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Research needs
•Collect MG data in parallel with other reproductive and developmental endpoints to assess the relative sensitivity of MG development.
•Continue validation of mammary gland whole mount protocol.
•Assess relationship between MG development, lactation, and carcinogenesis.
•Address lack of information about mammary gland development and differentiation in humans, esp. at puberty.
•Further develop sensitive exposure measures for total steroid hormone (estrogen and progesterone) levels/activity, tissue specific 
endogenous steroid hormone (estrogen and progesterone) levels/activity (liver, ovary, mammary gland), and mammary gland specific 
levels/activity of growth factors that regulate mammary gland development. 
•Improve understanding of available animal models.

Mammary Gland Development as a Sensitive Indicator of Early Life Exposures: 
Recommendations from an Interdisciplinary Workshop
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Findings Majority Opinion Basis Issues/Differences of Opinion
Are the rat and mouse good models?
The current state of knowledge about the onset and progression of 
rodent and human MG development suggests that the rat and 
mouse are reasonable surrogates for normal human breast 
development.  

Similarities in progression of MG development observed 
in normal development studies [3, 31-37].

Some risk assessment/ testing guidelines state that 
animal effects are considered to apply to humans in the 
absence of data to indicate otherwise [38, 39].

Minority opinion: Limited information to fully establish human 
relevance of animal models.

Issues: Even if the underlying progression is similar, the 
underlying mechanisms are not necessarily identical.  

What is the sensitivity of MG effects?
For some agents, in utero exposure leads to MG developmental 
alterations (e.g., altered branching; extent of growth; relative 
proportion of terminal end buds, lobules, and terminal ducts) at 
doses similar to or lower than other developmental and reproductive 
endpoints. Thus, MG developmental endpoints are sensitive 
endpoints of endocrine disruption.  

Although there are few studies where MG data are 
collected in parallel with other reproductive and 
developmental endpoints, MG sensitivity has been 
reported in some studies [2, 3, 6, 8, 10, 11, 19, 30, 40 and 
others].

Minority opinion: We do not know whether MG effects are 
highly sensitive compared with other endpoints of endocrine 
disruption.

Issues: Sensitivity of MG development endpoint will vary 
across agents; target tissue dose is generally not known.

Are MG changes adverse?
These changes in MG development are abnormal and further, could 
be interpreted as adverse because they represent alterations in 
growth and development, and may reflect altered susceptibility to 
carcinogenesis and/or lead to lactation effects.

Altered susceptibility to carcinogenesis and/or lactation 
impairments after MG developmental changes have been 
noted for some chemicals (see table 3).

Altered growth and development is considered adverse by 
EPA Developmental Toxicity Risk Assessment Guidelines 
[39].

Minority opinion: The changes in MG development reported 
after exposure to certain agents raise concern about potential 
adversity and relevance to humans.

Issues: Differing definitions of adversity; adversity as an 
interpretation of data; some discipline-specific views on 
adversity.2. Mammary gland whole mounts allow observation of branching (changes in 

density of branching and longitudinal growth) and changes in relative abundance 
of terminal structures (terminal end buds, lobules, terminal ducts, and alveolar 
buds).  Assessing these endpoints captures the timing of progression of MG 
development, from proliferation to differentiation.

Mammary Gland whole mount comparisons from female offspring of control or TCDD-exposed dams.  Pups exposed to TCDD on gestation day 15 
exhibited stunted progression of epithelium through the fat pad, fewer lateral branches, and delayed lobule formation. Scale bars 1 mm.  [1]

Exposure Periods

Potential Health
Impacts

Gestational/Neonatal
Breast bud 
outgrowth

birth

Peripubertal
Ductal outgrowth 

& TEB differentiation

Pregnancy
LA development 
& milk formation

•Altered developmental
programming (+/-)

•Altered pubertal 
development (+/-)

•Inappropriate gender-
specific characteristics

•Precocious development
•Elongated TEB presence

(delayed development)
•Altered sensitivity to 

carcinogens/xenobiotics

Age

•Affects lactation (milk 
content, ability, length)

•Offspring mortality 
•Altered protective 

effects of pregnancy to
breast cancer risk

1. Mammary gland development occurs over multiple life stages, 
and hormonally-induced disruptions may affect developmental 
progression, function (e.g. lactation) and susceptibility to 
carcinogenesis.

4.  Mammary gland endpoints are 
inadequately assessed in guideline studies.

Mammary gland-related evaluation in guideline toxicology studies

Guideline Study 
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Screening Developmental/Reproduction  G, L X  ~ ~  
Prenatal Developmental Toxicity (structural 
malformations in fetus) 

G   ~ ~  

1-Generation Reproduction (old OECD) G, L X  X X X (tr) 
Extended 1-Generation Reproduction  
(current draft OECD) 

G, L X X X X X 

2-Generation Reproduction  G, L X X X X X (tr) 
NTP Repro. Assess. by Contin. Breeding (RACB) G, L X X X X X (tr) 
Developmental Neurotoxicity  G, L X X ~ ~  
       
US EPA Endocrine Disruptor Screening Program Tier 1       
 Uterotrophic Assay    ~ ~  
 Hershberger Assay   X (a) ~ ~  
 Juvenile/Pubertal Male or Female Assay   X ~ ~  
       
Subacute or Subchronic    X X X (b) 
Chronic  or Carcinogenicity    X X X 

X   Endpoint is assessed
~     General clinical and necropsy observations are required, but are not focused on palpation or 

examination of mammary tissue, and subsequent histopathology of abnormal mammary tissue is not 
required.

(tr) Histopathological assessment of mammary tissue is not recommended unless triggered by the 
observation of gross abnormalities.

(a) Measurements of serum hormone levels (T, LH, FSH) are optional.
(b) Required for OECD/EPA; triggered for NTP

Evaluation of mammary gland structure and function 
in rodent toxicology studies

Direct Structural or Functional Measurements
Clinical observations, palpation

Macroscopic pathology at necropsy

Microscopic pathology

Lactation assessments
•Maternal breast enlargement
•Maternal and pup nursing behavior
•Pup survival and body weight gain 
(surrogate)
•Presence of “milk spot” in pups
•Measurement of milk composition

Measurements of Related Biomarkers
Endocrine-sensitive developmental landmarks

•Anogenital distance
•Nipple retention in males
•Preputial separation
•Vaginal patency

Endocrine-sensitive reproductive evaluation
•Estrous cyclicity

5. Workshop majority opinions on 3 key questions
Consensus was defined as the process of identifying and clarifying areas of agreement and disagreement and the reasons for the viewpoints. The 
discussion centered around three questions.  The majority opinions were captured during the workshop and the statements, issues, and areas of 
disagreement were refined via communication after the workshop. 

Disclaimer:  Views expressed are the authors’ and do not necessarily reflect the views or policies of US EPA or NIEHS. 

3. Many agents, including endogenous hormones, dietary 
components, and EDCs, have been shown to have effects on MG 
development, lactation, and MG tumorigenesis. 
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Abstract
The development of the mammary gland (MG) – particularly, the timing and extent of epithelial growth and ductal 
branching - can be affected after developmental exposure to endocrine disrupting chemicals (EDCs).  Few guideline 
studies for testing chemicals include prenatal or early life dosing and MG endpoints are infrequently assessed. Some 
current toxicity testing protocols evaluate indirect endpoints such as pup weight and nursing behaviors as surrogates 
for altered maternal lactation. MG assessments can include clinical and macroscopic observations, as well as 
comprehensive or triggered histopathology evaluation of mammary tissue. Since there are no standard procedures for 
evaluating MG whole mounts, inclusion of these data in chemical risk assessment could be limited. In addition to a MG 
whole mount round robin evaluation, the Mammary Gland Evaluation and Risk Assessment Workshop was held in Nov. 
2009 to identify areas of agreement among experts about EDC effects on MG development and issues related to the 
use of MG data in risk assessment. A majority of the workshop participants agreed that 1) rodent MG development is a 
reasonable surrogate for human breast development; 2) in some cases MG changes (e.g., altered branching; extent of 
growth; relative proportion of terminal end buds, lobules, and terminal ducts) have been observed at lower doses than 
other endpoints of endocrine disruption; 3) these changes in MG development are abnormal and further, could be 
interpreted as adverse because they represent alterations in growth and development, and may reflect altered 
susceptibility to carcinogenesis and/or lead to lactation effects. Disclaimer:  Views expressed are the authors’ and do 
not necessarily reflect the views or policies of US EPA or NIEHS.

Introduction
The Mammary Gland Evaluation and Risk Assessment Workshop was held 
November 16-17, 2009, in Oakland, CA, to strengthen the evaluation of mammary 
gland development, function, and carcinogenesis effects after early life exposure and 
translate those effects to human health risk.
Goals:

Inform toxicologists, risk assessors, and regulators about:
• mammary gland development in animal models and humans.
• impacts of developmental disruptions on functional effects such as cancer, 
lactation, and puberty.
• study design considerations to facilitate use of MG data in risk assessment.

Develop and publish standard protocols for evaluating effects of early life 
exposures on mammary gland development.
Recommend mammary gland endpoints for toxicology studies.
Identify and prioritize data gaps and future research needs.
Identify areas of agreement regarding the use of MG endpoints in risk 
assessment.

Methods
• Participants: ~ 70 invited international experts from multiple disciplines including 
epidemiologists, toxicologists, risk assessors and regulators.
• Held in conjunction with mammary gland whole mount round robin exercise 
between 7 laboratories (see SOT abstract #2372)
• Presentations on experimental models, human studies, and toxicology
• Consensus-building discussion
• Also see: http://www.silentspring.org/mammary-gland-workshop

Attendees

Timeline of critical exposure periods and potential health impacts. 

Examples of agents with MG effects

(a) Some studies of genistein, estradiol, and some EDCs or dietary constituents show that 
prenatal and neonatal exposure may increase tumors following DMBA or other carcinogen 
challenge. In some studies, pubertal exposure to estrogens may decrease tumors ([15] and 
others).

(b) Preneoplastic lesions reported without DMBA challenge

Altered MG 
development 

MG tumors  
(a) 

Lactation
effects 

  Ethinyl estradiol Y  [2] 
Male MG hyperplasia 

[2]  
 Dietylstilbesterol Y Y [3, 4] Y[5] 

Dioxin or TCDD Y [1, 6] Y [7, 8] Y [6, 9] 
Atrazine Y [10, 11] Y [12] Y [11] 

Bisphenol A Y [13] Y [14-16] (b)  
Nonylphenol/ 

octylphenol Y [17] 
Decrease/pubertal 

[18]  
PFOA Y [19-21] Y [21] Y[19] 
PhIP Y [22] Y [22]  

High fat 
 diet (PUFA) Y [23-25] Y [23-25]  

Genestein,  
 zearalenone, 

 resveritrol Y [2] [26, 27] 

Increase or decrease 
depend on timing of 
genistein exposure 

[26, 28, 29]  
Alcohol Y [30] Y [30]  
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A Multi-Laboratory Round Robin Comparison of Mammary Gland Whole Mounts 
Contributes to Protocol Standardization

The development of the mammary gland (MG) – particularly, the timing and extent of epithelial 
growth and ductal branching - can be affected by prenatal and early postnatal exposure to certain 
endocrine disrupting chemicals, including pharmaceuticals and dietary constituents. These 
developmental effects have been observed in MG whole mounts using varied preparation and 
evaluation techniques.  Thus, current studies of mammary gland development are not always 
comparable and data from whole mounts are often not considered in regulatory risk assessments, in 
part because it is not a standardized endpoint for chemical toxicity testing. In order to improve 
reliability and standardization of MG whole mount assessments, in Nov. 2009, experts from 7 
laboratories in Canada, U.S., and Argentina participated in a round robin evaluation of MG whole 
mounts from mice and rats treated in utero with vehicle and two different chemicals. MGs from 
female offspring at postnatal days (PND) 4, 21, and 45 were evaluated by each laboratory using 
unspecified techniques. Glands were evaluated for alterations in development including the timing 
and extent of growth and branching. All 7 laboratories reported similar findings of significantly 
altered morphology at day 45 for both treatments in mice (rats not evaluated).  For PND 21 MGs, 
5/7 and 6/7 labs reported altered morphology in both rats and mice. There was no consensus on the 
effects in either species on PND 4.  At the conclusion of this exercise, the laboratories reached 
consensus on many aspects of study design and whole mount assessment methods and these 
details contribute to standardizing protocols for MG whole mount preparation and evaluation. With 
further validation, this assay could be added to existing chemical testing protocols or those under 
development at EPA and OECD. Research needs were also identified by the participating experts. 
Disclaimer: The views expressed are those of the authors and do not necessarily reflect the views or 
policies of NIEHS. 

Methods

Discussion

References

A. Animals
1. 25 time-pregnant CD-1 mice (Charles River) 
2. 25 time-pregnant Long Evans hooded rats (Charles River)
3. All litters (mice and rats) equalized to 10 pups at birth, after 

pooling by treatment – 5 to 7 females per litter
4. All animals had NIH-31 chow and water ad libitum, 12 hr light 

cycle, autoclaved white paper bedding and nesting materials
B. Treatments

1. MICE: Vehicle, Treatment A and B  gavage dosed starting on 
GD9

2. RATS: Vehicle, Treatment A and B by gavage dosing starting 
on GD13

3. Both species, 8-9 dams/ treatment groups
• Collected body weight, trunk blood, and mammary glands (4 and 5 

from both sides of the animal) from females on PNDs 4, 21, and 45
• No VO or smears, but serum is stored at -80o C
• Mammary glands were mounted onto charged slides, covered with 

Parafilm, a second slide and an inverted 50 ml conical tube filled 
with water. Sat for 45 min to 1.5 hr.

• Mounted slides fixed in Carnoy’s (ethanol, chloroform, and glacial 
acetic acid; 6:3:1), rinsed in water, Carmine’s stain for 24-48 hr, 
and increasing alcohols. Cleared in xylenes and permanently 
mounted under Permount.  Dried for 2-4 weeks before transit. 

• Seven laboratories reviewed the slides blind to treatment status. 
No uniform methodology was established prior to the exercise.

Russo and Russo, 1978, J Natl Cancer Inst 61:1451-1459

Protocol -- Areas of agreement
• Sample size - single randomly selected pups from n=10-12 litters will produce the 

data needed to detect differences
• Litter size must be equalized at birth or soon after, keeping both male and female 

pups in the litter.
• Body weight of the animal should be measured just prior to the time of necropsy. 
• PND 45 was identified as the optimal time for whole mount assessment in this 

evaluation.  Other useful time points include PND 4, 21,and 90, and age at VO.
• The 4th and 5th mammary glands of the mouse and rat are the most easily 

accessible and reliable indicators of mammary developmental toxicants. 
• Histopathology is suggested in frontal plane orientation so the gland profile is 

comparable to the mammary whole mount.
• Timing of VO should be assessed, as well as estrous status at necropsy.
• Use of digital images is recommended
• The definition of terminal end buds in rats is teardrop-shaped ductal end 

structures that are 100 mm or greater in diameter between birth and about 100 
days after birth.  In mice, the structure would measure 0.03 mm2 or larger.

• The following parameters/end points should be measured (quantitatively) in both 
rat and mouse mammary gland whole mounts:
• Ratio of terminal end buds to other end types present. 
• Distance of epithelial outgrowth from the nipple toward the lymph node.
• Distance from the lymph node to the end of longest extended duct.

• For mouse only:
• Visually assess the relative amount of side branching, presence of 

lobules/alveoli, and duct thickness.
• Digitally assess branching density on both sides of the lymph node because 

duct branching density is asymmetric and known to be greater closer to the 
nipple. 

• For rat only: 
• Visually assess budding, duct width, and differentiation from the lymph node 

to the outer edges.
• Digitally assess the density in Area C if possible (outer 5 mm margin of the 

gland)

Protocol – Areas for continued discussion
• Use of inbred vs. outbred strains
• Assessment of phytoestrogen content of chow and laboratory contamination from 

test compound
• Measurement of internal dose
• Methods for removing mammary glands and for fixing, staining, and clearing

Abstract Conclusions
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Results

The development of the mammary gland (MG) – particularly, the timing 
and extent of epithelial growth and ductal branching - can be affected by 
prenatal and early postnatal exposure to certain endocrine disrupting 
chemicals, including pharmaceuticals and dietary constituents. 
These developmental effects have been observed in MG whole mounts 
using varied preparation and evaluation techniques.  Thus, current studies 
of mammary gland development are not always comparable and data from 
whole mounts are often not considered in regulatory risk assessments, in 
part because it is not a standardized endpoint for chemical toxicity testing.
In order to improve reliability and standardization of MG whole mount 
assessments, in Nov. 2009, experts from 7 laboratories in Canada, U.S., 
and Argentina participated in a round robin evaluation of MG whole mounts 
from mice and rats treated in utero with vehicle and two different 
chemicals.
A meeting of the participating laboratories was conducted in conjunction 
with an interdisciplinary workshop:  Mammary Gland Evaluation and Risk 
Assessment, November 16-17, 2009, in Oakland, CA (see also SOT 2010 
abstract #2404).

There was good agreement between the 7 laboratories on whether MG development had been 
altered from the two treatments. All 7 laboratories reported similar findings of significantly altered MG 
morphology at PND 45 for both treatments in mice (rats not evaluated), and a majority of labs (5/7 and 
6/7) reported altered morphology in rats and mice at PND 21.
At the conclusion of the exercise, laboratories reached consensus on many aspects of study design and 
whole mount assessment methods. They also unanimously agreed:
1. Mammary gland whole mount preparations should be routinely incorporated into test protocols that 
include in utero or early life exposures in order to determine potential effects of chemicals on early life 
mammary gland development. They further noted that histopathology alone was not suitable for detecting 
altered mammary gland morphology, but could be useful in conjunction with whole mounts.
2. Mammary gland alterations they had observed were developmentally abnormal and are of concern. 
These changes could suggest:

• An increased potential to develop intraductal hyperplasia, ductal bridging, or other preneoplastic 
conditions often present by 90 d of age.

• Altered potential for spontaneous tumor development.
• Altered susceptibility to chemical carcinogens or another exogenous insult (a second “hit”).
• Potential for functional abnormality (inadequate lactation).
• Indication that endocrine disruption has occurred (other tissues should be evaluated for effects). 

With further validation, mammary gland whole mount assessment could be added to existing chemical 
testing protocols or those under development at EPA and OECD, including:

• OECD extended one generation developmental reproductive study
• EPA Endocrine Disruptor Screening Protocol male and female pubertal
• NTP Reproductive Assessment by Continuous Breeding

A standardized protocol is being developed at NTP/NCTR and will be published shortly
Recent experimental work suggests male MG development is sensitive to estrogens and so both male 
and female MG should be examined
Another round robin exercise is being considered
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Measurement of epithelial outgrowth:
• Average distance to several end points
• Draw an imaginary perpendicular line at 

the growing edge of the MG and measure 
distance to the lymph node 

• At the time of VO, measure distance 
between glands #4 and #5 to assess 
stage-specific growth. Grown together in 
rat by PND 45

The structures counted are localized in the 
area indicated in red called Zone C (Russo 
et al., 1978).

TEB

AB

TD Lob1
TEB, TD, AB and Lob1 are counted in 
each slide.

Budding and Developmental Pace:
•Lateral (LB) and alveolar (AB) 
budding important in the rat
•Budding is a precursor to branching 
and indication of stage of 
differentiation
•Visually assess slides over time to 
compare the developmental pace of 
growth and differentiation.

TEB

LB

AB

All seven laboratories reported statistically significant altered mammary gland morphology from two 
different treatments at PND 45 in mice (rats not evaluated at PND 45).  The majority of the 
laboratories also reported abnormal development in rats and mice from both treatments at PND 21. 
Findings at PND 4 were generally consistent with no effect for Treatment B and mixed for 
Treatment A in both rats and mice.
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Results of whole mount analysis by 7 laboratories
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/      Not Altered        /     Significantly Altered

Disclaimer:  Views expressed are the authors’ and do not necessarily reflect the views or policies of NIEHS. 
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