling in the absence of macrophages.
However, ERK1/2 phosphorylation is observed in AP20187-treated
glands at InvD3 without induction of MEC apoptosis. Further,
mammary tissue Il6 transcript levels did not differ with
macrophage depletion (data not shown).

Recently, lysosomal-mediated epithelial cell death has been
observed as a very early event in mammary gland involution,
preceding the peak in caspase-mediated apoptosis (Kreuzaler et al.,
2011). However, in the absence of macrophages, markers of
lysosomal-mediated cell death, cathepsins B and L, were not
induced at weaning (Fig. 2E).

In summary, these data show that milk stasis, STAT3
phosphorylation and ERK1/2 phosphorylation, which are all
demonstrated inducers/mediators of postpartum involution (Li et
al., 1997; Pensa et al., 2009; Zhao et al., 2002), are insufficient to
trigger lysosomal- or caspase-mediated MEC death in the absence
of macrophages.

Transforming growth factor 3 (TGF3) activity is sufficient for
induction of MEC apoptosis and its loss suppresses apoptosis
during involution (Nguyen and Pollard, 2000). Further, knockout
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Fig. 2. In the absence of
macrophages, milk stasis and
STAT3 activation are not
sufficient to induce mammary
epithelial cell death. (A)Cleaved
caspase 3 IHC in mouse mammary
tissue at InvD3. Arrows indicate
cleaved caspase 3+ cells. (B) Cleaved
caspase 3 IHC quantification. *,
P≤0.03; n2-5. (C)PhosphoSTAT3
and phosphoERK1/2 western blots.
(D)Quantified ratio of
phosphoERK:total ERK. (E)Cathepsin
B (cts B) and cathepsin L (cts L)
western blots. (F)Expression of
Tgfb3 as assessed by RT-PCR. *,
P0.005; n3. M�, macrophages;
InvD, involution day; Vir, virgin; Lac,
lactation; Veh, vehicle; AP, AP20187.
Error bars indicate s.e.m. Scale bars:
120m; 10m in insets.
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of Tgfbr2 during involution delays involution and rescues milk
protein gene expression, indicating that TGF is necessary to
suppress lactation (Bierie et al., 2009). RT-PCR analyses confirm
that Tgfb3 transcripts are significantly increased in normal
mammary tissue at InvD3, but not in postpartum mammary tissue
from macrophage-depleted mice (Fig. 2F). As Tgfb3 transcript
levels in macrophages isolated from the involuting mammary gland
do not account for the elevated levels found in whole tissue (Fig.
2F), TGF3 is likely to be indirectly involved in macrophage
contributions to postpartum involution. Additional cytokines
implicated in macrophage-induced cell death in other models
include tumor necrosis factor , FASL and nitric oxide (Boyle et
al., 2001; Boyle et al., 2003; Cui et al., 1994; Reister et al., 2001),
which are of interest in follow-up studies.

Reconstitution experiments confirm a crucial role
for macrophages in postpartum involution
To confirm that macrophages are sufficient to induce involution in
AP20187-treated Mafia mice, macrophage add-back experiments
were performed. Macrophages function across a spectrum of
programming states, from classical M1 antigen presentation to

alternative M2 tissue remodeling roles (Gordon and Taylor, 2005;
Martinez et al., 2008). The involuting gland is characterized by the
presence of M2 cytokines (IL4 and IL13) and, consistent with these
data, involution macrophages express M2 markers [arginase 1 and
mannose receptor (MR)] (O’Brien et al., 2010). For add-back
studies, WT bone marrow cells were cultured in vitro to promote
immature BMDMs and further differentiated in the presence of IL4
to promote M2 maturation, resulting in macrophage populations of
greater than 99% purity (supplementary material Fig. S2A). M2
differentiated macrophages expressed arginase 1 and MR and
lacked the M1 marker iNOS (NOS2 – Mouse Genome Informatics)
(Fig. 3A). BMDMs, M2 macrophages or phosphate-buffered saline
(PBS) were orthotopically injected at weaning into mice depleted
of endogenous macrophages (Fig. 3B). Successful macrophage
reconstitution at 2 days post-injection (InvD2) was confirmed by
an increase in F4/80 IHC signal in BMDM-injected or M2-injected
glands, which occurred without an increase in endogenous
macrophage levels (GFP+) (Fig. 3C, supplementary material Fig.
S2B,C). Histological analyses of BMDM- and M2-injected glands
revealed that average lumen size was smaller, adipocyte
repopulation higher, and MEC apoptosis elevated over PBS
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Fig. 3. Macrophage reconstitution experiments in
AP20187-treated mice confirm a crucial role for
macrophages in postpartum mammary gland
involution. (A)iNOS, arginase 1 (Arg1) and mannose
receptor (MR) western blots of M1, M2 and bone
marrow-derived (BMDM) macrophages. (B)The add-back
experimental design. (C)F4/80 and GFP IHC of PBS-,
BMDM- or M2-injected glands of AP20187-treated mice
2 days post-weaning. The boxed regions are shown at
higher magnification in supplementary material Fig. S2C.
Arrows indicate F4/80+ and GFP+ cells, respectively. (D)
H&E-stained mammary tissue with macrophage add-
back. (E)Lumen area quantification. *, P<0.001; n6.
(F)Perilipin IHC quantification. *, P<0.001; n6.
(G)Cleaved caspase 3 IHC quantification. *, P<0.001;
n6. Error bars indicate s.e.m. Scale bars: 60m in C;
150m in D.
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controls, demonstrating that WT immature or M2 differentiated
macrophages can rescue involution (Fig. 3C-G). Although
histological evidence for gland regression was clearly evident in
M2-injected glands, induction of MEC apoptosis was lower than in
BMDM-injected glands (Fig. 3G). If the time course of apoptosis
differs between BMDM- and M2-induced rescue, this could
account for the discrepancy in apoptotic indices. Alternatively,
immature and mature macrophages might differ in their ability to
promote apoptosis in this model. Of note, dendritic cells are also
depleted upon AP20187 administration in Mafia mice (Burnett et
al., 2004) and therefore might contribute to the delayed phenotype.
Nonetheless, these reconstitution experiments confirm that
macrophages are sufficient to rescue postpartum involution.

The question of whether BMDMs injected into the involuting
microenvironment respond to differentiation signals and upregulate
M2 markers was investigated. BMDMs lack M2 marker expression
prior to injection (Fig. 3A); however, IHC quantification
demonstrated high MR (Fig. 4A) and arginase 1 (data not shown)
expression in BMDM-injected glands as compared with PBS-
injected controls. Further evidence that injected BMDMs can
acquire an M2 phenotype and promote involution was obtained by
evaluating F4/80hi areas, which are likely to demarcate injection
sites, versus F4/80lo areas within the same gland. F4/80hi sites
clearly express elevated levels of MR and display decreased
average lumen size compared with F4/80lo lobules, although many
F4/80hi cells lack MR (Fig. 4B,C).

Implications
As macrophages are associated with breast cancer progression
(Pollard, 2008) and have been suggested to promote postpartum
breast cancer specifically (O’Brien et al., 2010; O’Brien and
Schedin, 2009), targeting macrophages for therapeutic benefit has
been proposed (Johansson et al., 2008; O’Brien and Schedin, 2009;
Sica et al., 2007). Here, we show that conditional depletion of
macrophages prevents requisite remodeling of the lactating
mammary gland to its non-secretory quiescent state through
suppression of MEC death and adipocyte repopulation. Inhibition
of MEC death during involution is undesirable as this promotes
mammary tumorigenesis in rodents (Radisky and Hartmann, 2009).
An alternative strategy involves re-educating tumor-promoting
macrophages to become tumor suppressive (Gordon and Taylor,
2005; Hagemann et al., 2008). However, targeting M2-like
macrophages for the prevention or treatment of postpartum breast
cancer will require further knowledge of their role(s) in mammary
involution.
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