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DISCLAIMER

The information in this document has been funded wholly or in part by the U.S. Environmental
Protection Agency. It has been subjected to review by the National Health and Environmental
Effects Research Laboratory and approved for publication. Approval does not signify that the
contents reflect the views of the Agency, nor does mention of trade names or commercial

products constitute endorsement or recommendation for use.
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FOREWORD

This manual describes a test method with the fathc:a;:l minnow (Pimephales promelas) suitable
for assessing potential reproductive effects of ch_érﬁica.ls. with an gmphasis on endocrine
pathways controlled by estrogens and androgens. The test is conducted with reproductively-
mature animals for 21 d. Endpoints assessed include: adult survival, reproductive behavior,
secondary sex cha.ra.cte;*isticsi gonadosomatic index, gonadal histology, plasma concentrations of
vitellogenin and sex steroids (P-estradiol, lestostemr-l::. 11-ketotestosterone), fecundity, fertility,
and, if desired, F, viability. In addition to dfm:ribing the test method, guidance is presented as to
interpretation of test results with respect to idcntiﬁg::;n'crn of potential endocrine-disrupting

chemicals.

This document can be cited as EPA/600/R-01/067, U.S. Environmental Protection Agency,
Office of Research and Development, National Health and Environmental Effects Research

Laboratory, Mid-Continent Ecology Division, Duluth, MN, USA.
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A. Scope

There has been recent concern for the potential effects of endocrine-disrupling chemicals (EDCs)
on reproduction and development of humans and wildlife species (Colbomn et al. 1996). The
Office of Research and Development of the U.S. Environinental Protection Agency (U.S. EPA)
has identified EDC issues as one of six high priority m:;tmh areas (U.5. EPA 1996a; Kavlock er
al. 1996; Ankley er al. 1997). Further, in response to legislation passed by the 1.5, Congress
{Food Quality Protection Act, PL. 104-170; Safe Drinking Water Act, PL 104-182), the U.S. EPA
is implementing a screening program for EDCs with specific mechanisms/modes of action
(MOA). To aid in the development of this screening program, the U.S. EPA cosponsored a
series of expert workshops on screening methods (Gray et al. 1997; Ankley et al. 1998a; DeVito
et al. 1999), and convened a multi-stakeholder advisory committee (Endocrine Disruptor
Screening and 'l:'mting Advisory Committee; EDSTAC) to recommend specific test methods and
screening paradigms for EDCs (U.S. EPA 1998). The focus of these methods is on chemicals
that may affect reproduction and/or development, through disruption of physiological processes
controlled by estrogen, androgen, and thyroid hurm;:ms. One Tier 1 weéning assay
recommended in U.S. EPA (1998) was a short-term (21 d) reproduction test with the fathead
minnow (Pimephales promelas, Rafinesque) designed to identify chemicals that affect processes
controlled by estrogens and androgens. A screening test with fish was considered particularly
important for two reasons: (1) estrogenic/androgenic controls on reproduction/development in
fish may differ significantly enough from that of higher vertebrates such that mammalian (rat)

screening methods may not identify 'potential EDCs in this important class of animals, and (2) as
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opposed to human health effects, there is carrently significant evidence of adverse EDC effects in
a variety of wildlife species, including fish (Crisp e al. 1997; Ankley and Giesy 1998). The
purpose of this document is to describe an EDC test method with the fathead minnow designed

to meet the requirements of U.S. EPA (1998).
B. Imtroduction

The fathead minnow was selected as the test organism for this reproduction assay for a number of
reasons. Attractive attributes of this species inclﬁd: its: (1) widespread geographical distribution,
(2) representation of an ecologically-important ﬁﬁly of fish (Cyprinidae), (3) rapid development
and sexual maturation, (4) ease of culturing and testing, (5) common use as a warm-water species
in regulatory tesﬁ::t_g and decision-making, and (6) the existence of extensive chemical

toxicological databases including information on repraductive physiology and endocrinology that

is valuable in the context of monitoring BEDCs.
1. Basic Reproductive Biology

The fathead minnow is an ommnivorous freshwater fish in the family Cyprinidae. Itis a
relatively hardy species with a broad geographic distribution across North America (Devine
1968; Held and Peterka 1974; U.S, EPA 1987). The fathead minnow has a relatively rapid
life-cycle, achieving reproductive maturity within four to five months of hatch (under optimal

conditions). The u.mmg of the reproductive cycle can be controlled effectively through the
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use of temperature and photoperiod manipulation (U.S. EPA 1987), thus enabling a lab to
maintain a constant supply of test organisms at a developmental stage suitable for testing. At
.maturily, males weigh 4 to 5 g, and females weigh 2 to 3 g. Spawning can successfully occur
at pH values ranging from 6.6 to 9.5 (Mount 1973). Fathead minnows tolerate total alkalinity
concentrations of up to 1,800 mg/L as l:?.aaui}'.fll.1 (McCarraher and Thomas 1968), and turbidity
as high as 15,000 mg/L total solids (Rawson and Moore 1944). The species also is tolerant

of water temperatures ranging from 2 to 33°C (Bardach et al. 1966), and spawns successfully

" in the temperature range of 15.6 to 29.8°C (Brungs 1971).

Figure 1. Mature male (left) and female (right) fathead minnow, FPimephales promelas.

The adult fathead minnow is sexually dimorphic, with males and females readily

distinguishable from one another when in breeding condition (Fig. 1). As juveniles, the sexes

are gimilar in appeuramie. Sexually-mature males develop large nuptial tubercles on the




snout, and an elongated, fleshy, dorsal pad which extends as a narrow band from the nape to
the dorsal fin. The body coloration of males becomes black on the sides except for two wide
light-colored vertical bars (U.5. EPA 1987). In contrast, females generally do not undergo
obvious changes in color or morphology, but do develop a fleshy ovipositor that can be used
to definitively distinguish females from immature/quiescent males (Flickinger 1969). Sudies
have demonstrated that secondary sex characteristics in this species are under the control of
sex steroids and, hence, could be affected by chemicals such as estrogen or androgen receptor
agonists or antagonists (Smith 19743 Mile.a—Riﬁmrdm et al. 1999a; Harries et al. 2000,
Ankley er al. 2001; Linge ef al. 2001). It should be noted, however, that thers can be some
degree of ambiguity in differentiating sex even in ostensibly mature fathead minnows. For
example, less dominant males from mass culture situations may resemble females
phenotypically. Alternatively, we also have n;J‘Lad a baseline incidence of reproductively-
active females whose barred coloration patterns can resemble that observed in males, This
seems to occur in situations (such as in the test described herein) where there are multiple
femnales per test tank; interestingly, in these situations a hierarchal behavior can develop in
which there is a dominant female in the tank which can exhibit male coloration patterns

(MED, unpublished data).

Breeding males are territorial and seek out nest sites which they actively defend against other
males and intruders. Fathead minnows spnwﬁ beneath objects (artificial substrates in the lab)

and the buoyant, adhesive eggs stick to each other and to the undersurface of the nesting

substrate. Spawning behavior is characterized by close lateral contact and body vibration




between male and female. After sufficient stin:-rulal.i-:m, the male presses the female upward,
resulting in the female’s urogenital region u;mtacling the subsirate, with a concomitant
releu;z of eggs. Milt is released at this time as the pair terminates pressing with an abrupt
separation. This behavior occurs intermittently until an increase in male aggression drives
the female away. The male then guards ﬂ.l'l.li tends the.nest. The latter activity includes
cleaning the eggs of dettitus and agitating the water around the eggs, thereby ventilating them
with ux.}rgmatbd water, At 25°C, the embryosl hatch in about 4 to 5 d (U.5. EPA 1996b).
The number of eggs per spawn can be variable, depending upon the age, size, and condition
of t.h,r; female {Gale and Buynak 1982). H::mrmrc{', the mean number of eggs per spawn under
stable laboratory conditions is typically in the range of 50 to 150 (Jensen ef al. 2001). Under
the test conditions described herein (25 £ 1°C, 16:8-h light:dark photoperiod), individual
females spawn at intervals of 3 to 4 d (Jensen ef al. 2001}, cr-,;ating the potential for a single

female to routinely produce in excess of 500 eggs during a 21-d test.
2. Toxicology

The fathead minnow has been used extensively in shori-term (acute) and long-term (partial
life-cycle or complete life-cycle) chemical tl::lur.ili:_it:..r studies. They have been widely tested as
& represeniative warm-water species to provide acute and chronic toxicity data for the
preparation of U.S. EPA national ambient water quality criteria documents. In addition,
fathead minnow toxicity tests with more than 600 chemicals form a unique archival database

(Brooke er al. 1984; Geiger ef al. 1985; 1986; 1988; 1990; Mayer and Ellersieck 1986; Call
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and Geiger 1992) that has been used extensively for a number of purposes, including
quantitative structure-activity relationship (QSAR) modeling (Russom er al. 1991; 1997).
Although the fathead minnow has been tested occasionally in full life-cycle assays
incorporating a variety of reproductive and developmental endpoints (McKim 1977; Liinge er
al. 2001), shorter-term tests have been more typical for this species. For example, protocols
are available for 4-d survival and 7-d survival and growth tests that start with either newly
hatched larvae or embryos (U.S. EPA 1993; 1}3’94}1 Protocols for slightly longer early life-
stage tests of =28 d are also available; these typically are initiated with embryos, and include
exposure of the embryos, newly hatched fry, and/or juvenile fish to some point prior to sexual
maturation (ASTM 2000b). A comparison of short- versus long-term toxicity tests with the
fathead minnow (MeKim 1977), illustrated the utility of early life-stage tests of 1 to 4 months
in duration in providing an estimate of chemical toxicity over a complete life-cycle.
However, for the purposes of ecological risk assessment, it has been recommended that some
measure of reproduction be incorporated into the partial life-cycle tests (e.g., Suter f al.
1987). None of the above-mentioned shurt-tc;'m protocols address possible effects on
reproduction in adult fish. Therefore, the test protocol described herein includes several
direct and indirect measures of fecundity as endpoints. This basic test protocol also can
capture endpoints assessed by traditional pam':al life-cycle and early life-stage protocols
(Ankley er al. 2001). '

From an ecological perspective, determination of effects of toxicants on reproductive fitness

and, hence, possible population-level impacts clearly is critical (Suter et al. 1987). However,




in terms of screening for chemicals that cause toxicity via MOA of known concern, endpoints
specific to these pathways also are important. In recognition of this, endpoints suggested as
desirable for EDC sereening in fish models include effects on reproductive behavior,
secondary sex characteristics, gonadosomatic iridex, gonadal histology, and plasma
concentrations of vitellogenin and sex steroids (B-estradiol, testosterone, 11-ketotestosterone)
(Ankley et al. 1998a; 2001; U.S. EPA 1998; Jensen ef al. 2001). Recent studies have
assessed the use of these endpoints in EDC studies with the fathead minnow, confirming
their utility in this species, and providing important baseline data in terms of interpretation of
results obtained from these standard test protocols. Specifically, induction of vitellogenin in
response to estrogen receptor agonists (Kramer ef al. 1998; Panter et al. 1998; 2002; Parks e
al. 1999; Tyler er al. 1999; Harries et al. 2000; K.crtf, et al, 2000; Ankley et al. 2001; Linge
et al. 2001), and alterations in gonadal histology or secondary sex characteristics associated
with expnsu_.t'e. to estrogen or androgen receptor WS (Sn:u'.th 1974; Miles-Richardson er
al. 1999a.b; Harries et al. 2000; Ankley er aj 2001; Linge er ai. 2001}, have been
characterized in EDC screening studies with the fathead minnow. Finally, there also is an
emerging database concerning the effects of EDCs with known MOA on patterns of
circulating sex steroids in this species (Giesy et al. 2000; Makynen ef al. 2000; Ankley et al.

2001; 2002; Jensen er al. 2002).

Acronyms and Definitions o

Acute toxicity - Effects observed in tests of <96 h in duration.




AQUIRE - AQUatic Information REtrieval system; a U.5. EPA database of aguatic toxicity
information.

ASTER - ASsessment Tools for the Evnluar_il::m of Risk; a 1.5, EPA software program that
combines aguatic toxicity databases and quantitative structure-activity relationship toxicity
prediction models to assist in the development of risk assessments for chemicals.

Chronic toxicity - Effects observed in fathead minnow tests =28 d in duration.

Dorsal pad - Soft enlacgement of flesh on mﬁ of the head of sexually-mature male fathead
minnows that extends onto the back of the fish to, or near, the anterior margin of lh-e. dorsal
fin.

EDC - Endocrine-disrupting chemical.

ELISA - Enzyme-Linked Immunosorbent Asal.r.ay; analytical method used for determining
plasma vitellogenin concentration.

p-Estradiol - Major estrogenic sex steroid regulating reproductive function.

Fecundity - Measure of total egg production.:

Fertility - Measure(s) of fertilization success as indicated, for example, by actively-dividing
embryonic cells or occurrence of eyed embryos.

GSI - Gonadosomatic Index; gonad weight re.lative to total body weight

({gonad wi(g)body wt (g)) x 100).

i.p. injection - Intraperitoneal injection; methiod of chemical delivery.
11-Ketotestosterone - Major male sex stm'm'{:l in fish responsible for development of
secondary sex characteristics as well as gonadal development.

LC50 - Concentration lethal to 50% of a group of organisms under specified conditions.
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LOEC (LOAEC) - Lowest Observed Efféct Concentration; lowest concentration of a
chemical that causes a significant adverse effect upon one or more life functions.
MOA - Mechanism/Mode of Action; the me:;hanism or mode via which a chemical exerts a
toxic response in an organism.
NOEC (NOAEC) - No wavu;l Effect Cunc.entra‘tiun; highest concentration of a chemical
" that does not cause a significant adverse effect upon any life functions.
Nuptial tubercles - Visible external horny outgrowths on the surface of the head of the
sexually-mature male fathead minnow in breéding condition.
Ovipositor - Urogenital structure present in sexually-mature females for egg deposition.
QSAR - Quantitative Structure-Activity hlaﬁ@hip; a relationship between basic chemical
structure {or property) and a biological n:spl:rnﬁ.c that is described quantitatively.
RIA - RadiolmmunoAssay; analytical method used for determining plasma steroid
concentrations.
RPD - Relative Percent Difference; calculation utilized to assess measurement precision.
Saturator - An apparatus capable of generdting a saturated stock solution of a chemical that
is relatively insoluble in water. .
Subchronie toxicity - Effects observed in fathead minnow tests of »4- and <28 d in duration.
Testosterone - Androgenic sex steroid normally present in both sexes and necessary for
ﬁwelq:.rrmnt and maintenance of reproductive function.

Viability - Measure(s) of embryonic development subsequent to fertilization, including

hatching success and normal larval maturation.




Vitellogenin - Precurser to egg yolk protein that occurs normally in the blood of sexually-

mature female fish; it can be induced by estrogen receptor agonists in male fathead minnows.
D. Principle of the Test

This test is designed as a short-term reproduction assay suitable for identifying chemicals that
affect reproduction or, potentially, development tﬁmugh disruption of any of a number of
pathways, including those controlled by estrogens and/or androgens. Several potentially
sensitive endpoints are assessed. The test is initiated with mature male and female fish that have
a documented history of reproductive success as mea.'mred both by fecundity (number of eggs)
and by embryo viability (e.g., hatch). This is e&ta‘plished during a pre-exposure phaze of 14 to
21 d in the same system/test chambers as will be utihized for the chemical exposure. During the
subsequent 21-d chemical exposure, survival, reproductive behavior, and secondary sex
characteristics are observed, and fecundity (nunﬁr of spawns and number of eggs/spawn)
monitored daily. Viability of resultant embryos [:::.g.. hatching success, developmental rate,
occurrence of malformations) can be assessed in énima]s held either in clean water or in the same
treatrnent regime to which the adults were exposed. At conclusion of the 21-d test, blood
samples are collected from the adults for deimmnanun of plasma vitellogenin and sex steroids,
and the gonads sampled for measurement of the ﬁanadmomaﬁc index (GSI) and histological
analyses. Effects in the treatment groups are nsscssnd by comparison to control groups to

determine if any of the endpoints in the exposed fish are significantly different from those in
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controls, Those chemicals identified as positive in this test may be advanced for more

comprehensive testing.
E. Information on the Test Chemical
1. Toxicity to Fish

At least two concentrations of the test chemical should be evaluated in the 21-d reproduction
assay, but additional concentrations are desirable if resources are available (SETAC 1997). It
is also required that the test be conducted as 5 flow-through, rather than a static-renewal
assay, and that concentrations of the chemical of concern be analytically determined in the
stock solution and test chambers during testing. In addition, it would be desirable to measure
concentrations of the test chemical and relevant metabolites in tissue of the fish at conclusion
of the test. The highest exposure concentration used in the test should be one that is not
lethal to the fish and can be maintained at a near constant level over the duration of the
exposure period. When using a waterborne delivery route this concentration generally should
not exceed water solubility. Depending upon data available for the proposed test chemical,
the following can be used to determine the highest exposure concentration, The order of
priority in terms of utility of available information for establishing this concentration is:
fathead minnow complete life-cycle toxicity data > fathead minnow early life-stage toxicity
data > adult fa.th:ad minnow acute toxicity d:rtn = chronic toxicity data with surrogate fish

species. Performance of a range-finding toxicity test of 4 to 7 d in length with adult fathead
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minnows is strongly recommended, particularly if toxicity data are lacking for the fathead
minnow. Fish toxicity data estimated from QSAR models may be used to determine
concentrations to use in a range-finding toxicity test (described below) when no empirical

test data are available for the compound of interest.

To initially ascertain if toxicity data exist for a given test substance a literature search should
be conducted. Possible sources of toxicity information include chemical-specific U.S. EPA
Mational Ambient Water Quality Criteria or A;d\rismjr documents (U.S. EPA, Office of
Waler, Washington, DC). These documents describe tests that have generated data of
established quality; they should be consulted to determine if chronic toxicity data for the
chemical(s) of concern axi_st for the fathead minnow. Another source of acute and chronic.
toxicity data is the AQUIRE (AQUatic Information REtrieval system) database. This
database is accessible as a component of the larger ECOTOX database (web address:
www.epa.goviecotox/). Additional information on accessing this database is available by
e-mail at the following address: ecotox.support @epa.gov.

Data of the highest quality should be used in selecting test concentrations. For example, if
data are available for both flow-through and ﬂc tests, the flow-through data generally
should be utilized. Similarly, if data are available for assays in which chemical
concentrations were measured versus tests in which they were not, the former usually should

be used.
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If chronic data are available for the fathead minnow, .lh:: highest concentration used should be
the LOEC (lowest observable effect concentration), if the adverse effect was upon growth or
reproduction; or the NOEC {no observable effect concentration), if the LOEC was based

upon survival.

If acute, but not chronic, toxicity data for the test chemical are available for the fathead
minnow & divisor may be used to estimate a chronie value from lhc 96-h LC50 value. A
divisor of approximately 10 to 12 has b.e.en found to be representative of the mean difference
between the 96-h LC50 value and the chronic value (geometric mean of NOEC and LOEC)
for chemicals which have a narcosis MOA (Kenaga 1982; Call er al. 1985). For chemicals
with a more specific MOA, a larger divisor may be appropriaie. Selection of a maximum test
concentration from acute toxicity infnﬂnalii;in ideally should be augmented by a range-finding

test, prior to the 21-d reproduction test.

If acute or chronic toxicity data are not auniln‘_n]nlr. for the proposed test chemical and the
fathead minnow, information should be sought for other fish species. Again, one source of
toxicity data that may prove useful is the AQUIRE database. Such information could be used
to establish a maximum concentration for a-rar'lge-t'i.ndin,g test with the fathead minnow. If

_ only acute toxicity data are available, an appropriate divisor should be applied as described
above. In either case, a range-finding test with the fathead minnow should precede the 21-d

reproduction assay.
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If there are no toxicity data available for any fish species, but data exist for chemicals from
the same class which are known m‘prewmai.m act by the same toxic MOA as the proposed
test chemical, acute toxicity may be predicted using a QSAR model. Models for various
claszes of chemicals are available, as well as s.:nme general rules for model selection
(Bradbury and Lipnick 1990; Veith and Broderius 1990; Bradbury 1994; 1995; Russom et al.
1997). Based on this information, a range-finding test should be conducted to help identify

appropriate test concentrations for the 21-d reproduction assay.

Lower test concentrations of the chemical of concern will generally be comprised of a
fractional geometric progression relative to the highest concentration used in the assay; the
magnitude of this fraction will depead somewhat on the number of concentrations utilized.
For example, if only two or three cmmranons are used in the test, the lower
concentration(s) should be a factor of 5 to 10 times less than the highest cmc@ﬁm,
When utilizing a larger number of test chemical concentrations (e.g., =5}, a 50% dilution
series is relatively common, although a lngari:thmic concentration series is not unusual (e.g.,
100, 32, 10, 3.2, etc.). As a general rule, when sensitivity of the analytical chemistry method
for the material of concem is an issue, the lowest concentration tested should be near the
detection limit and higher concentrations should range uniformly to the highest test

concentration.
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2. Physico-Chemical Properties and Chemical Delivery

It is necessary to obtain reliable information cnn.-::ami'ng'thg physico-chemical properties of

- test chemicals to determine likely behavior in the test system and appropriate exposure
mgdl-mdolcgy, Factors important in this rc.gard might include water solubility, octanol-water
partition coefficient (K_,), melting point, density, volatility, stability in water, and
biodegradability. Information on these characteristics may be obtained from single sources
such as Lewis (1991) or Keith (1997), literature sga.n:hea or computerized programs, such as
ASTER (ASsessment Tcr.)ls for the Evaluation of Risk; Russom et al. 1991). ASTER isa
UNEX-based computer program that is not ;ruI:.rli-.:i ¥ available. To obtain chemical property
information from ASTER, contact should be made via initial e-mail at:

ecotox ,x_tuppnrt@epa.gm. Other chemical prnpt;.rty databases are commercially available.
For example, the dat;abaa:: ENVIROFATE is available through National Technical
Information Service, Springfield, VA (www.ntis.gov); and the databases ECDIN
{Environmental Chemicals Data & Information Network), EFD (Environmental Fate
Database), LOGKOW, QSAR, and MicroQSAR are available through Technical Database

Services, Inc., New York, NY (www.tds-tds.com).

Knowledge of these physico-chemical properties will allow determination of an appropriate
procedure to use in producing a stock solution of the test chemical, as well as the necessary
rate n_f renewal (i.e., derived from aqueous stability). For example, if the chemical is highly

soluble in water (=1,000 mg/L), stock solutions may be prepared directly in the test water
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with a slow-stirring method. High-energy stirming, such as with a mechanical blender,
gensrally should be avoided, as it may produce emulsified droplets of pure compound that
could enter the exposure system. The stock solution may then be pumped directly into a
holding chamber in the test system for subsequent dilution. If the chemical is relatively
insoluble in water, and a liquid at the target test temperature (i.e., melting points <23°C), a
liguid-liquid saturator is recommended for generating stock solutions; whereas, if the
chemical is a solid, a glass wool column mﬂm is the preferred method of stock solution

generation (Kahl ef al. 1999). These methods are described in greater detail in Section G.6.

None of the above methods require solvent or oil carriers. This is preferred because: (1)
certain solvents themselves may result in toxicity and/or undesirable or unexpected
endocrinological responses, (2) testing chemi:.:a]s above their water solubility (as can
frequently occur through the use of solvents) can result in inaccurate assessments of risk from
the perspective of contaminant bioavailability, and (3} the use of solvents in longer-term tests
can result in a significant degree of “biofilming™ associated with nﬂ-:_:mbia.l activity. If,
however, it is determined that a solvent carrier must be used, several choices are possible
including acetone, dimethylsulfoxide, dimethi.rlfummmide. Eﬁlﬂl‘lﬂi; ethylene glycol, and
methanol. Toxicity andfor potential mducriné:lagical effects of these solvents have not been
established for the fathead minnow in suhch:t;njc or chronic assays; however, all are of
relatively low toxicity in 96-h lethality tests {l%!muke. el al. 1984; Phipps and Holcombe 1985;
Poirier ef al. 1986; Geiger et al. 1990 Pillard.lWS}, If solvent carriers are used, appropriate

solvent controls must be evaluated in addition to non-solvent controls. T it is not possible to
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administer a chemical via the water, either because of physico-chemical characteristics (low
solubility) or limited chemical availability, it maj;r be necessary to introduce the chemical via
the diet or by intraperitoneal (i.p.) injection (€.g., Korte et al. 2000; Kahl ef al. 2001). These
routes are less preferable than aqueous administration; this is, in part, due to the fact that
dietary and i.p. routes have not been commonly used with the fathead minnow, which resulis

in uncertainty in the current identification as to optimized protocols.
3. Range-Finding Toxicity Tests

Given the fact that there will be little acute or chronic toxicity data for many chemicals, or
that existing data are unreliable (e.g., generated from static tests with unmeasured
concentrations), range-finding toxicity tests often will be needed to define appropriate
exposure concentrations for the 21-d reproduction test. The highest concentration for a
range-finding test could be derived from toxicity data for other fish species and/for a QSAR
model (see above). In the absence of any type r.}-f empirical or predicted toxicology data, the
range-finding test should start at the solubility limit of the chemical in water. Test
concentrations should decrease by a factor of 10 for each m.loc:essivcl}f lower exposure level.
The range-finding test should ideally be pe:rfmmd with reproductively-mature fathead
minnows under conditions {e.g., fish age, loadingl rate, lemperature, chemical
source/delivery) similar to those to be used in the 21-d reproduction test (described in detail
in Sections G and H, and briefly summarized in Table 1). Ideally, a minimum of two test

chambers (replicates) per concentration, each containing four females and two males, should
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be exposed in the range-finding test. Alternative designs of range-finding tests with less
replication could possibly be considered on a case-by-case basis. The exposure period should
be a minimum of 4 to 7 d, with a longer pe.nnd preferable. The nmn!;:er of mortalities that
occur, and the nature of the concentration (dose)-response curves over time of exposure can

provide critical information in determining lh-c maximum concentration to use in the 21-d ) [ i

does not result in increased mortality or signs of overt morbidity (e.g.. cessation of feeding),

compared to the controls should serve as the highest exposure concentration in the 21-d test.

reproduction test. Based on these results, the highest range-finding test concentration that
]

4. Analytical Determinations I

A literature review should be conducted to i.dB:I“if}r analytical methods that have been used to
measure concentrations of the test substance in water (or, depending on nature of the
exposure route, in food or tissue). An appropriate method should be selected and verified

prior to performance of the range-finding andfor 21-d reproduction test,

F. Validity of the Test

The 21-d repreduction test can be considered valiéi only if certain conditions are met. These
include; (1) documentation of health of the test animals, as determined from their survival and
reproductive performance during a pre-exposure period, (2) high survival (290%) of parental

conirol fish during the exposure period, (3) active spawning (egg production) of parental control
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fish, (4) a high rate (=90%) of fertility in the control group, (5) maintenance of water quality
c:hamcléristi:.:s (i.e., temperature, dissolved oxygen, pH, alkalinity, total organic carbon, and un-

. ionized ammonia) within specified limits (Table 2), (6) successful analytical measurement of the
test chemical concentrations in the exposure media {e.g., water for aqueous exposures), and (7)
maintenance of chemical exposure concentrations within specified limits (see Section H.2.¢ for

lirnits).
G. Description of the Method

An overview of the test conditions is provided in Table 1. Specific aspects of the exposure

gystem(s)iest conduct are presented below.
1. Exposure Apparatus

There is no absolute rcqﬁiment for a particular physical apparatus for the test described
herein. Water needs to be delivered to the fish .in a consistent manner with controlled
 concentrations of the chemical of concern, but several options are available. For examgle,
the apparatus for flow-through tests may be modified from a proportional diluter system, of
which several designs are available (Mount and Brungs 1967; Defoe 1975; Benoit et al.
1982). Water enters the top of the unit and proceeds through the Pl‘ﬂj.)ﬂﬂiﬂﬂaf dilution system
and exposure chambers via gravity feed. Other systems may operate via pumps, as opposed

to gravity feed ﬁd be controlled, for example, by electronic units (e.g., DeFoe and Holcombe
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1997), Water initially enters the system from ‘& common source (same source as the water
used to culture andfor precondition the fish prior to chemical exposure) and is distributed in
eqgual portions to each replicate control and tréatment cell. The water supply must be
adeguate to provide a minimum of 960 L (10 :LI’-I h x four replicates of control, solvent
control, and two chemical treatments) of water da.i.lg,.r to the test system (approximately

3.5 L/g fish/day). Some testing may require a greater capacity for water delivery (e.g., three
or more chemical concentrations). Purther details concerning test systems/chemical delivery

are given below.
2. Test Chambers

Glass, stainless steel, or other chmnica]ly—iuerjt materials should be used for exposure of the
fish to test solutions. Materials with the potential to leach potential endocrine-active
substances such as phthalate esters should be avoided. The dimensions of the test chambers
must be such that reproduction oocurs at a cmshtml rate comparable, for example, to that
achieved under culture conditions. To ensure active spawning and successful fertilization,
four females and two males per replicate expdsure chamber are currently recommendead. The
minimum recommended chamber size is 40 cm long, 20 cm wide, and 20 cm high containing
10 L of test solution. Each test chamber s.'lmuid contain three spawning substrates
constructed of stainless steel or PVC pipe {10;-20 cm in length) split lengthwise (U.S. EPA
1987). Inflow of water to the chamber shouid: be at the end opposite the outfllow Lo help

ensure a complete replacement with tua-h'clcmli waler.
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Table 1. Overview of recommended exposure conditions for the fathead minnow 21-d reproduction test.

16.

7.

18.

19.

21
21

Test type
Water temperature
Tumination guality

Light intensity

Photoperiod
Test chamber size

Test solution volume

Volume exchanges of test solutions

Flow rate

. Ape of test organisms

. Mo. of fish per test chamber

. No. of wreatments

. Mo, of replicates per treatment

. Mo. of fish per test concentration

. Feading regime

Awration

Dilution water
Chemical dilution factor
Chemical exposure duration

Optional endpoints
Test acceptability

Flow-through
25 +.1°C
Fluorescent bulbs (wide spectrum)

10-20 pE/ME/5, 540-1080 lux, or 50-100 ft-c (ambient
laboratory levels)

16 h light, 8 h dark

18 L (40 x 20 x 20 em) (mininum)

0L

Minimum of six daily

Approximately 3.5 Lig fish/day

Reproduocing adults (120 d mind mim)

Four females and two males

Two minimum (plus appropriate controls)

Four n.1inin:|;m1 ! .

Minimmm of 16 females and 8 males

Frozen adult brine shrimp h;-‘u:e daily if toxicant exposure
is agueous or via L.p. injection

Mone unless dissolved oxygen concentration falls below
4.9 mgl. "

Clean surface, well, or reconstituted water

5-10

<21d

Adult survival, reproductive behavior, secondary sex
characteristics, gonadosomatic index (GSI) and gonadal
histology, plasma vitellogenin and sex steroid (f-estradiol,
testosterone, 1 1-ketotestosterone) concentrations,
fecundity, and fertility

Embryo hatch, larval survival, and morphology

Dissolved ocygen =605 of sataration; mean temperatire
of 25 % 1°C; 90% survival in the controls; successful egg
production in controls
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3. Selection of Test Specics

The fathead minnow is used for this test. The rationale for selecting this species has been
described previously which, in summary, is due to their ease of culturing, short life-cvcle, and

history of use in toxicity testing.
4, ‘Test Water

Any surface, well, or reconstituted water that results in acceptable survival and reproductive
viability is suitable. The water supply should be B_,du:juata to maintain constant conditions of
water quality during both culture and testing (:Tahlc 2). The characteristics of the water
ideally should not impact the availability of the test chemical to the test organisms; thus,
waters high in dissolved or particulate organi¢ carbon should be avoided. Periodic

(e.g., yearly) sampling and analysis should baimad: of the dilution water for potentially toxic
metals (g.g., Cu**, Ni**, Zn*, Pb*™*, Hg*, Cd"), major cations (e.g., Ca*™, Mg", Na*, K%,

major anions (e.g., CI', 87), priority pesticides, total organic carbon, suspended solids, and

mitrates.




Table 2. Recommended ranges of water quality characteristics for fathead minnow

reproduction.
Water Characterigtic Recommended Range  Reference
Temperature (*C) 24.0-26.0 ASTM (2000a,b)
Dissolved oxygen =4.9 mg/L ASTM (2000a,b)
(mg/L) (= 60% saturation) '
pH . 6.59.0 U.5. EPA (1976)
Alkalinity =20 1.5, EPA (1976)
(mg/L as CaCO,) _
Total organic carbon <5 © ASTM (2000b)
{mg/L} '

" Un-ionized ammonia <35 ASTM (2000a)
(pg/l)

5. Test Type

The _anima.]s must be tested using a flow-through system. The water must be used only once
before discharge to waste. Some test chemicals may require that exposure water be treated
prior to discharge to municipal wastewater treatment plants. For the purposes both of
consistent (parent) chemical exposure and maintenance of adequate water quality (e.g.,
dizsolved oxygen, ammonia, ete.), it is desirable to have the test solution reside in the
chamber with the animals for a limited amount of time. The test solution must have a

renewal rate of at least one volume exchange every 4 h, but certain chemicals will need to be

23




renewed more frequently due to their volatility, degradation, or complexation with the test

containers.

6. Stock Solutions (Aqueous Exposures) i |
. I

Chemical stock solutions can be generated using a number of approaches, and delivered via

either proportional dilution systems or stock ﬁumpin,g systems (Mount and Brungs 1967; |

DeFoe 1975; Benoit ef al. .1932; DeFoe and Holcombe 1997). The method of choice for

preparation of stock solution(s) must provide for an adequate volume of water 1o achieve

desired test concentrations for a flow-through test. Tt is preferable that stock solutions be

prepared in water without the use of solvents or solubility enhancers. As described below, ,

different approaches have been used to successfully achieve appropriate test concentrations

for chemicals of various physico-chemical characteristics in the absence of solvents. In some

instances, the use of a solvent for chemical dahve:y in waterborne exposures will be

unavoidable.

a. Solid-Liquid (slow-stir) Saturator. A solid-liquid saturator is designed to use the
surface of the inside of a glass carbuysur vessel as an area which, when coated with a
test chemical, generates a stock snluliii:m at or near saturation. This is a slight
adaptation of a system in which stock ;ao]utians are prepared directly by dissolving
test chemical in water. Compounds wihich.a.rc solids and moderately soluble in water

are best suited for this method. Generally, these types of chemicals are not soluble
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enough to mix in stock vessels for immediate use, but not 5o insoluble that it is
necessary to coat substrates with a large surface area, such as a glass wool c:u-lumn
saturation unit described below. To determine the effective use of this method in a
test system, analytical measurements should be taken from the chemically-coated

vessel at a range of flow rates over time.

The test chemical is dissolved in 4 solvent (e.g., acetone, ethanol) before application
on the glass vessel (= 1L}, with the amount of solvent varying due to vessel size and
amount of chemical. Coating of the glass with the chemical requires an even
distribution, which can be successfully achieved by rolling the container under a low
flow of air or nitrogen gas to evaporate solvent from the system. Vessels that can be
placed on a rolling mill simplify cmlling the chemical evenly. Upon solvent dryness,
usually identified by a crystalline design, the vessel is filled with test water to the
desired level, fitted with the stopper assembly and sa:.;,urad. It is important that the air
space in the saturator be completely sealed from air exit or eniry during use {;rf the
saturator, and that it be possible to monitor the rate of incoming make-up water at the
rate of the diluent being removed. wate.r input occurs just above the water level in
the vessel, with an output tube located near the botiom. The diameter of the output
tubing is best when matched with that us‘-ed on the dispensing pump. Rapid stirring
within the vessel is produced using a magnetic stir bar and stir motor. The presence
of a vortex at the airfliguid interface generally is sufficient for adequate stock mixing.

This type of saturator has been used successfully with the model antiandrogen
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|
flutamide (Jensen et al. 2002). In that study, a 3.5 g quantity of chemical was
dissolved in 40 ml of acetone. With an 8 ml/min flow rate through an 18 L carboy,

stock concentrations were generated at about 21 mg/L for up to 7 d. Therefore, three

coated vessels supplied a usable stock for the 21 d of chemical exposure.
. Liquid-Liquid (slow-stir) Saturator. In a liquid-liquid system, water that is nearly

|
|
|
saturated with the test compound is pumped from the saturator vessel to the diluter i |
system, and at the same time replacement water is added back to the saturator at the ‘
rate that it was withdrawn. This type of saturator has been successfully used with

chemicals that are liquid at room temperature with water solubilities between 3.2 and
20,000 mg/L (Kahl er al. 1999). A glass container of sufficient volume is required to
achieve a surface to volume ratio between chemical and water that is adequate to
generate a volume of test solution neat water saturation for the chemical. The system
generally consists of a glass container (= 1 L) containing water, test chemical, a
magnetic stir bar, and air space (Fig. Z). The container should have a narrow neck
into which a neoprene stopper can fit.  Four stainless steel or glass tubes are inserted
through the stopper to permit input of!ch:mica]. venting, input of dilution water, and
output of the test solution. If the test éhﬂmical has a specific gravity <1, it will float
on the surface of the water and the dilution water input tube should be positioned
above the solution level, and the output tube near the bottom of the container

(Fig. 2A). If the specific gravity of the test chami:.:al is =1, the chemical will be close

to the bottom of the container. In this case, the dilution water input tube should be
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near the bottom, and the output tube in the upper half of the solution (Fig. 2B). 'The
container is placed on a magnetic stir bar drive motor, and the stir bar rotated rapidly
enough to create a vortex at the surface of the solution, but not so vigorously as to
cause droplets of the test chemical to séparate from the pure chemical mass into the
water portion of the partitioned solutions. It is important that the air space in the
gaturator be completely sealed from air exit or entry during use of the saturator. This
air space will come into equilibrium wilh. the water, and will not cause differences in
solution concentrations with time. A pump is attached either to the dilution water
input tube or the output tube \_which delivers test solution to the test system. Liguid-
liquid saturators have been used successfully in exposures of aquatic organisms (o a
variety of potential EDCs, including di-n-butyl:, butylbenzyl, and di(2)-ethylhexyl
phthalate (Call et al. 2001), 1.4-dinitrobenzene (Geiger et al. 1985), methoprene

{Ankley er al. 1998h), and nonylphenol (Kahl ef al. 1997).

A, Specific Gravity <1 B. Spacific Gravity >1
oulpul outpu]

Figure 2. Liquid-liquid (slow-stir) satoration umit.
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|
¢. Glass Wool Column Saturator. This t;rpe of saturator has been used successfully with ‘
chemicals having water solubilities between 0.0074 and 104 mg/L (Kahl er al. 1999).
Glass wool column saturators have been used soccessfully to generate stable water
concentrations near solubility with chemicals that are liquids, but have specific
gravities near 1, and do not maintain a discrete layer separate from the dilution water |
when mixed with a stir bar. This type of salurator can also be used to generate test :
concentrations near water solubility with chemicals that are solids at room |
temperature. The system is mmpnxel.}lt of a clear glass tube approximately 2.5 cm in |
diameter and 1 m in length bent in a U-shape (primarily for economy of space) and : |
packed with cleaned (solvent-rinsed) g.laas wool (Fig. 3). The test chemical is ‘
dissolved in a solvent (&.g., acetone, e;hmnl} which iz added to the glass wool and .
drawn through the glass wool with a vacuum applied at one end. About one-half of !
the chemical solution should be addr,d; from each end of the glass tube to ensure
uniform coating of the glass wool (for greater detail, see Kahl et al. 1999). When the
column is completely vacated of the a-.:llvmt. both ends of the whe are plugged with
stoppers. Each stopper has a tube inserted and a pump is used to push water through
the column. For some chemicals, a sia:'nglra pass of water through the column may ¥
result in the desired chemical DOI'IMI‘I[:‘&I.'EDD in the solution. Other, chemicals may
need several passes utilizing a recircu;l:mion system that pumps to a stock reservoir
and back through the colomn. In the Iilmarcasc. the concentrated stock is drawn from
the stock reservoir, This type of amclc solution-generating system has been used

successfully with a variety of potential EDCs including DDT, DDD, and DDE (Hoke
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et al. 1994), dieldrin (Hoke er al. 1995), methoxychlor and methyltestosterone
 (Ankley et al 2001), polycyclic aromatic hydrocarbons (Erickson ef al. 1999), and

vinclozolin (Makynen ef al. 2000).

The capacity of any of these saturators 'tﬁ maintain & constant concentration of

chemical in solution will diminish with time of use. A general rule is (o use at least

twice the amount of chemical as the test may require to maintain a uniform

© concentration over the entire exposure pu'm-d A determination of the proper amount
to “load” into the saturator can be calculated from information on water solubility of
the test chemical (either from the literature or preliminary testing), volume of
solutions in test chambers, number of dilutions, number of replicates per treatment,
number of solution volume exchanges daily, and duration of the test. Multiple

columns may be required over the course of one experiment.

[ : |

Figure 3. Glass wool column saturation unit.
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i
d. Solvent Carriers. Certain chemicals mlajr be insufficiently soluble in water or too
unstable to use a saturator and gmara.u;& a solution of sufficient conceniration to
conduct a test. It may be necessary to dissolve this type of chemical in a solvent
carmier to achieve a test concentration n::ar water solubility. Solvents rnaylh:: injected :
into a dilution system for proportional dilution or directly injected into dilution water |
to prepare test snluﬁans of desired cheinical concentrations. In these experiments
corresponding solvent-only control chl_mbnrs are required.
: [
7. Number of Treatments ‘
!
The minimum number of treatments (test concentrations) is two (three if a concentration ‘
(dose)-response is sought), in addition to nppmpnate controls. Additional test concentrations |
are highly desirable but are, of course, depfmdé:nt upon availability of resources. A single
control treatment is required in the case of aqlilemls exposures, Two control treatments ane . :
required if chemical administration is via ml]-u:r golvent carrier, i.p. injection, or feeding (i.e.,

a solvent or sham-treated control in addition to a non-solvent or non-injected control).
8. Replication
The test chamber is considered to be the mpmimmi unit or replicate. As the number of

replicates per treatment increases, the number %)fdagraes of freedom increases, the width of

the confidence interval for point estimates decreases and, as a consequence, power of the
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hypothesis test increases. The sensitivity of the test will be dependent upon the inherent
variability of the endpoint under consideration as a function of the number of replicates
employed in the treatments and control. Thus, every effort should be made to reduce among-
sample variability of the measured endpoints. "[he g;remer the variance in measured effects
between ind.ivid-.mls within a replicate and the resultant means within a treatment, the greater

the number of replicates needed to measure significance at any confidence level.

It is important that interpretation of the data facilitates evaluation of the potential for Type I
and Type I errors. Type I error is the error of rejecting a null hypothesis (no difference
between the control and treatment means) that is true; Type II error s the error of failing to
reject the null hypothesis when it is false. For the purposes of a screening test, both types of
error are critical, but the Type 11 error is more important because it could result in not
detecting a possible EDC. Avoidance of the Type I error is accomplished by increasing the
| power (1-f) of the test. Many statistical tests with biological data are conducted with an «
value -:rfll'.},l]ﬁ.mm a P value of 0.20, where Ihe. probability of a Type I error is 5% and a Type
II error is 20%. A more conservative Type Il error probability of 10% (B = 0.10) may be
desirable to increase sensitivity of the test. Type Il error minimization {i.o:;. increased test
power) requires either that the test be cm‘-clux:teﬁ with a greater number of replicates per

treatment or that variability between treatment measurements be reduced (Fig. 4).
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Figure 4. Number of replicates required per treatment to detect differences between
treatment means with ANOVA using three treatmenis when o = 0.05 and f = 0.10 or
0.20. Ratios are the desired minimum detectable difference in treatment means divided
by the pooled standard deviation. :

It is convenient to express the ratio of the difference between control/treatment means
relative to their pooled standard deviation to demonstrate the impact of sample variability and
sample size on detecting minimum differences (Fig. 4). For example, to demonstrate
differences at the 95% confidence level (¢ = 0!]5} and with a power of 0.80 with four
replicates per treatment, the variance between'the means of the treatment(s) and control must
be less than 50% of the difference between I.he means for which a significant difference may
exist. If the variance is greater than 509%, more replicates will be required to detect
differences. In the test report, power of the statistical analysis together with the confidence

value should be reported.

32




For the purposes of this reproduction test, it-ia currently recommended that a minimum of
four replicates (test chgmbe:rs} be used per tman._nem. As with the number of concentrations
tested, additional replication is desirable depending upon available resources. Further, as
discussed above, depending upon established endpoint variability, replication may be
increased in a study-specific manner. Unfortunately, because this test has not been used
routinely, estimates of endpoint-specific v?.dati_un are not yet robust enough for routine

a priori design of tests with known power.
9. Performance Standard Test

A suggested approach for assessing the ability of a laboratory to conduct this assay is
dem_nn.s.tt'ulim of expected test results with ong or more known EDC(s). Conducting this
type of test should reduce the frequency of the Type I error (i.e., having no effect when there
is an expected effect) by demonstrating that the t;w.t system is performing reliably from both
qualitative and quantitative (statistical) pﬂmpé.cli ves. Thus, it is recommended that each
laboratory planning to perform this mpmducti;m assay conduct a performance standard test
with one or more known EDC(s). The results of this test should be reviewed and approved
by knowledgeable scientific staff from outside of the laboratory prior to the initiation of
routine screening assays. Chemicals potentially useful for this type of test might include
strong estrogen receptor agonists such as P-estradiol or 17a-ethynylestradiol; or an aromatase
inhibitor such as fadrozole (Kramer 1 al. 1998; Panter er al. 1998; 2002; Miles-Richardson

et al. 1999a; Tyler et al. 199%; Korte er al. 2000; Ankley et al. 2002).
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10. Reference Toxicant Tests

As a routine quality assurance option, it is d&%irahle that reference toxicant tests be performed
regularly (e.g., once annually), DI'I'.‘D]IEI.II.‘I‘G‘II.“;T with approximately 10% of other tests, to help
verify aspects of general health of the test wgianiﬂn, This assay can be conducted using
chemicals that are not necessarily EDCs, and cau be comprised of shott-term tests (e.g., 96-h)
rather than the 21-d reproduction test. Some sugge.su.& reference toxicants include sodium
chloride, potassium chloride, cadmium c:hh:mdm copper sulfate, sodium dodecyl sulfate, and
potassium dichromate. If a reference test does not generate expected results, the test should
be repeated immediately. . Results from repmﬁusl:'mn tests conducted during the interval of
time since the last successful reference test are suspect. Reference toxicity tests must be
conducted repeatedly with the same rl:fcmluc toxicant, at the same concentrations, in the
same dilution water, using the same data analiysis methods. A quality control chart is used to
track the test results over time. The control ci:-mrt should demonstrate that the test results are
within +2 standard deviations of the central téndency once several tests hgﬂ: been performed
to establish the central tendency (Lewis et al. 1994). Reference toxicant tests could prove to
be especially useful in situations where test aéimala are obtained in different lots from

commercial vendors. ' !
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H. Procedure
1. Pre-Exposure Reproduction

a. Selection of Fish. The pre-exposure phase of the test should be started with animals
that have achieved reproductive maturity (typically a minimuwm of 120 tol80 d old),
as evidenced by initial de.velnpmem.nf secondary sex characteristics, but have not
been held in a cultureftest situation ::md;miw_: to routine spawning. [deally, these fish
would be the offspring of several pairs of adults. Four females and two males should
be randomly assigned to the mplicﬂﬁe test chambers at each anticipated treatment
concentration. Identification of gender may be difficult to resolve for some fish; these
animals should not be used for the tf_;st. At this stage in development, males will
exhibit nuptial wbercles, while females possess an ovipositor; in addition, males tend
to be larger and darker than females from the same cohort (U5, EPA 1987; Jensen et
al, 2001). Some experience in working with this species will be required to
accurately identify sex based on phenotypic characteristics, in particular, just prior to

active spawning.

In addition to the number of replicates (e.g.. four) which actually will be exposed at
each concentration, additional test chambers should be started; these can serve as

“replacement™ units for chambers where fish sex was misidentified, pre-exposure

33




spawning does not occur, andfor mm‘l:iﬂity is observed during the pre-exposure
| |
observation period. |

. Conditions. Pr&ﬁpuam r-:pmdmtia;n observations must be performed using the
same regime as described in Sections G‘rl. G.2, and H.2. The pre-exposure initiation
of sexual reproduction must occur in tht- same chambers and under the same
conditions (i.e., water characteristics, flow rate, lighting, temperature, feeding, and
maintenance) as the 21-d repmdmtim{ test, to prevent unnecessary agitation of the
fish at initiation of exposure to the tesi chemical. This monitoring phase establishes
both the reproductive success of the spawning animals, and provides a quantitative
chamber-specific baseline for pmenual statistical comparison after initiation of the

chemical exposure. That is, each test Ehamber can serve as its own control.

Observations. Organisms in each test chamber should be observed daily for obvious
alterations in secondary sex -chu.rucicri:atics (i.e., nuptial tubercles, dorsal pad, and
darkened coloration in males; and distended abdomen and swollen ovipositor in

females), and reproductive behavior. -

Observations should be made daily of Espawning activity, and records maintained for
the number of spawns and number of eggs per spawn. It also would be desirable to
assess aspects of development of rcquElmt embryos, such as fertility, embryo hatch,

and pross appearance of newly-hatched larvae. If the animals are not reproducing
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satisfactorily by 21 d, the pre-exposure portion should be terminated, and a thorough
evaluation performed of the test system and fish to determine why satisfactory

reproduction had not ocourred.

d. Suitability for Testing. The pre-exposure period may last from 14 (minimum) to 21
(maximum) d. The exposure can be initiated once it has been established that regular
spawning is occurring in each tes..t chamber every 3 to 4 d. Based on information
from tests conducted at MED to date (Ankley et al. 2001; 2002; Jensen et al. 2001;
2002), a minimal fecundity of 15 eggs/fid would be expected for the test conditions
described herein. The eggs should be successfully fertilized by the males, with a
r|:;irLi;11al fertility of 90%. Embryo hatch should be >90% and fry must be normal in
appearance and swimming behavior; this is particularly critical when assessment of
the F; generation is of interest. lfthe.sn: criteria of fecundity, fertility, embryo hatch,
and fry appearance are not met, fish in the test chambers that fail to meet the criteria
should not be used. If the criterin.ca:i. not be met in all four of the test chambers
during the pre-test conditioning, the fish. should be discarded, the test system cleaned
and evaluated, any necessary changes made, and a pre-exposure period initiated with

a new group of fish.
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2. Conditions of the 21-d Reproduction Test

a. Duration. The target exposure duration is 21 d. This exposure period should be

sufficient for healthy females to produ:cc several clutches of eggs. As such, this time

period allows for a robust assessment infmprﬂdumiw behavior, fecundity; fertility,
and, if desired, embryo development and hatching success. In addition, the 21-d test
period should help optimize exposure jof the fish to relatively hydrophobic chemicals
that require a period of time to reach q!t:ady—atatc concentrations in the animal. In the

context of screening, instances may oc::,\c:ur in which a test is terminated in less than

|
| |
21 d. For example, it may be that the test chemical is clearly causing such significant .
adverse effects (e.g., lethality, ccasatlr.!iln of spawning, observation of abnormal
secondary sex characteristics, or beha!i.rim' not consistent with reproduction, ete.) that
it is clear that: (1) the test should be n%initinted at lower chemical concentrations, or I
(2) from a screening perspective, an c%fﬂct consistent with an EDC has been

established.

b. Loading. The total mass of fish inthJ;: test chambers must not affect the results of the ;
test through alterations in wate.rqua]ili}r, Specifically, the total mass must be low
enough to: (1) allow a 260% or greater dissolved oxygen saturation in the test
golutions at all times (i.e., =4.9 mg/L éat 25°C), (2) prevent concentrations of
metabolic products (predominantly m‘;'lrnnniaj from exceeding levels that affect

animal behavior and health, and (3) prevent stress due to crowding. It is
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recommended for a test of this type that the loading not exceed 0.5 g fish/L of
solution passing through the test chamber per 24 h, or an instantaneous loading rate of
5 g fish/L (ASTM 20002). The instantaneous loading rate for the test conditions

suggested herein (i.e., four females and two males/10 L) is approximately 2 g fish/L.

¢. Lightand Temperature, Room light intensity of 100-foot candles during the lighted
portion of the day is recommended. The light can be provided by fluorescent or
incandescent lights. A photoperiod of 16 h lig_ht and 8 h dark, at a temperature of
25 £ 1°C is recommended. During a test, the water temperature should be monitored
continuously in at least one test chamber, and daily in all others, and documented as

being maintained within £1°C.

d. Feeding. In tesis where the route of;c.st chemical administration is via either aqueous
exposure or i.p. injection, the food should be frozen brine shrimp (Artemia) which
have been thawed. The test animals should be fed the brine shrimp ad libitum twice
daily. The frozen brine shrimp should be obtained from an established commercial
source, and should have been demonstrated to result in acceptable survival, growth,
and reproduction of the fathead minnow under mllu:.re conditions. Chemical

- characterization of the shrimp for common environmental contaminants that might
affect endocrine function (e.g., organochlorine pesticides, PCBs) would be prudent.

" The amount of brine shrimp fed to each test chamber should be enough to nearly
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satiate the fish with little, if any, food ?remaining at the bottom of the test chamber at
the end of each feeding. '

|
If test chemical administration is via tl'ue diet, the fish should be fed commercially -
available fish food with the chemical incorporated into it. One method of adding the
chemical of concern to the food mupl(?.lys a rolling technique, in which a glass vessel
containing the food and the chemical dissolved in an appropriate solvent (e.g.,
acetone, hexane) is mixed on a roller :inill (Fermnandez er al. 1998). Large lots of food
can be made in a few minutes and, if :ii-tm’ag: life permits, refrigerated for use during
the study. The chemical in the food sl!muld be measured for uniformity and stability

during storage.

I
|
[
1
|
|
i [
It should be noted that there has been little, if any, toxicological research in which | L
fathead minmows have been dosed via incorporation of chemical into the diet. And, |
there is some uncertainty as to palatatlliilityfauitahilit}' of commercial pelleted feed to :
! |
fathead minnows, particularly in longer-term (reproduction) studies. For these |
reasons, the dietary route, although conceptually reasonable is, at preseﬁt, the least I {
H Il

preferred manner of test chemical delivery.
e. Test Concentrations. The highest concentration used for the 21-d reproduction test
should not have caused significant mc."rrta]ity it the range-finding assay (note that this

may be at water solubility), and the ]uiu.fer concentration should normally be at a factor

40




of five to 10 times lower than the highest test concentration. The use of two test
concentrations in this fashion not only enables at least some consideration of
unexpected concentration (dose)-response relationships, but also provides a safety

. .ra.cmr {lower concentration) should the high concentration prove to be lethal over the
" 21-d exposure. Alternatively, some studies may be undertaken using > three test
concentrations using a semi-log concentration series of 100, 32, 10, 3.2 and so forth
l.fF'anter ef al. 1998). Concentrations of test ::I'_u:mic:al at each treatment level must be
sufficiently uniform during the test to ensure that the fish are exposed to desired
concentrations. In an aqueous exposure, concentrations at different levels should fot
overlap (e.g., due to cyclical trends chiumd with degradation). Al a given exposure
level, the measured concentration of the test chemical should not be less than 50% of
the time-weighted mean concentration for more than 10% of the duration of the test
{ASTM 2000b). In addition, the measured concéntration should not I:n: greater than
30% higher than the mean concentration for more than 5% of the duration of the test
{ASTM 2000b). It should be mogniz.ud that ‘once the exposure starts, there generally
 willbe a gradual increase in the mnoautral?un during the first day. For example, with
the recommended exchange rate of six volumes/d (42 ml/min) and a volume of 10 L
per chamber, 95% replacement will not occur until approximately 12 h after test
inititation (Sprague 1969). Analytical duu:rmj'.natium of chemical concentrations
should be made as frequently as possible with a minimum frequency of once weekly
in at least one of the replicate test chambers at each concentration, and preferably in

all chambers on the first and last days of the test. The variability of both the sampling
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] I 1
and the analytical procedures should be determined before initiating a test to ensure |
that observed variability in measured f?.'um:enn'alim is mot due solely to analytical

techniques.

If the test chemical exposure route is by i.p. injection or the diet, tissue residue
analyses should demonstrate a direct r:elnliﬂnship between body burden and treatment. |
Further, it would be desirable to analyze the stock solution used either to spike the | 1
diet or for the i.p. injections to verify éhemical pnnj:}anmﬂnns prior to treatment of :
the animals, | i
|
The test chemical must be as pure as ]t:nmctical (>90% minimally, unless the chemical
does not exist in this purity range). !
i [
| |
f. Controls. Dependent upon route of r.lrr.:a.} administration, one or more sets of |
controls will be required. If the chﬂméca] eﬁpusun: route is aquesous, only a non- !
expozed control is required. If the cl'bemwﬂl exposure route is agueous, but with a
solvent carrier, a solvent control is required in addition to a control that is not
exposed to solvent. If the route Mmﬁo&n’e is via i.p. injection, a sham- (e.g., coin i
oil) injected control is required in ad:ﬁu‘un to a non-injected control. If the route of
chemical exposure s via the diet, controls both without and with manipulated (i.e.,

spiked with solvent) food are requi.red;. [
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g. Fish. Organisms for the initiation of a Ilab-ura:.m}' culill.m: should be obtained from a
source which has a verified fathead minnmv‘.' culture. Bn}ﬂd.ﬁmck must be adapted to
laboratory conditions and free of disease. Embryos make the best initial stock of fish
because they are easiest to transpdrt and most likely to be free of disease. Purchased
fish need to be observed in the testing laboratory for a time suitable to ensure that
they are in good health. Stock from wi.kl populations should be avoided unless
cultured through at least one generation to ensure they are disease-free and of
adequate vigor (U.5. EPA 1987). Animals for starter cultures are available from the
U.5. EPA Aquatic Biology Branch, Quality Assn.:rance Research Division, EMSL-
Cincinnati Newtown Facility, 3411 Church Street, Hewmw.n, OH 45244 (Telephone:
513-533-8114); the U.5. EPA Mid-Continent Ecology Division, 6201 Congdon
Boulevard, Duluth, MN 55804 (Telephone: 218-529-5000); or any of several
commercial suppliers with spcci:s—v:ﬁﬁﬁ stocks, such as Environmental Consulting
and Testing, 1423 North Eighth Strect, Superior, W1 54880 (Telephone: 715-392-
6635 or B00-377-3657; web address: www.ectesting.com); or Aguatic Research
'L;Jrganisms. Hampton, NH 03842 (Telephone: 603-926-1650; e-mail:

arofish@aol.com; web address: www.holidayjunction.com/aro).

For laboratories not intending to start a fathead minnow culture, animals of a known
age (prior to maturity) may be obtained from commercial suppliers for lesting. If this
is done, animals should be held for at least 1 month prior to initiating the pre-

- exposure period for the test.
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|
contact with water or chemical must h;nve been adequately cleaned with detergent,

| |
h. Cleaning of Test Chambers. All components of the test apparatus that will have ‘

|
solvents, and deionized water to prevent the occurrence of disease organisms or
chemical residues from any previous l.'me- of the apparatus. During the pre-exposure
period and the test, chambers need regular cleaning to remove biological debris
(excess food, excrement). This can h¢ eifectively accomplished with a small (0.8~
1.0 em i.d.) Tygon® siphon tube. Al’ter one week, algal and fungal growth may begin
to appear, interfering with u‘hma.tim;s of fish, reducing the adherence of eggs to the

spawning substrates, and potentially reducing bioavailability of the test chemical.

The spawning substrates should be removed from the test chamber and scrubbed.

The growth on the inside of the test chamber can be removed by carefully (to avoid
agitating the fish) scraping the inside walls with a sponge or razor blade inserted into

a long-handled holder. Once the material scraped from the chamber walls has settled |
: |

to the bottom, it can be removed withga siphon tube, and the spawning subsirates
replaced. It is essential to treat all test and control chambers identically to avoid

introducing bias.
3. Test Chemical Administration

a. Flow-Through Aqueous-Delivery. Test concentrations of the chemical can be

achieved by blending known onnumt%’allﬂns of stock solution with dilution water in
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mixing cells of the exposure apparatus, from which solutions of desired
concentrations are allocated to test chambers. To achieve comparable flow rates of
water among the treatment groups, separate m.-.senruim containing different
concentrations of stock solution ShDI-lld be prepared for each treatment level, and the
pumping rate from each reservoir should be equivalent. The stock solutions may be
prepared as specified previously (Section G.6), depending upon characteristics of the
test chemical. Flow rates to the expc.:sure chambers should deliver a minimum of six

volume exchanges daily.

. Flow-Through Agueous/Solvent-Delivery. For tests in which a solvent or dispersant

. is used to facilitate delivery of the test chemical, a solvent or dispersant control must
be included in the experimental design. This control should be identical in all aspects
to the non-solvent control, except that it should contain the solvent or dispersant at
the maximum concentration used in the different test chemical treatment levels. The
delivery system should be maintained as described above for the water-delivery
system. It may be necessary to increase the frequency of cleaning the delivery system

and test chambers, due to the promotion of microbial growth by the solvent. Flow
| rates to the exposure chambers should deliver a minimum of six volume exchanges

" daily.

. Intraperitoneal (i.p.) Injection.” Certain chemicals may be so insoluble in water that

aqueous exposures are not feasible. Alternatively, availability of the test material
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may be so limited that a flow-through Em:|_|.w.vu|us exposure is not feasible. In such
cases, exposure via the diet or by i.p. injection may be required. When the route of
chemical administration is via i.p. iuja;cti-:m, two types of controls must be employed,
a non-injected control and a sham-injq?cted. control. | The test chemical should be
dissolved in a non-toxic carrier, such :15 com oil or a mixture of ethanol/fcom oil
(Korte et al. 2000; Kahl et al. 2001). ‘?I'h: injection procedure involves first lightly
anaesthetizing the fish with MS-222 (100 mg/L, buffered with 200 mg NaHCO,/L),
then carefully holding the fish in one I]and in an inverted position, and inserting a
sterile needle containing the desired volume (and conceniration) of test solution just
through the abdominal body wall (Fig: 5). The maximum needle size should be

26 gauge (ca. 1 cm in length), and no more than 10 pl of solution/g body weight
should be injected in an individual fish. The needle should be inserted just antesior to
the vent with the needle tip oriented a%uedurly and at an angle of a;pprmimately 30 to
45° from the horizontal position. The orifice at the tip of the needle must be
completely inserted through the body wall without entering internal organs to ensure
that the entire volume desired is injem:;ed into the fish. After injection, the needle tip
is withdrawn and the point ofinjacliu%n carefully examined to determine that there has
not been any loss of solution. The injection process should be sccomplished quickly
{e.g., within 30 s), after which the ﬂsh should be immediately returned to its
respective test chamber. Injected ﬁsh,iahmld be observed over the next several hours

to ensure that they have recovered ﬁ-:);m the anaesthetic and have not suffered any ill

effects from the injection. Depending upon the kinetics of metabolism/depuration of

%
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the test material, multiple injections may be required during the 21-d test. Data from
" the MED laboratory indicate that i.p. injections at a frequency of up to one/week
should not affect the reproductive and endocrinological endpoints associated with the

test (Kahl er al. 2001).

When using the i.p. exposure route, flow rates (of clean water) to exposure chambers

should deliver a minimum of six volume exchanges daily.

Figore 5. Handling technique for administering test chemicals to fathead
minnows by i.p. injection.

. Dietary Exposure. In cases where a dietary route of chemical administration is used,
commercial fish feeds are recommended. One procedure that has been described for
preparing a diet containing a highly insoluble chemical (2,3,7,8-tetrachlorodibenzo-p-

dioxin) utilized an apparatus that delivered the test chemical dissolved in n-hexane to
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the food pellets in a modified glass j:u:' on a roller mill (Femandez er al. 1998). The
spiked hexane is removed from the fw!::d using a vacuum, and condensed and
collected in a cold trap. It is m:umrng?nded that a procedure similar to this be used to
minirize exposure of the fish to the c'am:r solvent and, at the same time, achieve an
acceptable degree of homogeneity of t:est chemical in the food. Two types of controls
are needed when conducting dietary r.%mpuﬂma. One should receive equal amounts of
food that has not received any treatment of either solvent carrier or lest chemical, and
the second control should receive fuui:l that has been mixed with solvent carrier only.
Food should be administered at a ratelof about 2.5% of body weight per day. This

should be adjusted so that no food rc:ﬁains in the test chambers at the end of each

day.

Selection of target chemical cmlcentl‘:'ruons for the food when using a dietary route

may be challenging in that it is naoess;a.ry to identify not only a target dose in the
tissue of the organism, but some r.sl:i.q'na.ta of the likely dietary assimilation of the test
chemical of concern, These estimates must be done relative to the aciual rate of food

consumption by the fish. i

i
When using the dietary exposure mutfp. flow rates (of clean water) to the exposure

chamber should defiver a minimum of six volume exchanges daily.




4, Analytical Determinations and Measurements

a. Test Chemical. For tests with an aqueous route of administration, concentration of
the stock solution must be measured initially and at least once weekly. In addition,
the test chemical should be mensured.in the exposure water at least once weekly
during the 21-d exposure. In the rangeTﬁm:ling tests, the behavior of the chemical in
solution also should be determined; this is a good WHiLy to assess, under
simulated test conditions, performance of the stock solution generation/delivery
system. For chemicals that do not require range-finding tests, performance of the
exposure system should be evaluated independently prior to testing. During the 21-d
reproduction test, measurements shuuldh& made in at least one rep;licau: test chamber
of all exposure concentrations on eacﬁ sampling day. The analytical procedures
should follow U.S. EPA-approved or other validated standard methods, if available.
When appropriate, reagent blanks, récoveries, and standards should be included
whenever samples are analyzed. Ba]anc:s_ and analytical instruments should have
properly updated records of calibration or service, as appropriate. Standard reference

materials should be analyzed, when available, to document accuracy of analyses.

Recovery of the test chemical from the exposure medinm should be determined from
a sufficient number of samples to allow an assessment of accuracy of the analytical
- process. A minimum of three samples is required; however, six or more analyses are

pmfcm:d Precision of the analyses is' determined by collecting duplicate samples at a
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frequency of at least 10% of the total samples analyzed. A relative percent difference
(RPD) is calculated for each set Dfdupl:icata analyses, and an overall mean and
standard deviation calculated for the t.nftirf. number of duplicates analyzed. The

method detection and quantitation ]umfla- for test chemicals must be defined.
|

b

|

|

[
Water Characteristics. Water quality cl:mrncmmtics must be measured regularly to ‘
document that they were sufficiently unl.[orm to ensure that adverse biological effects |
due to water quality did not affactt]:woumoma of the test. Temperature must be |
monitored daily and maintained at 25 :|: 1*C. Dissolved oxygen in the test solutions
must also be monitored daily to ensure & minimum concentration of 4.9 mg/L (60%
saturation at 25°C). Alkalinity, hm‘dm.‘-iks. pH, and un-ionized ammonia, as a
mininmm,shmﬂdhemasumdatlem:w&elﬂyduﬂngﬂwtﬁstinahighandluwmt |!
concentration. In addition, since parm:plmes and organic carbon may influence the
bioavailability of many test subsmwesé concentrations of both total organic carbon

and particulate matter should be dmemfluu.ud and documented as <5.0 mg/L (ASTM
|

||
|
20{{0b). Table 2 summarizes mcmmm::ndad ranges of values for water quality |i
|
| 1l
characteristics. Sample data forms, such as the example provided (Appendix A, I

|

Form A-1), should be prepared in adva;‘m: and completed on a daily basis.
|




5. Measurement of Test Endpoints

Observations of the test animals (described belﬂ'lf'c'} should be made daily and/or at conclusion

of the test.

a. Survival of Adults. Daily assessment of survival is necessary to provide a basis for
J;‘.xpn:ssicm and interpretation of I'E.p:!‘l‘.‘ldll.‘ﬁl.iﬁ"e output, that is, number of eggs per
female per day. Unless unaccepiable water quality excursions andfor disease occur, it
is rare to observe mortality in unr.r:;aw;d conirol animals, In animals exposed to the
test chemical, overt lethality may occur, particularly in later portions of the assay not
reflective of the initial (shorter) range-finding test. Mortality should be recorded daily

on a form such as the example provided (Appendix A, Form A-1),

b. Behavior of Adults. Any abnormal behavior (relative to control animals) observed
during the course of the chemical exposure should be monitored. This might include
signs of general toxicity, including hyperventilation, uncoordinated swimming,

" atypical quiescence, loss of equilibrium, or abnormal feeding. From the standpoint of
EDC screening, alterations in mpmductiﬁ behavior, particularly loss of territorial
aggressiveness by males, may be affected by EDCs (Kime 1998). Detailed
descriptions of normal behaviors and the abnmﬁai behaviors should be recorded to

compare the changes that may be observed during the test. Because of the relative
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subjectivity of this endpoint, it may be lhewssan' to document behavioral alterations
via photograph or videotape. I

|

Fecundity. Fecundity, or total egg pmducuon. should be determined on the basis of
surviving females per reproductive da]f for each test chamber. For example, if all four
females survived the treatment in a giw%;n chamber in a 21-d exposure, there would be
84 female reproductive days. If one Dr!;rmm females dies during the course of the
exposure, the number of female mpm-d.!%.lctivc days would be reduced accordingly in a

“pro-rated” fashion. ;

Fathead minnows usually spawn in the Et.aﬂy moming hours so r.h:yl should not be
disturbed during this time except for a é:nnming t‘m».*.s:]inﬁ+ The spawning substrates
should be checked for the presence ufu!gg:sinth; late morning. This period of time
allows the opportunity for spawning m;uccur and the eggs to walter harden. It is
mtﬂmnvemewbsmm@ the test chambers to prevent the eggs from
being eaten by the adults, and for purpc.!lm of determining egg count and fertility. If
no eges are present, the spawning suhs'erate is left in the test chamber; new substrates

should be added to replace any that WQ]I'BI'L'I]'IO‘-"Gd Data forms to record fecundity,

such as the example provided (Appeud;lx A, Form A-2), should be prepared in

|
advance and completed on a daily basis.




d. Fentility. After the spawning substrate has been removed from the test chamber, the
. eggs should be carefully rolled off the mbs.u'ate with a gentle circular motion of an

index finger (Gast and Brungs 1973) and.visuull:,r inspected under appropriate
magnification. If more than one distinct stage is present, consider each stage as one
spawning and handle separately as described below, If spawning occurred that
moming, embryos will typically be undergoing late cleavage, and determination of
fertility (number of embryos/number of eggs x 100) is easily achieved. Occasionally,
spawning occurs in the afternoon and embryos will be close to tailbud stage by the
following moming. A detsiled embryonic staging sequence for fathead minnows is
provided in ULS, EPA (1996b). Infertile eggs are opaque or clear with a white dot
where the yolk has precipitated; viable embryos will be clear for the first 36 to 48 h
until they reach the eyed stage. An alternative to the microscopic approach to
determining fertility is to enumerate eyed embryos at this time. If the latter technique
is used, the embryos need to be held in a system npnrt. from the adults in a water bath
with acration (U.5. EPA 1987) or placed in incubation cups (118, EPA 1982). The

fertility rate in control animals generally will exceed 95%.

e. Embryo Hatch (Optional Endpoint). Regardless of the method used to determine
fertility, if information concerning hat.ching success and/or subsequent development
is desired, the embryos need to be maintained in incubation chambers. Depending on
study objectives, embryos can be held in clean water or water containing the same

concentration of chemical to which the parents were exposed to continue an F,
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f.

|
generation exposure, Incubation cups ca.n be made from glass cylinders or jars with
the bﬂttumsmnul‘fandnylmnrsminl%sssteel screen glued to the bottom with
silicone adhesive (0.5, EPA 1982). T‘I!ue cups can be suspended in a tank with an
oscillating water level to ensure that th%: embryos are always coverad and that water
regularly flows into and out of the cup-s: without creating excessive turbulence.
Alternatively, they can be held in mx:ul%mmn cups containing clean water under static
conditions. If this is done, the incubari:m cups should be held in a constant-
temperature water bath and water insidic the cup renewed daily. Discreie spawns
should be screened with a dissecting s:l-upe to remove empty or opague shells, or
abnormal embryos, and a subsample (cf.g,, 50) should be selected at random and
placed in the incubation cup. At ES“C.Eunﬁawd animals will hatch in approximeately
41to5d. Embryos should be ina-pmtud!dai]y and any dead animals counted and
removed. A small container should beiplaced under the incubation cup prior to
removal from the water bath foraxami.‘fna.tiun under a dissecting scope. Potential
endpoints include time to complete hatg.':h, total number of embryos hatched, and
number of normal larvae at hatch. Thnéhatching rate of control animals typically is in

the range of 95 to 98%.

Larval Survival and Morphology. (Optional Endpoint). Newly hatched fry should be
|

observed for general physical appcmani:: and behavior. Healthy fry should actively
swim about the incubation cup. Gross ?twrpmlagicn] abnormalities, described by

Sharp (1991), which may be observed :ilnr.h.u:le lordosis, scoliosis, kyphosis, retarded




swim bladder development, edema, and craniofacial abnormalities. Survival of the
larvae can easily be assessed through yullé.sa:: absorption (~1 to 2 d post-hatch at
25°C); if estimates of survival are required after this, the animals must be fed
(generally live Arfemia nauplii; U.S. EPA 1987). An extended observation period
may be necessary to detect chemicals that cause dclajred mortality, such as Ah
receptor agonists (Elonen ef al., 1998). Fry are fied live brine shrimp nauplii (<24 h
old) until approximately 30 d of age (U.S. EPA 1987), possibly supplemented from

20 d of age with powdered dry food (Linge et al. 2001).

Secondary Sex Characteristics. Obscrvations of physical appearance of the adults
should be made over the course of the test and at conclusion of the study. From the
perspective of screening EDCs, -:haracteris.:ﬁcs of particular importance include body
color (i.e., light or dark), coloration patterns (i.e., presence or absence of vertical
bands), body shape (i.c., shape of head and pectoral region, distension of abdomen),
and specialized secondary sex characteristics (i.e., number and size of nuptial
tubercles, size of the dorsal pad and ovipositor). Notably, chemicals with certain
MOA can cause the abnormal occurrence of certain secondary sex characteristics in
the opposite sex; for example, androgen mceplor agonists, such as methyltestosterone,
‘can cause female fathead minnows to develop nuptial tubercles (Smith 1974; Ankley
et al. 2001}, while some estrogen receptor agonists may decrease number or size of
nuptial tubercles in males (Miles-Richardson et al. 1999a; Harries et al., 2000; Linge

et al. 2001). Any abnormalities in appearance should be documented and, to the
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extent possible, quantified (e.g., counting tubercles). It may be advantageous to
photograph or videotape the appe.aranui: of the fish near the end of the test. Because
some aspects of appearance (primarily color) can change quickly with handling, it is

important that qualitative nhsen'anmslbe made prior to removal of animals from the

test system. This type of qualitative as.-!sessm::nt might be enhanced through the use of
photographs or videotape. mhgrendpcfnints, such as the number and size of nuptial

tubercles, can be quantified directly or in preserved specimens.

ﬁn:xampleufadmafcrmmrmdalipmﬁnmtmphdmm the conclusion of the

test is provided (Appendix A, Form A-3).

| |

h. Blood Collection. Atmncluaimcfthf‘.: 21-d test, the fish should be netted from the E
exposure chambers one at a time mﬁmi]msthedzad with MS-222 (100 mg/L, buffered ‘
with 200 mg NaHCO,/L). After anaesthetization, the caudal peduncle should be I
partially severed with a scalpel blade a::u:l blood collected from the caudal veinfartery
with a heparinized microhematocrit r:-a;[:iillsn'y tube (Figure 6). After the blood has
been collected, the plasma is quickly is%;n]atﬁd by centrifugation for 3 min at 15,000 g.
If desired, percent hematocrit can be dﬁilennimﬁ following centrifugation. The
plmparﬁmisﬂmnremo%ﬁnm&énmicmhemamcﬁtmbemdsmmdina |

centrifuge tube with 0.13 units ﬂfaprotinin (a protease inhibitor) at -80°C until

determination of vitellogenin and sex smrmd concentrations can be made. Depending
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on size of the fathead minnow (which is sex-dependent), collectable plasma volumes

generally range from 20 to 60 pl per fish (Jensen ef al. 2001).

Figure 6. Fathead minnow blood collection process.

i. Vitellogenin, Vitellogenin is a phospholipoglycoprotein precursor to egg yolk protein
that is synthesized in the liver Dfae.xua]l}'-rmmre females of all oviparous species; the
_ production of vitellogenin is controlled by interaction of estrogens, predominantly
P-estradiol, with the estrogen receptor {Sum[.:n{er and Jobling 1995; Kime 1998).
Significantly, males maintain the capacity to produce vitellogenin in response 1o
stimulation with estrogen receptor agonists; as such, induction of vitellogenin in
| male;s has been successfully exploited asa biomarker specific for estrogenic

compounds in a variety of fish species, including the fathead minnow (Kramer ef al.
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1998; Panter et al. 1998; 2002; Parks eirral. 1999; Tyler et al. 1999; Harries er al.

|
2000; Korte ef al. 2000; Ankley ef al. IEJDGI: Liinge er al. 2001).
|

Different methods are available to assr!.'ss vitellogenin proeduction in fish; a
measurement technique that is both miiauw.l].r sensitive and specific is determination
of protein concentrations in plasma \n‘i.af. enzyme-linked immunosorbant assay
(ELISA). In performing quantitative F:,LISM with fathead minnow samples, some
have utilized polyclonal or monoclonal vitellogenin antibodies prepared using protein
from other fish species that ::mss-rem:tis with fathead minnow vitellogenin (Tyler et
al. 1999; Harries er al. 2000). Others iiave used fathead minnow-specific polyclonal
vitellogenin antibody and purified fathead minnow vitellogenin prmeinifurthe ELISA
(Parks ef al. 1999; Korte ef al. 2000). .Uamg the fathead minnow-specific approach,
detailed instructions for the mensuremimt of fathead minnow vitellogenin are given in

Appendix B.

j. Sex steroids. Plasma concentrations ui‘ [p-estradiol, testosterone, and

11-ketotestosterone can be |iv:l.1:=r|:m::n:a:tI using radioimmunoassay (RIA) techniques
optimized for the relatively small snmf)le volumes obtained from the fathead minnow
(Tensen et al. 2001). There is m::gmlg literature documenting concentrations of
these sex steroids in the fathead minnqiw under both normal conditions and after
treatment with various EDCs (Giesy iaf. 2000; Makynen ef al. 2000; Ankley ef al.

2001; 2002; Jensen et al. 2001; 2002).| Tn mature females, both p-estradiol and

58




testosterone are easily measured, while 11-ketotestosterone concentrations typically
are low to non-detectable. In mature males, concentrations of 11-ketolestoslerone are
two- to five-fold greater than those of testosterone, and f-estradiol concentrations are

low to non-detectable (Jensen ef al. 2001).

Detailed instructions for the measurement of fathead minnow plasma sex steroids

using RIA are given in Appendix C.

Gmﬁﬁnmmatic Index. An assessment of reproductive status can be determined by
measurement of the gonadosomatic index (GSI). The GSI is the weight of the ovaries
or testes relative to the total body weight of the fish (GSI = 100 x gonad weight
(gWbody weight (g); Crim and Gl:i!c 19940). After removing blood, wet weight
should be measured on individual fish to ﬂ:e nearest 0.01 g. A ventral incision
through the body wall from the anus to the isthmus should be made and both ovaries
in females and both testes in males cnrefu.lly removed with fine forceps and placed
into a pre-weighed weighing pan. Gonad wet wl:lght should be measured to the

nearest 0.1 mg.

Typical GSI values for the fathead minnow range from 1 to 2% for males and 8 to
13% for females (Smith 1978; Jensen et al. 2001). In fractional spawning fish, like
the fathead minnow, the ovaries undergo rapid cyclical changes over relatively short

periods of time as successive batches of eggs are produced. Female GSI varies
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significantly as a function of sp-:mrmn,g' interval, with the smallest values occurring
just after spawning followed by an mcireue of 45% within 3 to 4 d, just prior to the
next spawning event (Jensen ef al. 2001). This means that the ovaries in breeding
females can vary considerably hﬂmn individuals within treatments at any one point
in time. This could make identifying almums in GSI as a result of exposure to
EDCs diffieult if the normal variation Iasmwted with the reproductive cycle exceeds
effects associated with exposure to Ihci; test chemical. Nevertheless, significant effects
on GSI have been reported in fathead 1i|:n'nn.0ws following exposure to various EDCs
{(Panter er al. 1998; Makynen et al, 2.000, Ankley et al. 2001; 2002).

Gonadal histology. Histological evaluation of the gonads is an important component
of the test becanse it may reveal a.pmif%m alterations in the gonads leading to possible
impacts on reproductive output and alaéu provide possible insight into the mechanism
of action of potential EDCs. Several r;acent studies involving exposure of fathead
minnows to EDCs have included an ex:anunﬂtu}n of gonadal histology. Most, but not
all, of these studies have considered effects on both ovaries and testes. Ovaries of
females exposed to strong estrogen mu:aptoraguniats such as P-estradiol or
ethinylestradiol exhibit fewer mature, #nd more atretic, follicles (Miles-Richardson er
al. 1999a; Linge et al. 2001). Kral:nm'!a:al. (1998) and Miles-Richardson et al.
(1999a) noted that f-estradiol axpmure resulted in a sustained increase in plasma
vitellogenin in females. They suggr.méd that sustained abnormally high vitellogenin

|
levels interfere with final maturation a.ll:ld release of oocytes from the ovary, possibly

60|




by inhibiting gonadotropin release by the pituitary. Testicular effects varied,
depending on concentration, from slight degeneration, especially mvolving
spermatozod, to clear atrophy and appearance of ova-testes. Moreover, Miles-
Richardson er al. (199%a) reported thm a concentration-dependent proliferation of
Sertoli cells containing remains of spermatozoa accompanied degeneration of
spermatozoa. Exposure to memm;ych].m'. & weak estrogen recepior agonist, resulted
in increéased follicular atresia (Ankley ei_‘-:.il. 2001), a finding consistent with a
substantial reduction in fecundity dmmg .a 21-d exposure. Exposure to nonylphenol,
another weak estrogen receptor agonist, resulted in significant necrosis of germ cells
and spermatozoa accompanied by hyperplasia and hypertrophy of Sertoli cells
containing germ cell remnants ﬂvﬁ-lcs-Ri-cha.rdsun et al. 1999b). Examination of the
ovaries of females exposed to the strong androgen receplor agonist,
methyltestosterone, revealed no postovulatory follicles (corpora lutea) (Ankley ef al.
2001). Instead, maturation of younger follicles was suppressed and there were
numerous pre-ovulatory atretic follicles, consistent with the observation that
spawning ceased immediately following exposure to the androgen.
Methyltestosterone-exposed testes diffctﬂi from controls in that they appeared to be
stimulated to near exhaustion of germinal epithelial stages. The genminal epithelium
was much thinner, and spermatogenic activity more scattered than in control testes
(Ankley et al. 2001). The effects of two putative anti-androgens also have been
evaluated. Makynen et al. (2000) ub@m.'\'.ad significantly reduced oocyte diameters

following exposure to vinclozolin, That is, the ovaries exhibited retarded M‘Bﬁﬂn,
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especially regarding yolk deposition in oocytes. Similarly, exposure to flutamide
resulted in more early-stage follicles alnd an increase in atretic follicles (Jensen ef al,
2002). Both of these factors could inc!licate decreased egg production via a delay in
oocyte maturation resulting in fewere;ggs being produced in a given time or a greater

than average number of follicles ul:l.da;lrgumg resorption before reaching maturity.

concentration) or complete (higher mﬁmﬂﬁm} absence of corpora lutea,
increased numbers of pre-ovalatory atli'euc follicles, and regression to an earlier

developmental stage (higher cmmenu#ﬁuns} (Ankley er al. 2002). Judging by
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Routine histological procedures can be used to assess fathcad minnow gonads. ‘
Appendix D discusses two nppmachas!: to fixation and embedding appropriate for |
fathead minnow gonadal histology: a traditional paraffin-based approach and a more
modem methacrylate-based hislulugiﬁi&l procedure. Either technique is acceptable in

|
|
|
|
|
|
|
|
|
the context of the test described in thddmmmt. An assessment of normal gonadal l‘
histology and routine methods furmrm;iuating EDC-induced histological changes in ‘ |
reproductively-mature fathead minnm:l.r gonads is given in Appendix E. - ‘
m. Tissue Residues (Optional E.ndpndnt].l Adult tissue residue analysis verifies that the i
|

chemical entered the fish, and also uﬂ'{ms an opportunity to calculate chemical-
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specific bioconcentration or Bioatcumulation factors. Further, the relationship of
specific tissue residues to toxic effects can be valuable in terms of across-chemical,
across-species, and laboratory-to-field extrapolations (Jarvinen and Ankley 1999).
Because of potential among-fish variations in tissue residues, individual fish should
be analyzed whenever possible. If itis necemry to pool samples to obtain adequate
* tissue mass for analyses, it is recommended that males and females from any given
treatment be kept separate because of possible gender-related differences in
bioconcentration (Makynen ef al. 2000; Ankley ef al. 2001). For some types of test
chemicals (e.g., nonionic organics), measurement of organism lipid content could
prove useful for assessing ﬁicmncmmﬂnﬂbiumcunmlaﬁnn data (Ankley er al.

2001).

. Other Endpoints (Optional). Cytochrome P450 aromatase (CYP19) catalyzes a key
step in the conversion of C19 mﬂr;ngens to C18 estrogens. The ovarian form of this
enzyme is the major source of pl:tular_i-n:g p-estradiol in females (Mommsen and
Walsh 1988). In fish, both males and females also have significant aromatase activity
in brain tissue (Gelinas er al. 1998; Melo et al. 1999). Inhibition of this critical

enzyme could result in reduced levels of f-estradiol and alter the expression of many

genes controlled by the estrogen receptor (e.g., vitellogenin production).

Activity of the enzyme can be measured using a simple assay in which radiolabeled

androstenedione relcases tritiated water during aromatization and conversion o
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estrone (Thompson and Siiteri 1974). | Several methods have been reported in the
literature for measuring this activity m fish tissue (Pelissero et al, 1996; Chang &f al.
1999; Melo er al. 1999; Shilling et al. :19'99'; Kitano er al. 2000). Because of the small
size of the fathead minnow, a mnd:ﬁx:imon of the microassay of Melo et al. (1999)
hﬂnbﬁ:numdwithbminﬁmfmmfiaﬂmadnﬁmws(ﬁmkh}rﬂat 2002). In the
latter study, adults exposed to the amrlﬂamse inhibitor, fadrozole, exhibited a
concentration-dependent decrease in h!min aromatase activity.

|
The expression of Iha aromatase gﬁna:has also been determined by measuring gonadal
aromatase mRNA (Kitano et al. 2000; Scholz and Guizeit 2000). Determination of
ovarian aromatase mRMNA levels is ald:u possible in individual fathead minnows.
Using the polymerase chain reaction qi’CR} and consensus primers designed from the
DNA sequence of aromatase genes in :l:rl:her fish, an amplified segment of the fathead
minnow aromatase cDNA was cbtain%d (GenBank accession number AF288755).

|
This segment of DNA was used to generate a biotin-labeled antisense RNA probe for

use in measuring mRMNA levels via a r;lbmuc:lease protection assay (RPA) (J. Korte,

unpublished data). The same sequence information could be used in a quantitative

real-time PCR. method. Memuremantiofammatﬂe expression via mRNA levels is

particularly useful in fathead minnow :uvariaa since the small size of the tissue makes
direct enzyme activity measurement c:'élallenging in individual fish. It is not currently
known if changes brought about by an;:-mamae inhibitors, such as fadrozole, will alter

the level of expression of the gene at the mRNA level.
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Since the effects of androgens must be manifested through binding to the androgen
receptor, some means of measuring changes in the level of the receptor could be

" effective in identifying EDCs. Plasma f-estradiol levels are known to be capable of
up-regulating the level of the estrogen receptor in fish liver (Pakdel er al. 1991,
Andreassen and Korsgaard 2000). Although regulation of the androgen receptor is
not well understood, there is some évidence of tissue-specific up- and down-
regulation by 11-ketotestosterone (Todo et al. 1999). Observations with female
fathead minnows have shown the appearance of nuptial tubercles when exposed to the
androgen receptor agonist, mathylmslnsfmme (Ankley er al. 2001). These tubercles
are normally only found in mxually—nmuré males. Since the appearance of tubercles
would seem 1o be & response mediated through the androgen receptor, it is possible
that the appearance of male secondary sex characteristics in female fish involves
changes in the level of the androgen receptor. Using PCR and consensus primers
designed from the DN A sequence of androgen receptor genes in other fish, an
amplified segment of fathead minnow androgen receptor cDNA was oblained
(GenBank accession number AJ277866). This information was used to prepare
biotin-labeled antisense RNA probes for use in a RPA to measure androgen receptor
mRNA (J. Korte, unpublished data). Conversion to a guantitative real-time PCR

method could also be easily accomplished.
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Treatment of Results

1. Owverview

The reproduction test generates quantitative c[:a.ta. on adult survival, G5I, plasma
concentrations of vitellogenin and sex steroids, fecundity, fertility, and, if desired, embryo
hatch and larval survival. The null hypo:tlmm'$ that no differences exist between the control
fish and those exposed at the different aném levels should be statistically evaluated for
each test endpoint. Both types of statistical EI.ITD]‘ (i.e., Types I and ) should be clearly

specified in the presentation of the statistical l;'esultsu

|
Time-dependent data (i.e., fecundity and fmi!ity) potentially require the most complex

analysis because this information is co]lecmd!dai]y both before and after exposure to the test
chemical. These data can be analyzed in mau.'}r ways. Some methods are more appropriate
than others for this type of data, which can ba:l'nghl}r variable especially when the mean
fecundity is large, temporally correlated, or s&!cewad. Mean fecundity per period (i.e.,
pre-exposure or post-exposure) and test E‘-hﬂ]]}:bﬂ‘ can be relatively variable, and variance
usually increases with mean fecundity. ﬁlsu,!tba correlation between pre-exposure and
post-exposure mean fecundity from the same I#::ST. chamber may be low. The recommended

analysis is based on a summary statistic for ed;,ch test chamber, either the mean post-exposure

|
fecundity or the ratio of the post-exposure to pre-exposure fecundity.
|




Data on other endpoints do not present the complexities of the time-dependent data (i.e.,
- fecundity, fertility); they are measured only once at the termination of the experiment (adult

survival, GSI, and plasma vitellogenin and sex steroid concentrations).

The use of the suggesied statistical methods for routine data analysis does not require the
assistance of a statistician. However, interplﬂa.iicn of the results may become problematic
becduse of the inherent variability and occasionally unavoidable anomalies in the data. If the
data appear unusual in any way, or fail to meet the necessary assumptions, a statistician
should be consulted. Analysts who are not proficient in statistics are strongly advised to seck
the assistance of a statistician before selecting the method of analysis and interpreting the

results.
2. Analysis of Fecundity Data

a. Data pmpamtinm and adjustment for mortality. The experimental period is divided
into three time phases, The first seven days should be considered an acclimation
period; omitting these data from subsequent analyses may reduce variability. The
remaining period until the treatment is imposed is considered the pre-exposure
period. Observations from day 1 of exposure until the end of the experiment are the

post-exposure period.

! Although this section discusses fecundity data specifically, most of the
considerations and approaches are also germane to fertility and, if collected, hatch
data,
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The mean (x 5D) daily fecundity during the pre-exposure and post-exposure periods
should be calculated for each test chﬂbw. The daily observations of fecundity can
be highly variable; calculating the mulm fecundity reduces some of this temporal
variability. Also, the experimental uu:it is the test chamber and analysis of the data is
much simpler when summarized into L‘mc value per chamber. That single value per
chamber could be the post-exposure fécum:lity. the ratio of fecundities, or some other
function of the fecundity. The choice ?shmuld be specified before the analysis is
conducted. E
i
When there is no mostality, the mean i,]ai]}r fecundity is an appropriate measure of
spawning success. These mpm-immmf are designed to estimate sub-lethal effects so
the default assumption is that test cmxi:em.mtiuns are low enough so that there should
be no treatment-related mortality. However, random deaths may occur, and loss of
one or more females may decrease the mean daily fecundity in that chamber. Two
approaches could be used to adjust furrandmn mortality.
i
1) Compute the mean fal:undltyah a per live-female per day basis. Compute the
total number of eggs pmdumdiduring the pre-and post-exposure periods.
- Then, compute the total m of female reproductive days during each
period. Tirb&ﬂmﬂndmminfhmﬁunﬂhﬂutnlnumb&n&gﬁtﬂth:

number of female reproductive days.
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2} Omit fecundity data from any test chamber with mortality.

The first approach uses data from all chambers, but assumes that the mortality of a
female has no effect on any other ﬁsh, t.ll'mt the mortality was not caused by exposure
to the test chemical, and that there was no period of reduced fecundity prior to death.
The second approach only assumes that the mortality was not caused by the test
chemical, but it results in a smaller sample size and smaller statistical power. All the
available biological information should be used to choose the more appropriate
adjustment. In instances where the death of 3 male fish occurs, the second approach

may be more appropriate.

The fecundity data should be plotied, both as a preliminary step to help detect
anomalies and unsuspected wends or pa:ltems in the responses, and as an aid in the
interpretation of the results. These plots can also be used to visually check the
validity of some assumptions that are necessary for .seveml statistical analyses that

may be nsed.

. Choice of analysis. The summary statistics, one for each test chamber in the
experiment, can be analyzed by many different statistical prmadm One approach
is to-use general characteristics of the data to identify an Wh and possible
alt,erl.mlives. All tests are conducted on the same organisms, in a similar manner, and

measure the same response, mean fecundity. The mean fecundity will not be the
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. i
same in each experiment, because different chemicals have different effects.
i
However, every one of the tests provide information about the characteristics of the

data that influence the choice of analysis.

Consideration of possible approaches ifur analyses can be organized into four

decisions; recommendations for each I-:I.r:clamn should be based on general
|

characteristics of the data. The recommendations below are tentative. They may

|
change as this test is conducted more lfreqmntl:.r, and general characteristics of the

resultant data become better known. |

1) Choice of response: Itis possiblelm use mean fecundity during the post-exposure

period or use the ratio of the pmt—ir:xp-usurc and pre-exposure fecundity. A third
option is to use the difference betxlvﬂe.u post-exposure and pre-exposure mean

fecundity. The choice of rusrpma:i affects the statistical power of the analysis. If [
the correlation between pre-enpnsure. and post-exposure fecundity is high or |
moderately high, analysis of the rﬁl.tia is more powerful. If the correlation is low, |
analysis of the post-exposure data alone is more powerful. Often, because of the
large inherent variability, the ubm'rved correlation will be relatively small, so it i
may be most common to analyze tihapost—e:xpcmun mean. :

2) Choiceufhypuﬂiesismbemﬁed:!Irispmsibletomtﬂwhyp-uuwsianfaqual

|
means, or test for a8 monotonic concentration (or dose) response, or test whether




3)

specific treatments differ from the control. The traditional hypothesis, tested by
analysis of variance {ANDVﬁj. i equal means. This is appropriate for any set of
treatments, but it ignores extra infmm_a.til:m available when the treatments are a
sequence of test concentrations. If the concentration (dose)-response curve is
expected to be monotonic, a more powerful test is that of ordered alternatives.
This tests the hypothesis that g = g = g, where p, is the mean fecundity in the
ordered treatments, ranging from control to higher concentrations. If desired, this
test can be followed by comparisons of specific concentrations to the control

using an adjustment for multiple comparisons.

Choice of parametric (ANOVA) or nonparametric analysis: This choice affects
the statistical power and validity of the « level. It is also influenced by the ease of
computation for a test. If the data satisfy the ANOVA assumptions (data are
independent, normally distributed, and have equal variances), ANOVA is slightly
more powerful than nonparametrie altematives. When the experimental design is
balanced, i.e. equal number of replicates of all treatrents, violations of the
normality and equal variance assumptions have little effect on the « level, but
decrease the statistical power, Nonparametric ordered alternatives tests require
moderately complicated cah.:ulaticms. and are not available in commonly-used
computer software. A good nmpm‘amétric test of ordered alternatives, the
Jonckherre-Terpsira test, is available in SAS (SAS Institute, Cary, NC) or SPSS

(SPSS, Inc., Chicago, IL); if hand calculations are necessary, they are straight-
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4)

!

|
forward. Parametric multiple mn;:lpariaons tests (e.g. Dunnett's) are widely
available in computer software; m!;mpnmmnl.ﬁc multiple comparisons are not, but
again hand computations are strai_&;lu—fmwm'd, The recommended nonparametric
test is the Jonckherre-Terpstra test, followed by multiple comparisons using the
nonparametric analog of Scl'nﬁ'e'a! method.

L
Choice of transformation: AND\%& is a parametric procedure based on the
assumplions that observations Mliﬁn treatments are independent and normally
distributed, and the variance of the data are homogeneous. These assumptions
must be checked prior to using u:nls approach o determine if they have been met
(tests for validating these a.'asumpr_t!ions are discussed in L3.c). When the
assumptions of normality andfor I'iiurmgm:ily of variance are not met,
transformations of the datamnyn%mndytlmpmhltm. go that the data can be
analyzed by parametric, rather thaln nonparametric procedures, Often, but not
always, the same transformation v'nl] do both. When the data include replicates of
the same treatment, a Box-Cox p].I:JI can be used to choose between specific
transformations to equalize variances (Box et al. 1978). ‘The mean and
within-group standard deviation alre calculated for each group of observations.
Then, y=log(5D) is plotted agm’na%. i=log(mean). The slope of the linear
regression indicates the mfamlhuun that best controls the variance-mean
relationship. A slope near 0 mdmiﬂm no transformation is required (no
variance-mean relationship). A sliupa near (.5 indicates a square rool

i
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transformation is needed, while a slope near 1 indicates that a log transformation
is most appropriate. Often, the estimated slope will be near 1, suggﬁth;g the use
of a log(x) transformation. On occasion, this may need to be modified slightly
because fecundity may be zero and ]ngﬂ_]} is undefined. The recommended
transformation for the mean post-exposure fecundity is log(x+1) where x is the
mean post-exposure fecundity. The recommended transformation for the ratio is
log((x+1)(y+1)), where X is the mean post-exposure fecundity and y is the mean

pre-exposure fecundity.

The choice of transformation is not an issue if a nonparametric approach is
chosen. The suggested nonparametric tests are based on the ranks of the
observations. All the transformations considered here are monotonic; the ranks of
the transformed variables are identical to the ranks of the original variables.

" Hence, the nonparametric analysis of transformed variables is identical to the

nonparametric analysis of the untransformed variables.

¢. Analysis of Variance. If a parametric @yﬂs is utilized, one-way ANOVA can be
used to test the hypothesis of no differences between treatment means. If the
response is chosen to be the mean post-exposure t‘acunﬁity. it should be calculated for
each chamber, possibly adjusting for mortality if any occurred. The post-exposure

mean fecundity in test chamber i, %, should be transformed to log &+ 1). If the
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response is chosen to be the ratio, tl'm!tmnsfmucd ratio should be calculated for each

chamber as log {:’%] , where ¥, is the mean pre-exposure fecundity in chamber i.

For either response, treatment means ana:l the F-test of equal means are calculated
using standard computer software for!om—wa}r ANOVA. Following the ANOVA,
comparisons between specific umt.rm%nts can be made by fitting a concentration
(dose)-response curve (g.g., a linear c:!:nlrast]. by testing each concentration against
the control (using Dunnett's Multiple !Cumpansms Procedure), or comparing all pairs
o_f treatments (using Tukey's Mu]tipk:%ﬂompaﬂson Procedure). ANOVA is discusszed
in further detail in Section L.3. |

d. Jonckherre-Terpstra test of ordered alternatives. The Jonckherre-Terpstra test is a :
|

nonparametiic test of the hypothesis ﬂmt the mean fecundities in each treatment

|
follow a specified order. When there are three treatments (e.g., “Control,” “Low,"” |
and “High" concentrations), and three! treatment means (li, i, and pg), the |
hypothesis being tested is that i /i > /i With at least one strict inequality, against .
thenu“hyputhasisthatpc=ﬁ,_=p,,.i\‘ﬂmmhetlwtmﬂntsamasaqut.nneﬂf I
increasing concentrations, with the ct:iizmenmﬂnn-responsa curve axpoctn:;] to be | i

|

mumtmﬁc.awatofordcmdalmﬁ\:fcs is more powerful than the usual test of equal

|
means (e.g., a one-way ANOVA or the nonparametric Kruskal-Wallis test). :




The Jonckherre-Terpsira test can be calculated by SAS PROC FREQ) (SAS Institute,
Cary, NC), which can also calculate the a-zxa-ct p-value, the S5PS8 EXACT module
(SPSS, Inc., Chicago, IL), and perhaps other statistical packages. It is not a test that is
widely available in all statistical software. If a statistical package can calculate the
Mann-Whitney (or equivalently the Wilcoxon's rank sum test) for a pair of
treatments, the Jonckherre-Terpstra test statistic can be obtained from the results of
Mann-Whitney tests on all pairs of treatments. If no nonparametric test is available,

the Jonckherre-Terpsira test statistic can be calculated by hand.

Hand caleulation of the Jonckherre-Terpstra is described and illustrated in some
nonparametric statistics books (e.g., Daniel 1978). The statistic is calculated by
considering all unique pairs of treatments one [:.lilil' at a time. If there are three
treatments, there are three pairs of l:m_al:m:l.m:. Label each pair so that the higher
concentration (with the lower expected f_ec:undil;,r} is treatment X and the lower
concentration (with the higher expected fecundity) is treatment Y. Consider all
possible ways that an observation in treatment X can be paired with an observation in
treatment Y. If there are four observations in each treatment, there are sixteen
possible pairings of observations. Count the number of pairs where the observation
from treatment X is smaller than the observation from treatment Y. If two values are

tied (i.e., the observations in treatment X and Y have the same fecundity), add one

half for each tied pair to the count. Add these counts up over all pairs of treatments.
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|
This sum is J, the test statistic for the Jonckherre-Terpstra test. A large value
indicates that the fecundity tends to be larger in treatments with lower concentrations,

| .
Exact critical values of the Jonckherre-Terpstra test statistic for a variety of sample
sizes are computed in Odeh (1971) acnld tabulated in Daniel (1978). Critical values for
the sample sizes and numbcraftrcamicmn used or potentially used in the test are
given in Table 3. The test rejects the aull hypothesis if the observed test statistic is

|
larger than or equal to the tabulated vﬁluc. The sample sizes for thess tests ane

sufficiently small that the asymptotic t&u-squm distribution should not be used.




Value of I n=d, k=3  m=3,k=d  nmd, k=t

13 0.110

34 0.084

15 0.063

36 0.046 0.117

37 0.033 0.091

38 0.023 0.069

39 0015 0052

40 00099  0.037

41 0.0062 0.027

42 0.0037 0.018

43 0.012

44 0.0080

45 0.0050 .

62 ' 01058

63  0.0895

66 0.0514

67 0.0420

69 0.0272

70 ' 00215

72 0.0123
| 73 0.0100

75 0.0056

76 - 0.0041

Table 3. P-values corresponding to specified values of J, the test statistic for the
Jonckheire-Terpsira test of ordered alternatives (Daniel 1978). Values are provided
for n=4 replicates of k=3 treatments, n=3 replicates of k=4 treatments, and n=4
replicates of k=4 treatments. Values of J for n=4, k=4 are included only when the
p-value brackets a commonly used o level (e.g., the two values J=66 and J=67 bracket

the 0.05 p-value).
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e, Kruskal-Wallis test of equal tmatn:ueuL medians. An alternative to the
Jonckherre-Terpstra approach is the Kruskal-Wallis test, the nonparametric
equivalent of the one-way ANOVA. ':I'his lest is generally available in statistical
software packages. Because the samgllle sizes are small, exact p-values should be used |
instead of the asymptotic Chi-square ~::Iisl:rihutiorn. Tables of exact p-values are |
available in many nonparametric stal.i:stics texts and some collections of statistical |
tables. Exact p-values can also be computed using SAS or SPSS (Exact module).

Critical values for two common choices of « level are given in Table 4.

f. Monparametric multiple comparisons between treatments. Nonparametric multiple

comparisons between means are b.nsa::l on the mean ranks from the Kruskal-Wallis |
test. These values are usually mpartn:i in the output from Kruskal-Wallis analyses. i
The recommended procedure uses S:-‘:.rsffe's approach, adapted for the analysis of |
ranked data. This is appropriate for mla:,r g2t of comparisons between groups, | i
including comparisons of each nm:r-z:;m group to the control. For each comparison, |
calculate the absolute vahmufthadiﬂ!'erenmin mean ranks, T=| EI-E . The

difference between these two groups is significant if T exceeds the critical value given

which reduces to i

n
i
!
|




when the two groups have the same sample size. The term h,,_, is the critical value
for the o level Kruskal-Wallis test with k treatments where k is the number of groups
and n, is the number of observations in group i. When the sample sizes are equal, n is
the number of observations per group. N is.mr.-.. total number of observations in the

entire experiment. A subset of the critical values for multiple comparisons is given in

Table 4.
Kruskal-Wallis test  Multiple comparison
n k e=5% o=1% e=5% a=1%
4 3 5.692 7654 6082 7.052
3 4 7000 8538 7791 8.603
4 4

7.235 9287 9.055 10.26

Table 4. Critical values for the Kruskal-Wallis test (Daniel 1978) and Scheffe's
nonparametrie multiple comparisons approach with experiment-wise etror rates of

59 and 1%, Values are provided for n=4 replicates of k=3 treatments, n=3 replicates

of k=4 treatments, and n=4 replicates of k=4 treatments.




3. Analysis of Other Endpoints

a. Data preparation. Data on other emdphmts do not provide the complexities of the
fecundity or fertility data; they are me:rasured only once at the end of the experiment
{adult survival, GSIL, and plasma virell;agenin and sex steroid concentrations). The

|
data should be plotted, both as a pmu.%mmq.r step to help detect anomalies and
unsuspected trends or patterns in the ril:sponm and as an aid in the interpretation of
the results. ‘These plots can also be use.d to visually check the validity of some
assumptions associated with several si:aﬁsﬁcal analyses that may be used. Scatter |
plots of two or more variables may demonstrate the relationships among the variables,

so that correlations can be observed and interactions studied.

The experimental unit in these tests isélhe test chamber; however, most of the
endpoints are measured using llld.li".lnii.lf.ﬂ.l fish. Fish-specific observations must be
reduced to chamber means before un:in a statistical test of treatment differences. I
b. Outliers. Outliers are inconsistent or i:;l.lﬁtinnahle data points that appear either high I
urluwaumpﬂmdmﬂmgmeraltrendifmhihited by the majority of the data. Outliers |
can be detected by tabulating the data.ip]otung,. or an analysis of the residuals. I
Explanations should be sought for an}:f questionable data points. If the outlier cannot i i
be linked to an explanation such as fal:llt;.r equipment or human ermor, the outlier could

be the result of a real effect. Without an explanation, data points should be discarded ||

1
. -!
|
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only with extreme caution. If there is not an explanation, the analysis should be
performed both with and without the outlier, and the results of both analyses reported.
Outliers increase the variability within a sample and, therefore, decrease sensitivity of

. the statistical tests used.

. Chnix::e. of analysis. The process of selecting appropriate statistical tests should follow

~ a decision tree similar to the one illustrated in Figure 7. This approach uses tests of
normality and tests of equal variance, and experimental characteristics to guide the
s_r;hcti-:m of the appropriate analysis.. The choice of test is based on the characteristics
of each specific data set. Dunnett's Procedure and the #-test with Bonferroni's
adjustment are parametric procedures based on the assurmnptions that the observations
within treatments are independent and normally distributed, and that the variance of
the observations is homogeneous across treatments. These assumptions should be
checked prior to using the tests to determine if they have been met. If the tests fail, a
nonparametric procedure such as Steel’s Many-one Rank Test or Wilcoxon's Rank

Sum Test may be more appropriate.

After examining the plois and desmip:i;'c statistics, as-.;umptiuns of normality and
homogeneity of variances among groups are tested. ND:I'IIIEIi.I-}’ can be tested using
Shapiro-Wilks Test, among others. In general, if the data fail the test for normality, a
transformation such as to log values may normalize the data. Homogeneity of

variances across groups can be tested using Bartlett's Test, among others. In using
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this test, it is assumed that the data a.r:'.'. normally distributed. If data display or tests
demonsirate umvmimismthouﬁgenmms treatments, then varwma—
stabilizing transformations of the duui may be necessary. The arcsin, square root, and
logarithmic transformations are often jused on dichotomous, count, and continuous
data, respectively. '

i
The choice of a particular analysis amli the ability to detect departures from the
assumptions of the analysis, such as ufw. normality of the data and homogeneity of
variance, is dependent on the numberiﬂtfm]ll.icales. One concern is that if the sample
sizes are too small, the tests of equal %ariame.s and normality may have low power to
detect unequal variances or mn—nurm?a]ity. unless the deviations are very large.
Because the sample sizes are relnli\relf,r small under the current recommended
experimental design, the data from a s:mgla study may provide relatively little

|
information to test normality or equal ;vaﬁanoes. The statistical consequence is that

tests of normality and unequal variances may have low statistical power,

I
If the assumptions are met, the data c:-in be subjected to ANOVA followed by
Dunnett's Multiple Comparison Pmcudurc for comparing each of the treatment means
with the control mean to determine if %m}r of the concentrations differ from the
control. It is based on the as.aumpum; that the observations are independent and
normally distributed and that the vana:nm of the observations is homogeneous across

all treatments. Dunnett’s Procedure can only be used when the same number of
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replicates (test chambers) have been used at each treatment. In cases where the

number of replicates for different treatment ].er;mls are not equal, a -test with

Bnn-t‘mni's adjustment can be used as an alternative ;o Dunnett’s Procedure. The
' p-test with Bonferroni's adjustment is based on the same assumptions of thy

and homogeneity of variance as Dunnett’s Procedure.

If, after suitable transformations have been carried out, the assumptions of ANOVA
have not been met, nonparametric te:f.'hniques should be used. Steel's Many-one Rank
Test is a nonparametric test for comparing treatments with a control and is an
ﬂmmiv: to Dunnett’s Procedure. If the number of replicates (test chambers) are not

equal, Wilcoxon's Rank Sum Test with Bonferroni's adjustment should be used.

If both solvent and dilution water (non-solvent) controls are included in the test, they
should be compared using a t-test for count and continuous data and Fisher's Exact
Test for categorical data. If the difference between controls is not statistically

significant, then all control data can be combined for the remaining analyses.

Various software packages are available to perform these analyses such as SAS (SAS
Tnstitute, Cary, NC), SigmaStat or SYSTAT® (SPSS, Inc., Chicago, IL), ToxCale

(TidePool Scientific Software, McKinleyville, CA), or TOXSTAT® (Western

Ecosystems Technology, Inc., Cheyenne, WY).
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4. Summarization

Following completion of the statistical analyses and interpretation of results, the mean
and standard deviation for each endpoirnt should be incorporated into a summary table or
figure. Statistical significance, as well as the statistical tests used, level of significance,

and sample size should be indicated.
J. Test Report

A test report form must be completed for each cha_mic:al evaluated. An example of a report form

for the 21-d reproduction test is provided in Appendix A (Form A-4).
1. Test Chemical

The report must include a detailed description of the test substance, including information on
its CAS number, source, lot number, and purity. Additional information should be provided,
when available, such as its solubility in water, K_,, vapor pressure, etc. Toxicity to the
fathead minnow (or other fish species) should also be reporied along with pertinent

information from the range-finding test.
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2.  Test Animals

Information must be provided on the fathead minnows used in the test. This information
must include the source of the fish, age, and condition of the fish at the initiation of the test,
the pre-exposure reproductive performance, t'h.e acceptability of the most recently performed
reference toxicity test, and a summary of the :mﬂu]bs with the most recent performance
standard test. Any observed abnormalities in reproductive behavior or performance of

control fish also must be reported.
3. Test Conditions

The report must specify the conditions undari which the test was performed. This must
include information on the source, trcatmmiiof. and basic chemical characteristics of the
dilution water. It also must include mean (% BD} and range for water temperature, dissolved
oxygen, pH, hardness, alkalinity, total organic carbon, and un-ionized ammonia. ‘The
photoperiod and light intensity used during 1I|1c exposure must be specified. Tfm chamber
size, water volume, flow rate, and number and composition of spawning substrates must be
included. The general experimental design rnustbe described including the number of
treatments, number of replicates (test Cha]nbii:[s} per treatment, and the number of males and
females per test chamber. The report must ilil:lude information on the feeding regime,
ineluding priority contaminant levels, food supp]u:r and lot number. The basic nature of the

exposure (i.e., flow-through, i.p. injection, die-tm’y] must be stated, in addition to specific

!




information related to the exposure type. For example, if the exposure was a flow-through
water delivery type, the daily number of volume exchanges of dilution water must be stated.
If & solvent or dispersant was used to deliver the chemical, the specific solvent or dispersant
and the concentrations to which the fish were exposed must be specified. If the exposure
route was by i.p. injection, the carrier and injection volume must be stat.cd. JIf the exposure
route was dietary, the food items used to introduce the chemical must be stated in the report.
The methods used for, and results {with standard deviations) of the test chemical analyses

should be reported, including validation studies, and method detection/quantitation limits.
4. Results

The summary report must include the mean and standard deviation for each test endpoint.
Qualitative data collected on reproductive behavior and gonadal histopathology endpoints
must be summarized and reported. The results must include data for the control (plus solvent
control or sham i.p.-injected control, when used) and the treatment fish. Statistical
significance, as well as the statistical tests uset:i, level of significance, and sample size must

be indicated.
K. Quality Assurance

Each laﬁormuw should incorporate a strong qualit_;.r assurance ((QA) program from the start of

testing. Prior to the actual initiation of the pre-exposure period, Standard Operating Procedures

87




(SOPs) should be prepared for all aspects of the study, including culturing of test animals,
operation of the test system, ge-nﬂmiion of stock s:aoiulious. instrument calibration, analysis of test
chemical, analyses of water quality characterisli-:;s., sample tracking and chain-of-custody
procedures, performance of pre-exposure test, ani:i performance of the 21-d reproduction test.
Staff that will be performing tasks on the project :shnulli be familiar with the SOFs before the

I
tests begin. !

QA practices must address all activities that affarl.'t the quality of the final data obtained from the
test, such as: (1) test substance, (2) source mdmfndilim of the test animals, (3) water quality
characteristics, (4) condition of exposure W and equipment, (5) maintenance of chemical
exposure concentrations, (6) analytical meﬂmdoh:agy. (7) instrument calibration, (8) replication,
(9) record keeping, and (10) data e\raluati.an and ;nmpmmnm During routine activities,
established guality control (QC) practices shm:.ldjbn followed which ensure generation of data

I
that are of known quality. |
|

The fish used in the test should appear healthy, b!cha'ﬂ: normally, feed well, reproduce
successfully, and have low mortality in culture, pre-exposure period, and in the test controls.
Routine water quality characteristics such as temperature, dissolved oxygen, pH, hardness,
alkalinity, total organic carbon, and un-ionized ammonia should be monitored to assure quality of
the system used to maintain the animals. All instruments should be calibrated and standardized

following the instrument manufacturer’s procedures, and monitored according to standard

methods,




Proper record keeping is important. A complete file should be maintained for each test
indicating test chemical, investigator, and dates of initiation and termination of test. The file
should contain the original data sheets from the test; source and information about the test
chemical and concentration of any solvent used; detailed records of the animals used in the test,
such as source, age, and any other pertinent information; test conditions employed; description of
the experimental design; methods used for, and results of, analysis of the test chemical; source
and characteristics of dilution water; information on the calibration of equipment and
instruments; and the methods used for, and results of, statistical analyses of the data. The file
should also contain anything unusual about the test, any deviations from established SOPs, and
all. other relevant information. Laboratory data should be recorded on a real-time basis to prevent
loss of information or inadvertent introduction of errors into the record. Original data sheets

should be signed and dated by the laboratory personnel performing the tests.

Internal audits should be pérfunued by the testing I:-l.bciratur}r‘a QA officer during the actual
performance of each test by inspection of the SOPs, evaluation of the performance of the test
system, and inspection of the biological and chemical record books. Post-test audits should be
performed of the data analysis, statistical treatment, and interpretation of results, with records
made of any deviations from the test protocols. QA records should address test animal health,
pre-exposure reproductive performance, the performance of the test from a biological
perspective, and the performance of the test from a chemical perspective. A QA summary should

be prepared by the QA officer for each test and should accompany the teat report.
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L. Interpretation of Results !

The specific test described in this document, as v.iel]. as relatively similar reproduction siudies
with the fathead minnow (e.g., Kramer e al. 199:?; Giesy er al. 2000; Harries ef al. 2000) have
been conducted with a number of EDCs rﬁpmm:htiw of several MOA. In this section we
provide an overview of responses in the test to :;h:emmals with known endocrine MOA, as a basis
for interpretation of study results with unknown c:hemicals. Some individual responses are very
diagnostic in terms of identification of a specific endocrine MOA (¢.g., induction of vitellogenin
in males caused by estrogen receptor agonists), I:mt in many cases it is/will prove necessary to
consider patterns of responses in the whole suite ﬁmdpm’nis to assess which (if any) endocrine
pathway has been affected. Tt must be noted that the database from which this interpretive
guidance was developed is limited. For Jexm:nple,l tests with chemicals with mixed (endocrine)
MOA have been rare, and likely would result in u:nmticipawd patterns of responses {e.g., see
methyltestosterone example below). Ancther important shortcoming in the current knowledge
base is a lack of data for chemicals which affect rcpmduchm but not through alterations in the
endocrine systems of concern. The assumption in these cases is that some generic measure of
reproductive potential would be affected (e.g., fec:undity, GSI) in the absence of changes in other,
more diagnostic, endpoints such as secondary sﬂx;chamch:risﬁcs, plasma vitellogenin and sex

steroid concentrations, and gonadal histopathology.

Table 5 summarizes responses of fathead mmnmn}s to different EDCs in the context of the suite

of endpoints described in this document. The musi waork, by far, has been with estrogen receplor
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agonists. Strong a-gnnial‘.s. such as [i-estradiol, reduce fecundity of actively-spawning animals,
and consistently induce vitellogenin in males (Table 5; Kramer et al. 1998; Panter ef al. 1998;

- 2002; T}']ﬂ].' et al. 1999; Korte et al. 2000). Other endpoints that have been reported to be
affected by strong estrogen receplor nguﬁﬂs in sexually-mature fathead minnows include
gonadal (testicular and ovarian) histopathology and alterations in secondary sex characteristics
(Panier ef al. 1998; Miles-Richardson ef al. 1999a; Harries ef al. 2000). Exposure of fathead
minAoWS to chemicals that are weaker estrogen receptor agonists (e.g., alkylphenols,
methoxyehlor) elicit a qualitatively similar pattern of effects similar to those observed after
exposure to stronger agonists, although the magnitude of the effects (not surprisingly) differs
between weak and strong estrogens (Miles-Richardson et al. 1999b; Giesy et al. 2000; Harries er
al. 2000; Ankley er al. 2001). For example, methoxychlor significantly decreased (but did not
completely inhibit) spawning of fathead minnows at a concentration of about 5 pg/L (Ankley et
al. 2001). At this concentration, a significant induction of vi.te-lluécnin in male fathead minnows
was observed; however, the response was much less pronounced than when adult male fathead
minnows were exposed to strongly estrogenic substances (Panter ef al. 1998; Korte ef al. 2000;
Ankley er al. 2001). There also have been descriptions of alterations in secondary sex
characteristics and ovarian histopathology in adult fathead minnows exposed to weak estrogens
(Miles-Richardson ef al. 1999b; Harries ef al. 2000; Ankley er al. 2001). Plasma concentrations
of sex alc..mi:is also can be affected (in a sex-specific manner) by weak estrogen recepior agonists
(Table 5; Ankley er al. 2001); presumably, if comparable data were available, this also would be

observed in exposures with strong estrogens.
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One androgen receptor agonist, the synilmﬁc cumpuund methyltestosterone, has been evaluated
using the short-term fathead minnow repmducl;iuiu test (Table 5; Ankley er al. 2001). It appeared
that the methyltestosterone elicited a suite of resl:glumes indicative of a chemical with a mixed
estrogenic and androgenic MOA rather than a "pl:.trc androgen. Exposure to methyltestosterone
at concentrations > 0.2 mg/L caused an immediaz:e cessation of spawning. Consistent with
previous demonstrations (from aquaculture sm:il-:w} that methyltestosterone is androgenic in fish,
the adult females were clearly masculinized, exh.iihiling proncunced nuptial tubercle development
within about 6 d of exposure. However, m:thy]hécalo&mne. also cavsed a large induction of
vitellogenin in both males and females, which is a response consistent with (and relatively
specific to) an estrogen receplor agonist. This may have occurred because methyltestosterone
can be converted via aromatase to a methyl-estradiol analogue (Dr. D. Kime, University of
Sheffield, personal communication), which wuulqi:l have resulted in the fish actually being
exposed to an estrogen/androgen mixture, Giw:ni this, it is difficult to say whether other
responses observed in the test (e.g., mduced ste.m!ld concentrations, reduced GSI, abnormal
gonadal histology; Table 5) were due to the andn;iigﬂnic or estrogenic {or combined) nature of
methyltestosterone. Based, however, upon this s%u:dy and early work by Smith (1974) with
fathead minnows exposed to known androgens, n!msculi.nizaﬁon of adult females would appear to
be a very diagnostic response for this MOA.

Two putative anti-androgens have been evaluated in 21-d reproduction studies with the fathead

minnow (Table 5). Makynen et al. (2000) assessed the effects of vinclozolin on fathead

minnows held in a paired-breeding situation. Dug to minimal reproduction in controls from that




experiment, it was difficult to determine whether exposure to the mammalian androgen recepior
antagonist affected fecundity of the fish. Vinclozolin did not markedly affect plasma steroid
coticentrations in males or females, and vitellogenin was not measured in that experiment. At a
cmmﬁm of about 700 pg/L vinclozolin did, however, cause a significant reduction in GSI of
the females, which was accompanied by retarded mcj.rte maturation and atresia. Because neither
vinclozolin or its primary metabolites bound to the fathead minnow androgen receptor in vitro
{(Makynen ef al. 2000), it was uncertain whether the responses observed in the gonads of the
females were truly indicative of an a.mi-undmgen.. Therefore, the results of a reproduction test
with the androgen teceptor antagonist flutamide (which does bind to the fathead minnow
androgen receptor; Makynen ef al. 2000) may be more descriptive of the expected pattern of
responses associated with exposure of reproductively-active fathead minnows to an anti-
androgen. At concentrations ranging from 60 to 600 pg/L, flutamide caused a eoncentration-
dependent decrease in fecundity which, as was observed with vinclozolin, was accompanied by
decreased GSI and increased oocyte atresia/retarded maturation inl the female fathead minnow
(Table 5; Jensen er al. 2002). Flutamide also affected steroid concentrations in both sexes and
appeared to cause a slight increase in vitellogenin concentrations in the female. In addition,
flutamide exposure resulted in subtle indications of gonadal histopathology in the males, which
was comprised of germ cell necrosis and reduced spermatogenesis. Based on these results, the

most consistent effects of the anti-androgens in this test appear to be expressed in the gonads of

the females (GSI, histopathology).




Aromatase (CYP19) is a cytochrome Hﬂlbasec!lemynm that, under normal physiological
conditions, converts testosterone to p-estradiol. There is emerging evidence that the MOA via
which some EDCs exert their effects is through :ialleraliﬂus in steroid synthesis associated with
inhibition of aromatase activity (i.e., CYP19), F;admoh. a classical inhibitor of aromatase
activity, was evaluated using the protocol dmnbad in this document (Table 5; Ankley er al.
2002). The chemical caused a cmmm_mtiun-deﬁenﬂem reduction in fecundity at concentrations
ranging from about 1.5 to 50 pg/L. Cunaial;amu;iﬂ'l the presumed MOA, there alzo was a
concentration-dependent decrease in both plasmt:i [B-estradiol and vitellogenin in the female
fathead minnow. In addition, plasma concentrations of testosterone and 11-ketotestosterone were
increased in the males, and histological alterations observed in the gonads of both sexes. Given
the specificity of aromatase inhibitors, the dwrr.slaas in f-estradiol and, subsequently,
vitellogenin in the female fathead minnow should be an excellent diagnostic response for this
class of EDCs. Previous studies with fish have emphasized vitellogenin induction in males as a
highly-specific indicator of an endocrine MOA (estrogen receptor agonists); these data indicate
am equally useful and diagnostic response associated with vitellogenin reductions in (sexually-
mature) females. This endpoint presumably would reflect effects of chemicals, not only on p-
estradiol synthesizs (as for fadrozole), but the actiui:m of chemicals that act as estrogen receptor

antagonists (Panter ef al. 2002)

The patterns of responses summarized in Table 5 clearly represent only a small subset of possible

outcomes associated with exposure to EDCs. Adverse effects associated with some MOAs

(estrogen receptor agonists, androgen receptor agonists, and aromatase inhibitors) should be




easily identified. Identification of chemicals as anti-androgens may be more equivocal (although
these types of chemicals would clearly be “flagged” as endocrine-active through alterations in
gonadal histology and, perhaps, steroid concentrations). As this test is conducted with additional
chemicals reflective of the MOA discuzsed above, as well as.uﬂmr MOA, guidanee in

interpreting test results will expand.
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APPENDIX A-2

RECORD OF SPAWNING ACTIVITY
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APPENDIX A-3

FATHEAD MINNOW SAMPLE RECORD

STUDY:
Date:
Initials:
Treatment ____ Replicate Tissue Sample/ID Number/Comments
Sex M/ F _‘E’lasma D
Body Weight g Gonad
Histology ID
Gonad Weight ______ mg Aromatase ID
Receptor ID
Secondary Sex Characteristics/Comments Liver ID
Ovipositor P/ A ;
Tubercles P/A Brain ID
Dorsal Pad P/ A Body ID
Coloration P/ A
Other comments:
Treatment ____ Replicate __ | Tissue Sample/ID Number/Comiments
Sex M/ F Plasma ID
Body Weight g Bonad
. Histology I
Gonad Weight mg — D
Receptor ID
Secondary Sex Characteristics/Comments Liver ID
Ovipositor P/ A ,
Tubercles P/ A Brain ID
Dorsal Pad P/ A Body ID

Coloration P/ A

Other comments:
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APPENDIX A-4

REPORT FORM FOR THE 21-D REPRODUCTION TEST

Chemical: Test Start Date:
Investigator: Test Termination Date:
TEST CHEMICAL
CAS Number: MF: . MWT:
Chemical Source: K. Vapor Pressure:
Lot Mumber: Water Solubility: Purity:
Acute Toxicity: Reference:
Chronie Toxicity: Refercnce:
Range-finding Test Informatioan:
TEST ANIMALS
Source: . Age at Test Start:
Condition: Pre-Exposure Reproduction:
Reference Toxicity Test EDC Performance Standard Test
Chemical: Chemical:
Results: Results:
Drate: Drates:
TEST CONDITIONS

Dilution Water Source: Dilution Water Treatment:

Water Temperature (“C) Mean (£ 5D} Minimum: Il imnum:
Dissolved Oxygen (mg/L) Mean (£ SD) Minimum: Mlaximum:
pH Mean (£ 5D) Minirmurn: Maximum:
Hardness (mg/L. CaCOy)  Mean (£ SD) Minimmum: Maximm:
Alkalinity (mg/LCaC0,) Mean (£8D)______ Minimum: - Maximm:
TOC (mg/L) Mean (£5D) o+ Minimom: _______ Maximun:
Un-ionized Ammonia (pg/L)Mean (£ 8D} " Minimuaim: Maximum:
TNlumination Source: Photoperiod:

Light Intensity:

Exposure Chamber Dimensions: Water Volume:

Flow Rate:

Number of Treatments: Number of Replicates/Treatment:

Mumber of Females/Chamber: Number of Males/Chamber:

Mumber of Substrates/Chamber: Composition of Subsirate:

Feeding Regime:
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APPENDIX A-4 (Cont.)

Type of Chemical Administration: |
(&g agueous without solvent, aqueous with solvent, dietary, i.p. injection)

If aquesus administration was used, specify: | -
hiethod of Stock Generation: Mean Concentration of Stock(s):

If solvent carrfer was used, specify:

Solvent: Maximum Solvent Concentration:
If distary exposure was used, specify:

Food: Method of Chemical Incorporation:
Source of Food: Food Lot Number:

K i.p. exposure was used, specify:

Carrier Solvent: Carrier Solvent Concentration:

Volums of Carrier Solvent Injected:

TEST CHEMICAL CONCENTRATIONS

Date Control Control® Treatment 1 Treatment 2

Mominal: |

Measured

Date:

Diate:

Drate:

Duate:

Drates

Date:

Mean (£ SD)

Range

Mean (£ 5D) % Recovery of Spiked Samples: (M= ]

Mean (£ SD) Repeatability of Duplicate Analysis: (N = 3 !
Amnalytical Methodology,
Method Detection/Quantitation Limits

* Solvent control or sham-injected control.
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APPENDIX A-4 (Cont.)

TEST RESULTS (Mean + SD)"
Primary Endpoints" Control - Control® Treatment 1 Treatment 2
Adult Survival (%)

Reproductive Behavior
(specify)

Secondary Sex Characteristics
(specify ovipositor, tubercles,
dorsal pad, coloration)

GSI (%)

Gonadal Histopathology
(specify)

Plasma vitellogenin {mg/ml)

Plasma sex steroids (specifyp-
estradiol, testosterone, 11-
ketotestosterone) (ngfmi)

Fecundity (specify total eggs,
number of spawns/female,
number of eggsfspawn)

Fertility (%)
Optional Endpoints
Embryo Hatch (%)
Larval Survival (%)
Larval Morphology (specify)

* Statistical significance, as well as the statistical tests used. level of significance, and sample size should
be indicated.

b Adult survival, reproductive behavior, secondary sex characteristics, GSI, gonadal histopathology,
plasma vitellogenin and sex steroids must be reported on 4 S8X- specuﬂc basis.

* Solvmt control or sham-injected control.

General Remarks
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1.

APPENDIX B

MEASUREMENT OF PLASMA VITELLOGENIN IN
FATHEAD MINNOWS BY COMPETITIVE ELISA

OPERATING PROCEDURE
SCOPE AND APPLICATION

This procedure is used to at the MED laboratory to determine the concentration of
vitellogenin (Wtg) in plasma of fathead minnows (Pimephales promelas). Other validated
technigues can be vsed to measure Vig; the following is included as one option. The level of
Vig present is indicative of the presence of estradiol, or other estrogen-like compounds,
which can bind the estrogen receptor and induce the synthesis of Vig. The ability to detect
Vig in male fish is particularly significant since Vig is normally undetectable or prasent at
extremely low levels compared to female fish. The Vig is detected using antibodies in an
ELISA (ecnzyme linked immunosorbent assay) procedure. The detection limit for Vig is
routinely 2 pg per ml of plasma when using a 1:300 dilution, which is typical for most males,

SUMMARY OF METHOD

The assay is performed in 96-well ELISA plates that have been coated with purified fathead
minnow Vig. After blocking the imbound sites with goat serum, the plate is washed to
remove any unbound material. The samples being assayed, a range of standards prepared
with purified fathead minnow Vig, and the appropriate blanks and controls are incubated
with an antibody specific to fathead minnow Vig. After this incubation, the samples are
added to duplicate wells of the plate. The plate is incubated again, during which there is a
competition for the antibody between the Vtg bound on the surface of the wells and the Vg
present in the samples and standards. This i3 followed by another wash which removes all
the primary antibody which is not bound to the Vig on the plate. The primary antibody that is
bound to the plate is detected by incubation with a secondary antibody which is conjugated to
horseradish peroxidase. After washing the plate, the activity of the enzyme is measured,
which is inversely proportional to how much Vig was present in the sample.

2.1 Definitions

Vig = Vitellogenin

ELISA = Enzyme-linked Immunosorbent Assay
FHM = Fathead Minnow

1* Ab = Primary Antibody

2% Ab = Secondary Antibody

MNGS = Normal Goat Serum

BSA =Bovine Serum Albumin
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IAP = Interassay Pool Sample

PBS = Phosphate Buffered Saline

PBST = Phosphate Buifered Saline with 0.05 % Tween-20 (same as wash buffer)
NSB = Monspecific Binding

B, = Maximum Binding

B = Binding

2.2 Health and Safety Wamings
Follow routine laboratory safety precautions such as wearing lab coats and safety
glasses. In addition, wear latex or nitrile gloves when working with phosphoric or
hydrochloric acid solutions to prevent severe damage by contact with skin.

2.3 Cautions
Vg is a very labile protein; keep on ice and store at -20°C when not in use. Store

plasma samples and 1° Ab at -B0°C. Store 2° Ab at -20°C. The 10X PBS buffer can be
stored for several months at 4°C; discard if the solution becomes cloudy.

. PERSONNEL QUALIFICATIONS

Those who perform this assay should be trained and adept at performing sample dilutions and
waorking with microliter and multichannel pipets. Accurate pipeting is the most important
skill required to obtain quality results.

. MATERIALS AND METHODS

Equipment:

Centrifuge for hematoerit tubes (e.g., Adams MHCT II)
Centrifuge for microcentrifuge tubes (e.g., Eppendorf 5417R)
Speed-Vae for lyophilizing aprotinin (e.g., Savant SVC100)
Water bath at 37°C
Multi-tube vortexer (e.g., VWR)
Vortex mixer
S6-well plate reader {e.g., Bio-Rad 3550)
Muitichannel (8 or 12) pipet capable of delivering volumes in the 100 to 200 pl mnge
Adjustable pipets for 0.5 to 10 pl, 10 to 1000 pl, and 1 to 10 ml range
Repeater pipet for delivering 300 pl
Computer spreadsheet software (e.g., Lotus 123, version 9.3)
Computer graphing software (e.g., SlideWrite, version 5)
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Materials:

Heparinized microhematocrit tubes (e.g., Oxford 8889-301209) |
0.6 ml microcentrifuge tubes : |
Aprotinin (e.g., Sigma A-6279) | I
Pipet tips I
Parafilm |
Aljr-tight container (e.g. Tupperware) i
15 and 50 ml disposable centrifuge tubes I
12 x 75 mm disposable glass test tubes ,
96 well ELA plates (e.g., ICN 76-381-04) I
Purified FHM Vtg (Obtained from Dr. Nancy Denslow, University of Florida) |
1° Ab for FHM Vitg (Obtained from Dr. Louise Parks, EPA) i
Peroxidase-conjugated anti-rabbit 2° Ab (e.g., Bio-Rad 172-1019) i
Normal goat serum (NGS) (e.g., Chemicon 526-100ml)
TMB peroxidase substrates (e.g., KPL 50-76-00) |
1 M H,PO, |
1 M HCI i
Coating Buffer 50 mM carbonate buffer, pH 9.6: |
1.26g NaHCO, ;
I
|
|
I
|
|
|
|
|
I
|
|
|
|
|
|

0.68g Na,CO,
428 ml of deionized water
10X PBS (0.1 M phosphate, 1.5 M NaCl): |
0.83g monobasic sodium phosphate (monohydrate)
20.1g dibasic sodium phosphate (heptahydrate)
Tlg NaCl
810 ml of deionized water
Wash buffer (PBST):
100 ml of 10X FPBS
900 ml of deionized water
0.5 ml Tween-20 (e.g., Sigma P-7949)
Adjust pH to 7.3 with 1 M HCI
Blocking solution (5% NGS in Coating Buffer)
Assay buffer (PBST + 2.5% NGS)

4.1 Sample Collection

Caollect blood from severed caudal artery/vein with a heparinized microhematocrit tube
and place on ice or other cooling device. It is important to keep the blood cold to
minimize Vig degradation. Centrifuge for 3 min, score tube and expel plasma into 0.6
ml microcentrifuge tubes containing 0.13 units of lyophilized aprotinin. (Prepare these
tubes in advance by adding the appropriate amount of aprotinin solution, freezing, and

|
|
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4.2

lyophilizing in a speed-vac at low heat for approximately 20 min, or until no liguid
remains). Mix samples gently and centrifuge briefly to collect the contents at the bottom
of the tube. Store at -80°C until analysis.

Analysis Procedure

The instructions describe the method for processing one plate at a time. Two or three
plates may be processed simultaneously, but standards and appropriate blanks/controls
‘must be included in each plate.

42.1 Coat Plate

Dilute purified FHM Vig to 0.56 pg/ml in coating buffer. (The actual concentration
is determined empirically and may change with different batches of purified VTG).
Add 200 pl to cach well of the plate. Cover the plate with parafilm and place ina
sealed container (e.g., Tupperware) along with some moistened paper towels.
Incubate the container overnight at 4°C (or for 2 h at 37°C).

‘422 Block Plate

Shake out the coating solution and pat the plate dry on absorbent paper. Add 350 pl
of blocking solution to each well, cover with parafilm, place in a container like above,
and incubate for 2 h at 37°C {or overnight at 4°C if the plate will not be used that day;
the plate should be used within a few days).

4.2.3 Prepare Staidards

Dilute purified Vig standard (concentration determined by supplier using the common
Bradford Method and comparison to BSA) to 2000 ng/ml and 750 ng/ml in 2 ml of
assay buffer. Mix one part (0.5 ml) of each of these with three parts (1.5 ml) of assay
buffer to yield 500 and 188 ng/ml concentrations, respectively. Prepare additional
dilutions in a similar manner until the entire range of desired standards is obtained
(2000, 750, 500, 188, 125, 47, 31, 12, 8, and 3 ng/ml).

4.2.4 Dilute Samples

Because of normal variation in fathead minnow Vig concentrations, the following
should be considered a general guideline. For a typical male with little or no Vig,
combine 1 pl of plasma and 300 pl of assay buffer directly in the test tube that will be
nsed for incubation with the 1° Ab, For females or males that may have high Vig
levels, additional dilution is usually required. Dilute an initial 300-fold dilution
further by combining 5 pl with 2 ml of assay buffer giving a total dilution of 120,000-
fold. One or two additional 1:2 dilutions (1 part diluted sample to 1 part assay buffer)
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of the 120K dilution are usually necessary to achieve a Vig sample concentration
within the reliable range of the standards (approximately 10 to 200 ng/ml). If there
are enough sample wells available, it is advantageous to analyze samples of fernale
plasma (or male plasma if Vig is highly elevated) at the 120K, 240K, and 480K |
dilution, but just one of the dilutions is generally sufficient if the result is within the
reliable range of the standards. Put 300 ul of each dilution in a test tube for
incubation with the 1° Ab.

4.2.5 Prepare Interassay Pool (IAP) Sample

An interassay pool sample should be analyzed as a quality control procedure each
time an assay is performed. Sufficient plasma for this sample can be obtained by
combining unused plasma remaining from previously analyzed samples into a large
pool, separating into aliquots of a few pl, and storing at -B0°C. Each time an assay is |
performed, remove one of these aliquots and dilute as necessary to get a result in the |
reliable range of the standards.

42,6 Prepare Maximum (B,) and Non-specific Binding (NSB) Samples

|

i

i

|

|

Prepare B, by putting 300 ul of assay buffer in a test tube. Prepare NSB by putting I
GO0 pl of assay buffer in a test tube, [
|

|

|

|

|

|

|

|

4.2.7 Incubate with Primary Antibody |

The 1° Ab must be diluted to give the desired response. The antibody has previously
been diluted 1:2 with an equal volume of normal male FHM plasma. On the day of
use, dilute the antibody 11K-fold (1.8 pl to 20 ml) in assay buffer. This dilution is
determined empirically and will likely change from batch to batch. After diluting the
1% Ab, add 300 pl to each sample/standard tube (except the NSB sample) using the
repeater pipet. Mix the tubes briefly and incubate for 1 h at 37°C.,

4.2.8 Wash Plate |

Approximately 5 min before the end of the 1° Ab incubation, shake out the blocking
solution and pat the plate dry on absorbent paper. Then, using a multichannel pipet,
fill the wells with 400 ul of wash buffer, remove by shaking, and pat dry. Repeat this
procedurs two Hmes., i

4.2.9 Load Samples on Plate

At the end of the 1° Ab incubation, remove the tubes from the water bath and slightly
vortex. Remove two-200 pl aliquots and add to each of the duplicate wells of the 96-
well plate. A template identifying sample location is useful. After the samples are
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4.5

loaded, cover the plate with parafilm and incubate the cﬁnl:ain:r for 1 hat 37°C as
before. '

4.2.10 Incubate with Secondary Antibody

Before the first use, divide the 2° Ab into aliquots of 5-10 pl and store at -20°C.
Fifteen min before the end of the sample incubation, remove an aliquot of the 2° Ab
from the freezer and dilute 40K (1 ul to 40 ml) with assay buffer. At the end of the
sample incubation, wash the plate as described above (4.2.8). Then add 200 pl of the
2¢ Ab solution to each well. Cover the plate with parafilm and incubate the container
for 1 h at 37°C as before.

4.2.11 Enzymatic Conversion of Substrate to Colored Compound

Approximately 15 min before the end of the 2° Ab incubation, turn on the plate
seader. Measure 7 ml each of the two peroxidase substrate solutions from the TMB

. kit (this is sufficient for one 96-well plate) and allow solutions to come to room
temperature by placing them in a water bath. At the end of the 2° Ab incubation,
wash the plate as described above {4.2.8). Mix the two substrate solutions and add
100 pl of the mixture to each well of the plate using the multichannel pipet. Do this
in a timed manner. After 5 to 10 min, the color in the wells will change to blue. Stop
the reaction by adding 100 pl of 1 M phosphoric acid, which changes the color in the
wells to intense yellow. The exact time of reaction is not critical, but each well
should react for the same amount of time. The goal is to achieve a net absorbance of
1.5 to 2.0 in the wells with the most color.

4.2.12 Read Absorbance with Plate Reader

Set the plate reader to measure at 450 nm with the Tower limit at 0.000 and the upper
limit at 3.000.

Troubleshooting

Nommal results will produce a sigmoidal curve (see Section 3) with the steepest part
between 10 and 200 ng/ml. When changing to a new source of purified Vig or 1* Ab,
the dilutions may have to be adjusted to obtain the proper curve. Lowering the
concentration of the coating Vitg will shift the curve to the left, or a more sensitive area.
Likewise, a more dilute 1° Ab will also make the assay more sensitive. While a more
sensitive assay is generally good, performing the assay in this range will narrow the
range of concentrations that can be detected. Due to the normal variation between fish,
having a narrow cffective range of the standards would not necessarily be advantageous.
Alzo, making the assay more sensitive decreases the net absorbance response, which will
adversely affect detection.

121




5. DATA ACQUISITION, CALCULATIONS, AND DATA REDUCTION

The absorbance values from the plate reader are obtained on a printout and entered into a
spreadsheet (e.g., Lotus 123 version 9.5) for performing the necessary calculations.

5.1 Calculate B/B,

Caleulate the B/B, for each sample and standard. Divide the absorbance value by the
absorbance of the B, sample, after the NSB value has been subtracted. Determine the
B/B, for each duplicate well of the standards individually; for the samples, determine the
mean B/B, of the two duplicate wells.

5.2 Obtain Standard Curve

Generate the sigmoidal standard curve using graphing software (e.g. SlideWrite 5). Plot
the B/B, of the standards against the amount of standard present on a log scale.
|

5.3 Determine Cormresponding Amount of Vig in Samples from B/B, Values

Uze the sample B/B,, values from the spreadsheet to generate extrapolated values of Vig
present in the sample using the graphing software.

5.4 Calculate Amount of Vig per ml of Plasma

Transfer the extrapolated sample Vig values to the spreadsheet. Multiply these values by
the appropriate dilution factor and convert to mg/ml by dividing by 1,000,000, giving mg
Vig per ml of plasma,

5.5 Determine Minimum Detection Limits

Often, particularly in normal males, it may be difficult to determine whether the resolt is
truly zero or slightly greater than zero. If this is the case, use the 95% confidence limit
(caleulated with spreadshect software) to determine if the result should be reported as
2er0 or as greater than zero. If the sample result is within the confidence interval of the
zero standard (NSB), report the result as zero, The minimum detection level is the
lowest standard which is consistently different than the zero standard; that is, the two
confidence limits do not overlap. For any sample result which is within the confidence
limit of the minimum detection level or above, report the calculated value. If the sample
result falls between the zero standard and the minimum detection level, report one-half
of the minimum detection level.
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3.6

Data Management and Records Muanagement'

Attach printed versions of any computer generated data in a bound record book along
with any other necessary descriptions of how the data were generated.

6. QUALITY CONTROL AND QUALITY ASSURANCE SECT TON

6.1

6.2

6.3

64

6.5

6.6

Sigmoidal Shaped Standard Curve

The standard curve should have a typical sigmoidal appearance, flattening out at both the
low and high end of the standard range. The coefficient of determination for the carve
(determined from graphing software) should be around 0.99. If it is sufficiently
different, the plot should be examined to determine if there are potential outliers. Also,
the sensitivity should not differ from previous analyses. This would be indicated by a
change in the steeper portion of the curve relalive to the standards.

Low NSB Value

The MSBE should be approximately 0.06, or less.

Consistent LAP Results,

The IAP result should not differ from previous analyses, or drift slowly over several
experiments.

Dependable Pipets

Check the operation of the pipets periodically for accuracy and precision. Fix or replace
any pipets not operating correctly.

Duplicate Agrecment

Dugplicate agreement should be wi.t.hin lﬁ%,

Agreement with Different Dill;tiuna

‘When multiple dilutions of the same sample are assayed, the final results should be

reasonably similar, However, the most accurate results are obtained when the B/B,
values are approximately 50%.
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APPENDIX C

DETERMINATION OF PLASMA STEROID
CONCENTRATIONS IN FATHEAD MINNOWS BY RIA

OPERATING PROCEDURE
1. SCOPE AND APPLICATION

This procedure is used at the MED laboratory to measure the concentration of sex steroids in
plasma of fathead minnows (Pimephales promelas) by radioimmuncassay (RIA). With
relatively minor changes in reagents, it is used to measure f-estradiol (E2), testosterone (T),
and 11-ketotestosterone (11-KT). Other validated technigues can be used to measure these
steroids; the following is included as one option. The levels of steroids determined from
these assays are used to assess the endocrine status of fish used in research on endocrine
disrupting chemicals (EDCs). Typically, detection limits are about 0.4 ng/ml of plasma when
performing the assay as described herein.

2. SUMMARY OF METHOD

This assay is performed on ether-extracts of plasina to minimize complications from
interfering substances. The extract is incubated with a small amount of radioactive steroid
and an antibody which recognizes the stercid of interest. The unlabeled steroid present in the
sample and the radioactive steroid compete to bind to the antibody. The more steroid present
in the sample, the less radicactive steroid the antibody can bind. The addition of a charcoal
solution binds all of the unbound steroid. After centrifugation to remove the charcoal, the
radicactivity is measured in an aliquot of the supematant fluid.

2.1 Definitions

RIA = Radioimmunoassay

E2 = i-Estradiol

T = Testosterone

11-KT = 11-EKetotestosterone
BSA = Bovine Serum Albumin
PBS = Phosphate Buffered Saline
NSB = Monspecific Binding
B, = Maximum Binding

B = Binding

*H = Tritium or Tritiated

AP = Interassay Pool
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2.2 Health and Safety Wamings
2.2.1 General

Follow routine laboratory safely precautions such as wearing lab coats and safety
glasses, In addition, wear latex or nitrile gloves when working with sodium
hydroxide, ydrochloric acid, ethanol, and scintillation cocktail to prevent severe
damage by contact with skin.

Small amounts of *H are used in these assays. Wear gloves when handling “H.
Training in safe handling of radioactive maierials is required by the NRC (Nuclear
Regulatory Commission).

2.2.3 Ether

Ether is a very volatile, extremely flammable, toxic compound and should be used in |
a fume hood as much as possible. Cover tubes with parafilm when removing them
from the hood. Wear gloves to prevent contact with skin. |

2.24 Steroids I
1

These steroids are hormones and thus have activity in humans, They also may
possess carcinogenic and mutagenic activities. It is important not to come in contact,
ingest, or breathe these compounds. 'Wear gloves to prevent contact with skin.

|
|
|
I
|
|
i
|
I
|
|
|
2.2.2 Working with Radioactivity ' ‘
|
|
i
|
i
|
|
|
|
!
2,3 Cautions !
Care should be taken not to spill radioactive solutions, especially when working with the :
stock vials. Work with absorbent toweling, preferably with plastic backing, under all
work areas. If a spill should oceur, it must be cleaned up and the spill area
decontaminated in accordance with WRC requiremenis.

3. PERSONNEL QUALIFICATIONS

|
|
|
|
|
Those who perform this assay should have completed a radiation safety course. Personnel |
should also be trained and accomplished at making sample dilutions and working with |
microliter volumes. |
|
{
i
|
|
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4, MATERIALS AND METHODS

Equipment:

Scintillation counter {e.g., Packard 2500 TR)

Centrifuge (e.g., Jouan CR412)

Vortex mixer

Multi-tube vortexer (e.g., VWR)

Water bath

Pipets for 0.5 to 10 pl, 10 to 1000 pl, and 1 to 10 ml range
Repeater pipet for delivering 100 pl

Repeater diluter for removing aliquot/adding scintillation fluid (e.g., Brinkman)
‘Bottle-top dispenser for dispensing ether (c.g., Brinkman}
Computer spreadsheet software (e.g., Lotus 123, version 9.5)
Computer graphing software (e.g., SlideWrile, version 3)

Materials:

Heparinized microhematocrit tubes (e.g., Oxford 8889-301209)
(.6 ml microcenirifuge ubes
Parafilm .
Disposable 12 X 75 mm borosilicate tubes
T ml glass scintillation vials
Pipet tips
p-Estradiol (e.g., Sigma E-2758)
Testosterone (e.g., Sigma T-1500)
11-ketotestosterone (e.g., Sigma K-8250)
Trtiated E2 (e.g., Amersham TRE 587)
Tritiated T (e.g., Amersham TREK 921)
Tritiated 11-KT {(e.g., Amersham TRQ 7903, Custom Synthesis)
Antibody (antisera) for E2 (e.g., Endocrine Sciences E26-47)
Antibody (antisera) for T (e.g., Endocrine Sciences T3-125)
Antibody (antisera) 11-KT (e.g., Biosense Laboratories)
Scintillation cocktail {e.g., Fisher Scintivérse SX18-4)
Ethyl ether
Parafilm
Ethanol
0.1 M Phosphate Buffered Saline {PBS}, pH 7.6
11.36 g Na,HPO,
3.12 g NaH,PO42H,0
8.76 g NaCl
Deionized water to ~950 mil,
Adjust pH to 7.6 with solid NaOH and 1 M NaOH
Deionized water tol000 ml
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4.1

4.2

Assay buffer, or 0.01 M PBS, pH 7.4, with 1% B3A
100 ml of 0.1 A PBS, pH 7.6 '
900 ml of deionized water
7.9 g NaCl
Adjust pH to 7.4 with 1 N HCI
Add 10 g BSA (e.g., Sigma A-T888)
Dextran-coated charcoal solution
1.5 ¢ Activated charcoal (e.g., Sigma C-5260)
0.15 g Dextran (e.g., Sigma D-4751)
300 ml of 0.1 M PBS, pH 7.6
Mix at 4°C overnight before use. Keep at 4°C until just before using.
Steroid Stock Solutions |
A) Dissolve 10.0 mg steroid in 10.0 ml of ethanol
B) Mix 100 ul of (A) with 900 pl of ethanol
C) Mix 10 pl of (B) with 990 pl of ethanol, aliquot at ~ 20 pl/vial and store at -80°C

Sample Collection

Collect blood from severed candal artery/vein with a heparinized microhematocrit tube
and place on ice or other cooling device. It is important to keep the blood cold since
these samples will often be used for vitellogenin (Vig) analyses also. Centrifuge for 3
min, then score tube and expel plasma into 0.6 ml microcentrifuge tubes containing 0.13
units of lyophilized aprotinin. (Prepare these tubes in advance by adding the appropriate
amount of aprotinin solution, freezing, and lyophilizing in a speed-vac at low heat for
approximately 20 min, or until no liquid remains. If Vig will not be analyzed, tubes
containing aprotinin are not necessary). Mix samples gently and centrifoge briefly to
collect the contents at the bottom of the tube. Store at -B0°C until analysis.

Ether Extraction and Reconstilution of Plasma

A convenient number of samples to extract is approximately 24. In addition, an
interassay pool sample should be analyzed as a quality control procedure each time an
assay is performed. (Sufficient plasma for this sample can be obtained by combining
unused plasma remaining from previously analyzed samples into a large pool, separating
into aliquots, and storing at -80°C). Do not prepare more R1A tubes for any one steroid
analysis than the centrifuge can accommodate. Itis important that all of the tubes for a
particular steroid analysis be centrifuged at the same time.

4.2.1 Measure Volume of Plasma
Thaw plasma and, if possible, remove 6 pl for every determination that is to be made.

For example, in males it is often desirable to measure E2, T, and 11-KT, and since it
is desirable to perform duplicate analyses, it would be optimal to have 36 pl of
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plasma,. Often it is not possible to collect 36 pl of plasma; if this is the case, priority
must be assigned to individual stercids for analysés. Record the volume of plasma
removed from each sample and placed in the test tube for extraction so that it can be
propetly reconstituted. ’

4.2.2 Add PBS

Add 150 pl of 0.1 M PBS to each tube. This is essentially to give some volume to the
agueous phase, although pH and ionic strength may also be important.

4.2.3 Add Ether
Use the bottle-top dispenser, if available, to deliver 1.5 ml of ether to each tube. Lay
a sheet of parafilin over all the bes and vortex for 1 min using the multi-tube
vortexer. Adjust speed to highest possible without the ether contacting the parafilm.
If ether contacts parafilm, some waxes may be extracted which will interfere with
redissolving the steroids.

4.2.4 Place Samples in Freezer

Wait 1 min after vortexing to allow the phases to completely separate. Place the rack
in a -80°C freezer for 10 min to freeze the lower aqueous phase.

4.2.5 Decant Ether
Pour the upper ether layer into another clean, labeled test tube. Try to get as much of
the ether as possible, but work quickly enough that all the aqueous phases remain
frozen.,

4.2.6 Repeat Extraction

Thaw the aqueous phase and repeat steps 4.2.3 to 4.2.5. Decant the ether from the
second extraction into the same tube as the first extraction.

4.2.7 Evaporate Ether
Leave the tubes in the fume hood oven_:ight to evaporate all the ether.
4.2.8 Reconstitute Samples |
Add 120 pl of assay buffer to each tube f;Jreax:h 6 pl-aliquot removed in 4.2.1. Laya

sheet of parafilm over all the tubes and vortex for | min using the multi-tube
vortexer. (It may be necessary to manually reconstitute the samples by rinsing the
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walls of the extraction tube with assay buffer when the volume is too low for the
vortexer to wet the sides of the tube.) If there is solution clinging to the sides of the |
tube, it may be necessary to centrifuge briefly to collect the contents at the bottom.

4.3 Tncubate Samples with Antibody and Radioactive-tracer

4.3.1 Prepare Standards

Thaw an aliquot of Standard Solution C for each steroid that will be measured.
Prepare a 10 ng/ml standard; add 10 ul of Standard Solution C to 990 pl of assay
buffer in a test tube and vortex to mix thoroughly. Complete a series of 1:2 (1 part to |
1 part) dilutions with assay buffer (e.g. 0.5 ml) to obtain standards of 3, 2.5, 1.25, |
0.625, 0.312, 0.156, 0.078, 0,039, 0.020, and 0,010 ng/ml.

4.3.2 Prepare Antibody Solution

The following should be considered a general guideline; specific concentrations may
change with different batches of antibodies. Initial experimentation with new batches
ghould attempt to determing the appropriate dilution resulting good sensitivity
between the 0.1 to 1.0 ng/ml standard range.

4.3.2.1 Estradiol

Resuspend as directed by the supplier, aliquot in approximately 100 pl portions,
and store at -80°C. On the day of use, thaw an aliquot and dilute 70 pl with 10 mi
of assay buffer. Mix gently, but thoroughly.

4.3.2.2 Testosterone

Resuspend as directed by the supplier, aliquot in approximately 100 pl portions,
and store at -80°C. On the day of use, thaw an aliquot and dilute 110 pl with 8 m]
of assay buffer. Mix gently, but thoroughly.

4.3.2.3 11-Eetotestosterone

|
This antibody was previously aliquoted and stored at -80°C. On the day of use, |
thaw an aliquot and dilute 1 pl with 12 ml assay buffer. (The aliquot of antibody I
can be frozen again and reused several times before starting a new aliquot). Mix i
gently, but thoroughly. -

|
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4.4

4.3

4.7

4.3.3 Prepare Tritiated Tracer

For each steroid being measured, dilute 1 pl of the stock tol0 ml with assay buffer.
(The actual concentration is determined empirically and may change with different
batches of isotope). There should be 5000 - 6000 cpm in the 0.5 ml aliquot that is
counted from the Total tube.

4.3.4 Incubate Sample/Standards with Antibodies and Tracers

Analyze standards, controls, and if possible, the samples in duplicate. Add 100l of
reconstituted sample extract and standards to labeled test tubes. Add 100 pl of assay
buffer to the By, tube and 200 ul assay buffer to Total and NSB tubes. Using the
repeater pipet, add 100 ul of diluted antibody to all tubes except the Total and NSB
tubes, Using the repeater pipet, add 100 pl of tracer solution to all tubes. Lay a sheet
of parafilm over the tubes and mix gently using the multi-tube vortexer. Incubate at

" 25°C for 1.5 to 2 h. If only two steroids are being measured, they can usually
incubate simultaneously, but if all three steroids are being measured, stagger the start
time of the incubation by 45 min to 1 h for one of the steroids so that conflicts due to
limited centrifuge space are avoided.

Add Charcoal Solution

At the end of the incubation, place the tubes in an ice-water bath for 15 min. REemove
the charcoal solution from the refrigerator a few minutes before needed and stir
vigorously to assure that a uniform suspension is obtained. While the charcoal solution
is still being stirred, add 400 pl to all ubes except the Total tubes using the repeater
pipet. Add 400 pl of 0.1 M PBS to Total ubes. Vortex gently and incubate again in an
ice~water bath for 15 min. Cenirifuge the tubes at 3000 rpm for 30 min at 4°C.

Load Scintillation Vials

Adjust the repeater-diluter to remove 0.5 ml of the supematant and deliver 5 ml of
scintillation cocktail. Carefully place the inlet/outlet tube below the liquid surface in the
tube and slowly remove 0.5 ml with the uptake mechanism, being careful not to disturh
the charcoal at the bottom of the tube. Then, while holding the mechanism so that it
does not release, put a scintillation vial under the inlet/outlet tube and expel the contents
that were removed from the tube. Then initiate the delivery of the scintillation fluid.
Place a cap on the vial immediately. When a whole rack of tubes has been processed,
mix by shaking.

Determine Radioactivity

Count vials in a scintillation counter for 1 min wsing a program appropriate for tritium.

131




4.5 Troubleshooting

Normal results will produce a sigmoidal curve (see Section 5) with the steepest part

between approximately 0.1 and 1 ng/ml. When changing to a new source of antibody,

the dilutions may have to be adjusted to obtain the proper curve. Although the amount i
of steroid in the tracer solutions can also affect the curve, a more dilute Ab will make the !
assay more sensitive, shifting the curve to the left. While a more sensitive assay is R |
generally good, performing the assay in this range will narrow the range of !
concentrations that can be detected. Due to the normal variation between fish, having a |
narrow effective range of the stendards would not necessarily be advantageous. Also

making the assay more sensitive decreases the net cpm response, which will adversely

affect detection.

5. DATA ACQUISITION, CALCULATIONS, AND DATA REDUCTION

(e.g., Lotus 123) for performing the necessary calculations.

5.1 Caleulate B/B,

Calculate the B/B, for each sample and standard. Divide the cpm value by the cpm of
the B, sample, after the NSB value has been subtracted. Determine the B/B, for each
duplicate well of the standards; for the samples, determine the mean B/B,, of the two
duplicates.

5.2 Obtain Standard Curve

Generate the sigmoidal standard curve using graphing software (e.g., SlideWrite 5). Plot
the B/B,, of the standards apgainst the amount of standard present on a log scale.

5.3 Determine Corresponding Amount of Stercid in Samples from B/B, Values

Uge the sample B/B, values from the spreadsheet to determine the concentration of

|
|

I

|

|

|

|

|

|

|

|

|

|

|

g

The cpm values from the counter are obtained on & printout and entered into a spreadsheet i
i

|

|

|

|

|

|

|

|

|

|

|

steroid present in the sample. |
|

54 Calculate Amount of Steroid per ml of Plasma

Transfer the extrapolated steroid values to the spreadsheet. Multiply these values by 20 |
(dilution factor from 5 pl of plasma present in the 100 pl of reconstituted extracted) to |
give ng/ml plasma. Occasionally, an additional factor may be needed; for example, if !
steroid concentrations are expected to be very high, it may be sufficient to use only 25or |
I
|
|
|

50 pul of the extracted sample rather than 100 pl
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5.5

5.6

6.1

6.2

63

6.4

Determine Mimimum Detection Limits

Often, particularly when measuring E2 in normal males, it may be difficult to determine
whether the result is truly zeto or sightly greater than zero. If this is the case, use the
95% confidence limit (calculated with spreadsheét software) to determine if the result
should be reported as zero or as greater than zero. If the sample result is within the
confidence interval of the zero standard (NSB), report the result as zero, The minimum
detection level is the lowest standard which is consistently different than the zero
standard; that is, the two confidence intervals do not overlap. For any sample result
which is within the confidence limit of the minimum detection level or above, report the
calculated value, If the sample result falls between the zero standard and the minimum
detection level, report one-half of the minimum detection level.

Data Management and Records Management

Attach printed versions of any computer generated data in a bound record book along
with any other necessary descriptions of how the data were generated.

. QUALITY CONTROL AND QUALITY ASSURANCE SECTION

Sigmoidal Shaped Standard Curve

The standard curve should have the typical sigmoidal appearance, flattening out at both
the low and high end of the standard range. The coefficient of determination for the
curve (determined from graphing software) should be around 0.99. If it is sufficiently
different, the plot should be examined to determine if there are potential outliers. Also,
the sensitivity should not differ from previous analyses. This would be indicated by a
change in the steeper portion of the curve relative to the standards.

Low NSB Value

The NSB value should generally be less than 400 to 600 cpm. The NSB values from a
new radioactive stock solution usually start around 100 to 200 cpm, but can increase to
600 or 800 cpm. Replace the radioactive stock solution when the value becomes too
high. .

Consistent IAP Results,

The IAP result should not differ from previous analyses, or drift slowly over several
experiments.

Dependable Pipets

Check the operation of the pipets periodically for accuracy and precision. Fix or replace
any pipets not operating correctly. '
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6.5 Duplicate Agreement
Duplicates ag:mmmt-shnuld be within 10%.
6.6 Ratio of By, to the Total Counts

The maxinum binding should be around 30 to 50% of the total counts in the system.
Adding less antibody will lower this value and make the assay more sensitive. Likewise,
increasing the antibody concentration will increase the B, and decrease sensitivity.

6.7 Check of Extraction Efficiency

Check the extraction efficiency periodically by spiking a sample with a known amount
of steroid and measuring for recovery (especially if a drift in the IAP is observed).
Extraction efficiency should be at least 85 to 90%.
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APPENDIX D
HISTOLOGICAL TECHNIQUES FOR FATHEAD MINNOW GONADS

This appendix discusses two approaches to fixation and embedding appropriate for Fathead
minnow gonadal histology: a traditional paraffin-based approach and a more modern
methacrylate-based procedure. Either technique is acceptable in the context of the test described
in this document. ‘

1. PARAFFIN-BASED HISTOLOGICAL PROCEDURE
1.1 FIXATIVE

1.1.1 Two fixatives have generally been used for paraffin-based studies of gonadal histology and
histopathology in fathead minnows: (1) 10% neutral buffered formalin (McCormick ct al. 1989;
formula example: Roberts 1978), and (2) Bouin's fluid (Roberts 1978). Presumably Bouin's is
used because it provides for rapid fixation (4-6 h) and strong subseqguent tissue staining,
However, intracellular substances, such as granules and inclusions, are often poorly preserved
with this fixative (Kiernan 1990). Neutral buffered formalin gives better tissue preservation, but
the gonads should ideally be fixed for 24 h or more.

1.2 EMBEDDING

1.2.1 Paraffin embedding of fathead minnow gonads can be accomplished by standard methods.
An example of this procedure, using a tissue processor, is outlined below:

70% ethanol Ih
70% ethanol 1h
B0% ethanaol 1h
B0% ethanol ih
95% ethanol 1h
95% ethanol 1h
100% ethanol 1h
100% ethanol 1h
Kylene 1/2h
Kylene 1/2h
Paraffin ) 1h
Paraffin 1h
Paraffin 1h

1.3 SECTIONING AND STAINING

1.3.1 Standard sectioning and staining methods can be used with fathead minnow gonads, For
example, sections may be cut at 5 pm and stained with hematoxylin and eosin (e.g., Kiernan

135




1990). Typically, the gonads are embedded longitudinally and sectioned in a step-wise fashion.
For ovaries, a number of slides are made with one or two sections from 500 pm deep into the
organ and one or two sections from 1000 pm deep. Testes are embedded and sectioned in a
similar manner except that the sections are taken at 250 and 500 pm depths.

14 ADVANTAGES AND DISADVANTAGES

1.4.1 Advantages of utilizing paraffin techniques include: (1) the typical histology laboratory is
set up to routinely process large numbers of samples, (2) more personnel are familiar with
paraffin sectioning and staining procedures, and (3) paraffin sections have been used in several
recent EDC studies. Disadvantages include: (1) thicker sections allow less detail to be resolved,
(2) numerous artifacts (e.g., due to tissue slmuknga during processing), are present, and (3) tissue
samples have to be archived in other fixatives for subsequent high-resolution electron
MICTOSCOPY.

2. JB-4 METHACRYLATE-BASED PROCEDURE
2.1 FIXATIVE

2.1.1 While the same fixatives (Bouin's, 10% neutral buffered formalin) used in paraffin
procedures may be employed, the better tissue preservation afforded by formaldehyde-
glutaraldehyde fixatives are preferable when embedding in methacrylate. Both traditional
electron microscopic fixatives, e.g., 2.5% glutaraldehyde-2% formaldehyde in 0.1M phosphate
buffer, or other fixatives, e.g., 1% glutaraldehyde-4% formaldehyde in 0.1M phosphate buifer
{Jensen et al. 2001) work well with fathead minnow gonads. As with neutral buffered formalin,
gonads should be fixed for at least 24 h prior to embedding.

2.2 EMBEDDING
2.2,1 Embedding of the relatively small fathead minnow gonads can be accomplished rapidly in

JB-4 methacrylate compared to paraffin. A typical manual schedule for gonads (with tissue in
vials on a rotator) is as follows:

25% ethanol . 30 min
5% ethanol 30 min
T5% ethanol 30 min
95% ethanol 30 min
10005 ethanol 30 min

JB-4 solution A (catalyzed with 0.9 g catalyst/100 ml) 2h
Embed (40 parts catalyzed solution A: 1 part solution B; prevent contact with air
during polymerization)
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2.3 SECTIONING AND STAINING

2.3.1 Gonads are embedded in the same longitudinal orientation as with paraffin blocks. They
are also sectioned in the same step-wise manner as paraffin blocks, but at a thickness of 210 3
pm. Staining of methacrylate sections can be accomplished with most stains used in paraffin
procedures, but with modifications. Examples of two modified procedures are given below.

Hematoxylin and eosin (with phloxin)
Stain sections for 30 to 45 min with filtered Harris hematoxylin
Rinse with distilled water
Dry on a hot plate
Stain cooled slides for 1 to 2 min in saturated agueous eosin
’ containing 0.25% phloxin
- Rinse in distilled water, dry on a hot plate, and coverslip

Basic fuschin and methylene blue-azure A

Stock basic fuschin:
1 % basic fuschin in 50 % ethanol

Stock methylene blue-azure A in distilled water:
1 % azure A '
1 % methylene blue
1 % borax

Staining procedure:
Dilute basic fuschin 1:4 to 1:12 or more with distilled water
Stain 10 to 20 sec and rinse with distilled water
Dilute methylene blue-azure A 1:2 to 1:4 or more with distilled water
Stain 10 to 20 sec, rinse with distilled water, dry and coverslip

2.4 ADVANTAGES AND DISADVANTAGES

2.4.1 Advantages of JB-4 methacrylate technique include: (1) béter fixation, less solvent-related
extraction, and thinner sections allow for greater resolution of tissue and cellular details
compared to paraffin sections (the superior resolution afforded by methacrylate sections
may obviate the need for electron microscopy in many cases), (2) tissues embedded in
methacrylate experience little shrinkage while those embedded in paraffin shrink 20% or
mare, (3) cutting distortion, an artifact related to tissue compression during sectioning, is
greatly reduced in thin methacrylate sections, (4) staining of methacrylate sections, for
example, with hematoxylin and eosin, is far simpler than with paraffin sections, requiring
no embedment removal or sequential hydration and dehydration steps, (5) when electron
microscopy is required, the archived tissue is already in a suitable (recommended) fixative,
and (6) methacrylate sections have been used in several recent EDC studies. Disadvantages
include: (1) some laboratories lack the facilities for routine methacrylate procedures, and (2)
staining procedures must be modified for methacrylate sections.
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3. RECOMMENDATIONS

3.1 Where logistically possible, methacrylate embedding of tissues fixed for at least 24 h in
formaldehyde-glutaraldehyde is recommended. The greater resolution and fewer artifacts
seen in methacrylate sections make it worthwhile to establish a methacrylate facility in
histopathology laboratories where EDC studies are performed. While most stains can be
used with methacrylate, the staining procedure and stain ingredients may need to be
modified. For example, when using thin 1-3 pm methacrylate sections, the standard tissue
stain eosin may be combined with 0.1-0.5 % phloxin to improve color saturation.
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APPENDIX E
HISTOLOGICAL EVALUATION OF FATHEAD MINNOW GONADS
1. NORMAL GONADAL HISTOLOGY IN REPRODUCTIVELY- MATURE FEMALES
1.1 GENERAL STRUCTURE

1.1.1 The ovaries are paired organs that, when mature, occupy much of the abdominal cavity
venitral to the swim bladder (Grizzle 1979). They are suspended from the swim bladder by a
mesentery, the mesovarium. The mesovarium is continuous with the peritoneum that
covers the ovary proper. The peritoneum is composed of a mesothelium and an underlying
layer of connective tissue, the tunica albuginea. In fathead minnows, rodlet cells are found
among the squamous cells of the mesothelium, and eosinophilic granular cells, melanocytes,
smooth muscle, blood vessels, and nerves are common within the connective tissue layer.
The visceral border of the mnica albuginea is lined with an epithelinm that is squamous in
some regions and columnar in others. The columnar cells appear to be ciliated. Ovigerous
lamellae extend from the tunica albuginea toward the center of the ovary, dividing it into
lobules that contain the oogonia and developing oocytes (Grizzle 1979).

1.2 GAMETOGENESIS

1.2.1 Fathead minnows may spawn in as little as four to five months after hatching. Little is
known about gonadal development during this time, but cogonia are identifiable in ovaries
of very young juveniles and cocytes are present in older juveniles (Grizzle 1979). However,
since fathead minnows are fractional spawners, all cocyte developmental stages are seen in
a mature ovary: (1) oogonia, (2) primary growth stage cocytes, (3) cortical alveolus stage
oocytes, and (4) early and late stage vitellogenic oocytes.

1.2.2 Oogonia (12-20 pm diameter)

1.2.2.1 Oogonia (and/or the smallest oocytes present, see Selman ef al. 1993) are small cells
occurring in groups or nests along with similar-sized and larger primary oocytes (Fig. E.1;
figures follow Appendix E). QOogonia have a large nucleus with a few variably sized
nucleoli and a relatively narrow rim of cytoplasm. They are not surrounded by follicular
cells.

1.2.3 Primary growth stage oocytes (primary oocytes, 12-170 pm diameter)
1.2.3.1 Early primary growth oocytes (12-35 um diameter) are often scen next o other primary

oocytes (Fig. E.1). They are still in nests and not completely surrounded by follicular cells,
which are also present in the nests. Early primary growth cocytes have a round or oval
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nucleus with a few variably-sized nucleoli. The cytoplasm contains no cortical alveoli or
yolk bodies.

1.2.3.2 Late primary growth cocytes (35-170 pm diameter) have exited from cell nests and [
become completely surrounded by squamous follicle cells (Fig. E.2). Both cytoplasmic and |
nuclear (germinal vesicle) volumes increase considerably during the primary growth phase,
as do the numbers of nucleoli, which tend to lie close to the nuclear envelope.

1.2.4 Cortical alvelous stage oocytes (170-425 pm diameter)

1.2.4.1 Conrtical alveolus cocytes are characterized by the appearance of cortical alveoli ("yolk
vesicles") and, in some species, small lipid droplets, in the cytoplasm. (It has not been
clearly established that fathead minnow oocyies have distinct lipid droplets). In carly
cortical alveolus oocyles, it is possible to observe only one or two cortical alveoli; larger
oocytes have many cortical alveoli distributed throughout the cytoplasm (Figs. E.2, 3). The
centrally positioned germinal vesicle is oval during this stage and has numerous peripherally
located nucleoli of various sizes. The vitelline envelope (zona radiata) is clearly visible in
even the smallest cortical alveolus oocytes, and the follicle cells are squamous in early, and
cuboidal in late, cortical aveolar oocytes.

1.2.5 Vitellogenic oocytes (425-1070 pm diameter)

1.2.5.1 The initiation of vitellogenesis represents the next oocyte developmental stage which is
characterized by the accumulation of eosinophilic yolk bodies in the coplasm. At first the
yolk bodies are much smaller than cortical alveoli and mostly dispersed among them,
especially in the perinuclear cytoplasm (Fig. E.3). As the oocyte grows, the yolk bodies I
become larger and more numerous and displace the cortical alveoli, pushing them to the
periphery of the oocyte (Figs. E.3, 6). In the late vitellogenic oocyte (800-1070 pm
diameter) the germinal vesicle also appears to move toward the periphery of the cocyte and
then disappear entirely when the cocyte approaches maturity (Fig. E3). In vitellogenic
oocytes, the vitelline envelope thickens and becomes striated due to the great numbers of
pore channels that penetrate through it. The follicle cells are cuboidal with a large nucleus
and a prominent round nucleolus. External to the follicular layer lies a thin basal lamina
and a theca consisting of squamous thecal cells, capillaries, and a thin conmective tissue
stroma. In the most mature cocytes observed in tissue sections the yolk bodies coalesce and
may become larger than the cortical alveoli but remain numerous rather than joining into a

single yolk mass.
1.3 STAGING OF OVARIES

1.3.1 Staging of ovaries of fractional spawners, such as the fathead minnow, has generally beecn
based upon classification of the most mature oocytes present in the histological section
(Selman and Wallace 1986; Leino et al. 1990; Selman ef al. 1993; Leino and McCormick
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1997; Shimizu 1997; Jensen ef al. 2001). Such a classification, based on the studies above,
is presented in Table E.1. In fathead minnows, stage 5 cocytes are rarely observed unless
females are sampled while spawning. In other words, late stage 4 oocytes are apparently
only hours away from being ovulated.

Table E.1. Histological stages of fathead minnow ovarian development.

Stage Characteristics
1. Primary growth Oogonia and primary oocytes
la. Oocytes in nests; small cytoplasmic volume
(Fig. E.1)

1b  Ooeytes larger, out of nests, surrounded by
follicle cells; many pleiomorphic nucleoli
bordering the nuclear envelope (Fig. E.2)

2. Cortical alveolus Appearance of cortical alveoli and, possibly,
small lipid droplets (Fig. E.3)
3. Early vitellogenic Appearance of yolk bodies: initially few and

small; ultimately many and variably-sized;
centrally located germinal vesicle is round
to oval with several peripheral nucleoli
(Fig. E.3)

4, Late vitellogenic Germinal vesicle loses nucleoli, moves towards
the periphery and breaks down; yolk bodies
frequently fill the entire center of the oocyte
‘and a germinal vesicle may not be evident
(Fig. E3)

5. Mature/spawning cocyte Germinal vesicle breakdown complete; volk
bodies fuse and may become larger than
cortical alveoli

1.4 OVARIAN STAGES IN NORMAL, REPRODUCING FEMALES

1.4.1 Under the test conditions described herein (25 + 1 C, 16:8-h light:dark photoperiod) most
female fathead minnows spawn every 3 to 4 d (Jensen et al. 2001). The following
description considers variations in ovarian histology during a typical 3 d spawning cycle.

1.4.2 Day 0 post-spawn

1.4.2.1 Ovaries sampled within about 8 h afier spawning (which usually takes place in the early
morning) have returned to late stage 3. Postovulatory follicles (corpora lutea) are
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numerons. In some ovaries most of these follicles are collapsed while in others the follicle
lumen is open (Figs. E.4, 5). In goldfish, postovulatory follicles have lumina for at least
10 h after ovulation, but the follicles collapse by 30 h post-ovulation (Nagahama at al.
1976). This phenomenon may occur more rapidly in fathead minnows.

1.4.3 Day 1 post-spawn

1.4.3.1 By 1 d post-spawn, ovaries have pmgxm:mud to stage 4, The post-ovulatory follicles tend
to be smaller and have thinner walls than at day 0. Some are vacuolated and appear to be
breaking down (Fig. E.6).

1.4.4 Day 2 post-spawn

1.4.4.1 By 2 d post-spawn, ovaries tend to be at late stage 4. Postovulatory follicles are often
difficult to identify. Those that are present are small and highly vacuolated.

1.4.5 Day 3 post-spawn
1.4.5.1 By 3 d post-spawn, ovaries are at siage 5 and appear spawning ready.
1.4.6 Atretic follicles

1.4.6.1 If an BEDC affects ovarian development and/or spawning, a logical histological feature to
check for is an increase in numbers of atretic follicles (preovulatory atretic follicles,
POAFs). Follicular atresia in experimental populations of reproducing fathead minnows is
generally at a low level (Jensen ef al. 2001). McCormick et al. (1989) reported a mean
atresia level (in controls) of 1.6% (range 0-11.6%, n=10) in their experiments, and Miles-
Richardson et al. (1999b) reported a level of 4.6% (range 0-12%, n=7). Most females have
a very low incidence of POAFs, although a small number of control specimens may have
higher levels, For example, in the McCormick et al. (1989) study, nine ovaries had atresia
levels of 0-1.3% and one ovary had a substantially higher level of 11.6%. In a recent study,
of 27 “control™ ovaries examined, only three had relatively high levels of atresia (MED,
unpublished data). Examination of these ovaries showed them to be otherwise
histologically normal, at prespawning late stage 4, with atresia mostly or entirely of the
most mature follicles (Fig. E.7). Overall, follicular atresia in the 10-12% range may be part
of a normal process in some fathead minnows some time during longer spawning periods,

2. NORMAL GONADAL HISTOLOGY IN REPRODUCTIVELY- MATURE MALES
2.1 GENERAL STRUCTURE

2.1.1 The testes are a pair of elongated white organs situated in the dorsal body cavity. Like the
ovaries they are suspended by a peritoneal mesentary. Peritoneum covers the testes and
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consists of a layer of simple squamous epithelium and a thin connective tissue capsule, the
tunica albuginea (Grizzle 1979). Connective tissue septa that separate the seminiferous
tubules are continuous with the tumica albuginea. The seminiferous tubules contain the
germinal epithelium that ultimately gives rise to spermatozoa (Fig. E.8). In mature testes
spermatozoa are present in the lomina of seminiferous tubules and of ampullae that are
similar to seminiferous tubules, but lack germinal epithilium (Grizzle 1979). Ampullae
emply into the ductus deferens.

2.2 GAMETOGENESIS

2.2.1 The germinal epithelium of fathead minnows has an apparently random distribution of
spermatogonia along the entire length of the tubule, the so-called "unrestricted” type of
testis (Grier 1981). Spermatogonia are located in small peripheral cysts in the tubule; these
cysts enlarge and extend toward the tubule lumen as spermatogenesis proceeds. Five stages
of germ cell development are readily identified in the fathead minnow: (1) primary
spermatogonia, (2) secondary spermatogonia, (3) primary spermatocytes, (4) secondary
spermatocytes, and (5) spermatids and spermatozoa (Smith 1978; Grizzle 1979; Jensen ef
al. 2001 and Fig. E.B). '

2.2.2 In addition to the germ cells, two other principal cell-types are present in the testes: Sertoli
cells and interstitial cells of Leydig. Sertoli cell bodies, the part of the cell that contains the
nuclens, are small and difficult to locate, At high magnification these cell bodies are often
triangular-shaped structures situated near the outer rim of the seminiferous tubule (Fig. E.9).
The elongate euchromatic nucleus often exhibits a single nucleolus, Processes of a Sertoli
eell envelope a cluster of developing germ cells derived from a single primary
spermatogonium to form a cyst. These cytoplasmic processes are not usually visible with
the light microscope (Grizzle 1979). Numerous polyhedral-shaped Leydig cells are found,
usually in groups, in connective tissue spaces between seminiferous tubules (Fig. E.9).
They typically have an oval heterochromatic nucleus and a narrow rim of cytoplasm.

2.3 STAGING OF TESTES

2.3.1 Staging of the testes of fathead minnows has been based on the degree of germ cell
differentiation (Ankley er al. 2001). The presence or absence of certain stages in a
histological section, then, can be used to judge the state of testicular maturity. However, it
may be advantageous to also consider the relative size and sperm content of the
seminiferous tubules (Smith 1978; Leino e al. 1990; Gimeno er al. 1998) as in Table E.2,

143




Table E.2. Histological stages of fathead minnow testicular development.

Stage Characteristics
1. Resting germ cells No development
2. Spermatogonia 2a Primary spermatogonia:

Large cells near edges of tubule; have a
lightly staining nucleus with a prominent
nucleolus

2b Secondary spermatogonia:
Clusters of medium-sized cells with a
round, lightly basophilic nucleus; cluster
or cyst is the result of several mitotic

. divisions of a primary spermatocyte.
3. Spermatocytes 3a Primary spermatocytes:

Smaller cells with smaller, more
basophilic nuclei than spermatogonia:
will undergo meiosis I to produce
secondary spermatocytes.

3b Secondary spermatocytes:
Small cells with smaller, more basophilic
nuclei than primary spermatocytes: will

undergo meiosis I to produce
spermatids.
4. Spermatids and some spermatozoa in Spermatids have a small, intensely basophilic
lumen of seminiferous wbule; small ' nucleus; they mature into spermatozoa

tubunle lumen
5. Abundant sperm in an expanded lumen Figs. E.10, 11

2.4 TESTICULAR STAGES IN NORMAL, REPRODUCING MALES

2.4.1 During a typical 3 to 4 d spawning eycle the testes do not seem to regress to an earlier
stage as ovaries do. Examination of testes at 0, 1, 2, and 3 d after a spawning event indicate that,
just after spawning, certain seminiferous tubules or regions of these tubules become largely
depleted of sperm and have a thin germinal epithelium. Other tubules, however, have a thick
germinal epithelium or abundant sperm, or both. Seemingly, sperm production is unlikely to be
diminished during normal laboratory spawning.
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3. ROUTINE METHODS FOR EVALUATING EDC-INDUCED HISTOLOGICAL
CHANGES IN FATHEAD MINNOW GONADS

3.1 OVARIES

" 3.1.1. Gonadal staging, i.e., as described for ovaries in Table E. 1, is a fundamental method for
revealing major effects of EDCs on these organs. For example, if ovaries of control fish are
stage 4, and those of EDC-exposed fish are stage 3, the EDC has produced a major effect on
ovarian development. Gonadal staging is recommended as the first step in the histological
evaluation of EDC effects.

3.1.2 Other methods used to describe and evaluate EDC effects on gonads are still evolving

" based on the kinds of histopathological changes that are being observed, many for the first time.
Perhaps the most important of the published methods to attempt to quantify a histological
change, is counting the numbers of follicles in various stages of development (Smith 1978;
Miles-Richardson et al. 1999a.b; Jensen ef al. 2001). Counting and staging individual follicles
provides information on the percentage of particular stages present. For example, treatment of
fathead minnows with 10 nM of p-estradiol for 14 d resulted in a greatly increased percentage of
primary follicles and a decreased percentage of mature follicles (Miles-Richardson ef al. 1999a).
A recommended method involves counting 100 follicles from sections taken from between 500
pm into the ovary and its midline, and calculating the percentage of each follicular stage present.
A similar method has also been employed to assess the severity of cocyte atresia (McCormick er
al. 1989). This investigation determined that a eritical mean percentage of 20% atretic follicles
affected spawning success in groups of fathead minnows exposed to acidified water. Note that
this percentage is greater than the 10-12% maximal atresia occasionally seen in normally
gpawning females. . Vo

3.2 TESTES

3.2.1 As is the case for ovaries, testicular staging (Table E.2) represents the initial step in
evaluating the histological effects of EDCs. Also, as with ovaries, testicular staging will likely
reveal only EDC effects that profoundly influence testicular maturation.

3.2.2 Certain quantitative methods have been employed to describe more subtle changes in
testicular histology. The first involves an assessment of the percentage of each testicular stage
present, such as primary and secondary spermatogonia and spermatocytes. This information can
be used to determine whether any of the stages has an atypical distribution. Unlike with ovaries,
the relatively small and more numerous testicular germ cells are difficult to count properly
without an ocular grid or similar device. Smith (1978) employed an ocular grid 1o evaluate
testicular developmental stages, counting 100 cells in each of three sections per fish. Ttis
important to include different regions from the same testes because testicular histology
sometimes varies from one area to another, compared to ovaries which seem to have a rather
uniform distribution of cocyte stages throughout.
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3.2.3 The second quantitative method involves measurement of the tubule diameter. Certain
EDCs may enhance or decrease sperm production. Histologically this may manifest itself as a
enlargement or reduction in the mean diameter of seminiferous tubules. Smith (1978) and
Gimeno et al. (1998) described methods to measure and quantify changes in tubule diameters and
relate these changes to sperm production. Tubule diameters should be measured in several
testicular regions, for the reasons mentioned above.

3.2.4 Special considerations for testes

3.2.4.1 Some EDC-induced histopathological changes in testes are difficult to study by light
microscopy because of the small sizes of the affected cells. This is particularly evident with
Sertoli cells which may undergo major EDC-induced changes in morphology that are difficult to
gee with the light microscope (Miles-Richardson et al. 1999a,b). These investigators used
electron microscopy to describe changes in Sertoli cells in conjunction with spermatocyte
necrosis. Spermatocyte necrosis appears to be a common result of EDC exposure (Miles-
Richardson et al. 1999ab; Ankley ef al. 2000; Linge er al. 2001) and electron microscopy is of
distinct benefit in supplementing light microscope-based descriptions of this pathology. Electron
microscopy may also be of benefit when studying the effects of EDCs on another small testicular
cell, the Leydig cell. Although it is reasonable to assume that EDCs may affect Leydig cells, no
studies have yet been published on this subject in fish.

3.2.4.2 Major changes in the testes, occasionally even making them difficult to identify in
histological sections, can be produced by EDCs. For example, Linge et al. (2001) reported ova-
testes and frank testicular atrophy in fathead minnows after long-term exposures to
ethinylestradiol. More work needs to be done on describing the major histopathological events
leading to testicular atrophy.
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Figure E.1. Oogonia or small primary oocytes (arrows) in nest with larger
primary oocytes. (1170x)
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oocytes are surrounded by squamous follicle cells. (380x)
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Figure E.2, Late primary growth oocytes of various sizes. Late primary i




Figure E.3. Part of ovary containing early and late vitellogenic oocytes with
densely-stained volk bodies. MNote single cortical alveolus stage oocyte
(arrow). (65x)
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Figure E.4. Post-ovulatory follicle (corpus luteum) with an open lumen
from a day 0 post-spiwn ovary (see text). (190x)
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Figure E.6. Vacuolated corpus luteum from a day 1 post -spawn ovary. (360x)
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Figure E.8. Section of a seminiferous tubule showing various : ;I
developmental stages: (1) primary spermatogonia, (2) secondary |
spermatogonia, (3) primary spermatocyte, (4) secondary spermatocyte, (5) |
spermatids, late cyst above and early cyst beneath. (645x) |
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Figure E.9. Sertoli cell (long arrow) and interstitial cells of Leydig (short
arrow) in testis. (1680x)

Figure E.10. Stage 5 testis with thick germinal epithelium and sperm-filled
lumina. {160x) .
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Figure E.11. Stage 5 testis with thin germinal epithelium and expanded
lumina. (165x)
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