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Key Lessons from Performance of the U.S. EPA
Endocrine Disruptor Screening Program (EDSP) Tier 1

Male and Female Pubertal Assays
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The male and female pubertal assays, which are included in the U.S. Environmental Protection Agency’s (EPA) Endocrine
Disruptor Screening Program (EDSP) Tier 1 battery, can detect endocrine-active compounds operating by various modes
of action. This article uses the collective experience of three laboratories to provide information on pubertal assay con-
duct, interlaboratory reproducibility, endpoint redundancy, and data interpretation. The various criteria used to select the
maximum tolerated dose are described. A comparison of historical control data across laboratories confirmed reasonably
good interlaboratory reproducibility. With a reliance on apical endpoints, interpretation of pubertal assay effects as specif-
ically endocrine-mediated or secondary to other systemic effects can be problematic and mode of action may be difficult
to discern. Across 21–23 data sets, relative liver weight, a nonspecific endocrine endpoint, was the most commonly af-
fected endpoint in male and female assays. For endocrine endpoints, patterns of effects were generally seen; rarely was an
endocrine-sensitive endpoint affected in isolation. In males, most frequently missed EPA-established performance criteria
included mean weights for kidney and thyroid, and the coefficient of variation for age and body weight at preputial sep-
aration, seminal vesicle weight, and final body weight. In females, the frequently missed EPA-established performance
criteria included mean adrenal weight and mean age at vaginal opening. To ensure specificity for endocrine effects, the
pubertal assays should be interpreted using a weight-of-evidence approach as part of the entire EDSP battery. Based on
the frequency with which certain performance criteria were missed, an EPA review of these criteria is warranted. Birth
Defects Res (Part B) 101:43–62, 2014. C© 2014 The Authors. Birth Defects Research (Part B) published by Wiley Periodicals, Inc.
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INTRODUCTION
Responding to concerns that man-made chemicals

found in the environment may have the potential to
impact endocrine function in humans and/or wildlife,
Congress mandated that the United States Environmental
Protection Agency (U.S. EPA) develop an Endocrine Dis-
ruptor Screening Program (EDSP). The EDSP, which was
launched in 2009, consists of two tiers of assays and tests
to examine potential endocrine activity.

Tier 1 is composed of a screening battery of 11 in vitro
and in vivo assays collectively designed to identify sub-
stances that have potential to interact with components of
the estrogen, androgen, and thyroid hormone signaling
pathways (U.S. EPA, 2011a). Results of EDSP Tier 1, along
with other scientifically relevant information that may al-
ready be available for a particular compound, are used
in a weight-of-evidence (WoE) determination of a sub-
stance’s potential to interact with these systems, and will

be used to trigger specific Tier 2 tests if warranted by ex-
perimental findings. EDSP Tier 2 evaluates dose–response
relationships and identifies adverse effects in studies of
longer duration and increased complexity, which will
form the basis for risk assessments on these compounds
(U.S. EPA, 2011a).

The male and female pubertal assays are included
as part of the Tier 1 battery and are designed to detect
endocrine-active compounds that operate through a vari-
ety of modes of action (MoAs), including potential estro-
genic/antiestrogenic effects (primarily the female assay),
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Fig. 1. Study design for the male and female pubertal assays. BW, body weight; VO, vaginal opening; PPS, preputial separation.

androgen/antiandrogen effects (primarily the male as-
say), modulation of steroid biosynthesis, alterations in the
hypothalamic–pituitary–gonadal axis, and thyroid per-
turbations.

To conduct the male and female pubertal assays (Fig. 1),
male or female weanling rats are randomly assigned to
treatment groups in a manner that yields similar mean
body weights and variances across groups; littermates
are not assigned to the same dose group. Rats are ex-
posed to the test compound by oral gavage from post-
natal day (PND) 23–53 (males) or 22–42 (females). Begin-
ning on PND 30 (males) or PND 22 (females), animals are
evaluated daily for puberty onset, which is indicated by
preputial separation (PPS) in the males and vaginal open-
ing in the females. When puberty onset is achieved, the
animal’s age and body weight are recorded. Once vagi-
nal opening is complete, daily vaginal smears are col-
lected to monitor age at first estrus and to evaluate the
pattern and regularity of the estrous cycle. Males and fe-
males are necropsied on PND 53 and 42, respectively. A
terminal blood sample is collected for clinical chemistry
and serum hormone analyses (thyroid-stimulating hor-
mone (TSH) and thyroxine (T4) in both the males and fe-
males and testosterone in the males). The liver, kidneys,
adrenals, pituitary, and thyroid are weighed in both sexes.
Other organ weights include ovaries and uterus (with and
without fluid) in the females, and testes, epididymides,
ventral prostate, dorsolateral prostate, seminal vesicles
with coagulating glands (with and without fluid), and le-
vator ani-bulbocavernosus (LABC) muscles in the males.
Tissues examined histopathologically include the ovary,
uterus, kidney, and thyroid for the females, and the testis,
epididymis, kidney, and thyroid for the males. Test guide-
lines are available that describe the conduct, interpreta-
tion, and performance specifications for these assays (U.S.
EPA, 2009a, 2009b).

The purpose of the current report is to evaluate the
EDSP Tier 1 male and female pubertal assays based on
the authors’ experiences in fulfilling EPA-mandated en-

docrine screening under EDSP. The initial EDSP prioriti-
zation list for screening (EDSP List 1) was announced in
2009 with a list of 67 compounds, and test orders were
subsequently issued starting in October 2009. Registrants
or manufacturers provided EDSP Tier 1 screening data for
52 compounds. The current report presents experiences
from three laboratories, which have conducted approxi-
mately 40% of the EDSP List 1 test orders. The objective
of this article is to provide information on assay conduct
based on the collective experiences of three laboratories,
data on interlaboratory reproducibility and endpoint re-
dundancy, and factors to consider when interpreting male
and female pubertal assay data.

Assay Conduct: Implementation
Before initiating the male and female pubertal assays,

some capability development may be needed within the
test facility. While many of the endpoints are included in
other study types, hormone measurements (T4, TSH, and
testosterone) are new regulatory requirements that have
been included in the pubertal assays. Laboratories may
choose to develop these methods in-house or serum sam-
ples can be sent to a contract research organization for
hormone measurements. Laboratories also are required to
develop and use a five-point thyroid histopathology scor-
ing system, which uses a graded scale for both follicular
cell height and colloid amount (U.S. EPA 2009a, 2009b).

Assay Conduct: Experimental Conditions
Specific conditions for animal husbandry as required

by the test guidelines for the male and female pubertal
assays are unique to the new endocrine test guidelines.
While low phytoestrogen diet is not specifically required
for the pubertal assays, the test guidelines require that
the genistein-equivalent content of the diet must be less
than or equal to 300 ppm. Many standard laboratory diets
exceed the 300 ppm genistein-equivalent limit, at least in
some feed lots. If a “low phytoestrogen” diet is not used
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for the pubertal assays, laboratories are encouraged to an-
alyze each lot of diet for phytoestrogen content to ensure
compliance with the 300 ppm genistein-equivalent re-
quirement. In addition, tap water is not acceptable for the
pubertal assays according to the test guidelines. Deion-
ized drinking water is required and must not be admin-
istered using polycarbonate water supply equipment due
to concerns about variability in water quality (e.g., possi-
ble presence of disinfection byproducts, perchlorate, etc.)
that were expressed by the Endocrine Disruptor Methods
Validation Subcommittee (U.S. EPA, 2011b).

The test guidelines state that corn cob bedding should
not be used due to its potential to disrupt endocrine
activity (Markaverich et al., 2002). Instead, heat-treated
laboratory-grade wood shavings other than cedar are the
recommended bedding. Cedar bedding has been reported
to result in high rat pup mortality (Burkhart and Robin-
son, 1978). One of the authors of this article had similar
issues with high pup mortality when using heat-treated
pine shavings as bedding for two pubertal assays. For one
of these assays, pup survival was low enough that the
start of the study needed to be delayed to purchase ad-
ditional time-mated animals. However, when hardwood
bedding (Aspen bedding) was used, pup survival was
high. Therefore, in addition to the bedding limitations
specified in the test guideline, the authors recommend
avoiding the use of pine bedding. The test guidelines also
advocate the use of clear plastic containers for animal
housing, but suitable housing that meets the criteria spec-
ified in the Guidelines for the Care and Use of Laboratory An-
imals for co-housing animals of that age/size is appropri-
ate.

Some methodological changes to the test guidelines
have been approved by the U.S. EPA (2011b), including
the use of 12-hr light:12-hr dark cycle (instead of the 14-hr
light:10-hr dark cycle given in the test guidelines) and the
option to use the most appropriate gavage needle size for
the size of animal being dosed (vs. the specification in the
EPA test guideline of an 18 gauge gavage needle, 1 to 11/2
inch length with a 2.25 mm ball). Laboratories also are ad-
vised to review test guideline requirements for anesthesia
and necropsy procedures. The U.S. EPA has approved the
use of isoflurane for necropsy anesthesia and other forms
of blood collection aside from decapitation are acceptable
(e.g., aortal exsanguination or other methods that yields
sufficient blood volume). Fixed pituitary weights, rather
than fresh weights, may be reported.

Assay Conduct: Use of Litters for Animal
Selection for the Pubertal Assays

The pubertal assay test guidelines require that test ani-
mals must be born in-house to avoid shipping stress dur-
ing late gestation and lactation. Most laboratories per-
forming the pubertal assay will not breed females in-
house but will instead use females bred at the animal
supplier (time-mated). According to the test guidelines, if
time-mated females are used, then all dams should arrive
on the same gestation day. The guidelines also require the
offspring to be necropsied on PND 42 (females) or PND
53 (males) between 0900 and 1300 hr. To comply with the
time of necropsy, laboratories are permitted to schedule
necropsies so that animals are necropsied over 2 days (i.e.,

one half of the females are necropsied on PND 42 and one
half of the females are necropsied on PND 43 (or PND 53
and 54 for the males)). A practical alternative approach is
to divide the animals based upon the pup’s date of birth
as a group of dams with the same day of breeding will
not deliver all offspring on the same day. Thus, pups born
on either gestation day 21 or 22 could be used for study,
with all animals necropsied on either PND 42 (females)
or PND 53 (males); necropsies will be divided over 2 days
based on the pups’ dates of birth. This latter approach also
may be more manageable for laboratories, given the time
limits for sample collection and the number of endpoints
measured in these assays.

The current design requiring the use of pregnant fe-
males increases the number of animals needed for puber-
tal assays. For example, using the current design (control
and two dose groups; 15 animals/group = 45 animals
with no littermates assigned to the same dose group),
then a minimum of 15 litters are needed (assuming three
pups/sex/litter, one pup can be assigned to each dose
group in a male and female pubertal assay). Assuming
an average of 14 pups/litter (CD rats), this could total
162 animals that are not used in the study (18 adults +8
pups/litter × 18 litters, if three extra dams are ordered to
allow for differences in delivery dates and any nonpreg-
nant females). Given the study design requirements, the
optimal use of animals is achieved when a male and fe-
male pubertal assay can be conducted concurrently. If the
pubertal assays must be conducted separately, the num-
ber of animals not used in the study could increase to 207.
Thus, careful planning is warranted to ensure the success-
ful conduct of each pubertal assay when it is initiated to
minimize animal usage.

To improve animal use, consider whether weanling rats
not assigned to pubertal assays could be used for dose
range-finding studies for other compounds on the prior-
ity list for endocrine screening. Alternatively, extra female
rats could be assigned to a uterotrophic assay if dosing is
initiated no later than PND 22 (per the Organisation for
Economic Co-Operation and Development (OECD) test
guideline 440, dosing must be completed before PND 25;
OECD, 2007). A further option is to consider using an ad-
ditional dose group (three test compound groups plus a
control group) for the pubertal assay. While not required
by the guidelines, the additional dose group can be help-
ful in identifying a maximum tolerated dose (MTD).

Assay Conduct: Dose Selection and Number of
Dose Groups

Dose selection is an aspect of the pubertal assays that
can be challenging. The test guideline specifies that the
high-dose level should be set at or just below the MTD,
and provides the following guidance:

(1) The high dose does not exceed the limit dose of
1 g/kg/day.

(2) The high-dose level causes a statistically significant
reduction in terminal body weight gain, the reduc-
tion is no greater than approximately 10% of the mean
terminal body weight for the controls, and there are
no associated clinical signs of toxicity (although the
male pubertal assay test guideline also states that a
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Table 1
Dose-Setting Criteria for Male Rats

Compounda
Range-finder

performed

MTD achieved
(no, yes,

exceeded)
Endpoint that was used to

select dose levels
No. of dose

levelsb

1 Yes Yes Body weight 3
2 Yes No Kidney pathology 3
3 Yes No Clinical signs 3
4 Yes Yes Body weight 3
5 No Yes Cholinesterase inhibition 4
6 Yes Yes Body weight 4
7 Yes Yes Liver weight 3
8 No No Clinical signs 3
9 Yes Yesc Clinical signs 3
10 No Yesd Limit dose (1000 mg/kg) 3
14 Yes Yes Clinical signs/body weight 4
15 Yes Yes Creatinine increases 4
16 Yes Yes Cholinesterase inhibition 4
17 Yes Yes Hepatocellular necrosis 4
18 Yes Yes Body weight 4
19 Yes Yes Body weight 4
20 (assay #1) Yes Exceeded Body weight 4
20 (assay #2) Yes Yes Body weight 4
21 No Yese Cholinesterase inhibition 3
22 No Yese Cholinesterase inhibition 3
23 Yes Yes Clinical signs 3

aTest materials were arbitrarily assigned a “compound number,” which is consistent between this table and Table 2.
bNumber of dose levels evaluated including controls in the male pubertal assay.
cDose levels selected to avoid systemic toxicity that was observed at slightly higher dose levels in previous studies.
dMaximum tolerated dose was achieved since testing was done at limit dose of 1000 mg/kg.
eMaximum tolerated dose selected using read across to previously performed studies.

decrease in terminal body weight gain of approxi-
mately 6% may require additional information/data
for assay interpretation).

(3) The MTD may be exceeded if abnormal blood chem-
istry values are seen at termination (particularly crea-
tinine and blood urea nitrogen (BUN)).

(4) The MTD may be exceeded if histopathology of the
kidney (or any other organ where gross observations
indicate damage) is seen.

The second dose level is set to one half of the high-dose
(MTD) level.

In practice, laboratories relied on numerous criteria
when selecting dose levels for the pubertal assays, in-
cluding liver weight increases, liver histopathology, and
cholinesterase inhibition (Tables 1 and 2). For the studies
performed by the authors, the MTD criteria were usually
the same for the male and female pubertal assays for any
given test compound; however, there were gender differ-
ences in the determining factor for the MTD for two test
compounds (compounds 2 and 6). Aside from the param-
eters identified in the test guidelines, previous toxicity
data on a test compound, possibly coupled with the in-
clusion of additional endpoints in the range-finding study
or pubertal assays, can aid in identification of an appro-
priate MTD criterion to avoid significant systemic toxicity
that can contribute to nonspecific alterations in endocrine-
sensitive endpoints. For example, read-across from pre-
viously performed studies were used to select doses for
two compounds (21 and 22), and an MTD was success-
fully achieved in the pubertal studies.

Although the EPA pubertal assay test guidelines do not
require range-finding studies, for approximately 75% of
the test compounds, laboratories conducted dose range-
finding studies to select dose levels for the pubertal as-
says (Tables 1 and 2; range-finding studies for 15 of 20
compounds in the male pubertal assay and 18 of 23 com-
pounds in the female pubertal assay). One of the difficul-
ties often encountered in setting dose levels was that the
route of exposure from previous studies with the same
compound were different from the required administra-
tion route (oral gavage) for the EDSP test guidelines. If
data were available from previous studies that utilized
oral gavage compound administration, these data were
typically in adult (postpubertal) animals. As a result of
the different toxicokinetics associated with a bolus dose
versus a dose administered by dietary consumption, as
well as potential differences in sensitivity of immature
compared to adult animals, the task of setting dose lev-
els for the pubertal assays can be difficult. Thus, labo-
ratories usually performed range-finding studies, using
gavage dosing and animals of a similar age to those used
in the main study, to increase confidence that the high-
dose level will be at or near the required MTD. With mul-
tiple parameters under consideration, the need to achieve,
but not exceed, an MTD places a considerable burden on
range-finding studies. When range-finding studies iden-
tified dose levels that exceeded the MTD, the pubertal as-
says were conducted at lower dose levels, which some-
times did not meet the MTD criteria in the definitive study
(2 of 21 studies in the male pubertal assay, 1 of 23 stud-
ies in the female pubertal assay). Conversely, in one male
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Table 2
Dose-Setting Criteria for Female Rats

Compounda
Range-finder

performed

MTD achieved
(no, yes,

exceeded)
Endpoint that was used to

select dose levels
No. of dose

levelsb

1 Yes Yes Body weight 3
2 Yes Yes Body weight 3
3 Yes No Clinical signs 3
4 Yes Yes Body weight 3
5 No Yes Cholinesterase inhibition 4
6 Yes Yesc Limit dose (1000 mg/kg) 4
7 Yes Yes Liver weight 3
8 No No Clinical signs 3
9 Yes Yesd Clinical signs 3
10 No Yesd Limit dose (1000 mg/kg) 3
11 Yes Yesd Body weight 4
12 Yes Yes Body weight 5
13 Yes Yes Body weight 3
14 Yes Yesd Clinical signs/body weight 4
15 Yes Yes Creatinine increases 4
16 Yes Yes Cholinesterase inhibition 4
17 Yes Yesd Hepatocellular necrosis 4
18 Yes Yesd Body weight 4
19 Yes Yes Body weight 4
20 Yes Yes Body weight 4
21 No Yese Cholinesterase inhibition 3
22 No Yese Cholinesterase inhibition 3
23 Yes Yes Clinical signs 3

aTest materials were arbitrarily assigned a “compound number,” which is consistent between Table 1 and this table.
bNumber of dose levels evaluated including controls in the female pubertal assay.
cMaximum tolerated dose was achieved since testing was done at limit dose of 1000 mg/kg.
dDose levels selected to avoid systemic toxicity that was observed at slightly higher dose levels in previous studies.
eMaximum tolerated dose selected using read across to previously performed studies.

pubertal assay, the MTD was exceeded despite conduct-
ing a range-finding study, which indicates some variabil-
ity in the responsiveness of juvenile animals across pu-
bertal assays (although it is unclear whether this variabil-
ity was related to the assay, the test compound or both).
While range-finding studies may represent the most pre-
dictive approach for determining dose levels for the main
study, it does add cost, animal use, and additional time
required to perform the pubertal assays.

In a recent endocrine workshop (Juberg et al., 2013),
laboratories acknowledged numerous difficulties encoun-
tered in dose setting for the pubertal assays. With only
two dose levels required by the test guideline, the rami-
fications of over- or underestimating dose concentrations
could result in an invalid study. Several studies we con-
ducted employed three or four test substance dose levels.
When three dose levels (control plus two test substance
groups) were employed for the male pubertal assays, 3
of 11 studies that had three dose levels did not achieve
an MTD, while all 10 studies achieved an MTD when four
dose levels (control plus three test substance groups) were
used (Table 1). Similarly, for the female pubertal assay,
2 of 12 studies that only had three dose levels (control
plus two test substance groups) did not achieve an MTD,
while when four or five dose levels (control plus three or
four test substance groups) were selected, all 11 studies
achieved an MTD (Table 2). In addition, the inclusion of

an additional dose level allows for a better evaluation of
dose–response relationships and ensures there are suffi-
cient groups below the MTD to allow interpretation of
assay results (i.e., if the high dose exceeded the MTD in
a two-dose level study, there is only one dose level from
which data can be evaluated for potential endocrine activ-
ity). While additional dose groups may aid in data inter-
pretation, registrants are cautioned that the addition of ex-
tra dose levels (e.g., three dose levels and a control) makes
pubertal assay data applicable or useable for risk assess-
ment purposes if apical effects are judged to be adverse
by the U.S. EPA (2013).

Assay Conduct: Ovarian Histopathology
In the female pubertal assay test guideline, the ovarian

histopathology text states that “Five random sections (of
ovary) are evaluated using the method of Smith et al.”
The methodology described by Smith et al. (1991) com-
pared ovarian follicle counts collected using different
sectioning/sampling procedures, which raised a question
as to whether ovarian follicle counts were required as part
of the female pubertal assay. Subsequently, there was a
clarification by the EPA (U.S. EPA, 2011b); ovarian follicle
counts are not part of the required endpoints under the
female pubertal test guideline. The Smith et al. (1991) pa-
per was referenced to support the sampling methodology:
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the use of appropriately prepared random sections as op-
posed to serial sections for ovarian histopathology.

Assay Conduct: Statistics
Age and body weight at puberty onset, and all organ

weights are analyzed by analysis of variance (ANOVA)
and analysis of covariance (ANCOVA) using body weight
at PND 21 as the covariate. Because animals are ran-
domized into dose groups based on body weight (while
controlling for litter), adjusting terminal organ weights
for PND 21 body weight makes almost no correction
for body-weight–mediated changes in absolute organ
weights. While the selection of a covariate that is not in-
fluenced by treatment (e.g., body weight at weaning) is
a customary statistical practice, this analysis does not ac-
count for the impact of terminal body weight changes
on organ weight endpoints in the pubertal assays (e.g.,
Laws et al., 2007). Furthermore, the pubertal assay test
guidelines require that data such as age at puberty on-
set and organ weights are analyzed three ways: ANOVA,
ANCOVA, and linear trend analyses. It is unclear from
the EPA pubertal test guidelines how researchers are to
interpret results that are significant using one statistical
method and not significant by an alternate analysis. The
Scientific Advisory Panel in 2008 recommended that the
EPA design new statistics for the pubertal assays that con-
sidered body-weight–mediated effects on organ weights.
This recommendation could greatly improve the inter-
pretability of assay data. However, currently, EPA has not
developed new guidance on statistical analyses for the
pubertal assays.

The rationale for not using terminal body weight when
analyzing pubertal assay data is that endocrine-active
compounds may affect overall body weight gain and ter-
minal body weight. Further discussion is warranted to
determine which endocrine (estrogen, androgen, thyroid)
MoAs affect growth and whether these MoAs can be iden-
tified with other Tier I screening assays, or in the puber-
tal assay despite body weight changes. For example, en-
vironmental estrogens, antiandrogens, and thyroid-active
compounds can decrease the rate of growth; however, the
effects of these compounds would not be mistaken for
systemic toxicity when additional data from the Tier 1
screening assays are evaluated. For example, estrogenic
compounds typically accelerate age at vaginal opening,
which occurs at a lower body weight (e.g., methoxychlor,
ethynyl estradiol, U.S. EPA, 2007a). In addition, results
of the uterotrophic assay would support the interpre-
tation of estrogenicity. Antiandrogens would be identi-
fied in the Hershberger assay, which is designed to be
sensitive to this MoA (O’Connor et al., 1999a). Thyroid-
active agents also would decrease T3 and T4, increase
TSH, increase thyroid weights, and produce characteristic
changes in thyroid histopathology (e.g., propylthiouracil,
DE-71; U.S. EPA, 2007a, 2007b). Thus, while these en-
docrine MoAs can affect growth rate, interpretation of as-
say results would not be confused with systemic toxicity.
Careful consideration should be given to which MoAs de-
crease growth rate, whether systemic toxicity versus en-
docrine MoAs can be differentiated, and the potential for
false positives if body-weight–mediated changes are not
considered during pubertal assay conduct.

ASSAY INTERPRETATION
The male and female pubertal assays underwent a val-

idation program coordinated by the U.S. EPA (2007a,
2007b). For endocrine-active compounds used in the val-
idation program, multiple related endpoints were typi-
cally affected and patterns of effects were reproducible
across laboratories. However, many challenges have been
identified that may impact interpretation of pubertal as-
say data (Borgert et al., 2011a). These challenges include
the reliance of the pubertal assays on apical endpoints,
which may make it difficult to identify the specific en-
docrine MoA or whether effects were due to a primary
endocrine MoA or secondary to systemic toxicity. The pu-
bertal assays examine endocrine endpoints in young an-
imals during a dynamic period when integrated func-
tion of the endocrine system is required; however, the dy-
namic nature of growth and hormone levels during this
period may result in differences due to slight delays in
development. Furthermore, for some endpoints, biologi-
cal variability in pubertal data may be greater due to this
dynamic developmental period. The following sections
are designed to present information on factors to consider
when interpreting pubertal assay data.

Assay Interpretation: Historical Control Data
(HCD)

HCD can be useful when interpreting pubertal assay re-
sults, particularly for more variable endpoints (e.g., ven-
tral prostate weights, serum hormone levels, etc.). For two
laboratories participating in this publication, interlabora-
tory HCD are presented in Table 3 (males) and Table 4
(females). Generally, control values for assay endpoints
were similar across laboratories for both the male and fe-
male pubertal assays, showing reasonably good interlabo-
ratory reproducibility. In the male pubertal assay, the most
variable endpoints included dorsolateral prostate weight,
weight of the seminal vesicles with coagulating glands
(with and without fluid), thyroid weight, creatinine, and
serum concentrations of TSH and testosterone. In the fe-
male pubertal assay, the most variable endpoints included
percent of females regularly cycling, ovarian, thyroid and
pituitary weights, creatinine, and serum TSH concentra-
tions. For some endpoints, the variability across labo-
ratories was quite similar, which may suggest inherent
variability in these endpoints. For other endpoints, inter-
laboratory differences in variability were noted. One con-
tributor to the variability in organ weight measurements
is prosector variability in collecting and trimming organs
before weighing. Therefore, limiting the number of pro-
sectors on a study may reduce organ weight variability,
thereby increasing sensitivity for detecting compound-
related effects for the assay endpoints.

Assay Interpretation: Systemic Toxicity and Body
Weight Effects

Many endpoints included in the pubertal assays can
be altered by changes in rate of growth and/or terminal
body weight, making it difficult to interpret assay data
and discern specific endocrine-mediated effects. There
are some conflicting reports on the sensitivity of puberty
onset to moderate changes in body weight/growth rate
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Table 3
Interlaboratory Control Data for Male Pubertal Assay

Lab #1 Lab #2 Overall values

Endpoint Mean SD CV Mean SD CV Mean SD CV

Age at PPS (days) 44.9 0.79 1.8 44.0 0.80 1.8 44.6 0.90 2.0
Body wt at PPS (g) 220.8 11.80 5.3 207.2 8.24 4.0 215.6 12.35 5.7
Age at incomplete PPS (days) 43.1 0.75 1.7 NA NA NA 43.1 0.75 1.7
BW initial (g) 56.9 3.02 5.3 55.2 2.04 3.7 56.2 2.77 4.9
Final BW (g) 285.9 8.28 2.9 283.4 8.21 2.9 285.0 8.14 2.9
Liver wt (g) 13.4 0.53 4.0 12.7 0.41 3.2 13.1 0.57 4.4
Kidney wt (g) 2.0 0.09 4.5 2.0 0.06 3.0 2.0 0.08 4.0
Pituitary wt (mg) 11.0 0.81 7.4 9.8 0.29 3.0 10.5 0.90 8.6
Adrenal wt (mg) 43.1 3.19 7.4 44.2 2.17 4.9 43.6 2.84 6.5
Ventral prostate wt (mg) 242.2 20.91 8.6 219.1 13.91 6.3 233.4 21.50 9.2
Dorsolateral prostate wt (mg) 117.4 9.46 8.1 166.6 13.60 8.2 136.1 26.81 19.7
Wt SV w/CG with fluid (mg) 645.5 54.96 8.5 495.6 61.12 12.3 588.4 93.17 15.8
Wt SV w/CG without fluid (mg) 406.0 20.20 5.0 259.4 48.82 18.8 347.4 80.88 23.3
LABC wt (mg) 528.4 26.55 5.0 463.7 77.25 16.7 503.8 59.57 11.8
Right epididymis wt (mg) 201.0 10.92 5.4 219.5 10.86 4.9 208.0 14.06 6.8
Left epididymis wt (mg) 196.4 10.06 5.1 214.2 8.68 4.1 203.2 12.85 6.3
Right testis wt (mg) 1444.1 75.78 5.2 1428.8 12.90 0.9 1438.3 59.69 4.2
Left testis wt (mg) 1420.5 65.10 4.6 1419.4 14.89 1.0 1420.1 51.20 3.6
Thyroid wt (mg) 13.6 1.90 14.0 11.8 0.64 5.4 12.9 1.77 13.7
Blood urea nitrogen (BUN) (mg/dl) 14.4 1.49 10.3 14.6 1.19 8.2 14.5 1.36 9.4
Creatinine (mg/dl) 0.1 0.07 70.0 0.2 0.05 25.0 0.15 0.06 40.0
Serum T4 levels (�g/dl) 5.7 0.48 8.4 5.1 0.51 10.0 5.5 0.54 9.8
Serum TSH levels (ng/ml) 10.8 2.56 23.7 8.1 1.34 16.5 9.7 2.53 26.1
Serum T levels (ng/ml) 2.5 0.66 26.4 3.1 0.62 20.0 2.8 0.68 24.3

Lab #1: n = 13; Lab #2: n = 8.
PPS, preputial separation; BW, body weight; wt, weight; SV w/CG, seminal vesicles with coagulating glands; LABC, levator ani-
bulbocavernosus muscles; T, testosterone.

(Table 5). Laws et al. (2007) reported that 20–21% de-
creases in body weight did not significantly affect age at
puberty onset in male or female rats, suggesting age at
puberty onset is insensitive to changes in growth; how-
ever, other studies suggest that age at puberty onset
and body weight function as a continuum (Ashby and
Lefevre, 2000), and body weight alterations of approx-
imately 10–15% could alter puberty onset in male rats
(e.g., Stoker et al., 2000; Marty et al., 2003; Carney et al.,
2004). The differences reported in these publications may
be related to the rate at which the body weight decrement
occurred (i.e., how quickly it occurred and over what
time frame/ages). Regardless of the cause for the differ-
ences in these reports, interpretation of the pubertal onset
data can be confounded by numerous factors including
body weight, and therefore caution must be taken in in-
terpreting statistically significant effects to identify true
endocrine-mediated effects from secondary effects due to
systemic toxicity.

Organ weight measurements also may be affected by
body weight decrements (body weight loss or slower rates
of growth when compared to a control group). Across
feed restriction studies, female organ weights were not al-
tered with a 5% change in terminal body weight; how-
ever, the next level of feed restriction, which produced
a 9% difference in terminal body weight, altered pitu-
itary and kidney weights. The next level of feed restriction
(12% difference in terminal body weight) altered adrenal,
liver, and ovarian weights (Laws et al., 2007). Thus, a body
weight change between 9 and 12% resulted in significant

differences in endocrine-related organ weights in female
peripubertal rats. A 9% change in terminal body weight
also altered the number of 4–5 day estrous cycles (Laws
et al., 2000).

Feed restriction data for select endpoints in the male
pubertal assay also are shown in Table 5. Overall, a 9–
11% decrease in terminal body weight appears to be the
threshold for significant decreases in several endocrine-
sensitive organ weights in male pubertal rats, includ-
ing epididymidal, ventral prostate, and seminal vesicle
weights. Some organ weights, including adrenal, liver,
kidneys, and pituitary, were altered with lower levels
of feed restriction in male rats (≤9% difference in ter-
minal body weight; Laws et al., 2007). There are no
data as to whether the weights of the thyroid gland,
LABC, or seminal vesicles without fluid are influenced
by body weight changes as these organ weights have
not been measured in pubertal assay feed restriction
studies.

Data also indicate that feed-restricted males had a sig-
nificant decrease in serum thyroxine (T4) and TSH levels
with ≥9 and 19% decreases in terminal body weight, re-
spectively (Table 5) (Laws et al., 2007). Despite 10–25% de-
creases in T4 and TSH levels, none of the thyroid-related
hormones were significantly altered in feed-restricted fe-
males at levels that resulted in a 19% decrease in terminal
body weight. Serum testosterone levels were not signifi-
cantly altered in feed-restricted male rats (Table 5).

Across studies, the precise magnitude of body weight
change that results in significant differences in pubertal
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Table 4
Interlaboratory Control Data for Female Pubertal Assay

Lab #1 Lab #2 Overall values

Endpoint Mean SD CV Mean SD CV Mean SD CV

BW initial (g) 51.3 3.20 6.2 49.6 1.29 2.6 50.8 2.84 5.6
Final BW (g) 158.2 8.06 5.1 154.8 3.72 2.4 157.1 7.11 4.5
Age at VO (days) 35.4 0.99 2.8 34.6 1.02 2.9 35.2 1.05 3.0
Age at incomplete VO (days) 34.7 0.91 2.6 NA NA NA 34.7 0.91 2.6
Body wt at VO (g) 123.6 6.63 5.4 113.4 5.05 4.5 120.5 7.76 6.4
Age at first estrus (days) 36.8 0.95 2.6 35.6 1.00 2.8 36.4 1.11 3.0
Estrous cycle length (days) 4.7 0.27 5.7 4.7 0.18 3.8 4.7 0.24 5.1
Percent cycling 98.7 2.76 2.8 94.4 7.11 7.5 97.4 4.80 4.9
Percent regularly cycling 81.3 13.69 16.8 84.4 9.29 11.0 82.2 12.39 15.1
Liver wt (g) 7.4 0.63 8.5 7.2 0.21 2.9 7.3 0.54 7.4
Kidney wt (g) 1.3 0.08 6.2 1.3 0.04 3.1 1.3 0.07 5.4
Pituitary wt (mg) 9.7 1.03 10.6 7.9 0.20 2.5 9.1 1.20 13.2
Adrenal wt (mg) 34.8 1.78 5.1 35.5 3.85 10.8 35.0 2.52 7.2
Ovarian wt (mg) 74.6 4.87 6.5 57.5 3.80 6.6 69.4 9.21 13.3
Uterine wet wt (mg) 302.6 33.04 10.9 315.5 12.70 4.0 306.5 28.72 9.4
Uterine blotted wt (mg) 256.9 22.19 8.6 280.4 17.66 6.3 264.0 23.30 8.8
Thyroid wt (mg) 9.3 1.32 14.2 8.8 0.33 3.8 9.2 1.13 12.3
Blood urea nitrogen (BUN) (mg/dl) 13.2 1.25 9.5 12.7 1.11 8.7 13.1 1.21 9.2
Creatinine (mg/dl) 0.1 0.05 50.0 0.1 0.02 20.0 0.12 0.04 33.3
Serum T4 levels (�g/ml) 4.4 0.27 6.1 3.8 0.25 6.6 4.2 0.37 8.8
Serum TSH levels (ng/ml) 6.4 1.60 25.0 3.6 0.82 22.8 5.5 1.92 34.9

Lab #1: n = 16; Lab #2: n = 7.
BW, body weight; VO, vaginal opening; NA, not applicable; wt, weight.

assay endpoints is unclear; however, the female puber-
tal assay results must be interpreted with caution if a
≥10% change in terminal body weight gain is observed,
as stated in the U.S. EPA test guidelines (U.S. EPA, 2009a,
2009b). The male pubertal assay test guideline is more
conservative on this point as the test guideline cautions
that a 6% decrease in body weight gain at termination
should be interpreted with caution using a WoE approach
with other available information or that additional stud-
ies may be needed to determine endocrine activity. When
considering the potential impact of terminal body weight
on assay endpoints, it also is important to consider the
difficulty in titrating dose level selection such that a sig-
nificant decrease in body weight gain is achieved with-
out exceeding a 10% difference from controls in terminal
body weight, particularly in growing animals. In practice,
decrements in terminal body weights that exceed 10% of
the control group are likely to occur in some studies.

Assay Interpretation: Variability in
Developmental Landmark Data

A primary endpoint of the pubertal assays is age and
body weight at puberty onset (PPS and vaginal opening).
Although each laboratory trains their technical staff ac-
cording to detailed standard operating procedures, these
developmental landmarks show some variability both
among and within testing facilities. For example, in EPA’s
prevalidation and validation studies, mean age at PPS in
control animals varied from 39.6 to 43.9 days of age and
mean age at vaginal opening in control animals ranged
from 31.5 to 34.9 days of age. The basis for this interan-
imal variability in age at puberty onset is poorly under-
stood, although puberty onset can be influenced by many

factors such as growth hormone, melatonin, higher brain
function, diet composition, etc. (e.g., Frisch et al., 1975;
Zipf et al., 1978; Smith et al., 1989; Cicero et al., 1990, 1991;
Odum et al., 2001). In addition, since attainment of pu-
berty is a subjective evaluation, interlaboratory, and even
intralaboratory variability will be a factor.

Variability across laboratories has been a concern with
regard to the evaluation of pubertal developmental data
for various compounds. It is difficult to ascertain clear
agreement amongst laboratories when evaluating the cri-
teria for achievement of vaginal patency and PPS; how-
ever, it is recommended that the same personnel evalu-
ate all animals on a given study whenever possible to
minimize intralaboratory variability. Comparison of HCD
maintained by several laboratories reinforces this con-
cern regarding cross-laboratory variability (Table 6 and
Figs. 2 and 3). Developmental landmark HCD in CD
rats (Sprague-Dawley) were compiled from three sep-
arate Good Laboratory Practices (GLP)-compliant labo-
ratories within the last 5 years. The data were divided
into reproductive toxicity studies and EDSP studies (i.e.,
pubertal male and female assay data) to determine if
there was any inter- and intralaboratory variability ob-
served based on study type. For reproductive toxicity
studies, the historical control mean age of achievement
for vaginal patency ranged from 31.9 to 33.2 days and
the age range for PPS was 43.4–46.3 days across lab-
oratories. The historical control mean age of achieve-
ment for EDSP studies ranged from 32.8 to 35.6 days
for vaginal patency and 42.2–45.0 days for PPS. The
reason for this disparity between reproductive toxicity
studies and EDSP studies is not clearly understood, al-
though the larger sample sizes evaluated in reproduc-
tive toxicity studies may give these data greater precision.
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Table 5
Effects of Feed Restriction on Select Endpoints in the Pubertal Female and Male Assays:

Terminal Body Weight, Age at Puberty Onset, and Organ Weights

Laws et al.
(2007)

Laws et al.
(2007)

Laws et al.
(2000)

Laws et al.
(2007)

Laws et al.
(2007)

Female pubertal assay
parameters

Change from
control

Change from
control

Change from
control

Change from
control

Change from
control

Strain Wistar Wistar Wistar Wistar Wistar
Sample size (n) 13 13 7–8 13 13
Age at start 22 22 22 22 22
Age at termination 41–42 41–42 41 41–42 41–42
Terminal bwt decrease −2.1% −4.6% −8.6% −12.1% −18.9%
Age at vaginal opening

(VO) (difference in days)
+0.3 −0.4 +1.6 +1.0 +1.5

Body weight at VO +1.7% −2.8% −4.9% −2.9% −9.1%
No. of 4–5 day cycles

(monitored: VO + 15
days)

NA NA −40.7%a NA NA

Pituitary −2.8% −2.6% −16.3% −13.3% −21.6%
Adrenal −2.5% −7.1% −1.0% −13.6% −17.0%
Liver −0.7% −13.4% −5.1% −16.8% −29.5%
Kidneys −2.7% −7.4% −7.5% −13.4% −20.8%
Ovaries −6.7% −3.3% −11.4% −21.7% −31.7%
Uterus with fluid −10.3% −18.7% −25.1% −13.7% −32.1%
Uterus without fluid −3.2% −6.0% −12.6% −10.8% −28.3%
T4 +13.5% +4.7% −0.5% −8.6% −9.7%
TSH +9.0% −16.3% +35.3% −17.5% −24.5%

Laws et al.
(2007)

Laws et al.
(2007)

Laws et al.
(2007)

Marty et al.
(2003)b

Stoker et al.
(2000)

Laws et al.
(2007)

Male pubertal assay
parameters

Change from
control

Change from
control

Change from
control

Change from
control

Change from
control

Change from
control

Strain Wistar Wistar Wistar CD Wistar Wistar
Sample size (n) 13 13 13 12 10c 13
Age at start 23 23 23 23 23 23
Age at termination 53–54 53–54 53–54 52 53 53–54
Terminal bwt decrease 1.8%d 5.9%d 9.0%d 11.3% 15.0% 19.2%d

Age at preputial
separation (PPS)
(difference in days)

−0.5 +0.3 −1.4 +1.8e +2.1f −0.1

Body weight at PPS +1.2% −1.5% −11.6% −5.4% −13.4% −16.5%
Pituitary −5.1% −12.8% −17.4% NA NA −23.4%
Adrenals −17.6% 11.6% −18.5% NA NA −26.8%
Liver −8.8% −14.5% −22.0% NA NA −32.8%
Kidneys −6.9% −11.5% −15.6% NA NA −27.1%
Seminal vesicles with fluid +17.3% −2.7% −11.4% −10.5% −55.2% −30.7%
Ventral prostate +10.7% −6.7% −12.6% −11.4% −29.2% −23.3%
Epididymis (left) +0.4% −3.6% −3.2% −8.8%g NDh −10.4g

Epididymis (right) NA NA NA NA
Testis (left) +2.1% −1.4% −2.1% −4.6%i NDj −4.9%
Serum testosterone +42.9% −31.1% +43.5% NA +9.5% −5.0%
Serum T4 −3.2% −14.4% −23.2% NA +16.6% −25.8%
Serum TSH −10.9% +1.4% −15.2% NA −17% −31.2%

NA, not applicable; endpoint not measured.
Bold type indicates changes in body weights, age at preputial separation, organ weights, or hormone concentrations that were statistically
significant due to feed restriction and decreased body weights.
aNo. of 4–5 day cycles from VO to 15 days was 2.7 in ad libitum fed control animals versus 1.6 in feed-restricted animals.
bValues derived from animals necropsied on PND 52, the time point closest to the current study necropsy on PND 53.
cn = 10 in the feed-restricted group, whereas n = 24 in the ad libitum fed control group.
dBody weight differential on PND 53, although rats were euthanized on PND 53–54.
eBody weight differential on PND 41 was approximately 13% relative to ad libitum fed controls.
fBody weight differential on PND 43 was approximately 20% relative to ad libitum fed controls.
gPercent change is for paired epididymal weights.
hNo data available: significant difference in absolute epididymides weight reported, but data not shown.
iPercent change is for paired testis weights.
jNo data available: no significant difference in absolute testes weights reported, but data not shown.
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Table 6
Historical Control Data for Puberty Onset Endpoints in Sprague-Dawley Rats for Studies Conducted from 2007 to 2013a,b

Company A Company B Company C Performance criteria
Company A Reproductive Company B Reproductive Company C Reproductive (OPPTS 890.1500

EDSP studies studies EDSP studies studies EDSP studies studies and 890.1450)
Preputial separation
Age (days) 45.0 (0.9) 45.0 (1.3) 42.2 (0.9) 46.3 (1.2) 44.0 (0.80) 44.6 (0.58) 43.1 (39.8–46.5)c

Body weight
at achieve-
ment

220.7 (12.1) 231.2 (12.4) 224.6 (10.8) 239.0 (12.2) 207.2 (8.2) 245.9 (10.1) 222.2 (188.277–256.169)d

Vaginal patency
Age (days) 35.6 (1.1) 33.2 (1.0) 32.8 (1.2) 32.8 (0.9) 34.6 (1.0) 32.4 (1.0) 33.2 (30.7–35.6)c

Body weight
at achieve-
ment

124.1 (7.7) 110.6 (5.5) 119.6 (9.6) 105.4 (7.0) 113.4 (5.0) 116.2 (5.9) 116.6 (101.71–131.44)d

Sample size
(no. of
studies)

9 165 3 86 7–8 8

aComparison of laboratory mean values versus performance criteria means (ranges) as specified in the pubertal assay test guidelines.
bValues are means (standard deviations) for each laboratory and study type.
cAge at preputial separation or vaginal opening in Sprague-Dawley rats based on the performance criteria specified in the OPPTS
890.1450 and 890.1500 test guidelines.
dBody weight at preputial separation or vaginal opening in Sprague-Dawley rats based on the performance criteria specified in the
OPPTS 890.1450 and 890.1500 test guidelines.

Fig. 2. Distribution of age at preputial separation across two laboratories, which shows slight interlaboratory variability in the measure-
ment of puberty onset in males.

Furthermore, there are other inherent differences in the
study design that may contribute to this variability, in-
cluding type of diet (Odum et al., 2001; You et al.,
2002), cage bedding (Markaverich et al., 2002), and daily
gavage administration in the pubertal studies, which
may be more stressful than dietary dosing in repro-
ductive toxicity studies. Both the reproductive toxic-
ity study data and EDSP pubertal data were within
the acceptable age and body weight ranges for pu-
berty onset as specified by the performance criteria for

the male and female pubertal assays (OPPTS 890.1450
and 890.1500). However, it may be inappropriate to use
HCD from pubertal studies to aid the interpretation of
age of puberty onset data from reproductive toxicity
studies.

Assay Interpretation: Estrous Cycle Data
Determining a correlation between altered endocrine-

sensitive endpoints and a primary endocrine MoA from
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Fig. 3. Distribution of age at vaginal opening across two laboratories. There was minimal interlaboratory variability in the distribution of
age at puberty onset in females.

the test compound can be challenging in the pubertal
assays. For example, one of the major challenges for the
female pubertal assay is the assessment of estrous cyclic-
ity. The mean day of attainment of vaginal patency typi-
cally occurs approximately 10 days before the necropsy of
the females on PND 42 and a normal estrous cycle length
in rats is 4–5 days. If monitoring begins mid-cycle, it may
take 8 days or longer to observe two estrus stages to deter-
mine estrous cycle length. The test guideline requires each
female to be characterized as “regularly cycling,” “irregu-
larly cycling,” or “not cycling”; however, the monitoring
interval may not allow for the evaluation of a full estrous
cycle, particularly if an animal is slightly older at the time
of vaginal opening (acceptable mean range in control an-
imals is 30.67–35.62 days of age). In these cases, it may
not be possible to determine if an animal is cycling nor-
mally, because the monitoring period is too short. In ad-
dition, there are interanimal differences in the duration of
estrous cycle monitoring such that monitoring across the
dose groups is often inequitable. To perform a thorough
assessment of estrous cyclicity requires a 2–3 week period
as required in the multigeneration reproduction study de-
sign.

The interpretation of estrous cycle data is further com-
plicated by inherent variability in cycle length or pattern,
particularly with the onset of cycling. It is not uncommon
for young animals to cycle abnormally with the initiation
of estrous cycling (it usually takes until about 8 weeks of
age for normal cycles to occur consistently) and the es-
trous cycle also can be influenced by other factors such as
stress and feed intake (Matysek, 1989; Roozendaal et al.,
1995; Laws et al., 2000). In prevalidation work for the fe-
male pubertal assay, one study had 12 of 14 control ani-
mals that failed to achieve regular cycles during the moni-
toring period after vaginal opening (U.S. EPA, 2007a). Fur-

thermore, an 8.6% difference in terminal body weight has
been shown to decrease the number of 4–5 day cycles after
vaginal opening (Laws et al., 2000). The U.S. EPA stated
that the “EPA recognizes that estrous cyclicity may not be
well established within the duration of the pubertal assay
even in control animals and thus will generally not rely
on small deviations as contributing heavily to the weight
of evidence” (U.S. EPA, 2011b). Thus, estrous cycle data
should be evaluated with caution and used primarily to
support other evidence of altered endocrine function.

Furthermore, the test guideline uses a conservative de-
scription of normal estrous cycle patterns, stating that “es-
trous cycle length” is from the first day of one proestrus to
the first day of the next proestrus (or first day of diestrus
or estrus to the next first day of diestrus or estrus; U.S.
EPA, 2011b) and that an animal is “irregularly cycling”
if it has a period of diestrus longer than 3 days (or a
period of cornification longer than 2 days). In rats, the
proestrus stage of the estrous cycle is 12–24 hr in duration
(Zarrow et al., 1964); thus, with once daily vaginal smears,
it is possible to miss this stage of the cycle. Consequently,
animals exhibiting a cycle with the pattern “estrus-
diestrus-diestrus-diestrus-diestrus-estrus” are equivalent
to animals having the pattern “estrus-diestrus-diestrus-
diestrus-proestrus-estrus” if proestrus was missed; how-
ever, according to the test guideline, the first pattern
is irregular, whereas the second pattern is normal. The
regularity of “estrus-diestrus-diestrus-diestrus-diestrus-
estrus” cycling has been confirmed with HCD from one
of the participating laboratories, where estrous cycles
were monitored for 4 weeks in young control CD rats
(PND 40–68). In this data set, 10 of 27 animals had sev-
eral intervals with four consecutive days of diestrus, but
exhibited regular 4- or 5-day cycles over the monitor-
ing period. Thus, if these slightly older animals (PND
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Table 7
Thyroid Histopathology Using a 5-Point Grading Scale

Follicular cell height
Grade 1 Prominent number of follicles (>25%) were lined by an attenuated epithelium with scant eosinophilic cytoplasm

and a flattened hyperchromatic nucleus. The majority of the remaining follicles were lined by a low cuboidal
epithelium with a round to oval nucleus and a cell height that was ≤1.5× the height of the nucleus.

Grade 2 Most follicles were lined by a cuboidal to slightly columnar epithelium, often with a flocculent to finely
vacuolated eosinophilic cytoplasm, round to oval nucleus, and the cell height which was ≤2× (twice) the
height of the nucleus.

Grade 3 Most follicles were lined by a slightly columnar epithelium with a foamy to vacuolated eosinophilic cytoplasm
and a round nucleus; the cell height is 2× to 2.5× the height of the nucleus.

Grade 4 Similar nuclear and cytoplasmic characteristics as described for Grade 3 above. Most follicles were lined by a
distinctly columnar epithelium with a cell height 2.5× to 3× the height of the nucleus.

Grade 5 Most follicles were lined by a distinctly columnar epithelium with a cell height >3× the height of the nucleus.

Colloid area
Grade 1 Absence of colloid or decreased colloid in >67% of thyroid follicles.
Grade 2 Same as Grade 1 above, except the condition affected 34–66% of the follicles.
Grade 3 Most follicles were small, even at the periphery, with 25–33% being collapsed with no visible colloid or

decreased amount of colloid.
Grade 4 Most follicles contained variable amounts of eosinophilic to grayish-pink colloid with the peripheral follicles

generally being larger with more abundant colloid compared to the innermost follicles.
Grade 5 Most follicles were filled with eosinophilic colloid with only a slight variation in follicular size.

40–68), with more stable cycles, exhibit these estrous
cycle patterns, it would be inappropriate to label juvenile
animals, with less stable cycles, as “irregular” or “non cy-
cling” when they show the same estrous patterns.

Assay Interpretation: Female Organ Weight Data
with Terminal Estrous Stage

Aside from estrous cycle data, estrous stage at necropsy
is important to consider when evaluating organ weights
in pubertal females, particularly for uterine and ovarian
weights. Furthermore, the variability in terminal stage of
estrous imparts greater variability on these organ weights;
for example, in pubertal female studies conducted in
one author’s laboratory, uterine weight for females in
proestrus on the day of necropsy were up to threefold
higher than uterine weights for females in diestrus from
the same dose group on the day of necropsy. Therefore,
it is important to consider stage of estrous at termination
when interpreting organ weight differences across treat-
ment groups.

Assay Interpretation: Thyroid Endpoints
The male and female pubertal assays introduced the

requirement to collect thyroid histopathology data (fol-
licular cell height and colloid amount) using a new “1
to 5” grading scale to aid in the identification of thy-
roid histopathological changes. The test guidelines in-
clude photomicrographs designed to illustrate the various
grades of thyroid histopathological changes. When apply-
ing this system in the laboratory, the thyroid grading scale
described in Table 7 was used in one of the authors’ labo-
ratories.

At this time, it is unclear whether the collection of thy-
roid histopathology data using a “1 to 5” scale aids in
the identification of thyroid histopathological changes.
Thyroid scaling may have been introduced to improve
objectivity in histopathological assessments; however,
histopathological evaluations are generally qualitative as-
sessments and may not lend themselves to the precision

implied by numeric scaling. Any changes in thyroid fol-
licular cell height or colloid amount should be interpreted
in conjunction with thyroid hormone levels because ef-
fects on these parameters are typically reversible if the ef-
fects on serum T4 and TSH are not sustained. In at least
one case from the authors’ laboratories, a compound was
designated as altering thyroid histopathology despite the
lack of a statistically significant difference in scaled thy-
roid values. In this case, the professional judgment of ex-
perienced pathologists had more utility than quantitative
thyroid values.

Assay Interpretation: Hormone Data
The male and female pubertal assays require the deter-

mination of serum T4 and TSH concentrations, as well
as serum testosterone concentrations in males. Caution
is warranted when interpreting changes in thyroid hor-
mones (TSH, T4) without corresponding changes in thy-
roid weights or histopathology. Thyroid hormone lev-
els represent a measurement at a single point in time
(necropsy), whereas thyroid weight and histopathology
are endpoints that represent cumulative events. Differ-
ences in thyroid hormone concentrations may be related
to other factors such as stress at the time of necropsy
(Döhler et al., 1979), estrous stage (Döhler et al., 1979),
decreased body weight/body weight gain (Laws et al.,
2007), or fasting/nutritional status of the animals (Eales,
1988; Boelen et al., 2008). The U.S. EPA has advocated
that “the biological/toxicological significance of changes
in thyroid hormone levels in the absence of corroborative
histopathological changes will be evaluated in the context
of the overall toxicity of the compound using the WoE
approach including the thyroid toxicity data available
from the amphibian metamorphosis assay” (U.S. EPA,
2011b). In these cases, consistent thyroid changes between
the male and female pubertal assays and/or supporting
evidence from the amphibian metamorphosis assay
may aid in the determination of specific thyroid
effects.
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Serum testosterone concentrations also are subject to
change due to indirect effects on the endocrine system.
With respect to serum testosterone levels, the FIFRA Sci-
entific Advisory Panel (FIFRA SAP, 2013) noted that low
level, chronic stress can significantly decrease testosterone
secretion as well as contribute to increased variability in
serum hormone values.

PRACTICAL EXPERIENCE ON ENDPOINT
SPECIFICITY AND SENSITIVITY

In the male pubertal assay, there are numerous end-
points that are sensitive to changes in androgen signaling,
including puberty onset, reproductive and accessory sex
tissue weights, reproductive organ histopathology, and
serum testosterone concentrations. In a similar fashion,
the female pubertal assay has several endpoints that can
be altered in response to modulation of estrogen signal-
ing (e.g., puberty onset, age at first estrus, estrous cyclic-
ity, reproductive organ weights, and histopathology). Al-
terations in the thyroid pathway can be detected in both
the male and female pubertal assays by monitoring thy-
roid weight, histopathology, and serum levels of TSH
and T4. Ideally, patterns of effects across multiple end-
points could be used to discern which pathway is af-
fected and possibly, the MoA by which changes occur.
This section examines data generated in numerous pu-
bertal assays to examine, in practical terms, the relative
sensitivity of related endpoints and the potential to gen-
erate patterns of effects expected for an endocrine-active
compound.

Using data from 21 male pubertal assays and 23 fe-
male pubertal assays, Tables 8 and 9 summarize the fre-
quency of statistically significant endpoints. In these ta-
bles, a “1” is used to identify a statistically significant
finding, whereas a “0” indicates that the endpoint was
not statistically different from control values. Although
not statistically analyzed, histopathology endpoints were
added to the bottom of Tables 8 and 9 to show where
treatment-related changes were identified by the study
pathologist. It is important to note that thyroid follicu-
lar cell height and colloid area were scored (i.e., 1–5) and
statistically analyzed, whereas other histopathology eval-
uations (thyroid, testis, epididymis, kidney, ovaries, and
uterus) were qualitative evaluations.

Aside from the histopathology endpoints, all other end-
points were altered in one or more studies with the ex-
ception of relative pituitary weight in the male puber-
tal assays, which was not affected in any of the current
studies. Most male and female assay endpoints were al-
tered in 4–38% of studies except for relative liver weights,
which were altered in 52–57% of studies in both genders
(Tables 8 and 9). In seven of 12 studies (male) and 6 of
12 studies (female), the liver weight changes occurred in
the absence of significant body weight/body weight gain
changes. It is plausible that relative liver weights were of-
ten increased due to enzyme induction secondary to daily
bolus dosing of test materials. The Society of Toxicology’s
Task Force to Improve the Scientific Basis of Risk Assess-
ment (Conolly et al., 1999) identified gavage as an “unre-
alistic method” of exposure due to the potentially rapid
delivery rate of the test material to the target site; how-
ever, the conservative nature of the EDSP, which was de-

signed to minimize false-negative findings in Tier 1, may
justify use of this route of exposure to identify compounds
for further evaluation. Notably, Tier 1 assays were orig-
inally not intended for risk assessment purposes, so the
use of gavage exposures provided a conservative screen-
ing tool.

As seen in Tables 1 and 2, the endpoint most commonly
used to establish an MTD in the male and female puber-
tal assays was body weight/body weight gain, which was
targeted in 8 of 20 compounds in the male assays and 10 of
23 compounds in the female assay. When the assays were
actually conducted, body weight or body weight gain was
significantly altered in approximately 32% of male and fe-
male pubertal studies (six male assays and eight female
assays; Tables 8 and 9). These data suggest that range-
finding studies are useful for selecting MTDs; however,
the range-finding studies are not 100% predictive of pu-
bertal assay outcomes. It is unclear whether these defi-
ciencies in the predictiveness of the range-finding stud-
ies were related to the study designs used (e.g., smaller
sample sizes, inadequate monitoring period, etc.) or vari-
ability in the responsiveness of juvenile animals.

Kidney weights were significantly altered in 29% of
the male assays and 26% of the female assays. In five of
six studies (both male and female assays), kidney weight
changes occurred in the presence of liver weight changes,
but did not necessarily correspond with body weight
changes.

With regard to male androgenic endpoints, LABC
weight was the most frequently affected endpoint. This
muscle weight was affected in eight (38%) of the studies.
Ventral prostate and seminal vesicle weights also were
typically altered in conjunction with LABC weights.
Androgenic endpoints affected in 24–33% of studies
included absolute and adjusted weights of the ventral
prostate, seminal vesicles with coagulating glands (with
and without fluid), right and left epididymides, and
dorsolateral prostate (adjusted weight based on PND
21–23 body weight). Testicular weights were rarely
affected. Serum testosterone levels were significantly
altered in 29% of the male pubertal studies. Typically,
seminal vesicle weights with and without fluid showed
the same result when statistically analyzed. Also, the
results for adjusted and absolute values were generally in
agreement, although there were 13 cases in the male and
female pubertal assays in which either the absolute or
adjusted value was significant, but not both values. This
was especially problematic for age at PPS. Puberty onset
was altered in less than 20% of studies.

Patterns of effects were present when examining
across androgen-sensitive endpoints. In eight studies,
three-to-six androgen-sensitive endpoints were sig-
nificantly altered. For example, effects on the LABC
muscles generally occurred in the presence of alterations
in other accessory sex tissue weights, including effects
on seminal vesicle (with and without fluid), prostate
(ventral and dorsolateral), and/or epididymal weights.
However, in seven of these eight cases, clinical chem-
istry parameters (creatinine and/or BUN) and/or body
weight/body weight gain also were altered, indicating
that an MTD may have been exceeded. In these cases,
the interpretation of these findings is confounded by
these other variables, such that the specificity of an
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Table 8
Male Pubertal Assays: Frequency of Endpoint Alterations

Study data: statistically altered endpoint (0 = not altered; 1 = altered)

Endpoint Aa B C D E F G H I J K L M N O P Q R S T U

Statistically
altered

endpoint (%)

Body wtb/gain (prepuberty)c 0 1 0 0 1 1 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 29
Body wt/gain (termination) 0 0 0 0 1 1 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 24
Absolute age at preputial separation (PPS) 0 0 0 0 0 1 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 19
Adjusted age at PPS 1 0 0 1 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 19
Absolute body wt at PPS 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 10
Adjusted body weight at PPS 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 10
Relative liver wt 1 1 0 1 1 1 1 1 1 1 0 1 0 0 1 0 0 0 1 0 0 57
Relative kidney wt 0 0 0 0 0 0 0 0 1 1 0 1 0 1 1 0 0 0 1 0 0 29
Relative pituitary wt 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Relative adrenal wt 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 10
Absolute ventral prostate wt 0 0 0 1 1 1 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 29
Adjusted ventral prostate wt 0 0 0 1 1 1 1 0 1 0 0 1 0 1 0 0 0 0 0 0 0 33
Absolute dorsolateral prostate wt 0 0 0 1 1 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 24
Adjusted dorsolateral prostate wt 0 1 0 1 1 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 29
Absolute wt SV w/CG with fluidd 1 0 0 1 1 1 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 33
Adjusted wt SV w/CG with fluid 1 0 0 1 1 0 1 0 1 0 0 1 0 1 0 0 0 0 0 0 0 33
Absolute wt SV w/CG without fluid 1 0 0 1 1 0 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 29
Adjusted wt SV w/CG without fluid 1 0 0 1 1 0 1 0 1 0 0 1 0 1 0 0 0 0 0 0 0 33
Absolute LABC wte 0 1 0 1 1 1 1 0 0 0 0 1 0 1 0 0 1 0 0 0 0 38
Adjusted LABC wt 0 1 0 1 1 1 1 0 0 0 0 1 0 1 0 0 1 0 0 0 0 38
Absolute right epididymis wt 0 1 0 0 1 0 1 0 0 0 0 1 0 1 0 0 0 0 1 0 0 29
Adjusted right epididymis wt 0 1 0 0 1 0 1 0 0 0 0 1 0 1 0 0 0 0 1 0 0 29
Absolute left epididymis wt 0 1 0 0 1 0 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 24
Adjusted left epididymis wt 0 1 0 0 1 0 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 24
Absolute right testis wt 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 10
Adjusted right testis wt 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 5
Absolute left testis wt 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5
Adjusted left testis wt 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5
Absolute thyroid wt 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 10
Adjusted thyroid wt 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 10
Blood urea nitrogen (BUN) 1 0 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 19
Creatinine 0 1 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 24
Serum T4 levels 0 1 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 19
Serum TSH levels 0 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 14
Serum T levels 1 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 29
Thyroid follicular cell height 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 10
Thyroid colloid amount 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 10
Thyroid histopathologyf 0 0 0 1 1 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 24
Testis histopathology 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Epididymis histopathology 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5
Kidney histopathology 0 1 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 14

aData in this table reflect the same studies referenced in Table 1, although the sequence has been changed.
bwt, Weight.
cBody weight/body weight gain during intervals leading up to PPS (e.g., PND 35–45).
1 = Statistically significant difference in treated group(s) compared with concurrent controls; 0 = no difference between treated and
control groups.
dSV w/CG, seminal vesicles with coagulating glands.
eLABC, levator ani-bulbocavernosus muscles.
fHistopathology results for thyroid, testis, epididymis, and kidney were qualitative; therefore, 1 = treatment-related difference and 0 =
no difference from controls.

endocrine-mediated effect may be difficult to determine.
Previous feed restriction studies have verified that
reproductive and accessory sex tissue weights can be
affected by alterations in body weights/body weight
gains in the male pubertal assay (see discussion above).
Interestingly, there also was one study in which changes
in LABC occurred in the absence of changes to any other
androgen-sensitive endpoints. The significance of this
finding is unknown.

Serum testosterone levels, which were altered in 29%
of studies, were sometimes supportive of changes in
androgen-sensitive tissues. In three of the eight studies in
which multiple androgen-dependent organ weights were
altered, serum testosterone was significantly affected.
In a separate case, altered seminal vesicle weights and
increased adjusted age at PPS were seen in the presence
of changes in testosterone levels; however, there were
no effects on other reproductive or accessory sex tissue
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Table 9
Female Pubertal Assays: Frequency of Endpoint Alterations

Study data: statistically altered endpoint (0 = not altered; 1 = altered))

Endpoint Aa B C D E F G H Ie J K L M N O P Q R S T U V W

Statistically
altered

endpoint (%)

Body wtb/gain (prepuberty)c 0 1 0 0 1 0 1 0 1 0 0 0 0 1 1 0 1 0 0 0 0 0 0 30
Body wt/gain (termination) 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 13
Absolute age at vaginal opening (VO) 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 17
Adjusted age at VO 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0 17
Absolute body wt at VO 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 9
Adjusted body weight at VO 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 9
Age at first estrus 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9
Estrous cycle length 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4
Percent cycling 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4
Percent regularly cycling 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9
Relative liver wt 1 1 0 1 1 1 1 1 1 0 0 0 0 1 1 0 0 0 1 0 0 0 1 52
Relative kidney wt 0 0 0 0 0 0 1 0 1 0 0 1 0 1 1 0 0 0 0 0 0 0 1 26
Relative pituitary wt 0 0 0 0 1 1 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 17
Relative adrenal wt 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 4
Absolute ovarian wt 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 13
Adjusted ovarian wt 0 0 0 0 1 0 0 0 0 0 0 1 0 0 1 0 1 0 0 0 0 0 0 17
Absolute uterine wet wt 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 1 0 13
Adjusted uterine wet wt 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 1 0 13
Absolute uterine blotted wt 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 9
Adjusted uterine blotted wt 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 1 0 17
Absolute thyroid wt 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9
Adjusted thyroid wt 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9
Blood urea nitrogen (BUN) 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 13
Creatinine 1 0 0 1 1f 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 17
Serum T4 levels 0 1 0 0 1 0 1 NA NA 0 0 1 0 0 0 0 1 0 0 0 0 0 0 24
Serum TSH levels 0 1 0 0 1 0 1 NA NA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 14
Thyroid follicular cell height 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 13
Thyroid colloid amount 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 13
Thyroid histopathologyd 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 13
Ovarian histopathology 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9
Uterine histopathology 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9
Kidney histopathology 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 9

aData in this table reflect the same studies referenced in Table 1, although the sequence has been changed.
bwt, Weight.
cBody weight/body weight gain during intervals leading up to vaginal opening (e.g., PND 28–33).
1 = Statistically significant difference in treated group(s) compared with concurrent controls; 0 = no difference between treated and
control groups.
dHistopathology results for thyroid, ovary, uterus, and kidneys were qualitative; therefore, 1 = treatment-related difference and 0 = no
difference from controls.
eAntiestrogenic
fNo corresponding kidney histopathology or consistent changes with BUN. NA = not applicable

weights and no effect on absolute age at PPS. There were
five studies with significant changes in reproductive and
accessory sex tissues that did not identify significant
differences in serum testosterone levels. Furthermore,
there also was one study in which serum testosterone
was significantly affected without any changes in any
other androgen-dependent endpoints. Thus, serum
testosterone levels may be more useful as supportive
evidence of other effects in androgen-sensitive endpoints,
but should not be the primary determining factor for or
against potential androgenic/antiandrogenic activity.

With respect to puberty onset, absolute and adjusted
age at PPS were each significantly altered in four stud-
ies; however, in only two studies were both absolute and
adjusted age at PPS altered together. In the two stud-
ies where absolute age at PPS was altered and adjusted
age was not, effects on body weight/body weight gain

were seen, which could confound the interpretation of
this endpoint. Changes in the adjusted age at PPS (ad-
justed for weanling body weight before dosing) were seen
in the absence of significant body weight changes. In any
event, changes in age at PPS were affected less frequently
than reproductive organ weights and never in the absence
of effects on other androgen-sensitive endpoints in the
current data sets. Body weight at PPS was significantly
affected in two studies; however, in one of these stud-
ies, there were no other alterations in endocrine-sensitive
endpoints. Overall, in these data sets, age at PPS was not
the most sensitive endpoint to detect potential androgen-
related effects.

Testicular histopathology was not affected in any of
the pubertal male studies and epididymal histopathology
was only affected in one study. Thus, it is unclear whether
the compounds tested in these data sets pose a hazard
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to subsequent reproductive tissue function or whether
homeostasis might be reestablished without long-term
adverse effects.

For thyroid endpoints, male serum TSH and T4 levels
were altered in 14 and 19% of studies, respectively. It is
not surprising that TSH was altered in a smaller propor-
tion of studies, because TSH is a more variable endpoint
than serum T4 levels. In two of three studies in which TSH
was affected, serum T4 also was altered. In one study in
which both TSH and T4 changes were detected, thyroid
histopathology was significantly altered, whereas in the
other study, both thyroid weight and thyroid histopathol-
ogy were altered. Serum T4 was altered in two studies
with no corresponding changes in serum TSH, thyroid
weight, or histopathology (see discussion above on the
specificity of changes in serum T4). Interestingly, thyroid
histopathological changes were detected with one com-
pound that did not significantly affect serum T4 levels. It
is possible that the animals adapted to initial thyroid per-
turbations by this compound, and reestablished thyroid
hormone homeostasis through follicular cell hypertrophy.
Some compounds that altered thyroid hormones also pro-
duced effects on body weight/body weight gain, which
may confound data interpretation (Laws et al., 2007).

There is a question related to the sensitivity of thyroid-
related endpoints in the male pubertal assay as a weak-
acting thyroid agent (e.g., phenobarbital) did not alter
thyroid weights, thyroid histopathology, or serum T4 or
TSH levels in the male pubertal assay (U.S. EPA, 2007b).
Instead, phenobarbital delayed PPS, and decreased repro-
ductive and AST weights, producing a pattern of effects
similar to antiandrogens such as linuron and flutamide.
Phenobarbital can affect serum LH levels (O’Connor et al.,
1999b); however, it also is a known hepatic enzyme in-
ducer; therefore, enhanced steroid hormone metabolism
may have caused the antiandrogenic signals seen in the
male pubertal assay. In one of the authors’ laboratories,
compounds detected for potential antiandrogenicity in
the Hershberger assay due to enhanced metabolism of
testosterone propionate, also produced antiandrogenic re-
sponses in the male pubertal assay, despite the absence of
effects on androgen receptor (AR) binding or steroidoge-
nesis by these compounds. Thus, it seems possible that
enzyme-inducing compounds that enhance testosterone
metabolism may produce responses in the male pubertal
assay that appear to indicate antiandrogenicity, when the
responses simply reflect hepatic enzyme induction.

With regards to female estrogenic endpoints, statistical
significance was observed on the age of vaginal opening
in four (17%) of the studies. In three of the studies with an
effect on age at vaginal opening, there were other correlat-
ing effects on estrogenic endpoints such as age of first es-
trus, estrous cycle length, percentage of cycling/regularly
cycling animals, ovarian and uterine weight, and/or ovar-
ian and uterine histopathology. In one study, a delay in
age at vaginal opening was observed without any other
effect on estrogen-related parameters. The conclusion in
this study was that the delay in vaginal opening was sec-
ondary to a statistically significant lower body weight
gain. Body weight and/or body weight gain were signif-
icantly altered in three of the four studies in which pu-
berty onset was affected, including one compound that
was identified as an antiestrogen. One compound that

specifically altered puberty onset parameters and uterine
weight (without any body weight changes) has been iden-
tified as an aromatase inhibitor.

Interestingly, an aromatase inhibitor that was evaluated
by one of the authors did not alter any estrogen-sensitive
endpoints in the female pubertal assay. The sensitivity
of the female pubertal assay to detect weak aromatase
inhibitors has been questioned (Marty et al., 1999; U.S.
EPA, 2007a). In prevalidation, the weak-to-moderate aro-
matase inhibitors, fenarimol and �-testolactone, were not
detected in the female pubertal assay (Marty et al., 1999;
U.S. EPA, 2007a), whereas the potent aromatase inhibitor,
fadrozole, was readily detected in the female pubertal as-
say (Marty et al., 1999). The U.S. EPA may provide greater
clarity on this issue as more compounds are evaluated.
Most importantly, aromatase inhibitors can be detected by
other assays in the Tier 1 battery.

Reproductive organ weights can be difficult to interpret
in female animals, when stage of estrous is not controlled
at necropsy. In three studies, ovarian weight changes were
observed in the absence of any other changes in estro-
genic endpoints; these ovarian weight changes occurred
in the presence of changes in body weight/body weight
gain. There were no associated ovarian histopathological
findings. These data suggest that these ovarian weight
changes were not the result of an endocrine-mediated
change. In three studies, there was a good correlation be-
tween effects on wet and/or blotted uterine weights with
effects on age at vaginal opening; in two of these stud-
ies, effects on body weight/body weight gain also were
noted. Two of these studies also detected significant dif-
ferences in body weight at vaginal opening. In general,
statistical significance in adjusted values for age of vagi-
nal opening, body weight at vaginal opening, and organ
weights correlated well with statistical significance in ab-
solute values for these parameters in the female pubertal
assay. Two compounds altered percent regularly cycling,
but only in the presence of a significant change in BUN
or body weight changes. One compound induced signif-
icant changes in uterine weights (both wet and blotted),
but did not affect any other estrogen-sensitive endpoints.
For this study, six high-dose females were in proestrus or
late diestrus on the day of necropsy compared to one con-
trol group female in late diestrus on the day of necropsy,
suggesting that the higher uterine weights in the absence
of effects on estrogen-sensitive endpoints were the result
of the stage of the estrous cycle on the day of necropsy and
not indicative of an estrogenic response. Adjusting values
based on body weight at the start of dosing did not change
the interpretation of any of these studies. Two compounds
affected ovarian and uterine histopathology; one was an
antiestrogen and the other compound produced an appar-
ent developmental delay.

When examining thyroid endpoints across both the
male and female pubertal assays, there were five com-
pounds that produced statistically significant changes
in thyroid histopathology using the five-point grad-
ing scale, but eight compounds that caused qualitative
changes in thyroid histopathology as judged by pathol-
ogists. Of these eight compounds, five caused significant
changes in serum T4 and/or TSH levels and three caused
changes in thyroid weight. Two compounds caused thy-
roid histopathological changes without any associated
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changes in other thyroid endpoints (thyroid hormones or
weight). Five compounds had significant changes in T4
and/or TSH without any associated changes in thyroid
weight or histopathology; in each of these cases, there
were effects on body weight/body weight gain.

Some examples shown in Tables 8 and 9 lack con-
cordant changes across related, endocrine-sensitive end-
points; thus clear interpretation of pubertal assay results
or MoA may be problematic. One of the difficulties when
using the pubertal assays is the reliance of these assays
on apical endpoints. As a result, statistically significant
effects observed in the pubertal assays may not be diag-
nostic of endocrine activity. The redundancy of the entire
Tier 1 screening battery should aid in interpretation of pu-
bertal assay results since a WoE approach will be used to
determine whether effects in Tier 1 warrant further eval-
uation in Tier 2 tests; however, there is still concern over
how this WoE approach will be implemented. For exam-
ple, one of the more problematic endpoints in the pubertal
assays is the attainment of puberty (i.e., the age and body
weight at which the animals achieve vaginal patency for
females or PPS for males). It is well documented that nu-
merous factors can impact these endpoints (e.g., Frisch
et al., 1975; Zipf et al., 1978; Smith et al., 1989; Cicero
et al., 1990, 1991; Odum et al., 2001). However, it is still
unclear how EPA will view a statistically significant effect
on these endpoints, particularly if the difference is within
the range of normal variance and how such effects may
influence the overall WoE evaluation and triggers for Tier
2 testing. A hypothesis-driven WoE approach has been
proposed by Borgert et al. (2011b) for testing the premise
that a substance interacts as an agonist or antagonist with
components of estrogen, androgen, or thyroid pathways
or with components of the aromatase or steroidogenic en-
zyme systems. This approach proposes deriving response
and relevance weightings based on the assay results and
provides a framework for use in performing a WoE as-
sessment.

One of the benefits of in vivo models is the ability to
add additional mechanistic endpoints to aid in interpre-
tation. Expanding the number of hormones included in
the analyses can greatly enhance the MoA understanding
of the effects, and strengthen understanding of the apical
endpoints that may be affected. This has been done pre-
viously in another screening battery using adult animals
(O’Connor et al., 2005), where the utility of a comprehen-
sive hormonal assessment was shown to greatly enhance
the ability to identify MoA for a series of positive control
compounds. Since limited hormonal analyses are already
included as part of the pubertal assays, this could easily
be expanded by collecting a greater volume of blood at
necropsy. Addition of other endpoints also should be
considered if the nature of the test substance warrants it.
For example, it may be useful to collect and save livers for
possible biochemical evaluation if triggered by other find-
ings. This adds very little cost, but allows flexibility to run
additional endpoints to help further define MoA. A good
example is evaluating hepatic UDP-glucuronyltransferse
as a means to look at effects on thyroid hormone per-
turbations (O’Connor et al., 2002). Alternatively, if a
substance induces liver enzymes, resulting in enhanced
clearance of steroid hormones, these liver samples can
further characterize this substance as one that may

cause effects on endocrine parameters, but secondary to
effects on the liver. At a minimum, all tissues that are
weighed should be saved for possible histopathological
evaluation if findings warrant it. In addition, other tissues
could be saved as a precaution, for example, adrenals,
pituitaries, etc. While the recommendation would not
include routine evaluation of these tissues, if they are
saved at the time of necropsy, they would be available
for evaluation if findings warranted analysis. The benefit
of including additional endpoints must be weighed
against the cost of including them. At a minimum, the
recommendation would be to save all weighed tissues for
possible histopathological evaluation, collect a larger vol-
ume of blood, and preserve serum at −70◦C for possible
hormonal analyses, and to flash freeze and save a portion
of the liver at −70◦C for possible biochemical analyses.

PERFORMANCE CRITERIA
The U.S. EPA test guidelines for the male and female

pubertal assays include performance criteria for control
data, which laboratories should strive to meet to confirm
that the pubertal assays were conducted properly. The test
guidelines state that “mean values and coefficients of vari-
ation (CVs) for the vehicle control group must fall in the
acceptable range of each to be considered fully accept-
able.” Notably, not all endpoints have specified values for
performance criteria; in Sprague-Dawley rats, there are no
performance criteria for mean range for testis weights,
and mean range and CVs for TSH levels and weaning
body weight in females (other criterion are missing in
Wistar rats). Furthermore, data on hormone levels can
vary with measurement methodology (Soldin et al., 2004;
Hegstad-Davies, 2006) and the methods used to generate
the performance criteria for hormone data were not spec-
ified in the test guidelines.

During the pubertal assay validation program, inter-
laboratory studies showed that these performance criteria
were difficult to meet. None of the laboratories met all of
the mean range and CV performance criteria in either the
male or female pubertal assays (U.S. EPA, 2007a, 2007b).
In the male pubertal assay, none of the three laboratories
had mean control values within the acceptable range for
all endpoints and none met acceptable CV values for all
endpoints in control animals. In the female pubertal as-
say, only one of three laboratories had mean control val-
ues within the acceptable range for all endpoints and none
of the laboratories met acceptable CV values for all end-
points in control animals.

These interlaboratory validation results were similar to
the results reported by laboratories contributing data to
the current article. In the male pubertal assay, the rec-
ommended mean control values for kidney and thyroid
weights were below the lowest recommended value in
100 and 67% of studies, respectively (Table 10). Single
studies missed the mean control ranges for body weight
at weaning, LABC weight, and serum testosterone levels.
Across endpoints, maximum CV values were exceeded
in 0–29% of the male pubertal assays conducted in our
laboratories with higher rates of exceedance observed
with age at PPS (38% of studies), body weight at PPS
(57% of studies), final body weight (57% of studies), and
weight of the seminal vesicles with coagulating glands
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Table 10
Performance Criteria for Male Pubertal Interlaboratory Control Values1

Endpoint
Recommended

mean range

No. (%) of
studies outside

mean range
Recommended
maximum CV

No. (%) of
studies where

CV was
exceeded

Age at PPSa 39.781–46.513 0 (0%) 5.67 3 (14%)
Body wt at PPS (g) 188.277–256.169 0 (0%) 7.57 17 (81%)
Body wt at weaning (g) 45.472–59.812 1b (5%) 10.25 3 (14%)
Final body wt (g) 259.235–332.059 0 (0%) 7.47 15 (71%)
Liver wt (g) 9.990–15.350 0 (0%) 14.93 2 (10%)
Kidney wt (g) 2.242–3.050 21b (100%) 14.76 1 (5%)
Pituitary wt (mg) 7.810–12.898 0 (0%) 15.98 7 (33%)
Ventral prostate wt (g) 0.160–0.332 0 (0%) 22.32 3 (14%)
SV wt w/CG with fluid (g) 0.295–0.719 0 (0%) 21.06 8 (38%)
LABC wt (g) 0.447–0.855 1b (5%) 27.10 0 (0%)
Thyroid wt (mg) 14–26 14b (67%) 23.63 4 (19%)
Serum TSH levels (ng/ml) 4.212–24.112 0 (0%) 58.29 6 (29%)
Serum T levels (ng/ml) 0.260–3.960 1c (5%) 89.70 0 (0%)

n = 21 studies.
PPS, preputial separation; wt, weight; SV w/CG, seminal vesicles with coagulating glands; T, testosterone.
1Values for adrenal weight, epididymis weight, and serum T4 levels met both mean range and CV performance criteria.
aPostnatal day (PND), where day of birth = PND 0.
bMean values were lower than recommended values.
cMean values were higher than recommended values.

and fluid (38% of studies). Again, the variables for which
the maximum recommended CV was exceeded by our
laboratories were generally the same variables that failed
to meet these criteria during the U.S. EPA’s interlabora-
tory validation. In the interlaboratory validation, two of
three laboratories exceeded the maximum CV values for
age at PPS, final body weight, pituitary weight, weight
of the seminal vesicles with coagulating glands and fluid,
and thyroid weight; all three laboratories exceeded the
maximum CV value for body weight at PPS and ventral
prostate weight (U.S. EPA, 2007a). The mean control val-
ues and CVs for the remaining assay variables (i.e., serum
T4 levels, adrenal, and epididymal weights) met the per-
formance criteria in our laboratories.

In the female pubertal assay, our laboratories gener-
ally met the recommended range for mean control val-
ues, although 87% of studies had mean control adrenal
weights that were lower than the recommended range
(<38.34 mg) and 26% of studies had mean control val-
ues for age at vaginal opening that were higher than the
maximum performance criteria value (>35.62 days of age)
(Table 11). One study missed the performance criteria for
mean body weight at vaginal opening. The maximum rec-
ommended CV values were more problematic as maxi-
mum control CV values generally were exceeded for five
variables in 9–26% of studies (Table 11). The variables for
which the maximum recommended CV was exceeded by
our laboratories were generally the same variables that
failed to meet these criteria during the U.S. EPA’s interlab-
oratory validation. In the interlaboratory validation, two
of three laboratories exceeded the maximum CV values
for final body weight, age at vaginal opening, and kid-
ney weights; all three laboratories exceeded the maximum
CV value for liver weight (U.S. EPA, 2007a). In addition
to the parameters for which the maximum CV was ex-
ceeded in the interlaboratory validation, body weight at

vaginal opening was exceeded in two of the studies per-
formed by the authors’ laboratories (Table 11). The mean
control values and CVs for the remaining assay variables
(i.e., uterine weight, ovarian weight, T4, thyroid weight,
and pituitary weight) met the performance criteria in our
laboratories.

Thus, based on the collective experience of the authors’
laboratories, as well as the results from the interlabora-
tory validation of these assays, we suggest that the EPA
may want to adjust some of the performance criteria for
the pubertal assays. The frequency with which the same
performance criteria were repeatedly missed by multiple
laboratories was specifically noted by the FIFRA Scientific
Advisory Panel, which reviewed the EDSP Tier 1 assays
in May 2013. The Scientific Advisory Panel stated, “The
Agency (EPA) should look at adjusting the performance
criteria for the individual assays to better reflect the expe-
rience gained since 2008” (FIFRA SAP, 2013).

RECOMMENDATIONS
One of the greatest challenges for the male and female

pubertal assay is dose selection. As shown in this article,
numerous endpoints have been used to define the MTD.
A careful review of previous toxicity data, coupled with
range-finding studies in juvenile animals, may be needed
to set dose levels that achieve an MTD, yet minimize the
potential for systemic toxicity that can cloud assay inter-
pretation.

For substances that are not potent hormonal agents,
it will likely be difficult to determine whether effects in
the male and female pubertal assays are diagnostic of a
primary, endocrine-mediated change or whether effects
are secondary to systemic toxicity, body weight changes,
stress, stage of estrous, etc. If effects are judged to be
specifically endocrine mediated, discerning the MoA may
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Table 11
Performance Criteria for Female Pubertal Interlaboratory Control Values1

Endpoint
Recommended

mean range

No. (%) of
studies outside

mean range
Recommended
maximum CV

No. (%) of
studies where

CV was
exceeded

Final body wt (g) 104.86–204.55 0 (0%) 8.93 4 (17%)
Age at VOa 30.67–35.62 7b (30%) 6.52 5 (22%)
Body wt at VO (g) 101.71–131.44 1b (4%) 13.97 2 (9%)
Liver wt (g) 4.32–11.78 0 (0%) 13.13 6 (26%)
Kidney wt (g) 0.95–2.20 0 (0%) 10.76 2 (9%)
Adrenal wt (mg) 38.34–48.84 20 (87%) 22.97 0 (0%)

n = 23 studies.
wt, Weight; VO, vaginal opening.
1Values for pituitary weight, ovarian weight, blotted uterine weight, thyroid weight, and serum T4 levels met both mean range and CV
performance criteria.
aPostnatal day (PND), where day of birth = PND 0.
bMean values were higher than recommended values.

be difficult. Patterns of effects should be apparent if
specific endocrine effects have occurred, although these
patterns alone are not diagnostic. To aid in assay inter-
pretation, additional endpoints may be included (e.g.,
preserve tissues for additional histopathology, collect
greater serum volumes to analyze additional hormones,
and save frozen livers to examine enzyme induction).
Of the utmost importance, the pubertal assays should
be interpreted as part of the EDSP battery to take
advantage of assay redundancy to detect endocrine
MoAs.

Based on the frequency with which certain performance
criteria were missed, an EPA review of these criteria is
warranted. This recommendation was supported by the
FIFRA Scientific Advisory Panel in their May 2013 review
of the EDSP Tier 1 battery (FIFRA SAP, 2013).

Lastly, it would be beneficial if the U.S. EPA gave ad-
ditional guidance as to how performance criteria will be
used and what determines assay acceptability. It would be
helpful for registrants to understand these factors to de-
termine whether a study should be repeated. This would
avoid a delay for both the test order recipients and the
EPA, which may find data unsuitable at the time of review
and thus, delay its decision making.
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