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Postpartum breast involution reveals regression of
secretory lobules mediated by tissue-remodeling
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Abstract

Introduction: A postpartum diagnosis of breast cancer is an independent predictor of metastases, however the
reason is unknown. In rodents, the window of postpartum mammary gland involution promotes tumor progression,
suggesting a role for breast involution in the poor prognosis of human postpartum breast cancers. Rodent
mammary gland involution is characterized by the programmed elimination of the secretory lobules laid down in
preparation for lactation. This tissue involution process involves massive epithelial cell death, stromal remodeling,
and immune cell infiltration with similarities to microenvironments present during wound healing and tumor
progression. Here, we characterize breast tissue from premenopausal women with known reproductive histories to
determine the extent, duration and cellular mechanisms of postpartum lobular involution in women.

Methods: Adjacent normal breast tissues from premenopausal women (n = 183) aged 20 to 45 years, grouped by
reproductive categories of nulliparous, pregnant and lactating, and by time since last delivery were evaluated
histologically and by special stain for lobular area, lobular type composition, apoptosis and immune cell infiltration
using computer assisted quantitative methods.

Results: Human nulliparous glands were composed dominantly of small (approximately 10 acini per lobule) and
medium (approximately 35 acini per lobule) sized lobules. With pregnancy and lactation, a >10 fold increase in
breast epithelial area was observed compared to nulliparous cases, and lactating glands were dominated by mature
lobules (>100 acini per lobule) with secretory morphology. Significant losses in mammary epithelial area and
mature lobule phenotypes were observed within 12 months postpartum. By 18 months postpartum, lobular area
content and lobule composition were indistinguishable from nulliparous cases, data consistent with postpartum
involution facilitating regression of the secretory lobules developed in preparation for lactation. Analyses of
apoptosis and immune cell infiltrate confirmed that human postpartum breast involution is characterized by wound
healing-like tissue remodeling programs that occur within a narrowed time frame.

Conclusions: Human postpartum breast involution is a dominant tissue-remodeling process that returns the total
lobular area of the gland to a level essentially indistinguishable from the nulliparous gland. Further research is
warranted to determine whether the normal physiologic process of postpartum involution contributes to the
poor prognosis of postpartum breast cancer.
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Introduction
Regardless of age at child birth, women face a transient
increase in risk for breast cancer during the postpartum
period [1-7]. Clinically, cases diagnosed during or in
close proximity to pregnancy have been variably referred
to as postpartum or pregnancy-associated [1-6,8,9]. Im-
portantly, a breast cancer diagnosis in the postpartum
window confers significantly poorer outcomes, even after
adjustments for known clinical prognostic indicators
[2,10,11]. These later studies identify a postpartum diag-
nosis as an independent, poor prognostic factor for
young women, and are contrary to some expectations
that a diagnosis during pregnancy would have the poor-
est prognosis [10,12-14]. Recently, using poor prognosis
as the criteria for defining postpartum breast cancer, the
definition has been expanded to include cases diagnosed
within five years of the last childbirth [11,15]. Utilizing
this definition, it is estimated that approximately 35% or
more of all young women’s cases may be negatively im-
pacted by a recent pregnancy [11,15,16]. It is anticipated
that understanding the mechanisms of tumor promotion
that occur in the postpartum window will lead to the de-
velopment of treatment and, possibly, prevention strat-
egies specific to this vulnerable patient population [17].
In rodent models, postpartum mammary gland involution

has been identified as a key mediator of tumor progression
in the postpartum setting [17,18]. During postpartum gland
involution, 80% to 90% of the secretory mammary epithe-
lium developed in preparation for lactation undergoes apop-
tosis [19-21]. Further, programs similar to wound healing
are utilized to remodel the lactation competent rodent gland
to a non-secretory state, and include extracellular matrix re-
modeling, fibrillar collagen deposition, high matrix metallo-
proteinase activity, and recruitment of macrophages with
M2-like attributes [7,18,21-28]. Of note, tissue remodeling
involving collagen deposition and macrophage infiltration
has demonstrated tumor promotional attributes in multiple
models of breast cancer [7,17,25,28-33] and independently
predicts poor outcomes in breast cancer patients [28,34,35].
Cumulatively, these studies implicate breast remodeling as-
sociated with postpartum involution as a potential mediator
of breast cancer progression in young women [8,36].
In pre-clinical models of postpartum breast cancer, non-

steroidal anti-inflammatory drugs (NSAIDs) limited in
duration to the window of postpartum gland involution
reduce tumor growth and metastasis associated with the
involution window [17,29]. These studies suggest that an
NSAID-based intervention targeted to the physiologic
window of postpartum involution may be useful in the
treatment or prevention of postpartum breast cancer
[15,37]. One critical gap in the knowledge required for ra-
tional and safe design of such treatments for women
is the lack of a thorough understanding of human
postpartum breast involution. Here, using a cohort of
premenopausal women with known reproductive his-
tories and undergoing breast biopsy for clinical indica-
tions, we characterize postpartum breast involution.
We address the extent, duration and cellular mecha-
nisms of the postpartum human breast to determine if
lobule regression, epithelial cell death and wound
healing-like attributes are observed similar to those de-
scribed in rodent models.

Methods
Study population and reproductive categories
Breast specimens from premenopausal women, 20- to
45-years-old, who underwent clinically indicated biop-
sies were obtained with Colorado Multiple Institution
Review Board approval (COMIRB) under two proto-
cols. One protocol was a retrospective chart review
and tissue collection only study deemed exempt from
subject consent and Health Insurance Portability and
Accountability Act (HIPPA) authorization. The other
protocol included informed written patient consent.
All cases were de-identified to the research team.
One hundred and fifty eight de-identified cases were
grouped by reproductive categories of never-been-pregnant
(n = 23), pregnant (n = 16), lactating (n = 8), up to 1 month
postpartum (n = 6), and postpartum ≤6 months (n = 9), >6
to ≤12 months (n = 5), >12 to ≤18 months (n = 5), >18
to ≤24 months (n = 20), >2 to ≤3 years (n = 7), >3 to ≤6 years
(n = 17), >6 to ≤10 years (n = 10) and >10 years (n = 25)
since last childbirth. We define never-been-pregnant as
cases with no prior evidence of an incomplete pregnancy,
which resulted in seven nulliparous cases being excluded
from subsequent analysis. The never-been-pregnant cases
are referred to as nulliparous hereafter. The final cohort
included 151 cases — 120 cancer and 31 benign and in-
cluded 118 surgical breast specimens and 33 core needle
biopsies, which cumulatively are referred to as biopsies
herein. Most analyses were performed on subsets of cases
(details given below). Self-reported demographic data in-
cluded 78% Caucasian, 15% Hispanic and 7% women from
other races. An independent validation cohort was utilized
for lobule analysis, comprised of histological slides from
Norwegian women diagnosed with breast cancer ≤40 years
of age who were nulliparous (n = 10) or uniparous >10 years
postpartum (n = 10).

Histological staining and imaging
Sections of paraffin embedded tissue (4 μm) were stained
with hematoxylin and eosin (H & E) using a Sakura H & E
autostainer (Sakura Finetek, Torrance, CA, USA). Stained
slides were scanned using an Aperio Scanscope3 system
(Aperio, Vista, CA, USA) at 20× corresponding to 0.43 μm
per pixel which enables high resolution access to the entire
tissue section via a virtual image. Images were evaluated
using Imagescope software and Aperio algorithms. Only
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histologically normal lobules, as determined by a clinically
trained pathologist blinded to experimental group [38],
were included in analyses. In cases with cancer, normal ad-
jacent lobules, determined by a pathologist, were analyzed a
minimum of 5 mm, but on an average of >8 mm, from the
cancer.

Lobular quantification
To quantitate breast architecture, we utilized previously
established criteria of binning lobule size into divisions
of approximately 1 to 15, >15 to 50, and >50-acini per
lobule, also referred to as types 1, 2 and 3, respectively
[39,40]. A fourth category, type 4, was identified by a
secretory morphology comprised of acini with distended
lumen filled with secretions and lined with flattened epi-
thelial cells [39]. Type 4 lobules are considered to be ter-
minally differentiated milk secreting lobules and are the
dominant type present in the lactating gland [36]. All
morphological analyses were conducted blindly with re-
spect to pathologic diagnosis, reproductive category and
patient age. For validation of the lobule type analysis, a
total of 70 cases were evaluated with a minimum of 10
normal lobules for each lobule type analyzed per case,
except in cases in which fewer than 10 lobules were
present where all available lobules were included. For
analyses determining if lobular types 1 to 4 are distin-
guishable by number of nuclei per lobule or by number
of nuclei per acinus, nuclear counts were obtained on a
subset of cases (n = 30) using JPEG formatted pictures
and image J software [41]. For studies where lobular
composition of nulliparous cases was evaluated by age,
cases were separated into age-groups of ≤30 (n = 4), >30
to ≤35 (n = 6), >35 to ≤40 (n = 9) and >40 to ≤45 years
(n = 4), and all lobules present were included in the ana-
lyses. To further investigate the effect of age on the
baseline breast morphology in this cohort, an expanded
analysis of nulliparous and >2 years postpartum cases
(≤30 (n = 12), >30 to ≤35 (n = 19), >35 to ≤40 (n = 29)
and >40 to ≤45 years (n = 22)) was performed.
To investigate the use of a single surgical specimen as

morphologically representative of the whole breast, tis-
sues from each quadrant from three cases were analyzed
for total lobular type composition and lobular area.
Moreover, to determine if lobular type composition is in-
dependent of cancer presence, lobular compositions be-
tween cancer (n = 82) and benign (n = 7) cases were
compared. For this analysis, we eliminated cases preg-
nant, lactating and those ≤24 months since the last child
birth to minimize the potential influence of pregnancy
on gland morphology. The association of lobule type
with tumor estrogen receptor (ER) status was deter-
mined using ER positive (n = 47) or ER negative (n = 24)
cases. To investigate potential influences of menstrual
cycle, initial and subsequent breast biopsies from the
same woman collected two to three weeks apart were
compared for lobular type composition (n = 12).
A detailed analysis of percent lobular area was done

on a subset of cases; nulliparous (n = 12), pregnant (n =
15), lactation (n = 8) and postpartum cases based on
time since last child birth (n = 58). Further, all 151 cases
in the young women’s cohort were analyzed for lobular
type composition. Lobular type composition for individual
cases was then compiled and compared by reproductive
categories. A corroborative analysis for comparison of
lobular composition in nulliparous and uniparous >10 years
postpartum cases was performed on an independent sam-
ple from Norway (n = 20). Also, detailed analysis compar-
ing lobule number, size and acini number per lobule
was done for nulliparous (n = 12 cases) and >2 years
parous (n = 17 cases) groups.

Immunohistochemistry and special staining
Breast tissue slides were pretreated with Dako TRIS or
EDTA antigen retrieval solution (Dako North America Inc.,
Carpinteria, CA, USA) at 120 °F under pressure for five mi-
nutes. Ki-67 was used to identify cells undergoing prolifera-
tion (1:400, Dako M7240). TACS 2TdT Fluorescein
apoptotic kit (Trevigen Inc., # 4812-30-K, Gaithers-
burg, MD, USA) was implemented to visualize apop-
totic cell death. CD45, a common leucocyte marker
which is present on the surface of nucleated hematopoietic
cells, was used for identifying all immune cells (1:200,
Dako M0701, one hour incubation) [42]. CD68, a macro-
phage lysosome-associated protein [43], was used to
identify macrophages (1:300, Dako # M0876, one hour
incubation). Immunoreactivity was detected using En-
vision + system (Dako) with 3, 3′-diaminobenzidine
used as the chromogen for all stains.

Apoptotic and immune cell quantification
To quantify apoptosis, actively involuting cases at 10 days
postpartum in the absence of lactation (n = 1), and weeks
one (n = 2), two (n = 1), four (n = 1) and six (n = 1) post-
lactation were stained for terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) positive
apoptotic cells. Ten lobules with lactational and ten lob-
ules with involutional morphology per case were ana-
lyzed and the signal quantified with Image J software.
Quantification for CD45 and CD68 was performed in 10
lobules per lobular type per case utilizing a subset of 97
and 77 cases, respectively. Modified de-convoluted Aperio
algorithms were implemented for signal quantification.

Statistical analysis
Mean and standard error were used to summarize ex-
pression levels for lobular area, lobular type compos-
ition, apoptosis and immune cell infiltration. Analysis
of variance (ANOVA) was used to compare mean
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values between reproductive categories (nulliparous,
pregnant, lactation, ≤1 month, >1 to ≤6, >6 to ≤12, >12
to ≤18, >18 to ≤24 months, ≥2 to ≤6 years, >6 to ≤10 years
and >10 years postpartum. If the overall F test was signifi-
cant, comparisons between categories were carried out. If
multiple samples were taken from the same patient, cor-
relation among the samples was taken into account during
the analysis (random effect ANOVA). Two-group t-test
was used instead of ANOVA if there were only two cat-
egories in the analysis. P-values ≤0.05 were considered sta-
tistically significant throughout the paper. SAS software
9.2 (SAS Inc. Cary, NC, USA) was used for all analyses.

Results
Method comparisons for lobule type quantification and
baseline breast composition
The breast lobular component expands and differentiates
with pregnancy and lactation transforming the relatively ru-
dimentary gland into an alveolar rich lactation-competent
structure [44]. Specifically, the human breast has been re-
ported to consist predominantly of small type 1 and 2
lobules before pregnancy, large type 3 lobules during
pregnancy and mature secretory type 4 lobules during
lactation [39]. A requisite to the study of the extent
and duration of postpartum breast involution is the
validation of morphometric methods used to characterize
breast lobular types. In our cohort of 151 premenopausal
women, 20- to 45- years-old (Additional file 1: Table S1
and Additional file 2: Table S2), wide variation in breast
lobule size between cases was evident (Figure 1A). To val-
idate that acini number reproducibly distinguishes be-
tween these observed lobule types, 70 randomly selected
cases representing all reproductive categories were scored
for acini per lobule, for a total analysis of >1,700 individual
lobules. In these cases, lobule type 1 had an average 10 ± 4
acini per lobule, type 2 had an average of 35 ± 5 acini per
lobule and type 3 had an average of 114 ± 10 acini per lob-
ule, with type 4 defined by a secretory phenotype (Table 1).
We found that the number of acini per lobule distin-
guished between lobule types 1, 2, and 3 (P <0.007), but
did not distinguish between type 3 and 4 (P = 0.92)
(Table 1 and Figure 1B). Classification of lobular types
based on mean nuclear count similarly demonstrated that
lobule types 1, 2 and 3 were distinguishable (P ≤0.0002),
but types 3 and 4 were indistinguishable (P = 0.23)
(Figure 1C). These nuclear count data also indicated
that lobule maturation of type 3 to type 4 does not in-
volve a significant increase in epithelial cell prolifera-
tion. However, evidence for direct pathways between
lobular types cannot be directly discerned from mor-
phological analysis. Further, the number of nuclei per
acinus remained constant irrespective of lobular type
(Figure 1D), suggesting that the acinus is the unit of
lobular expansion in the human breast.
Measuring lobular-area is an alternative method to as-
sess lobule differentiation state. As expected, the lobular
area increased with lobular complexity, and types 2, 3 and
4 were readily identified using this method (P <0.0001)
(Figure 1E). The ability of this area-method to distinguish
between types 3 and 4 reflects the increase in type 4 size
due to milk production and secretion (Figure 1A). How-
ever, using this area-method, type 1 and 2 lobules did not
differ significantly (P = 0.11) (Figure 1E), which may be
due to a wide variation in stromal to epithelial ratios
within these smaller lobules (Figure 1F and Additional
file 3: Figure S1). Since area-analysis does not distin-
guish between lobule types 1 and 2, for subsequent
analyses, we utilized number of acini per lobule to dis-
tinguish between types 1, 2 and 3, and lactational
morphology to identify type 4.
We next investigated variation in lobule architecture

in the nulliparous group. Among our nulliparous pa-
tients (n = 23), we evaluated >550 lobules and the dom-
inant lobule types were the smaller types 1 and 2;
however, significant inter-case variation was evident.
Among nulliparous women, lobule composition ranged
from 100% to 20% type 1, 60% to 0% type 2, and 30%
to 0% type 3 (Figure 2A). Surprisingly, some type 3
lobules were present in 48% of these nulliparous cases,
demonstrating that a prior complete or incomplete
pregnancy does not appear to be required for their de-
velopment (Figure 2A). Terminally differentiated, type
4 lobules were not found in these nulliparous cases
(Figure 2A). Overall, this analysis establishes a baseline
variation in lobule composition, data required to inves-
tigate effects of pregnancy, lactation and postpartum
involution on breast lobule architecture in our young
women’s breast tissue cohort.

Effect of potential technical confounders in assessing
breast architecture
To utilize lobular composition to address questions of
extent, duration and individual variation in postpartum
breast involution, it is necessary to investigate the influ-
ence of clinical and technical parameters which may
confound lobule-type quantitation. Here, we address pa-
tient age, use of a single tissue section per case, cancer
diagnosis, biologic cancer type and potential impact of
menstrual cycle on lobular type composition. In the nul-
liparous group (n = 23 cases), patient age was not found
to significantly impact lobular type composition (P ≥0.19)
(Figure 2B), nor was age found to impact lobule type com-
position in an extended cohort (n = 82 cases) consisting of
combined nulliparous and parous cases >2 years postpar-
tum (P ≥0.18) (Figure 2C). We next addressed the use of a
single tissue specimen per case as a potential methodo-
logical limitation by performing quadrant analyses on
three parous cases >5 years postpartum. As expected,
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Figure 1 Criteria for distinguishing between lobular types. A. H & E stained images of lobules representative of types 1 to 4 (Scale bar = 30 μm).
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50,000 μm2) but categorized as different types based on the number of acini/lobule (Scale bar = 90 μm). All error bars represent standard error of the
mean (SEM).
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variation in lobular composition between individuals was
observed (Additional file 4: Figure S2a). Further, within
the same subject, the largest mean difference in lobule
type composition was found between the lower inner and
upper outer quadrants (Additional file 4: Figure S2a). How-
ever, a mixed effect model, which takes the correlation



Table 1 Validation of acinar count method for lobule typing

Lobule
type

Criteria for lobule type based
on number of acini/lobule [39]

Number of cases
analyzed/lobule type

Total number of
lobules analyzed

Mean number of lobules
analyzed/case (± SD)

Observed number
of acini/lobule

Type 1 12 63 759 12.6 ± 11 10 ± 4

Type 2 50 53 482 9.1 ± 8.4 35 ± 5

Type 3 80 36 226 6.3 ± 4.8 114 ± 10

Type 4 Secretory morphology 13 150 11.5 ± 9.8 128 ± 27

The average number of acini per lobule per type in the breast tissue samples evaluated (last column) are not different than published acinar numbers previously
observed in human breast tissue (second column, reference 39), validating the acinar count method for subsequent analyses.
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among the tissue samples from the same case into account,
indicates that quadrant location is not significantly associ-
ated with the presence of lobular types (lower outer (LO)
versus lower inner (LI) (P = 0.33); upper inner (UI) versus
lower inner (LI) (P = 0.40); upper outer (UO) versus lower
inner (LI) (P = 0.25)]. Further, an aggregate analysis re-
vealed no significant morphological differences between
quadrants in these cases (P ≥0.25) (Figure 2D). To address
the potential confounder of malignancy, we compared ad-
jacent normal lobular composition of women diagnosed
with benign breast lesions to those with cancer. We found
the groups indistinguishable (P = 0.59), indicating that in
normal adjacent tissue at least 5 mm distant from the
breast cancer, the presence of cancer does not significantly
alter lobule type composition (Figure 2E). Next, we exam-
ined whether ER expressivity of the breast tumor might in-
fluence lobule composition, as variation in lobule types has
been reported between patients with luminal A and basal
breast cancers [38]. In our cohort, differences in lobule
type composition were not observed between ER posi-
tive (n = 47) and ER negative (n = 24) cases (P = 0.15)
(Figure 2F). Finally, to address the potential effect of
menstrual cycling, lobule composition for types 1, 2, 3
and 4 lobules was analyzed in initial and subsequent
biopsy tissues collected two to three weeks apart in a
subset of premenopausal women (n = 12). Although
there were small variations in lobular composition be-
tween biopsy times, no significant differences between
type 1 (P = 0.38), type 2 (P = 0.32) or type 3 (P = 0.46)
lobules were observed (Figure 2G). To summarize, in
this premenopausal cohort, lobule type composition
varies more between women of the same reproductive
category than between categories defined by patient
age, biopsied quadrant, ER expression of the tumor,
presence of breast cancer and stage of menstrual cycle.
Although, overall, the power of statistical tests is low due
to low sample size, the similarities in mean values indicate
that these specific parameters have no strong influence on
lobule type analysis in the postpartum involution window,
which is the primary objective of this study.

Evidence for postpartum involution
To determine if breast tissue developed for lactation in-
volutes during the postpartum period in women, as
observed in rodent models [7,24], we assessed lobular
area and lobular composition across nulliparous, preg-
nant, lactating and postpartum groups defined by time
since last childbirth (n = 93). Lobular area in breast tis-
sue of pregnant women (mean = 26.84, 95% confidence
interval (CI) (15.7, 37.9)) showed a five-fold increase
compared to nulliparous women (mean = 5.00, 95%CI
(-3.2, 13.2)) (P <0.0001) (Figure 3A). An additional two-
fold increase (mean = 48.4, 95%CI (35.3, 61.4)) in lobule
area occurred with lactation (P <0.0001) (Figure 3A).
However, by 18 months postpartum the lobular area of
the gland was indistinguishable from the pattern ob-
served in nulliparous women (P = 0.25). It is well docu-
mented that in addition to an increase in lobular area,
there is increased lobular complexity with pregnancy
and lactation [39,45-47] and, as expected, with preg-
nancy we found the lobular type composition to be
highly shifted to type 3 and type 4 differentiated lobules,
with evidence for further maturation to type 4 lobules
with lactation (n = 151) (Figure 3B and Additional file 4:
Figure S2b). As with lobular area, by 18 months postpar-
tum, lobular type composition of the parous group was
indistinguishable from the nulliparous group (P ≥0.65)
(Figure 3B). These data indicate complete loss of the type 3
and type 4 lobules developed for lactation within a relatively
narrow window of time. A sub-analysis of lobular type
composition in women who were 18 to 24 months post-
partum confirmed high similarity with our nulliparous
cohort (compare Figure 3C with Figure 2A). In an inde-
pendent cohort of breast tissue obtained from premeno-
pausal women from Norway, on comparing nulliparous
and >10 years postpartum categories, we found no sig-
nificant differences in lobule type composition (type 1
(P = 0.72), 2 (P = 0.81) and 3 (P = 0.47)) (Figure 3D), pro-
viding additional support for postpartum involution of
the lobules expanded during pregnancy and lactation.
Combined, these morphological data strongly suggest
that the secretory mammary epithelium developed in
preparation for lactation undergoes involution within 12
to 18 months of cessation of lactation, and further, the
regressed glandular phenotype is maintained in the ab-
sence of subsequent pregnancy. Further, analysis of
>10 year postpartum cases (n = 25) grouped by unipar-
ous and multiparous status showed no correlations
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increments of five years (≤35 years versus ≤30 years (P = 0.89); ≤40 years versus ≤30 years (P = 0.62); ≤45 years versus ≤30 years (P = 0.19)) C. Lobular
composition in an expanded cohort excluding recently pregnant and lactating women (n = 82 cases) similarly shows lobular composition is not age
dependent (≤35 years versus ≤30 years (P = 0.35); ≤40 years versus ≤30 years (P = 0.18); ≤45 years versus ≤30 years (P = 0.34)) D. Breast quadrant
analysis from three mastectomy cases demonstrated no differences in lobular types for all quadrants (LO versus LI (P = 0.33); UI versus LI (P = 0.40); UO
versus LI (P = 0.25)). E. Lobular type composition does not vary between women who were subsequently diagnosed with cancer (n = 82 cases) or
were cancer free (n = 7 cases) (P = 0.59), or (F) by the presence (n = 47 cases) or absence (n = 24 cases) of ER expression in the adjacent
tumor (P = 0.15). G. Lobular type composition is not significantly influenced by hormonal effects of the menstrual cycle as depicted by initial
and subsequent breast biopsies two to three weeks apart (n = 12 cases) for type 1 (P = 0.38), 2 (P = 0.32) and 3 (P = 0.46) lobules. All error
bars represent standard error of the mean (SEM). LI, lower inner; LO, lower outer; UI, upper inner; UO, upper outer.
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between the presence of lobular type 3 and the number
of completed pregnancies (Additional file 5: Figure S3),
suggesting loss of differentiated lobules following each
pregnancy.
As previously reported, we also observed an increase

in proliferative capacity with pregnancy and confirmed
previous reports of decreased proliferative capacity in lob-
ules of parous compared to nulliparous lobules (Figure 4A)
[39]. Subsequent morphometric analysis demonstrated an
increase in number of lobules per unit area in the parous
compared to the nulliparous gland (P = 0.04) (Figure 4B).
The observation that lobule number increases with parity
but overall area of the gland composed of lobules does not
(compare Figure 4B with Figure 3A) suggests that the fully
regressed lobules of the parous gland are smaller than in
the nulliparous gland. A sub analysis of type 1 lobules
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Figure 3 Histological evidence of postpartum involution in human breast. A. Percent lobular area by reproductive groups of nulliparous (N) (n = 12),
pregnant (P) (n = 15), lactation (L) (n = 8), up to 1 (n = 6), >1 to ≤6 (n = 9), >6 to ≤12 (n = 5), >12 to ≤18 (n = 5), >18 to ≤24 months (n = 12), >2 to ≤6 years
(n = 11) and >10 years (n = 10) since last child birth. Percent lobular area is significantly different from N during P (*P <0.0001), L (**P <0.0001), ≤1
(***P <0.0001), and at >1 to ≤6 months (****P = 0.0007) postpartum, and not statistically different at 12 months postpartum (P = 0.07). B. Breast
lobular composition across the reproductive groups of N (n = 23), P (n = 16), L (n = 8), up to 1 (n = 6), >1 to ≤6 (n = 9), >6 to ≤12 (n = 5), >12 to ≤18
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is different from the N group during P (*P <0.001), L (**P <0.001), ≤1 month (***P <0.0001), >1 to ≤6 months (****P = 0.0001), >6 to ≤12 months
(*****P = 0.001) postpartum, and is indistinguishable by 18 months postpartum (P = 0.08). C. Lobular composition of individual women
who are >18 to ≤24 months postpartum (n = 20). D. An independent Norwegian cohort comprising Nulliparous (n = 10) and >10 years parous
(n = 10) cases shows no lobular differences between groups. Type 1 (P = 0.72), 2 (P = 0.81) and 3 (P = 0.47). All error bars represent standard error of the
mean (SEM).

Jindal et al. Breast Cancer Research 2014, 16:R31 Page 8 of 14
http://breast-cancer-research.com/content/16/2/R31
confirmed reduced lobule size in parous compared to nul-
liparous glands (Figure 4C), which is not accounted for by
a decrease in acini number per lobule (Figure 4D). Similar
trends were observed for type 3, but not type 2 lobules
(Additional file 6: Figure S4a,b). Representative H & E im-
ages of type 1 lobules in the nulliparous gland depict re-
duced lobule number and increased lobule size in
comparison to a >24 month postpartum case (Figure 4E).
In total, these data demonstrate similarity in lobule
area and lobule type in the nulliparous and parous
cases >24 months postpartum, consistent with postpar-
tum involution, but also demonstrate decreased prolif-
erative capacity, increased number and decreased lobule
size with parity.
Histological hallmarks of postpartum involution
We next investigated whether postpartum breast involu-
tion in women is characterized by increased alveolar cell
apoptosis, a well-documented hallmark of postpartum
mammary gland involution in rodents [7,18,19,23,24].
To assess for apoptosis in human involuting breast,
we identified six cases within six weeks post-weaning, as
alveolar cell apoptosis is an early involution event in ro-
dents [21,48]. Breast tissue from these cases were com-
prised of lactational, type 4 lobules as well as condensed,
non-secretory, type 3 lobules, morphologies consistent
with ongoing involution (Figure 5Aa,b). In these cases,
apoptotic cells, as assessed by immunohistochemistry
(IHC) detection of DNA fragmentation, were elevated
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five-fold in condensed lobules compared to lobules with
a lactational phenotype (P <0.0001) (Figure 5Ac,d, 5B).
Furthermore, many individual acini contained multiple
TUNEL-positive cells (Figure 5Ad, inset). These data are
consistent with programmed cell death of the secretory
epithelium contributing, at least in part, to the dramatic
decrease in glandular tissue observed during postpartum
breast involution.
Recently, it has been observed that postpartum mam-

mary gland involution is characterized by an influx of
immune cells thought to be integral to tumor promotion
[7,25,28,30]. For example, using human breast tissue
composed of both lactational and actively involuting lob-
ules, we previously demonstrated high levels of CD45+
leukocytes and CD68+ macrophages in lobules with an
involuting morphology [7]. However, these studies have
not identified the duration of immune cell infiltrate dur-
ing postpartum breast involution, which is of potential
relevance since immune infiltrate may contribute to the
poor prognosis of postpartum breast cancer [29]. To
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assess the duration of immune cell infiltrate, we investigated
lobular content of CD45+ and CD68+ cells by defined times
postpartum. We found that CD45+ cells were maximally el-
evated within six months postpartum and remained signifi-
cantly elevated up to twelve months postpartum compared
to the nulliparous group (P= 0.01) (n = 97) (Figure 5C). Evi-
dence for a further and gradual decline in CD45 for up to
10 years postpartum is also observed; however, a larger co-
hort is required to determine more precisely the pattern of
CD45+ cell efflux in the postpartum breast. CD68+ levels
were also maximal in the ≤6 months postpartum group
(Figure 5D), and remained elevated through ≤24 months
postpartum (P = 0.02) (n = 77) (Figure 5D), returning to
nulliparous levels by 3 years postpartum. Dual staining
revealed that approximately 60% of CD45+ cells were
CD68+ as well (data not shown). These data indicate
that leukocytes, in general, and macrophages, specifically,
persist in the postpartum gland beyond the 12 to 18 month
time frame when morphological evidence shows complete
lobule regression.
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Discussion
Wound healing and inflammatory milieus are strongly
implicated in breast cancer incidence and progression
[25,28,30,34,49]. In rodents, physiologically normal post-
partum mammary gland involution has wound healing
and immunomodulatory properties and promotes breast
cancer growth, invasion and metastasis in xenograft
models [7,17,25,28,29]. Similar wound healing and im-
munologic attributes in the human breast may help ex-
plain the poor prognosis of breast cancers diagnosed within
five years of a completed pregnancy [7,18,25,28,30,36,49,50].
Here, we confirm conservation of tissue mechanisms of
postpartum mammary gland involution between rodents
and humans, including massive epithelial cell loss and acqui-
sition of immune attributes previously correlated with pro-
tumorigenic microenvironments [7,28,30]. These studies
begin to identify a narrowed time period in a postpartum
woman’s life that may represent a unique window of in-
creased breast cancer risk and progression.
In rodents, postpartum mammary gland involution is

primarily characterized by programmed apoptotic death
of the secretory mammary epithelium [19,51]. In our
premenopausal human cohort, a complete loss of the
differentiated lobules developed in preparation for lacta-
tion is observed by 18 months postpartum. This reversal
of lobular area and type composition to baseline levels is
consistent with epithelial cell death being the primary
cellular mechanism driving postpartum involution. High
levels of mammary epithelial cell apoptosis observed
in breasts within six weeks post-weaning corroborate
this hypothesis. Further, CD45+ leukocyte and CD68+
macrophage infiltration into the involuting human
breast suggests the use of wound healing-like pro-
grams to remodel the pregnant/lactating gland to its
non-secretory state. Given the evidence for immune
cell promotion of breast cancer [28,31,50,52], this im-
mune infiltrate into the involuting breast may con-
tribute to the poor prognosis of women diagnosed
postpartum.
Previously published data have shown persistence of

differentiated type 3 lobules in breasts of premenopausal
parous women [39,45-47]. Our data showing no differ-
ences in total lobule area and type composition between
nulliparous and parous cohorts are contrary to these
published data. Based on the small differences we ob-
served in type 3 lobule composition between nulliparous
and parous cohorts, we calculate that approximately 775
premenopausal breast biopsies are required to adequately
address the question of whether type 3 lobules persist in
parous women. Further, our analysis is limited in that we
have not performed gene expression studies, which have
demonstrated persistent gene expression changes consist-
ent with lobule differentiation with parity [45,53,54]. Con-
sistent with previous reports [39], we did observe a
decrease in the proliferative capacity of mammary epithe-
lial cells with completed pregnancy as well as an increase
in the total number of lobules present. Additional clinical
variables that may contribute to why persistent type 3 lob-
ules were observed in previous studies but not in ours
include differences of ethnicity, basal metabolic index,
hormone based contraceptive use, and/or familial his-
tory of breast cancer.
A previous study comprising 9,000 cases encompass-

ing all ages reported age-related breast involution in ap-
proximately 8.5% of women less than 40-years-old [40].
In our premenopausal cohort, we did not identify age-
related involution. Several factors, including the nar-
rower age range investigated in our study, the exclusion
of postmenopausal cases, the relatively small size of our
cohort and differences in morphometric endpoints uti-
lized to measure lobular involution likely contribute to
differences observed between studies.
Our study design has several strengths including the

use of never-been-pregnant cases for our nulliparous
group, permitting for the first time an evaluation of
baseline breast morphology in the absence of a prior
pregnancy, including incomplete pregnancies. Our mor-
phometric analysis is also an asset, as the semi-quantitative
IHC approach permits computer generated data collection
within the entire tissue section and acquisition of continu-
ous rather than categorical data, which reduces the poten-
tial for inadvertent operator bias. Further, our study sample
size is the largest cohort to date to assess postpartum breast
involution based on verification of clinical medical records
for date of last pregnancy. Another important strength of
our study is that we have limited our analysis to premeno-
pausal women. Other studies investigating normal mam-
mary gland morphology have encompassed broader age
ranges and pre- and post-menopausal status, making it
more difficult to discern between postpartum, age-related
and menopause-induced breast involution [40,55].
A potential limitation of our study is the availability of

a single tissue specimen per case as a representative of
the whole breast specimen. To address this limitation,
we performed lobular composition analysis for three
mastectomy specimens and found that a single biopsy
can be globally representative of the entire breast tissue.
While our results confirm previous reports demonstrat-
ing some variation in lobule complexity between breast
quadrants [39], our data also support the work of others
indicating that the use of a single tissue analysis is rela-
tively representative of global tissue architecture [40,55].
Another limitation of our study is the low number of

cases consisting of true normal breast tissue in the ab-
sence of any pathological lesion. Recently, true normal,
reduction mammoplasty and benign-disease breast tis-
sues were found to differ in the process of age-related
involution, with true normal breast showing increased
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regression [56]. Here, we observed similar trends in
magnitude and duration of postpartum breast involution
between cancer and benign cases, suggesting that post-
partum breast involution is a dominant regression pro-
gram that occurs relatively independent of adjacent
pathology. However, repeating a postpartum breast in-
volution study in true normal tissue remains an im-
portant objective. Lastly, our cohort lacks patient ethnic
diversity and is enriched for older age mothers with low
gravidity. Published studies show that Hispanic and
African American women have younger age at first
pregnancy, higher gravidity, distinct nursing histories
[57-59], and experience a higher incidence of young
women’s breast cancer than Whites [59-61]. In order
to further investigate the feasibility of developing pre-
vention and treatment strategies targeted to the post-
partum window, it will be essential to determine if
postpartum breast involution is modified by race, re-
productive and lactation histories, as well as risk profiles.
Conclusions
This study identifies postpartum breast involution in
women as a dominant window of tissue remodeling
characterized by massive loss of differentiated lobules,
apoptotic epithelial cell death and immune infiltrate as-
sociated with breast cancer progression in preclinical
models. Further research into the mechanisms of human
postpartum breast involution and its potential tumor
promoting attributes may lead to novel prevention and
treatment strategies for postpartum breast cancer. A po-
tential asset would be the limited duration of treatment
required to target this narrowed window of risk.
Additional files

Additional file 1: Table S1. Clinical characteristics of cases included in
the study.

Additional file 2: Table S2. Tumor characteristics of cases included in
the study.

Additional file 3: Figure S1. Area-analysis cannot distinguish between
lobular types 1 and 2. Some type 1 lobules can occupy larger areas when
compared to smaller type 2 lobules due to variation in stromal to
epithelial ratio. Eighteen type 1 lobules and 13 type 2 lobules were
included in this analysis. All error bars represent standard error of the
mean (SEM).

Additional file 4: Figure S2. Lobular composition by breast quadrant
and cancer free cases. S2a: Lobular composition in individual breast
quadrants obtained from bilateral mastectomy specimen of three women
who were six to eight years postpartum. Each individual graph represents
morphological variation in lobular composition for upper outer (UO),
upper inner (UI), lower outer (LO) and lower inner (LI) quadrants of left
(L) and right (R) breasts for each woman. S2b: Lobular composition
across the reproductive cycle in women diagnosed with benign breast
pathology. This cancer-free cohort of nulliparous (N) (n = 5), pregnant (P)
(n = 11), lactation (L) (n = 8), >1 to ≤6 months (n = 5), >2 to ≤6 years (n = 1),
and >9 years (n = 1) postpartum cases shows similar lobular composition as
that of the total cohort (Figure 3B), suggesting that at the morphological
level, postpartum involution is not significantly affected by the presence of
adjacent tumor. All error bars represent standard error of the mean (SEM).

Additional file 5: Figure S3. Percent area composed of type 1, 2 and 3
lobules does not change with parity status. Percent of tissue composed
of type 1, 2 and 3 lobules shows no correlation with the number of
completed pregnancies, suggesting similar gland regression with each
round of postpartum involution.

Additional file 6: Figure S4. Type 2 and 3 lobule size does not vary
between nulliparous and parous cases. S4a. No differences are noted in
average area of type 2 lobules between >2 years parous and nulliparous
cases. S4b. The average area of type 3 lobules shows a trend towards the
area being decreased in parous breast tissue compared to nulliparous
breast issue (P = 0.06). All error bars represent standard error of the mean
(SEM).
Abbreviations
ANOVA: analysis of variance; ER: estrogen receptor; H & E: hematoxylin and
eosin; IHC: immunohistochemistry; L: lactation; LI: lower inner; LO: lower
outer; N: nulliparous; NSAID: non-steroidal anti-inflammatory drugs;
P: pregnant; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end
labeling; UI: upper inner; UO: upper outer.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
SJ conducted the pathology review of the histopathology slides, collected
and analyzed the data and co-wrote the manuscript. DG conducted the
statistical analysis for the study and co-wrote the manuscript. PB conducted
the embedding, sectioning and staining of the human cases and revised the
manuscript. GA contributed with all necessary approvals and random selection
of breast tissue blocks from Norway and critically revised the manuscript. SME,
CBA and ADT conducted extensive chart review and selected human cases for
this study and critically revised the manuscript. VFB contributed to obtaining
grant funding, contributed to obtaining all necessary approvals and clearances
to conduct the research, supervised the analysis of data and co-wrote the
manuscript. PS conceived and designed the study, obtained grant funding,
supervised the research, analyzed the data and principally wrote the
manuscript. All the authors read and approved the final manuscript.

Acknowledgments
This work was supported by Department of Defense (grant numbers
BC104000, BC10400P1) to PS and VB, National Institute of Health
(1R01CA169175) to PS and VB, CCSG (grant number NIH P30 CA016056-27)
and the Avon, Men for the Cure, Grohne Family and Glass Family-Foundations.
The authors appreciate the contribution to this research from the Tissue Bio
banking and Processing Shared Resource of Colorado’s NIH/NCI Cancer Center
Support Grant P30CA046934. We acknowledge the Colorado CTSI (NIH/NCRR
Grant Number UL1 RR025780) for the Redcap resource. We thank Elizabeth
Manthey for support in the acquisition of clinical histories, and Dr. Lisa Hines
and Adrie vanBokhoven for making human tissue available for this research.
Samples from the Susan G. Komen Tissue Bank at the IU Simon Cancer Center
were used in this study and we thank all participant involved. The histological
slides from Norway would not been available without the comprehensive work
related to location of tissue blocks, performed by Siri Larønningen at the Cancer
Registry of Norway, and the willingness from 16 different pathological laborator-
ies in Norway (located in Oslo, Bergen, Trondheim, Drammen, Fredrikstad,
Kristiansand, Lillehammer, Lørenskog, Molde, Stavanger, Tromsø, Tønsberg
and Ålesund), to contribute histological slides and tissue blocks. We are
especially thankful to Ellen Hellesylt at the pathological clinic at the Radium
hospital in Oslo, Norway, for preparation of histological slides. We appreciate
Clarissa Durand-Rougely for assistance with Aperio nuclear counts and figure
designs, Drs. Mark Sherman and Brandy Heckmann-Stoddard for assistance
with morphometric analyses and stimulating discussion, Dr. Jennifer
Richer and Dr. Margaret C. Neville for critical review of the manuscript,
and members of Schedin-Borges lab for their intellectual contribution. Finally,
we are very grateful to the patients for their contribution to this research.

http://www.biomedcentral.com/content/supplementary/bcr3633-S1.pdf
http://www.biomedcentral.com/content/supplementary/bcr3633-S2.pdf
http://www.biomedcentral.com/content/supplementary/bcr3633-S3.pdf
http://www.biomedcentral.com/content/supplementary/bcr3633-S4.pdf
http://www.biomedcentral.com/content/supplementary/bcr3633-S5.pdf
http://www.biomedcentral.com/content/supplementary/bcr3633-S6.pdf


Jindal et al. Breast Cancer Research 2014, 16:R31 Page 13 of 14
http://breast-cancer-research.com/content/16/2/R31
Author details
1Department of Cell & Developmental Biology, Oregon Health & Science
University, 3181 SW Sam Jackson Park Road, Portland, OR 97239, USA.
2Division of Medical Oncology, School of Medicine, University of Colorado
Anschutz Medical Campus, 12801 E 17th Ave, Aurora, CO 80045, USA.
3Department of Pediatrics, School of Medicine, University of Colorado
Anschutz Medical Campus, 12801 E 17th Ave, Aurora, CO 80045, USA. 4Unit
for Applied Clinical Research, Department of Cancer Research and Molecular
Medicine, Faculty of Medicine, Norwegian University of Science and
Technology, P.B. 8905, 7491 Trondheim, Norway. 5Department of Pathology,
School of Medicine, University of Colorado Anschutz Medical Campus, 12801
E 17th Ave, Aurora, CO 80045, USA. 6Department of Cancer Prevention and
Control, Roswell Park Cancer Institute, Buffalo, NY 14263, USA. 7University of
Colorado Cancer Center, Bldg 500, Suite 6004C, 13001 E 17th Place, Aurora,
CO 80045, USA. 8Young Women’s Breast Cancer Translational Program,
University of Colorado Cancer Center, University of Colorado Anschutz
Medical Campus, 1665 Aurora Court, Aurora, CO 80045, USA.

Received: 12 March 2013 Accepted: 6 March 2014
Published: 28 March 2014

References
1. Albrektsen G, Heuch I, Tretli S, Kvale G: Breast cancer incidence before age

55 in relation to parity and age at first and last births: a prospective
study of one million Norwegian women. Epidemiology 1994, 5:604–611.

2. Lambe M, Hsieh C, Trichopoulos D, Ekbom A, Pavia M, Adami HO: Transient
increase in the risk of breast cancer after giving birth. N Engl J Med 1994,
331:5–9.

3. Chie WC, Hsieh C, Newcomb PA, Longnecker MP, Mittendorf R, Greenberg
ER, Clapp RW, Burke KP, Titus-Ernstoff L, Trentham-Dietz A, MacMahon B:
Age at any full-term pregnancy and breast cancer risk. Am J Epidemiol
2000, 151:715–722.

4. Liu Q, Wuu J, Lambe M, Hsieh SF, Ekbom A, Hsieh CC: Transient increase in
breast cancer risk after giving birth: postpartum period with the highest
risk (Sweden). Cancer Causes Control 2002, 13:299–305.

5. Albrektsen G, Heuch I, Hansen S, Kvale G: Breast cancer risk by age at
birth, time since birth and time intervals between births: exploring
interaction effects. Br J Cancer 2005, 92:167–175.

6. Andersson TM, Johansson AL, Hsieh CC, Cnattingius S, Lambe M: Increasing
incidence of pregnancy-associated breast cancer in Sweden. Obstet
Gynecol 2009, 114:568–572.

7. O'Brien J, Lyons T, Monks J, Lucia MS, Wilson RS, Hines L, Man YG, Borges V,
Schedin P: Alternatively activated macrophages and collagen remodeling
characterize the postpartum involuting mammary gland across species.
Am J Pathol 2010, 176:1241–1255.

8. Schedin P: Pregnancy-associated breast cancer and metastasis. Nat Rev
Cancer 2006, 6:281–291.

9. Borges VF, Schedin PJ: Pregnancy-associated breast cancer: an entity
needing refinement of the definition. Cancer 2012, 118:3226–3228.

10. Stensheim H, Moller B, van Dijk T, Fossa SD: Cause-specific survival for
women diagnosed with cancer during pregnancy or lactation: a registry-based
cohort study. J Clin Oncol 2009, 27:45–51.

11. Callihan EB, Gao D, Jindal S, Lyons TR, Manthey E, Edgerton S, Urquhart A,
Schedin P, Borges VF: Postpartum diagnosis demonstrates a high risk for
metastasis and merits an expanded definition of pregnancy-associated
breast cancer. Breast Cancer Res Treat 2013, 138:549–559.

12. Lethaby AE, O'Neill MA, Mason BH, Holdaway IM, Harvey VJ: Overall survival
from breast cancer in women pregnant or lactating at or after diagnosis.
Auckland Breast Cancer Study Group. Int J Cancer 1996, 67:751–755.

13. Mathelin C, Annane K, Treisser A, Chenard MP, Tomasetto C, Bellocq JP, Rio
MC: Pregnancy and post-partum breast cancer: a prospective study.
Anticancer Res 2008, 28:2447–2452.

14. Beadle BM, Woodward WA, Middleton LP, Tereffe W, Strom EA, Litton JK,
Meric-Bernstam F, Theriault RL, Buchholz TA, Perkins GH: The impact of
pregnancy on breast cancer outcomes in women < or = 35 years. Cancer
2009, 115:1174–1184.

15. Borges VF, Schedin P: Could NSAIDS become preventative therapy in
pregnancy-associated breast cancer? Breast Cancer Manage 2012, 1:39–46.

16. Pilewskie M, Gorodinsky P, Fought A, Hansen N, Bethke K, Jeruss J,
Scholtens D, Khan SA: Association between recency of last pregnancy
and biologic subtype of breast cancer. Ann Surg Oncol 2012, 19:1167–1173.
17. Lyons TR, O'Brien J, Borges VF, Conklin MW, Keely PJ, Eliceiri KW, Marusyk A,
Tan AC, Schedin P: Postpartum mammary gland involution drives
progression of ductal carcinoma in situ through collagen and COX-2.
Nat Med 2011, 17:1109–1115.

18. Bemis LT, Schedin P: Reproductive state of rat mammary gland stroma
modulates human breast cancer cell migration and invasion. Cancer Res
2000, 60:3414–3418.

19. Strange R, Li F, Saurer S, Burkhardt A, Friis RR: Apoptotic cell death and
tissue remodelling during mouse mammary gland involution.
Development 1992, 115:49–58.

20. Lund LR, Romer J, Thomasset N, Solberg H, Pyke C, Bissell MJ, Dano K,
Werb Z: Two distinct phases of apoptosis in mammary gland
involution: proteinase-independent and -dependent pathways.
Development 1996, 122:181–193.

21. Watson CJ, Kreuzaler PA: Remodeling mechanisms of the mammary gland
during involution. Int J Dev Biol 2011, 55:757–762.

22. Schedin P, Strange R, Mitrenga T, Wolfe P, Kaeck M: Fibronectin fragments
induce MMP activity in mouse mammary epithelial cells: evidence for a
role in mammary tissue remodeling. J Cell Sci 2000, 113:795–806.

23. Stein T, Morris JS, Davies CR, Weber-Hall SJ, Duffy MA, Heath VJ, Bell AK,
Ferrier RK, Sandilands GP, Gusterson BA: Involution of the mouse mammary
gland is associated with an immune cascade and an acute-phase response,
involving LBP, CD14 and STAT3. Breast Cancer Res 2004, 6:R75–R91.

24. Clarkson RW, Wayland MT, Lee J, Freeman T, Watson CJ: Gene expression
profiling of mammary gland development reveals putative roles for
death receptors and immune mediators in post-lactational regression.
Breast Cancer Res 2004, 6:R92–R109.

25. Schedin P, O'Brien J, Rudolph M, Stein T, Borges V: Microenvironment of
the involuting mammary gland mediates mammary cancer progression.
J Mammary Gland Biol Neoplasia 2007, 12:71–82.

26. Stein T, Salomonis N, Nuyten DS, van de Vijver MJ, Gusterson BA: A mouse
mammary gland involution mRNA signature identifies biological
pathways potentially associated with breast cancer metastasis. J Mammary
Gland Biol Neoplasia 2009, 14:99–116.

27. Schedin P, Keely PJ: Mammary gland ECM remodeling, stiffness, and
mechanosignaling in normal development and tumor progression. Cold
Spring Harb Perspect Biol 2011, 3:a003228.

28. O'Brien J, Schedin P: Macrophages in breast cancer: do involution
macrophages account for the poor prognosis of pregnancy-associated
breast cancer? J Mammary Gland Biol Neoplasia 2009, 14:145–157.

29. O'Brien J, Hansen K, Barkan D, Green J, Schedin P: Non-steroidal anti-inflammatory
drugs target the pro-tumorigenic extracellular matrix of the postpartum
mammary gland. Int J Dev Biol 2011, 55:745–755.

30. Coussens LM, Werb Z: Inflammation and cancer. Nature 2002, 420:860–867.
31. Provenzano PP, Inman DR, Eliceiri KW, Knittel JG, Yan L, Rueden CT, White JG,

Keely PJ: Collagen density promotes mammary tumor initiation and
progression. BMC Med 2008, 6:11.

32. Condeelis J, Pollard JW: Macrophages: obligate partners for tumor cell
migration, invasion, and metastasis. Cell 2006, 124:263–266.

33. Lin EY, Li JF, Gnatovskiy L, Deng Y, Zhu L, Grzesik DA, Qian H, Xue XN,
Pollard JW: Macrophages regulate the angiogenic switch in a mouse
model of breast cancer. Cancer Res 2006, 66:11238–11246.

34. Conklin MW, Eickhoff JC, Riching KM, Pehlke CA, Eliceiri KW, Provenzano PP,
Friedl A, Keely PJ: Aligned collagen is a prognostic signature for survival
in human breast carcinoma. Am J Pathol 2011, 178:1221–1232.

35. Zhang Y, Cheng S, Zhang M, Zhen L, Pang D, Zhang Q, Li Z: High-infiltration
of tumor-associated macrophages predicts unfavorable clinical outcome
for node-negative breast cancer. PLoS One 2013, 8:e76147.

36. Lyons TR, Schedin PJ, Borges VF: Pregnancy and breast cancer: when they
collide. J Mammary Gland Biol Neoplasia 2009, 14:87–98.

37. Martinson HA, Lyons TR, Giles ED, Borges VF, Schedin P: Developmental
windows of breast cancer risk provide opportunities for targeted
chemoprevention. Exp Cell Res 2013, 319:1671–1678.

38. Yang XR, Figueroa JD, Falk RT, Zhang H, Pfeiffer RM, Hewitt SM, Lissowska J,
Peplonska B, Brinton L, Garcia-Closas M, Sherman ME: Analysis of terminal
duct lobular unit (TDLU) involution in luminal A and basal breast cancers.
Breast Cancer Res 2012, 14:R64.

39. Russo J, Russo IH: Development of the human breast. Maturitas 2004,
49:2–15.

40. Milanese TR, Hartmann LC, Sellers TA, Frost MH, Vierkant RA, Maloney SD,
Pankratz VS, Degnim AC, Vachon CM, Reynolds CA, Thompson RA, Melton



Jindal et al. Breast Cancer Research 2014, 16:R31 Page 14 of 14
http://breast-cancer-research.com/content/16/2/R31
LJ 3rd, Goode EL, Visscher DW: Age-related lobular involution and risk of
breast cancer. J Natl Cancer Inst 2006, 98:1600–1607.

41. Rasband WS: ImageJ, U. S. National Institutes of Health. Bethesda, MD, USA.
http://imagej.nih.gov/ij/, 1997-2014.

42. Hermiston ML, Xu Z, Weiss A: CD45: a critical regulator of signaling
thresholds in immune cells. Annu Rev Immunol 2003, 21:107–137.

43. Robinson BD, Sica GL, Liu YF, Rohan TE, Gertler FB, Condeelis JS, Jones JG:
Tumor microenvironment of metastasis in human breast carcinoma: a
potential prognostic marker linked to hematogenous dissemination.
Clin Cancer Res 2009, 15:2433–2441.

44. Hovey RC, Trott JF: Morphogenesis of mammary gland development.
Adv Exp Med Biol 2004, 554:219–228.

45. Misra Y, Bentley PA, Bond JP, Tighe S, Hunter T, Zhao FQ: Mammary gland
morphological and gene expression changes underlying pregnancy
protection of breast cancer tumorigenesis. Physiol Genomics 2012, 44:76–88.

46. Russo J, Russo IH: Toward a physiological approach to breast cancer
prevention. Cancer Epidemiol Biomarkers Prev 1994, 3:353–364.

47. Russo IH, Russo J: Pregnancy-induced changes in breast cancer risk. J Mammary
Gland Biol Neoplasia 2011, 16:221–233.

48. Watson CJ: Involution: apoptosis and tissue remodelling that convert the
mammary gland from milk factory to a quiescent organ. Breast Cancer
Res 2006, 8:203.

49. Schafer M, Werner S: Cancer as an overhealing wound: an old hypothesis
revisited. Nat Rev Mol Cell Biol 2008, 9:628–638.

50. Bingle L, Brown NJ, Lewis CE: The role of tumour-associated macrophages
in tumour progression: implications for new anticancer therapies. J Pathol
2002, 196:254–265.

51. Walker NI, Bennett RE, Kerr JF: Cell death by apoptosis during involution
of the lactating breast in mice and rats. Am J Anat 1989, 185:19–32.

52. Wang W, Wyckoff JB, Frohlich VC, Oleynikov Y, Huttelmaier S, Zavadil J,
Cermak L, Bottinger EP, Singer RH, White JG, Segall JE, Condeelis JS: Single
cell behavior in metastatic primary mammary tumors correlated with
gene expression patterns revealed by molecular profiling. Cancer Res
2002, 62:6278–6288.

53. Asztalos S, Gann PH, Hayes MK, Nonn L, Beam CA, Dai Y, Wiley EL, Tonetti
DA: Gene expression patterns in the human breast after pregnancy.
Cancer Prev Res (Phila) 2010, 3:301–311.

54. Russo J, Balogh GA, Heulings R, Mailo DA, Moral R, Russo PA, Sheriff F,
Vanegas J, Russo IH: Molecular basis of pregnancy-induced breast cancer
protection. Eur J Cancer Prev 2006, 15:306–342.

55. Vierkant RA, Hartmann LC, Pankratz VS, Anderson SS, Radisky D, Frost MH,
Vachon CM, Ghosh K, Distad TJ, Degnim AC, Reynolds CA: Lobular
involution: localized phenomenon or field effect? Breast Cancer Res Treat
2009, 117:193–196.

56. Degnim AC, Visscher DW, Hoskin TL, Frost MH, Vierkant RA, Vachon CM,
Shane Pankratz V, Radisky DC, Hartmann LC: Histologic findings in normal
breast tissues: comparison to reduction mammaplasty and benign
breast disease tissues. Breast Cancer Res Treat 2012, 133:169–177.

57. Millikan RC, Newman B, Tse CK, Moorman PG, Conway K, Dressler LG, Smith
LV, Labbok MH, Geradts J, Bensen JT, Jackson S, Nyante S, Livasy C, Carey L,
Earp HS, Perou CM: Epidemiology of basal-like breast cancer. Breast
Cancer Res Treat 2008, 109:123–139.

58. Ventura SJ, Abma JC, Mosher WD, Henshaw SK: Estimated pregnancy rates
by outcome for the United States, 1990-2004. Natl Vital Stat Rep 2008,
56:1–25, 28.

59. Martinez ME, Nielson CM, Nagle R, Lopez AM, Kim C, Thompson P: Breast
cancer among Hispanic and non-Hispanic White women in Arizona. J Health
Care Poor Underserved 2007, 18:130–145.

60. Jatoi I, Anderson WF: Qualitative age interactions in breast cancer studies:
a mini-review. Future Oncol 2010, 6:1781–1788.

61. Brinton LA, Sherman ME, Carreon JD, Anderson WF: Recent trends in
breast cancer among younger women in the United States. J Natl Cancer
Inst 2008, 100:1643–1648.

doi:10.1186/bcr3633
Cite this article as: Jindal et al.: Postpartum breast involution reveals
regression of secretory lobules mediated by tissue-remodeling. Breast
Cancer Research 2014 16:R31.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

http://imagej.nih.gov/ij/

	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Study population and reproductive categories
	Histological staining and imaging
	Lobular quantification
	Immunohistochemistry and special staining
	Apoptotic and immune cell quantification
	Statistical analysis

	Results
	Method comparisons for lobule type quantification and baseline breast composition
	Effect of potential technical confounders in assessing breast architecture
	Evidence for postpartum involution
	Histological hallmarks of postpartum involution

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


