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Abstract

Environmental contaminants with estrogenic activity have recently received attention because of their potential
effects on the reproductive efficiency of humans and wildlife. This study was conducted with the endogenous estrogen,
17 B-estradiol (E2), to establish the histologic response of the fathead minnow (Pimephales promelas) as a model
organism. Sexually mature fathead minnows were exposed for 14 days to waterborne concentrations of 1000, 100, 10,
2, 1, 0.5, 0.25, 0.125, 0.1 or 0.0625 nM E2. Exposure to E2 caused a reduction in size of the prominent male
secondary sex characteristics, the fatpads and nuptial breeding tubercles. Histological lesions observed in the testes
included proliferation of Sertoli cells and degenerative changes. Electron microscopy of seminiferous tubules and their
Sertoli cells revealed large phagolysosomes filled with degenerating spermatozoa and other cellular debris. Females
had ovaries in which most of the follicles were in the primary stage of development. There were also more atretic
follicles and fewer secondary and Graafian follicles than in unexposed females. These findings demonstrate
components of sexually mature fish which may be altered by compounds that mimic E2. To determine if lesions
observed in males were permanent, 50 sexually mature males and females were exposed to a single concentration of
10 nM E2 for 10 days. Samples were collected from males on the final day of E2 exposure and over a period of 16
weeks after the exposure was stopped. No E2-induced lesions were observed beyond 16 weeks post E2 exposure.
Results of these studies suggest that histological lesions could occur at ecologically-relevant exposures to ‘estrogenic’
compounds. However, certain lesions caused by exposure of adult fathead minnows are not permanent. © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Some insecticides, drugs, natural compounds
and industrial effluents contain chemicals or
chemical mixtures with ‘estrogenic’ activity
(Sharpe and Skakkbaek, 1993). Environmental
estrogens may affect both male (Sharpe and
Skakkbaek, 1993) and female (Gray, 1992) repro-
ductive performance. Environmental pollutants
that exhibit ‘estrogenic’ action include some
organochlorine insecticides such as chlordecone
(Eroschenko and Palmer, 1980; Eroschenko,
1985), 0,p’-DDT and its derivatives or metabolites
(Fry and Toone, 1981), some phthalate plasticiz-
ers (Jobling et al., 1996) and some industrial
chemicals such as nonylphenol (Soto et al., 1991;

Table 1
Male survival and histopathology scores

Jobling and Sumpter, 1993), bisphenol A (Kr-
ishaan et al.,, 1993; Hileman, 1997) and PCBs
(Korach et al., 1987; Lye et al., 1997). Although
these compounds differ chemically from one an-
other as well as from steroidal estrogens, some
have been suggested to mimic estrogenic actions
in the reproductive tracts of laboratory animals
by binding with estrogen receptors (ER)
(Eroschenko, 1982). The ER binds natural estro-
gens with high affinity and specificity but also
binds exogenous compounds such as organochlo-
rine insecticides and synthetic chemicals (Korach
et al., 1991; Thomas and Smith, 1993; Klotz et al.,
1996). While exogenous ‘estrogens’ generally bind
with a lesser affinity to the ER, they can occur at
concentrations that are sufficient to elicit biologi-

Experiment Concentration nM E2 N Survival (%) Severity score (0—4)
Mean Median Range
I C 3 100 0 0 0-0
SC 3 100 0.3 0 0-1
10 4 83 3.5 4 2-4
100 2 86 3 N/A 2-4
1000 3 80 33 3 34
11 C 15 100 0.1 0 0-2
SC 16 100 0.3 0 0-2
2 14 93 32 4 1-4
10 13 46 3.7 4 2-4
111 C 3 100 0 0 0-0
SC 4 75 0 0 0-0
0.0625 3 100 1 1 0-2
0.125 3 100 2.7 2 2-4
0.25 3 67 2 2 2-2
0.5 3 67 3 1 1-4
1 3 67 3 4 2-4
2 3 100 3.7 4 34
v C 6 100 0.33 0 0-2
SC 6 100 0.5 0 0-3
0.1 5 100 1.4 2 0-3
1 5 80 2.6 3 2-3
10 6 50 4 4 4-4




S.R. Miles-Richardson et al. / Aquatic Toxicology 47 (1999) 129145 131

Table 2
Female survival and ovarian follicular stages®

Experiment Concentration N Survival (%) Follicular stage*
nM

P mean (range) S mean (range) G mean (range) A mean (range)

I C 3100 51 (28-72) 16 (14-18) 31 (14-52) 1.3 (0-4)
sC 3100 43 (1.7-72) 17 (6-34) 32 (10-73) 8.5 (7.7-10)
10 1100 48 N/A 24 N/A 18 N/A 10 N/A

100 2100 51 (40-62) 22 (10-34) 22 (22-22) 5 (4-6)
1000 367 73 (68-78) 16 (16-16) 9 (6-12) 2 (0-4)
I C 8 100 46.5 (34-66)  18.5 (10-36) 34 (20-54) 0.75 (0-2)
SC 5100 38 (22-66) 17.8 (6-34) 412 (28-50) 1.6 (0-6)

2 4100 71 (36-92) 10 (4-26) 12 (0-34) 5.5 (4-10)
10 580 93.2 (88-96) 4 (0-10) 0 (0-0) 2.8 (0-4)
11 C 3100 47.5 (44-50) 30 (26-32) 22 (18-24) 0.6 (0-2)
sC 4 75 40 (36-40) 19 (12-24) 39 (34-52) 2 (0-6)
0.0625 450 49.5 (38-70) 7.5(0-12)  38.5 (16-54) 4.5 (2-6)
0.125 4 50 33 (22-52) 13.5 (10-20) 48 (32-66) 5.5 (2-8)

0.25 4100 61.5 (42-70) 11 (10-12) 25 (16-46) 2.5 (0-10)

0.5 4100 45.7 (15-86) 10 (0-20) 33 (0-54) 11 (0-38)
1 4100 41.5 (12-86) 19.5 (6-36) 36.5 (0-52) 2.5 (0-8)
2 2100 49 (48-50) 13 (10-16) 34 (34-34) 4 (2-6)
v C 4 75 545 (36-82)  17.5 (12-22) 27 (4-44) 1 (0-2)
sC 580 49 (24-60) 16 (10-22) 34 (16-58) 0.4 (0-2)
0.1 6 83 35 (22-62) 21 (10-32) 43 (26-56) 1.3 (0-6)
1 5100 49.6 (32-64) 23 (18-34) 26 (2-44) 1.2 (0-6)

10 580 61 (38-90) 21 (10-38)  12.8 (20-44) 4.8 (0-12)

4P, primary; S, secondary; G, Graafian; A, atretic.

Fig. 1. Three male fathead minnows in treatment groups, from left to right: Control, 2 and 10 nM E2. Note atrophy of nuptial
breeding tubercles of the two E2-treated individuals (right) as compared with the prominent tubercles of the unexposed fish (left,
arrow), ( x 2.0).
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Fig. 2. Sexually mature fathead minnows. Control. Females
are lighter in color and have a slender, tapered head devoid of
tubercles; Males have a short, blunt head with breeding tuber-
cles on the snout (arrow) and a dorsally located fatpad (arrow-
head) ( x 1.5).

cal effects (Andersson et al., 1988; Shore et al.,
1993; Gross et al., 1994; Guillette et al., 1994;
Purdom et al., 1994). Environmental estrogens
can mimic the natural estrogen, 17 B-estradiol
(E2) and disrupt the endocrine system of aquatic
animals (MacLatchy and Van Der Kraak, 1995;
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Fig. 3. Relationship between average tubercle diameter and
treatment groups; Cont., control; Solv., solvent control, 2 and
10 nM 17 B-estradiol. Bar denoted by (A) is statistically
different from bar denoted by (B).
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Fig. 4. Relationship between average fatpad size and treatment
group of males exposed to 17 B-estradiol (E2) with no statisti-
cal difference between Cont. (control), Solv (solvent control), 2
or 10 nM E2.

Jobling et al., 1996; Gray and Metcalfe, 1997; Lye
et al., 1997). Potentially, sexual dysfunction and
alterations of gonads can occur and lead to repro-
ductive impairments that may adversely affect
individuals and populations (Russell et al., 1990;
Gimeno et al., 1995; Jobling et al., 1996).

Much attention has been focused on the devel-
opmental effects of estrogenic compounds in vari-
ous species of wildlife (Colborn et al.,, 1993;
Rolland et al., 1995). Reproductive failure of
western gulls in the California Channel Islands
has been linked to DDT contamination of eggs in
the early 1970’s (Fry and Toone, 1981). Contami-
nation of wildlife populations with estrogenic
xenobiotics has been shown to have the potential
to alter embryonic sexual development and
thereby, significantly depress subsequent repro-
ductive success (Colborn et al., 1993; Colborn,
1994). 1t has also been observed that exposure to

Table 3
Female ovipositor measurements

Experiment Concentration  Ovipositor mean (range)
I C 2.1 (1.1-2.8)

sC 1.7 (0.8-2.2)

2 2 (1.6-2.1)

10 2.1 (2.0-2.7)
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Fig. 5. Photomicrograph of testis from fathead minnow ex-
posed to E2. (a) Sertoli cell hyperplasia (arrowhead) and germ
cell degeneration are present in testes of an E2-treated fish;
H&E ( x 350). (b) Greater magnification shows a giant cell
syncytium (arrow); H&E (x 700). (c) Marked Sertoli cell
proliferation in a 10 nM E2-treated fish (arrowhead) and germ
cell degeneration (arrow).

E2 during critical periods of development can
cause teratogenic or carcinogenic effects in the
reproductive tracts of experimental animals (New-
bold and McLachlan, 1985).

There is a need for a sensitive model fish to be
used for in vivo screening of potentially estrogenic
compounds. The fathead minnow has several
characteristics that make it an attractive model
fish. This fish has particularly striking sexual di-
morphism that enables one to distinguish sexually
mature males from females based on the presence
of prominent secondary sex characteristics in
males. These gross features, present in mature
male fathead minnows, can be of use in screening
for the effects of potentially estrogenic com-
pounds in laboratory studies. To be useful,
biomarkers need to be calibrated to ecologically-
relevant responses such as reproductive efficiency.
Once calibrated to E2, the presence and also the
severity of gross and histological responses can be
used to monitor the potential exposure of feral or
caged fishes. Furthermore, relevant histologic
changes can be calibrated to biochemical or phys-
iological indicators of exposure which may serve
as a predictor of subsequent histological changes.
This paper summarizes histological and ultra-
structural responses of sexually mature fathead
minnows to the prototypic estrogen, E2.

2. Methods
2.1. Study design

Fathead minnows (Pimephales promelas) were
obtained from USEPA, Newtown, OH or reared
in the Michigan State University Aquatic Toxicol-
ogy Laboratory. Four exposure studies (I-1V)
were conducted, in which breeding sets (one male
and two female) of sexually mature, 6-8 month
old fathead minnows were placed in 40-1 aquaria
containing four terra cotta breeding tiles. Dilution
water or solvent or E2 in carrier solvent was
delivered to the experimental tanks by a propor-
tional-flow diluter.

In the E2 reversal experiment, 50 male and 50
female sexually mature fathead minnows were
placed in a 420-1 aquarium containing eight terra
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Fig. 6. Relationship between average testicular severity score and treatment group. Bar denoted by letter (A) indicates the Cont.
(control) and Solv (solvent control) are statistically different from 2 or 10 nM 17 B-estradiol denoted by letter (B).

cotta breeding tiles. The fish were exposed to 10
nM E2 for 10 days. At the end of the E2 exposure
period, the tank was flushed, the flow rate of tap
water was increased and 16 1 of dechlorinated tap
water was replaced in the tank daily for 5 days.
For the next 16 weeks, the tank received a contin-
uous flow of tap water.

2.2. Exposures

In all studies, the photo-period was 16:8 h
light:dark. Water temperature was maintained at
25-26°C. Temperature and dissolved oxygen were
monitored daily. Fish were fed a mixture of
Purina Trout Chow® (Purina Mills, Earth City,
MO) and TetraMin® flake food (Tetra Sales,
Blacksburg, VA). Two studies were conducted in
a proportional flow-through diluter (Ace Glass,
Vineland, NJ). Nominal concentrations studied in
the first two experiments were 1000, 100, 10 and 2
nM E2 (2724, 272.4, 27.24 and 5.4 ng/l) adminis-
tered dissolved in 0.05% ethanol via a flow-
through proportional diluter apparatus for 19
days. Dissolved E2 concentrations, measured
throughout the exposure period using an ELISA,
averaged 79% (cv =16%) of nominal concentra-
tions in the treated tanks. The discussion of treat-

ments and results in tables and figures are given
as nominal values. ELISA-detectable concentra-
tions of E2 were found in all tanks (ranging from
3.5 to 15 ng E2/l), including the control and
solvent control tanks, suggesting that the fish in
the untreated tanks may have been the source of
the E2. To investigate more environmentally rele-
vant concentrations of E2, a second set of expo-
sures was conducted with concentrations of 2, 1,
0.5, 0.25, 0.1, 0.125 and 0.0625 nM E2 (0.73, 0.37,
0.18, 0.091, 0.046, 0.037, 0.023 ng/l, respectively).

2.2.1. Necropsy and histopathologic examination
At the termination of each study, fish were
humanely euthanized with an overdose of Fin-
quel® (Argent Chemical Laboratories, Redmond,
VA) and preserved in Bouin’s solution with a 70%
ethanol wash after 24 h. Gross secondary sex
characteristics of males, the prominent fatpad and
breeding tubercles, were measured in E2 exposure
studies II and IV. The female ovipositor was
measured in E2 exposure study II. Histologic
changes of the testes and ovaries and ultrastruc-
tural changes in the testes were examined for
effects of E2 exposure in all experiments. The
gross measurements were made prior to trimming
tissues for paraffin embedding. The heights of
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male fat pads and the diameters of nuptial tuber-
cles were measured using a 27-mm diameter 6X
comparator/magnifier and reticle (Edmund Scien-
tific, Barrington, NJ). The ovipositor was mea-
sured using a caliper. Fish were trimmed in serial
transverse sections, embedded sequentially in
paraffin and sectioned at 5 um. Sections were
stained with haematoxylin and eosin for examina-
tion with light microscopy.

2.2.2. Electron microscopy

The testes of 26 male fathead minnows were
examined for tissue changes by light microscopy
and testes were collected from 12 males for ultra-

(b)

Fig. 7. Electronphotomicrograph of testis from a fathead
minnow. (a) Control. Spermiation yields a small residual body
that is normally phagocytized by Sertoli cells (arrowhead). (b)
2 nM E2. Sertoli cell cytoplasm is distended by phagolyso-
somes that contain degenerate spermatozoa and membraneous
debris (arrowheads); ( x 6500).

Fig. 8. Photomicrograph of ovarian tissue from fathead min-
now exposed to 10 nM E2. Note a preponderance of primary
and secondary follicles and a single atretic follicle (arrow);
H&E (% 175).

structural examination by electron microscopy.
Testes were collected from a subsample of fish
from E2 exposure studies II-IV. Tissues were
fixed in 4% glutaraldehyde for 2—4 h and rinsed in
0.1 M phosphate buffer. Tissues were postfixed in
osmium tetroxide followed by dehydration and
embedding in resin. Thick sections (1 um) were
stained in Toluidine blue and examined by light
microscopy to identify seminiferous tubules suit-
able for ultrastructural evaluation. Thin sections
(800 nm) were stained with uranyl acetate and

100% e
80% al a
@ .
g’ 60% I || ||m Atretic
- . m Graafian
i
é 40% - - || _||m Secondary
Primary
g
g1 = = =B i
N-8§ N=5  N=4 N=5
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Cont Solv 2 10
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Fig. 9. Relationship between average percentage of each stage
of ovarian follicular development and treatment group with no
statistical differences between Cont. (control), Solv. (solvent
control), 2 or 10 nM 17 B-estradiol.
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Fig. 10. Relationship between 17 B-estradiol (E2) present in
water and E2 present in the plasma of male and female
fathead minnows.

lead citrate and examined in a Philips 301 trans-
mission electron microscope.

2.2.3. E2 reversal study

From a total of 26 males, testes were collected
in subsets at 05, 10, 12, 14 and 16 weeks after an
initial exposure to 10 nM E2 for 10 days and
examined ultrastructurally and histologically. For
electron microscopic examination, transverse sec-
tions of fish containing the testis were cut and

Table 4
Histologic scores and measurements of secondary sex charac-
teristics of males in 17 B-estradiol-reversal study

Week®  Histologic score Secondary sex characteristics

(mean)
Fatpad Tubercles

0b 3.7 0.3 0.2

1 33 0.2 0.27
2 3.6 0.16 0.27
3 33 0.2 0.29
4 3 0.3 0.36
5 4 0.3 0.26
10 4 0.3 0.26
12 2 0.3 0.36
14 4 0.2 0.26
16 0 1.1 0.76

# Post exposure.
® Final day of exposure (day 10).

preserved in 4% glutaraldehyde for 12 h. Several
sections of testis, each 0.5—1 mm, were dissected
and rinsed in 0.1 M phosphate buffer, postfixed in
osmium tetroxide and embedded in resin. Thick
sections measuring 1 pm, were cut on an ultrami-
crotome and were stained with Toluidine blue and
thin sections, each 800 nm, were stained with
uranyl acetate and lead citrate for examination
using a Phillips 301 transmission electron micro-
scope (Phillips Electronic Instruments, Roselle,
IL). Remaining sections of fish not collected for
electron microscopic examination and other fish
sampled for histological examination were im-
mersed in Bouin’s solution after the abdomen was
injected with 0.5 cc of the fixative. After 48 h,
carcasses were rinsed by agitating the carcasses in
30 ml of 70% ethanol and stored in this solution
until trimming. The fish were trimmed in serial
transverse sections, processed and embedded se-
quentially in paraffin. Tissues were sectioned at 5
pm with a microtome and stained with haema-
toxylin and eosin for examination using a light
microscope.

2.2.4. Gonad scoring criteria

Testicular lesions were evaluated according to
the severity of relative or absolute Sertoli cell
proliferation and the percentage of seminiferous
tubules affected. Scores ranged from 0 to 4 as
follows:

No Sertoli cell proliferation

<25% Sertoli cell proliferation
>25<50% Sertoli cell proliferation
>50<75% Sertoli cell proliferation
>75% Sertoli cell proliferation

B WO = O

Degenerative changes, including germ cell syncy-
tia, mineralization of spermatozoa, or necrotic
spermatozoa were indicated by (+).

In females, ovaries were evaluated by counting
50 follicles in the ovary of each female and calcu-
lating the percentage of each stage of follicular
development observed. Stages of development of
the ovaries were determined according to the fol-
lowing criteria:
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Fig. 11. Photomicrograph of testis from a fathead minnow exposed to 10 nM 17 B-estradiol, week 4 post E2-exposure. Note the
germ cell syncytium present in the lumen of the seminiferous tubule (arrow); H&E ( x 780).

Primary Large nucleus, abundant
basophilic cytoplasm and no yolk
vesicles

Secondary Presence of numerous eosinophilic
yolk vesicles

Graafian  Large follicle bordered by an am-
phophilic egg membrane with a
central core of eosinophilic yolk
protein

Atretic Degenerative follicle with

shrunken, irregular border

2.2.5. E2 measurement

Concentrations of E2 in the exposure water and
blood plasma were determined by competitive
ELISA in 96-well plates (Cayman, Ann Arbor,
NY). Water samples were extracted by solid phase
separation onto Empore disks (3M Corporation,
Minneapolis, MN) (Kramer, 1998). Total concen-
trations of E2 in blood plasma were determined
directly by ELISA without concentration or purifi-
cation (Kramer, 1998).

2.2.6. Statistical analysis

Treatment effects were examined by non-para-
metric one-way ANOVA (SAS Institute, Carey,
NC; PROC GLM) conducted on the ranks of the

responses. Terms were subsequently examined by
Tukey’s HSD multiple range test. Unless otherwise
stated, effects were determined to be statistically
significant at the 0.05 level of type I error («) and
0.2 of type II error (f).

3. Results
3.1. E2 exposure studies

3.1.1. Fish survival

Fish survival during the exposure studies was at
or near 100% except in study II, where survival of
males and females was 46 and 80%, respectively in
the 10-nM exposure (Tables 1 and 2). Most of the
fish that died during the study had no gross or
histologic lesions. When present, however, lesions
consisted of non-specific moderate to severe bilat-
eral subcutaneous hemorrhage and fin base hemor-
rhage. There was no indication of infectious
disease. The cause of the lesions was undetermined.

3.1.2. Gross lesions

Exposure of male fathead minnows to E2
changed the gross morphology of the fish, impart-
ing a more feminine appearance to sexually mature
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males (Figs. 1 and 2). At time 0, male fatpads and
tubercles were prominent, however, there was sig-
nificant atrophy of breeding tubercles when ex-
posed to 10 or 2 nM E2 (Figs. 1 and 3), or 1 nM
E2. Males exposed to 100 nM also resembled
female fathead minnows due to dramatic atrophy
of breeding tubercles. The fatpad was atrophied in
FHM exposed to 100 nM E2, but there was no
significant difference among fish exposed to 10
nM E2 or less (Fig. 4). No gross changes were
observed in exposed female FHM exposed to any
of the E2 concentrations.

Female ovipositor length was measured in the
greatest E2 concentrations, but there was no
statistically significant effect (Table 3). Thus, this
parameter was not measured for subsequent stud-
ies with lesser concentrations of E2.

3.1.3. Histologic and ultrastructural alterations in
males

Exposure of male fathead minnows to E2
caused alterations in the morphology of seminifer-
ous tubules. Normally, sparse numbers of Sertoli
cells are observed as irregular, elongated pyrami-
dal cells which partially envelop cells of the sper-
matogenetic series. The bases of the Sertoli cells
adhere to the basal lamina and the apical ends
extend toward the lumen of the seminiferous
tubules. Males exposed to E2 had Sertoli cells
which were hyperplastic and hypertrophied (Fig.
S5a,c). Degenerative changes included a loss of
germinal cells, the presence of degenerate sperma-
tozoa and occasional germ cell syncytia (Fig. 5b).
Similar histologic changes were observed in males
exposed to 1000, 100, 10, 2, 1.0 and 0.5 nM E2

Fig. 12. Transmission electron micrograph of the testis from a fathead minnow exposed to 10 nM 17 B-estradiol, week 2 post
E2-exposure. Note a cluster of spermatozoa in the Sertoli cell cytoplasm in varying degrees of degeneration (arrows); ( x 10499).
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Fig. 13. Photomicrograph of testis from a fathead minnow exposed to 10 nM 17 B-estradiol, week 16 post E2-exposure. Note a
single Sertoli cell characterized by a vesiculate nucleus and a prominent nucleous (arrow); H&E ( x 780).

with dose-dependent Sertoli cell proliferation and
degeneration. Lesion severity scores were signifi-
cantly greater than controls for the 2 and 10 nM
(Fig. 6, Table 1) and for the 1000, 100, 1 and 0.5
nM E2 exposures. Exposure to the greatest con-
centrations of E2 caused partial to total occlusion
of lumina of seminiferous tubules due to severe
Sertoli cell proliferation.

Electron microscopic examination of the testes
revealed enlarged, distended Sertoli cells contain-
ing phagocytized, degenerate germ cells. Large
phagolysosomes, present in the cytoplasm of Ser-
toli cells, contained spermatozoa in varying stages
of degeneration, remnants of spermatids, lipids
and cellular debris (Fig. 7a,b).

3.1.4. Histologic alterations in females

The ovaries of E2-exposed fish had a prepon-
derance of primary follicles with a few secondary
follicles. Exposure to greater concentrations of E2
resulted in the presence of several atretic follicles
and no mature or Graafian follicles (Figs. 8 and
9). Ovaries of females exposed to greater concen-
trations of E2 contained more immature follicles,
with statistically significant differences found be-
tween primary follicles and other stages of follicu-
lar development in fish exposed to 10, 2 and 0.1

nM E2 (Fig. 9, Table 2). Statistically significant
differences in the proportion of secondary follicles
from that of controls occurred only in the 2 and
0.0625 nM exposures. Statistically significant dif-
ferences in the proportion of Graafian follicles
occurred in the 10, 2 and 0.1 nM E2 treatments.
Statistically significant differences between the
proportions of atretic follicles occurred only in
the 10 and 2 nM E2 concentrations.

3.1.5. E2 measurement

Concentrations of E2 measured by ELISA dur-
ing the exposure period revealed detectable levels
of E2 in all tanks, including the control and
solvent control tanks (Fig. 10).

3.2. E2 reversal study

3.2.1. Fish survival

During the 10-day exposure to 10 nM E2, four
fish lost their righting reflex and were subse-
quently euthanized. Other dead fish were noted to
have non-specific moderate to severe bilateral and
multifocal subcutaneous hemorrhage while still
others exhibited no gross lesions. Survival rates
for males and females during the exposure period
were 74 and 78%, respectively.
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3.2.2. Gross lesions

Exposure of male fathead minnows to 10 nM E2
induced gross changes in male secondary sex char-
acteristics consisting of atrophy of the fatpad and
breeding tubercles (Table 4). For & 3 months post
E2-exposure, subsets of fish collected had sec-
ondary sex characteristics which remained at a
reduced size. The average size of fatpads was
0.16—0.3 mm through 14 weeks. After 16 weeks of
recovery, subsets of fish collected had fatpads with
an average linear measurement of 1.1 mm. The
average diameter of breeding tubercles remained
between 0.2 and 0.36 mm in these fish until 16 weeks
post E2-exposure, when subsets collected had an
average tubercle diameter of 0.76 mm (Table 4).

3.2.3. Histologic and ultrastructural alterations in
males

Samples were collected from subsets of fish on the
final day of exposure and subsets were collected
over a period of 16 weeks. Males exhibited greater
relative and absolute Sertoli cell proliferation and
germ cell syncytia collected during the first few
weeks of recovery (Figs. 11 and 12) relative to
samples collected after 16 weeks of recovery (Fig.
13). Sertoli cell cytoplasm was distended with
necrotic spermatozoa (Fig. 14), myelin figures and
residual bodies (Fig. 15). Morphologic changes of
Sertoli cells became less progressively pronounced
from week 0 (final day of exposure) to week 16
post-exposure.

Fig. 14. Transmission electron micrograph of testis from a fathead minnow exposed to 10 nM 17 B-estradiol, week 2 post
E2-exposure. Note the phagocytized germ cells in varying stages of digestion (arrows); ( x 21907).
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Fig. 15. Transmission electron micrograph of testis from a fathead minnow exposed to 10 nM 17 B-estradiol, week 3 post
E2-exposure. Note the Sertoli cell distended with degenerate spermatozoa, myelin figures and residual bodies; ( x 17092).

4. Discussion

Fathead minnows were selected for study be-
cause this species is used in toxicologic bioassays
(Duda and Buttner, 1993) and because they are an
easily accessible and commonly used bait fish. As
such, there is a great deal of background informa-
tion available on their culture, maintenance and
breeding conditions and on biochemical, physio-
logical and reproductive responses to chemicals.
This species of fish is particularly appropriate for
the study of potential endocrine modulating com-
pounds such as environmental estrogens because
of the strong sexual dimorphism.

Male fathead minnows exposed to 100 or 10
nM E2 exhibited a reduction in the prominence of

the secondary sex characteristics, particularly the
breeding tubercles and were difficult to differenti-
ate from females without histological examination
of the gonads. Males exposed to lesser concentra-
tions of E2 had similar atrophy of tubercles that
was dose-dependent. These results suggest that
atrophy of male breeding tubercles may be useful
as an indicator of environmental estrogen expo-
sure, but only at relatively great concentrations.

Males exposed to the greatest concentrations of
E2 also exhibited atrophy of the fatpad, however,
this was not a consistent finding in fish exposed to
lesser concentrations.

Histologic and ultrastructural lesions observed
in males involved primarily Sertoli cells. Sertoli
cells have many supportive roles with regard to
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the spermatogenic maturation sequence. One of
their major functions is to phagocytize discarded
organelles (residual bodies) and cytoplasm during
spermiation. In fish and mammals, Sertoli cells
also phagocytize germ cells that degenerate in the
normal course of spermatogenesis or as a result of
the adverse effect of some deleterious agent or
condition (Hunter and Donaldson, 1983). The
presence of multiple Sertoli cells with distended
cytoplasm filled with degenerate spermatozoa sug-
gests an increase in necrosis or apoptosis in E2-ex-
posed male fathead minnows.

The predominant Sertoli cell centered histologic
and ultrastructural lesions observed in males ex-
posed to E2 were changes in cell number. Seminif-
erous tubules, normally lined by sparse numbers
of Sertoli cells with indistinct boundaries, con-
tained numerous Sertoli cells. This appeared to be
an absolute increase and one that was most pro-
nounced in fish exposed to greater concentrations
of E2. This is in contrast to mammals, where
Sertoli cells cease to divide during pubertal devel-
opment (Goss, 1966; Fawcett, 1975, 1977; Russell
and Peterson, 1984; Russell et al., 1990) and the
number of adult Sertoli cells are believed to re-
main stable throughout life. This apparent prolif-
eration of Sertoli cells has not been documented
in mammals and needs to be further documented
in fish.

Additional lesions observed on ultrastructural
examination included a great number of primary
and secondary spermatocytes lying along the
basement membrane of the seminiferous tubules,
which suggests a possible arrest in the germ cell
maturation sequence.

The histological lesions observed in males may
have occurred due to an arrest in germ cell matu-
ration with subsequent degeneration of spermato-
zoa. Such lesions may have been caused by an
alteration in the hypothalamic-pituitary axis as
hypothalamic control of pituitary secretion in fish
is similar to that in mammals (Matty, 1985). With
the secretion of follicle stimulating hormone
(FSH) and luteinizing hormone (LH) suppressed
by E2, spermatogenesis may not proceed normally
(Junqueira et al., 1986a; Russell et al., 1990). If
the spermatogenic sequence becomes arrested,
germ cells that are no longer progressing along

the maturation sequence will ultimately degener-
ate. Since Sertoli cells play a role in phagocytosis
and clearing residual bodies under normal circum-
stances, the proliferative response observed in E2-
exposed fish may be an extension of their normal
role and have occurred due to the increased need
to clear the arrested germ cells.

Ovarian morphologic changes observed in fe-
male fish were also most likely the result of a
disruption of the pituitary—hypothalamic axis.
Numerous primary follicles may be attributed to
the inhibitory action of E2 on FSH, since the
maturation of late primary and secondary follicles
is dependent on adequate levels of FSH (Jun-
queira et al., 1986b).

In the E2-reversibility study, exposure to E2
caused gross atrophy of the secondary sex charac-
teristics and morphologic changes in Sertoli cells
including an apparent increase in Sertoli cell num-
ber. These findings were consistent with previous
E2-exposure studies conducted in our laborato-
ries. Degeneration of germ cells was also evident
and may again be explained by an arrest in the
spermatogenic maturation sequence resulting
from the negative feedback of E2 on LH and
FSH, both of which are necessary for spermatoge-
nesis to proceed normally (Junqueira et al., 1986a;
Eddy and O’Brien, 1994). Alternatively or addi-
tionally, Sertoli cells may have appeared to be
more numerous because of a reduction in the
germ cell population.

Other lesions observed included germ cell syn-
cytia, residual bodies and myelin figures. In mam-
mals, germ cell syncytia, also known as symplasts,
are thought to result from an opening of intercel-
lular bridges between the cells (Russell et al.,
1990). Although the cause of the bridge opening is
unknown, it may be related to the destabilization
of the cytoskeletal apparatus maintaining the in-
tegrity of the bridge (Russell et al., 1981). Resid-
ual bodies are composed of the remnants of the
extruded cytoplasm of a maturing spermatozoa
(Russell et al., 1990) and contain large aggregates
of RNA and clustered, tightly packed organelles.
They resemble necrotic germ cells except that they
are present for a short time (Russell et al., 1990)
and typically in fewer numbers. The presence of
numerous myelin figures indicates that a degener-
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ative process was occurring, since these form
when hydrophilic phospholipids are released from
degenerating membranes (Jones and Hunt, 1983).

While lesions observed in males appeared dra-
matic, results of this study demonstrate that E2-
induced gross and histological lesions in the testes
are reversible. Atrophy, a reduction in the number
or volume of cells after normal growth and hyper-
plasia, an increase in cell numbers, are typically
reversible lesions in mammals (Thomson, 1978).
Therefore, it is not surprising that after exposure
was discontinued, the secondary sex characteris-
tics became more prominent over time, nor was it
unexpected to find that Sertoli cell lesions re-
versed. If observed testicular lesions are indicative
of reproductive efficiency and secondary sex char-
acteristics are gross indicators, it is conceivable
that male fish exposed to environmental estrogens
will not have permanent reproductive impairment.
However, because of the time necessary for testic-
ular lesions to reverse, a resulting decrease in
reproductive efficiency may potentially lead to a
temporary reduction in the normal reproductive
capacity of the exposed fish. This potential reduc-
tion might be more pronounced in fish such as
fathead minnows and other seasonal breeders,
whereas annual breeders may be affected mini-
mally or not at all.

The lowest observable effect level (LOEL),
based on histopathologic effects observed in this
study, was determined to be 0.1 and 0.5 nM for
the females and males, respectively. Reproductive
performance was also monitored during the study.
This information, which is presented in detail by
Kramer et al. (1998), demonstrated that the con-
centration required to reduce reproductive output
to 10% of control (EC10) was 0.023 nM E2, while
the concentration required to cause a 50% reduc-
tion in the number of eggs produced by pairs of
fathead minnows exposed to waterborne E2 was
0.417 nM E2 (Kramer et al., 1998). Therefore, if a
10% effect were used as a threshold for ecologi-
cally significant effects on reproductive output,
this effect would be observed at concentrations
that are less than the concentration required to
cause statistically significant histological effects.
This is probably due to the fact that egg produc-
tion was quite variable and that nonparametric

statistics of relatively poor statistical power were
used to determine the statistical significance of
histological effects. Therefore, some effects on
reproduction would be expected at concentrations
of E2 = 10-fold less than those at which statisti-
cally significant histological effects can be ob-
served. A decrease of = 50% in reproductive
output would be expected to occur if statistically
significant histological effects are observed in
populations.

Concentrations of E2 in the plasma of male fish
was increased in a dose-dependent manner
(log[E2]asma = 2.24 + 0.55 10g[E2]uiers 72 = 0.50,
P <0.02) by exposure to waterborne E2, but the
concentration of E2 in the plasma of females was
unaffected (linear regression, P < 0.81) (Kramer
et al., 1998). Thus, effects on plasma vitellogenin
(VTG) in males would be expected to occur. The
threshold concentration of E2 required to cause a
statistically significant induction of plasma VTG
was determined for the fish studied here. This
information is presented in detail by Kramer et al.
(1998). The concentration of E2 to cause a statis-
tically significant increase in plasma VTG in male
fathead minnows was ~0.1 nM E2. Therefore,
the threshold concentration for induction of
plasma VTG corresponds with the threshold for
causing histological changes in the gonads of male
fathead minnows. Expression of VTG in plasma
of male juvenile rainbow trout (Oncorhynchus
mykiss) exposed to E2 via the diet was implicated
in mortality as well as liver and kidney damage
(Herman and Kincaid, 1988). However, that study
used very great concentrations. Similarly, guppies
(Poecilia reticulata) exposed to B-hexachlorocy-
clohexane or 17 B-estradiol, exhibited altered liver
and kidney histology and reduced testicular devel-
opment (Wester et al., 1985). The observed effects
were attributed to increases in plasma VTG. Sim-
ilar results have been observed in the Japanese
medaka (Oryzias latipes) (Wester and Canton,
1986). While it is unknown whether elevated VTG
is responsible for the observed histological
changes, it can be said that the threshold for
induction of plasma VTG in male fathead min-
nows is essentially the same as that required to
cause histological effects and that induction of
plasma VTG is also closely related to reproduc-
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tive performance in this species. Thus, either in-
duction of plasma VTG or histological changes in
the testes could be used as an indicator of repro-
ductive impairment.

The results of this study suggest that histologi-
cal alterations in male and female fathead min-
nows occur at concentrations that cause induction
of the E2-specific biomarker, plasma VTG and
impaired egg production (Kramer et al., 1998).
The use of gross morphologic alterations in males,
however, will be of limited utility as an environ-
mental indicator, since the concentrations of E2
required to cause significant changes in the sec-
ondary sex characteristics are much greater than
those required to cause either significant histologi-
cal changes in the gonads or reproductive
impairment.
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