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Abstract

While mammaographic breast density is associated with breast cancer risk in humans, there is

no comparable surrogate risk measure in mouse and rat mammary glands following various
environmental exposures. In the current study, mammary glands from mice and rats subjected

to reproductive factors and exposures to environmental chemicals that have been shown to
influence mammary gland development and/or susceptibility to mammary tumors were evaluated
for histologic density by manual and automated digital methods. Digital histological density
detected changes due to hormonal stimuli/reproductive factors (parity), dietary fat, and exposure
to environmental chemicals, such as benzophenone-3 and a combination of perfluorooctanoic acid
and zeranol. Thus, digital analysis of mammary gland density offers a high throughput method
that can provide a highly reproducible means of comparing a measure of histological density
across independent experiments, experimental systems, and laboratories. This methodology holds
promise for the detection of environmental impacts on mammary gland structure in mice and rats
that may be comparable to human breast density, thus potentially allowing comparisons between
rodent models and human breast cancer studies.
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Introduction

Rodents provide important models to investigate the influence of environmental chemicals
and genetic mechanisms on mammary gland health and disease, and have served as models
for understanding breast cancer risk factors in humans. The mammary glands of rats

and mice are sensitive to the hormonal factors that drive breast development in humans,
and endocrine disrupting chemicals can lead to altered mammary gland development

and susceptibility to tumors [1]. Several methods have been used to quantify the effects

of exposures to exogenous hormones and endocrine disrupting chemicals. Most often,
wholemounts of rodent mammary glands have been used to determine structural features,
such as ductal elongation and branching in pubertal animals. A manual method has used
unbiased stereology to determine the impact of environmental chemicals on epithelial
branching in mammary gland wholemounts [2]. Sholl analysis, originally used to quantify
neuronal patterns, was adapted to quantify branching in whole mounts of rat mammary
glands using ImageJ software [3]. An alternate approach involved using digital images of
mammary glands and circumscribing the ductal regions to estimate the volume of epithelial
and stromal regions (i.e., epithelium-free stroma) as a means to determine the mass of
tissue and relative density of the epithelial area [4]. Although analyses of whole mounts are
effective in evaluating global changes in ductal components, the approach is less sensitive
to alterations in other components of mammary glands and are not easily translated to
evaluation of human breast tissues.

In contrast, tissue sections stained with hematoxylin and eosin (H&E) can be prepared
with tissues from rodent models and human breast tissues, and allow detailed evaluation of
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adipose and stromal components of the mammary gland as well as the ductal epithelium.
Tissue sections are used routinely for histopathology and diagnosis of breast cancer. Women
with premalignant breast lesions, such as atypical ductal hyperplasia and lobular carcinoma
in situ, have relative risks of breast cancer that are ~4-fold greater than do women without
these microscopic areas of histologic density [5,6, reviewed in 7]. Recent work used analysis
of digital images of H&E-stained human breast tissues to quantify changes in epithelial,
stromal, and adipose compartments [8]. This method employed algorithms to assess the
intensity of staining and features that define these compartments to automate scoring.

The digital histologic density scores that were produced were associated with measures of
mammographic breast density. In particular, stromal features had a significant contribution
to mammaographic density and varied in association with several human risk factors [9]. This
raises the question of whether the stromal features of mammary glands in rodent models

of breast cancer are also predictive of risk to develop mammary tumors and whether pre-
neoplastic alterations of the mammary stroma that might support mammary tumorigenesis
can be identified. Digital histologic density provides a tool developed on human breast
tissues that can be used to evaluate rodent mammary tissues and identify cross-species
effects of chemical and hormonal exposures that are related to breast cancer risk.

A variety of reproductive factors and exposures to environmental chemicals have been
shown to influence mammary gland development and/or susceptibility to mammary tumors.
A full-term pregnancy imposes changes in the structure of the human breast that increase the
presence of complex lobular structures indicative of a more differentiated state [reviewed in
10]. This is associated with an overall reduction of breast cancer risk among parous women
[11,12]. Similarly, a full-term pregnancy reduced the incidence of carcinogen-induced
mammary tumors in rats [13,14] and in mice with heterozygous mutations in the 7rp53
gene [15]. Environmental chemicals have also been shown to disrupt endocrine signaling
pathways, altering both the development of the mammary gland as well as modifying the
incidence of mammary tumors [reviewed in 16]. For example, benzophenone-3 (BP-3; also
referred to as oxybenzone), a common ingredient in sunscreens that is prevalent in human
urine samples in the United States [17, reviewed in 18] has been shown to alter mammary
gland development [19,20]. The level of dietary animal fat also alters mammary gland
development [21] and promotes mammary tumorigenesis [22—-25]. A high fat diet interacts
with BP-3 treatment to promote epithelial mammary tumors in 7rp53-nulf mammary
transplants [26]. Perfluorooctanoic acid (PFOA), an environmental chemical commonly used
as a surfactant, affects ovarian function [27], and inhibits mammary gland development

in mice [28-31]. Zeranol, an endocrine disrupting chemical used as an anabolic growth
promoter for meat production and also found in Fusarium contaminated grain, has estrogen
receptor binding activity [reviewed in 31]. Prepubertal treatment of rats with zeranol
negatively affects ovarian structure and function without promoting mammary tumorigenesis
[32].

In the studies reported here, rodent models for mammary tumorigenesis were subjected to
treatments that modify the incidence of mammary tumors in rodents [22—26,33]. The tissues
from mice and rats were then evaluated for histologic density by manual and automated
digital methods. These histologic density methods were successfully applied to both mouse
and rat mammary tissues. Our results suggest that digital histologic density offers a higher
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throughput method to evaluate effects of reproductive factors (e.g., parity), diet (e.g.,
animal fat), and exposures to environmental chemicals (e.g., BP-3, PFOA, zeranol) that
affect susceptibility to mammary tumors. These methods can provide a highly reproducible
means of comparing a measure of histological density across independent experiments,
experimental systems, and laboratories.

2. Methods

The diversity of preclinical models used in environmental studies can make direct
comparison to human studies and between labs challenging, and a method that is robust

and that can be applied across multiple settings has value for improving data integration.
Thus, three rodent model exposed to regimens with known impact on mammary tissue
composition were selected from separate laboratories to develop a robust digital histological
analysis pipeline and are described as follows. For each model, sample sizes of either 5 or 6
were chosen to comprise groups of comparable size.

2.1. Parity and BP-3 in Mice

Six- to 8-week-old female BALB/cMed mice were mated with males and housed in
polysulfone cages with food (LabDiet Chow 5058; LabDiet, St. Louis, MO) and water
provided ad libitum as described [19]. The mice were exposed to either vehicle (tocopherol-
stripped corn oil; n = 5) or BP-3 (oxybenzone, or 2-Hydroxy-4-methoxybenzophenone, CAS
No. 131-57-7; n = 5) throughout pregnancy and lactation (~6 weeks total). A separate group
of age-matched nulliparous females (n = 5) was administered vehicle as well. The corn oil
intake was 1 pl/g body weight/day delivered orally. The dose of BP-3 selected represents the
no-observed adverse-effect level (NOAEL, 3,000 pg/kg/d). After 21 days of lactation, BP-3
treatment ceased, and pups were removed allowing dams to undergo mammary involution.
At 5 weeks postweaning, the parous females and age-matched nulliparous females were
euthanized via CO, inhalation and the 4th inguinal mammary glands were removed and
fixed in neutral-buffered formalin (10 %) overnight, transferred to 70 % ethanol, and then
processed for paraffin embedding. Longitudinal tissue sections (5 um) were stained with
H&E or Masson’s trichrome. Mice were maintained at the University of Massachusetts
Ambherst, Amherst Animal Facility, in temperature- and light-controlled conditions (12

h light, 12 h dark). All experimental procedures were approved by the University of
Massachusetts Institutional Animal Care and Use Committee.

2.2. Dietary Fat and BP-3 in Mice

In order to examine the interaction between dietary fat and BP-3 in mammary tumorigenesis,
a Trp53-nulltransplantation system was used in BALB/c mice. 7rp53-null mammary tissue
provided a measurable rate of tumor incidence [34] in which to observe treatment effects,
while BALB/c mice are obesity resistant [35], allowing dissociation of the effects of dietary
fat in itself from obesity, BALB/c 7rp53+ /- breeding mice were obtained from Dr.

D. Joseph Jerry (University of Massachusetts, Amherst MA), and 77,053-null mice were
generated as described [34]. The female 7rp53-nulftissue donor mice were maintained on
standard laboratory rodent diet (LabDiet 5001; LabDiet, St. Louis, MO) before mammary
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gland collection at eight weeks of age. Wild-type recipient female BALB/c mice were
purchased from Charles River (Portage, MI) at 3 weeks of age.

For experiments assessing the effects of BP-3 and diet, female 7rp53-nul/ transplanted mice
were randomly assigned into four diet groups (see below) and LFD was the control diet for
all statistical comparisons. Food and water were provided ad libitum. Mice were housed in
a standard laboratory housing environment with a 12:12 h light-dark cycle, at 20-24 °C
with 40-50 % relative humidity. All animal experimentation was conducted in accord with
accepted standards of humane animal care under guidelines approved by the All University
Committee on Animal Use and Care at Michigan State University (AUF #07/17-128-00).

Trp53-null transplanted mice were generated as follows. Fragments of donor mammary
epithelium were collected from female BALB/c Trp53-nul/ mice at 8 weeks of age and
transplanted into the cleared inguinal mammary fat pads of 3-week-old female wild type
BALB/c mice as previously described [36,37]. To minimize donor bias from secondary
genetic alterations, mammary duct fragments from 4 donor mice were transplanted to
recipient mice in each diet group in equal distribution. Body weights and food consumption
were monitored weekly. Mice were euthanized at 13 weeks of age prior to the appearance

of lesions or tumors. Inguinal mammary glands were formalin-fixed, paraffin embedded, and
sectioned longitudinally for H&E analysis. Mammary glands that had no epithelium present
were excluded from this analysis.

Low fat diet (LFD) (D11012202; 10 % kcal fat) and high fat diet (HFD) (D11012204; 60

% kcal fat) were purchased from Research Diets (New Brunswick, NJ). For the continuous
LFD (n =5) and HFD (n = 5) groups, the diet was initiated after transplantation at 3 weeks
of age and maintained throughout the studies. For the LFD-HFD (n = 5) group, mice were
initially fed LFD from 3 weeks until 10 weeks of age, and then switched to HFD thereafter.
For the HFD+ BP-3 (n = 5) diet, BP-3 (Spectrum Chemical, New Brunswick, NJ) was
compounded into the diet at 0.75 g/kg chow for pubertal animals (3—10 weeks of age) and
1.5 g/kg chow for adult animals; the difference in BP-3 between the diets for pubertal and
adult animals was intended to compensate for the differences in food consumption and body
weight with age and yielded BP-3 consumption of approximately 70 mg/kg body weight/d.
BP-3 consumption was similar between LFD and HFD, and between pubertal and adult
animals. BP-3 excretion in the urine voided at euthanasia for mice treated with BP-3 ranged
between 1.0 and 6.1 mg/kg body weight with no significant differences between diet. We
selected our dosage to yield levels of BP-3 urine excretion similar to values to observed in

a small human cohort that was exposed to heavy topical application of a BP-3 containing
sunscreen [38], approximately 2.3 mg/kg body weight, assuming an average European adult
body weight of 70.8 kg [39]. Considering the rapid excretion of BP-3 in mice [26], it is
likely that our dosage generates urine excretion on the same order as that observed in heavily
exposed humans. Determination of BP-3 levels in urine was performed by the Division of
Laboratory Sciences of the National Center for Environmental Health, Center for Disease
Control and Prevention (Atlanta, GA), as reported previously [40].

Reprod Toxicol. Author manuscript; available in PMC 2022 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamilton et al. Page 6

2.3. PFOA and zeranol in rats

The potential interaction between PFOA and zeranol, two putative endocrine disrupting
chemicals, was assessed in Sprague Dawley rats because rat mammary gland morphology
and development are relatively similar to those of humans [41] and because Sprague Dawley
rats are highly sensitive to DMBA-induced mammary tumorigenesis [42], which was
studied in experiments that paralleled those presented here. Sprague Dawley rats (Taconic
Biosciences, Inc., Rensselaer, NY) were bred and kept in the Laboratory Animal Facility
at Fox Chase Cancer Center. Animal care and use were conducted according to established
guidelines approved by Fox Chase Cancer Center’s Institutional Animal Care and Use
Committee. At 21 days of age, the female offspring were weaned, housed in polypropylene
cages with water bottles (polycarbonate/BPA free) in a temperature-controlled room (23 —
25 °C) with 12-hour light/dark cycle, and received irradiated AIN-93 G diet (TD.97 184,
Harlan Teklad, Madison, WI) to decrease their exposure to phytoestrogens.

Female rats were administered either sesame oil (control group; n = 6) or a combination of
PFOA and zeranol daily from day 21 to day 42 (Monday through Friday) (n = 6) through
gavage. For the combined treatment, the animals were exposed to a mixture of 0.01 mg/kg
per body weight of PFOA (Sigma-Aldrich, St. Louis, MO; #171 468) and 0.01 mg/kg body
weight of zeranol (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan; #262-1 461)
dissolved in sesame oil (Sigma-Aldrich, #53547).

At day 50, the rats were euthanized, and the 4th and 5th mammary glands were collected,
fixed in 10 % neutral buffered formalin at least for 24 h, then processed and embedded in
paraffin blocks. Longitudinal paraffin sections at 4 um thickness were used for H&E staining
and evaluation.

2.4. Digital histological analysis pipeline

2.4.1. Slide scanning and annotation—Slides were scanned using either Aperio
ScanScope XT or Versa slide scanners (Leica Biosystems), and then stored on Aperio
eSlideManager. Aperio ImageScope was used to perform tissue annotation for all three
datasets. The same pipeline strategy was used whether the slides were stained with H&E or
Masson’s trichrome.

Using the negative annotation pen in Aperio ImageScope and as illustrated in Fig. 1,

slides were manually annotated to exclude scanning or fixation artifacts such as bubbles or
shadows and small regions of tissue that were not relevant to the analysis, such as tissue
folds, large blood vessels or nerves. To account for variation in tissue collection and extent
of tissue present (including variability in the amount of epithelium and fat pad collected), we
used the free-form annotation pen in Aperio ImageScope to manually select analysis area.
To standardize across studies, we restricted analyses to the epithelial tree, excluding any
non-invaded fat pad.

2.4.2. Classifier development and refinement—We utilized two image analysis
platforms to develop classifiers, or computational algorithms, that can classify, partition and
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quantify mammary tissue section area into regions of glass, epithelium, stroma, and adipose
tissue across all studies: Aperio GENIE and Definiens Tissue Studio Composer.

Briefly, for each study, training regions or “classes” representative of glass, epithelium,
stroma, and adipose tissue were manually identified from each set of tissue sections and
designated as training regions using Aperio ImageScope. Within these training regions,
discrete areas of each of the three tissue types and glass were selected using the free-

form annotation tool, designating each tissue type in a separate “annotation layer”. These
regions were used to build the tissue partitioning classifier. Visual inspection of the tissue
partitioning was performed and modifications to the algorithm were made using adjustment
parameters based on tissue characteristics like cell/nuclear size or staining coloration and
intensity. Iterations of these modifications were conducted until study personnel were
satisfied with the accuracy of classification before applying the classification algorithm to all
slides or mammary tissue sections within a study.

Note that classifiers were developed in a two tier approach— we refined first within
GENIE because of its convenient integration with ImageScope. However, when tissue
partitioning using the first platform was unsatisfactory and use of additional adjustment
parameters (cell/nuclear size or staining coloration and intensity) were needed, a second
algorithm was developed and refined using the Definiens platform, which includes more
detailed refinement parameters. Final quantification of tissue type area was performed

on one platform for each study. In addition, each study’s set of slides should be

considered carefully to ensure accurate area measurements. For example, for one study
with a higher frequency of red blood cells (RBCs), a classification for RBCs was

added as a fourth tissue type. Detailed steps on how to annotate tissue and build

a tissue classifier is available within guidelines provided by Aperio Genie (https://cpb-
us-w2.wpmucdn.com/voices.uchicago.edu/dist/1/3053/files/2021/06/MAN-0098-Rev-E.pdf)
and Definiens (https://www.imperial.ac.uk/media/imperial-college/medicine/facilities/film/
Definiens-Developer-User-Guide-XD-2.0.4.pdf).

2.4.3. Data analysis and external validation—Once classifiers were optimized,
tissue analysis was performed according to manufacturer guidelines (see Section 2.4.2), and
raw area estimates for each tissue type and glass were obtained from the program analysis
output, a relative proportion of area for each tissue type was calculated for each mammary
tissue section as follows:

To standardize tissue area across studies, the area of glass was subtracted from the manually
selected analysis area for each tissue compartment. After subtracting non-tissue area within
each section (e. g., glass), the proportion of epithelium, stroma and adipose were calculated
as the area of each tissue type divided by the total tissue area for that specimen. For animals
with two or more serial sections available, an area-weighted average was calculated across
replicates.

External validation was performed by comparing pathologist-derived estimates of tissue
area to the computationally derived estimates. Specifically, a pathologist blinded to the
computational quantification estimated tissue compartment proportions for each dataset.
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Agreement between the two estimates was assessed using Spearman correlation coefficients.
Comparison of treatment groups for all three studies were performed using Welch’s two
sample t-tests or Kruskal Wallis rank sum tests followed by Dunn’s multiple comparison
test, using the Holm method to adjust for multiple comparisons [43-45]. All statistical
analyses were performed in R version 4.0.3.

3. Results

We evaluated the ability of our digital histological analysis pipeline (Fig. 1) to accurately
quantify tissue composition from three rodent mammary gland models across multiple
reproductive windows and following relevant environmental exposures. Digital methods
were compared against manual pathology review as the gold standard. We first investigated
the effect of parity, a known mammary gland modifier [46], on the stromal tissue
compartment of BALB/c mice from H&E- and Masson’s trichrome-stained tissue sections
(Fig. 2a). Stromal compartment quantification was highly concordant between manual
pathology review and digital measurements (rho=0.89, p < 0.0006) (Fig. 2b). Consistent
with manual review [19], stromal percentage quantified from H&E-stained tissue using our
digital algorithm was significantly higher in parous mammary glands than in those from
age-matched nulliparous females (Fig. 2c). Stromal area from Masson’s Trichrome-stained
tissue also showed a similar trend, with a higher proportion of stromal tissue in parous
glands relative to those from nulliparous glands (Fig. 2d). Using our digital algorithm,

we investigated the impact of BP-3 exposure on parity-induced stromal and epithelial
modification. Interestingly, BP-3 exposure reversed the impact of parity on the stroma, as
proportional stromal area was no longer elevated in glands from BP-3-treated parous mice
relative to nulliparous (Fig. 3a). However, the effect of BP-3 was restricted to the stromal
compartment, as epithelial proportional area remained significantly higher in both parous
and parous+BP-3 glands relative to nulliparous glands (Fig. 3b).

Given that HFD has known impacts on the adiposity and development of the mammary
gland [21], we sought to quantify stromal and adipose tissue in both LFD-fed and LFD-
HFD-fed thirteen-week-old post-pubertal, 7r053-null-transplanted BALB/c mice, comparing
digital and manual pathology review (Fig. 4a). The 7rp53-nulltransplant model is an
important environmental carcinogenesis model, and measurements by both our digital
algorithm and manual review were strongly concordant for both stroma and adipose tissue
(stroma rho=0.83, p = 0.0031; adipose tissue rho=0.84, p = 0.0021) (Fig. 4b, 4c). Using our
digital pipeline, we found that LFD-HFD mice had a significantly decreased proportion of
stromal area (Fig. 4d; p 0.0005), with a significantly increased proportion of adipose tissue
area relative to LFD mice (Fig. 4e; p 0.0003). Similar to the impact of LFD-HFD exposure
compared to LFD, BP-3 treatment influenced the impact of HFD on stromal and adipose
tissue compartments, producing a nearly 2-fold reduction in the proportional percentage of
stroma relative to HFD treatment alone, and a 7.5 % decrease relative to LFD mice (Fig. 5a;
p = 0.004). Furthermore, HFD+BP3 treatment produced a 2-fold increase in the proportional
percentage of adipose tissue area relative to HFD treatment alone, and an 8.2 % increase
relative to LFD mice (Fig. 5b; p = 0.008).
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Sprague-Dawley rats are a highly utilized and sensitive model for assessing toxicological
insults in the mammary gland. H&E-stained tissue sections from prepubertally PFOA and
zeranol-treated Sprague-Dawley female rats (Fig. 6a) were quantified. Comparison found
that quantification of epithelial area by digital algorithm and manual pathology review were
strongly correlated (Fig. 6b; rho = 0.83, p < 0.001). Based on the digital algorithm, PFOA
zeranol exposure increased the median mammary gland epithelial area relative to vehicle
controls by 1.4-fold, but these results were not statistically significant (p 0.09) (Fig. 6¢).

A summary of all findings for each study and tissue compartment is available in
Supplemental Table 1.

4. DISCUSSION

Mammographic breast density is among the strongest predictors of breast cancer risk

[47]. Therefore, mammographic breast density provides a valuable tool to capture dynamic
changes within breast tissue associated with risk of breast cancer. Mammographic density
represents fibroglandular density due to both cellular and stromal components within

the tissue. Recently, histologic density was shown to be associated with mammographic
density [9]. In the studies reported herein, we applied digital imaging methodologies to
examine histologic density in three rodent models and to validate their use to compare
histologic mammary density in rodent models. Validation of digital analyses relied both

on concordance with manual quantitation and concordance with well described biological
effects associated with parity and high fat diet. Digital analysis confirmed an increase in
the proportion of mammary stroma and epithelium as an outcome of parity, and similarly
confirmed an increase in the proportion of mammary adipose tissue with a complementary
decrease in the proportion of mammary stromal tissue with feeding a high saturated fat
diet (HFD) at post-puberty. Digital analysis also showed good consistency between stromal
and fibrous tissue measurements with H&E and Masson’s trichrome, respectively. Thus,
digital histology can be of utility across both staining methods. Furthermore, digital analysis
performed well in both mouse and rat mammary tissues.

It is noteworthy that digital histologic analyses detected changes in mammary gland
structure in response to toxicant exposures. BP-3 elicited a decrease in stromal area with no
change in epithelial area in parous mice. In mice fed a continuous HFD, BP-3 also decreased
the proportion of stroma, but at the same time increased the proportion of adipose tissue.
Treatment of rats with a mixture of PFOA and zeranol elicited a trend toward increased
epithelial area. These findings suggest that digital methodology holds promise for facile
quantitation of relatively subtle toxicological effects in mammary tissue. Furthermore, the
quantitative estimates presented in these preliminary studies could prove useful in power
calculations to justify future rodent studies focused on histologic endpoints.

Differences in preparation protocols across laboratories often lead to significant variability
in staining intensity and tissue analysis area, providing challenges in translating findings
between rodent models and human clinical studies. However, the methods applied through
our digital histological analysis pipeline help mitigate these challenges through careful
selection of areas of analysis and use of appropriate unbiased software. Two digital analytic
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platforms were used in the current studies, Definiens Tissue Studio and Aperio GENIE.
Definiens performed better in the study examining dietary fat exposures, while Aperio
GENIE performed better in the study examining nulliparous versus parous mice. There was
more variability in staining intensity with the former tissue samples, while the latter were a
more uniform set of samples. Aperio GENIE and Definiens are two commonly used tissue
analysis software choices, but it is important to note that other software choices are publicly
available, such as QuPath [48], ImageJ [49] and Fiji [50]. The uniformity of a sample set
may dictate the best platform for analysis. Irrespective of the platform used, our analyses
were comparable in detecting BP-3-related reduction in the proportion of stromal area and
increase in the proportion of adipose tissue area.

While the focus of this study was methodological, the data obtained provide insight into
alterations of rodent mammary structure induced by parity, HFD, BP-3, and PFOA plus
zeranol. Parity induced increased stromal and fibrous tissue components in the mammary
gland. Early parity is known to transiently increase breast cancer risk but confer long-

term protection for human breast cancer [51], while breast density (and fibrous tissue)

is a risk factor [52,53]. This underscores the complexity of age-dependent changes in

the human breast. Thus, it is important to interpret histologic changes relative to key
windows of susceptibility. Future studies should also evaluate whether parity influences

the age-dependent involution of the rodent mammary gland, as this pattern would align with
the early transient increase in risk. The positive association between parity and fibrous tissue
observed here raises the question of whether parity and fibrous tissue will both heighten
risk in rodent models, or whether one or the other will differ in rodent models from human
observations of risk.

Mice with 7rp53-nulf mammary glands fed HFD post-puberty showed increased
proportional area of adipose tissue and decreased proportional area of stromal tissue
compared to mice fed LFD. Similar, although less pronounced, changes were observed in
mice fed continuously with HFD. Zhu et al. [24] showed that a post-pubertal HFD promoted
Trp53-nulfl tumorigenesis. Thus, at least in this dietary model that shows a decreased stromal
compartment with HFD, increased mammary density may not be promotional. Obesity has
been suggested to promote mammary tumorigenesis through increased interstitial fibrosis
with thickening and increased stiffness of the extracellular matrix [54]. Our studies were
carried out in BALB/c mice which are obesity resistant, but perhaps HFD increases
stiffness of the extracellular matrix in the absence of increased thickness. Of course, the
current model may be specific to 7rp53-nul/ tumorigenesis, where Trp53-null epithelium

is embedded in wildtype stromal and adipose tissue, and/or changes in mammary density
caused by diet. It should also be noted that these mice show increased adiposity with
minimal weight gain.

Rats exposed to PFOA plus zeranol in puberty showed a modest trend toward an increased
proportion of epithelial area without alteration of other glandular components demonstrating
the utility of digital analysis in quantitation across all major tissue compartments. When
PFOA plus zeranol-treated rats are subjected to a dimethylbenzanthracene (DMBA)
mammary mutagenesis protocol, both latency of mammary tumors and tumor-free

survival were decreased [33]. This suggests potential impacts on mammary tumorigenesis
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through expansion of the epithelial compartment. Further examination of these important
environmental toxicants in larger populations and across additional life stages will be needed
to fully understand risk associated with PFOA and zeranol exposure.

In both wild-type parous mice and in nulliparous mice with 77p53-null mammary glands
continuously fed HFD, BP-3 exposure reduced the proportional area of the mammary
stroma. In the parous mice, there was no accompanying change in proportional epithelial
area, while, in the mice fed HFD, there was an increased proportion of adipose tissue. The
increase in adipose tissue in mice fed HFD is likely a direct result of the HFD containing
60 % kcal from fat versus the diet of the parous mice containing about 17 % kcal from
fat. Parous mice with BP-3 exposure show modest decreases in tumor latency in a 7rp53-
nulltransplant model of mammary tumorigenesis (Vandenberg and Jerry, unpublished).
While the effects of BP-3 on 7rp53-nul/tumorigenesis were not tested in mice fed HFD
continuously, mice fed post-pubertal HFD and treated with BP-3 showed enhanced 77p53-
nulltumorigenesis compared to mice not treated with BP-3 [26]. The potential role of
decreased stroma in 7rp53-nul/ tumorigenesis needs to be further explored.

In the context of alteration of stroma by a toxicant, in utero DDT exposure has been
correlated with breast cancer risk and increased breast density in daughters [55]. It would be
interesting to use digital histological density in a rodent model to address these same issues,
comparing cancer risk and mammary density with /n utero DDT exposure. Such experiments
might yield insight into the translation of digital histological density across humans and
rodents. Certainly, the relationships between histologic density and cancer risk will require
further investigation.

A strength of our study was the utilization of multiple rodent breast cancer models from
separate laboratories that span different species, exposure windows, and staining methods.
This approach allowed us to demonstrate the utility and robustness of our digital histological
analysis pipeline. However, sample sizes from each study were small, and future work

will be needed to validate the biological relationships observed herein. Our method for
standardizing digital tissue analysis area, which includes both careful tissue selection and
exclusion of non-tissue components, such as glass and artifacts, likely contributed to our
ability to reveal biological relationships despite a small sample size, and may contribute

to more reproducible findings across laboratories. We note that this analysis was done
using software that is not freely available. However, similar approaches are available (e.g.,
QPath, Image J), and others have demonstrated the utility of these programs [48-50].

A limitation of our analysis is that we did not undertake comparison to free software
approaches, and future work should consider the capabilities of any software for a given set
of slides. Nevertheless, the histological analysis pipeline described herein could be used to
better understand the role of various endocrine disrupting chemicals in modulating tissue
composition as a biologically plausible pathway to increased cancer risk.

These digital histological studies identified effects of parity, HFD, and BP-3 exposure to
reduce the proportion of stromal area in the murine mammary gland. Chollet-Hinton et al.
[9] found that stroma is a strong modifier of the effects of aging on epithelial involution in
the human breast. The robust effects of multiple factors on murine mammary stroma suggest
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that such models may be useful in understanding the role of stroma in modulating the
epithelial compartment in both healthy and cancerous mammary glands. The environment-
mediated alterations in mammary stroma evident in these studies suggests that histology
merits future focus in mammary gland biology, ideally through a variety of rodent models
and with well-powered sample sizes. Digital histologic methods allow comparison across
rodent models and between rodents and humans.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Flowchart of digital histologic analysis pipeline. Stained slides were first scanned into high-

resolution digital images using a slide scanner and then manually annotated to remove large
artifacts (illustrated by green dotted line). An algorithm was then developed using digital
histology analysis software, such as Definiens and Aperio GENIE, to classify histological
features based on variations in morphology, color, patterns, and texture. To develop the
algorithm, we provided training data by manually selecting regions of interest (e.g., selecting
representative examples of tissue compartments like epithelium, stroma, adipose and glass as
shown above, or in the case of a specialized stain, selecting specific colors as “positive” and
“negative”). Iterative improvements were then made based on these training pixels before
being externally validated against manual quantification by a pathologist. Once validated,
the data was analyzed for the biology of interest. A detailed description of this pipeline is
described in Methods, Section 2.4.
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Fig. 2.
Quantification of stromal tissue in nulliparous and parous mice. (a) Representative images

of H&E and Masson’s Trichrome-stained mammary glands from nulliparous and parous
mice, with overlays of digital tissue segmentation and color deconvolution. (b) Scatterplot
displaying correlation between manual quantification (X-axis) and algorithm quantification
(Y-axis) of percent stroma in tissue from H&E-stained mammary glands (Spearman’s
rho=0.89, p = 0.0006). Regression line and 95 % confidence intervals shown in blue. (c)
Algorithm-based quantification of percent stroma in H&E-stained mammary glands from
nulliparous and parous mice (p = 0.01). (d) Algorithm-based quantification of percent of
stromal tissue in Masson’s Trichrome-stained mammary glands from nulliparous and parous
mice (p = 0.09). Scatterplot p-value and rho determined from a Spearman correlation test.
Boxplot p-values determined from Welch’s t-tests. Nulliparous: N =5, Parous: N = 5; Scale
bar: 100 pm.
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Fig. 3.

Effect of Benzophenone-3 (BP-3) exposure on stromal and epithelial mammary tissue

in parous mice. (a, upper panel) Boxplots displaying algorithm-based quantification of
percent stroma in nulliparous, parous and BP3-treated parous mice (p = 0.017). (a, lower
panel) Table displaying mean percent stroma + standard deviation and change in percent
stroma shown relative to nulliparous (parous: 3.8 %, p = 0.01; parous+BP3: 1.4 %, p

= 0.23). (b, upper panel) Boxplots displaying algorithm-based quantification of percent
epithelium in nulliparous, parous and BP3-treated parous mice (p = 0.008). (b, lower
panel) Table displaying mean percent epithelium * standard deviation and change in percent
epithelium shown relative to nulliparous (parous: 1.9 %, p = 0.01; parous+BP3: 1.2 %, p
= 0.03). P-values determined using the Kruskal-Wallis rank sum test with Dunn’s multiple
comparison test and adjusted using the Holm method. Kruskal-Wallis p-values comparing
all experimental groups are displayed in upper panels; Dunn’s multiple comparison test
p-values displayed within lower panel tables. All boxplots display the median, interquartile
range, minimum and maximum values for each group. Nulliparous: N = 5; Parous: N = 5;

Parous+BP3: N =5.”.
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Page 19

Stroma

p = 0.0005

LFD LFD-HFD

Adipose
p =0.0003

—
—

LFD LFD-HFD

Quantification of stromal and adipose tissue in female 13-week-old post-pubertal 77053-
nulltransplanted mice fed low and high fat diets. (a) Representative images of H&E-stained
mammary glands from mice fed a low fat diet (LFD) or low fat followed by high fat

diet (LFD-HFD), with overlays of digital tissue segmentation. (b-c) Scatterplots displaying
correlation between manual quantification (X-axis) and algorithm quantification (Y-axis) of
(B) percent stroma in tissue (Spearman’s rho=0.83, p = 0.0031), and (c) percent adipose in
tissue (Spearman’s rho=0.84, p = 0.0021). Regression lines and 95 % confidence intervals
shown in blue. (d) Algorithm-based quantification of percent stroma in mammary glands
from LFD and LFD-HFD mice (p = 0.0005). (e) Algorithm-based quantification of percent
adipose tissue in mammary glands from LFD and LFD-HFD mice (p = 0.0003). Scatterplot
p-values and rho determined from Spearman correlation tests. Boxplot p-values determined

from Welch’s t-tests. LFD: N = 5, LFD-HFD: N = 5; Scale bar: 100 um.
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Fig. 5.

Effect of BP-3 exposure on stromal and adipose mammary tissue in high fat diet-fed
female pubertal mice. (a, upper panel) Boxplots displaying algorithm-based quantification
of percent stroma in LFD, HFD, LFD-HFD, and HFD+BP3 treated mice (p = 0.002).
(a, lower panel) Table displaying mean percent stroma + standard deviation and change
in percent stroma shown relative to LFD group (HFD: —4.1 %, p = 0.39; LFD-HFD:
-6.9 %, p = 0.02; HFD+BP3: -7.5 %, p = 0.004). (b, upper panel) Boxplots displaying

algorithm-based quantification of percent adipose in LFD, HFD, LFD-HFD, and HFD+BP3
treated mice (p = 0.004). (b, lower panel) Table displaying mean percent adipose * standard
deviation and change in percent adipose shown relative to LFD group (HFD: 4.3 %, p =0.3;
LFD-HFD: 7.6 %, p = 0.02; HFD+BP3: 8.2 %, p = 0.008). P-values determined using the
Kruskal-Wallis rank sum test with Dunn’s multiple comparison test and adjusted using the
holm method. Kruskal-Wallis p-values comparing all experimental groups are displayed in
upper panels; Dunn’s multiple comparison test p-values displayed within lower panel tables.
All boxplots display the median, interquartile range, minimum and maximum values for

each group. LFD: N =5; HFD: N = 5; LFD-HFD: N = 5; HFD+BP3: N = 5.
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Fig. 6.
Effect of prepubertal PFOA and Zeranol exposure on epithelial mammary tissue in adult

rats. (a) Representative images of H&E-stained mammary glands from PFOA+Zeranol
and vehicle-treated Sprague-Dawley rats, with overlays of digital tissue segmentation. (b)
Scatterplot displaying correlation between manual quantification (X-axis) and algorithm
quantification (Y-axis) of percent epithelium in tissue (spearman’s rho=0.83, p < 0.001).
Regression line and 95 % confidence intervals shown in blue. (c) Algorithm-based
quantification of percent epithelium in mammary glands of PFOA+Zeranol and vehicle-
treated rats (p = 0.09). Scatterplot p-values and rho determined from a Spearman
correlation test. Boxplot p-values determined from Wilcoxon rank sum test. Vehicle: N =
6, PFOA+Zeranol: N = 6; Scale bar: 100 pum.
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