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ABSTRACT 

Advances have been made in detecting endocrine-disrupting chemicals (EDCs) using 

physiological or biochemical techniques, but very little has been done in the area of 

behavioral detection methods, perhaps because a standard methodology has not been 

developed. Here, I develop a behavioral assay for detecting endocrine disruptors by 

quantifying the effects of 4-tert octylphenol (OP), a known estrogen (E2) mimic, on the 

reproductive behavior of zebrafish (Danio rerio). 

Fish were exposed to OP concentrations ranging from 10"̂  to lO'^^M dissolved in an 

acetone vehicle. Videotapes of male-female pairs were made for 5-min time periods 

under normal spawning conditions. The water was then dosed with OP, and the 

behavioral response was captured on videotape. To verify that the response was due to 

the E2-mimicking quality of OP, pairs offish were dosed with different concentrations of 

E2 ranging from 10"̂  to 10'̂  M. To confirm that the response was not due to the acetone 

vehicle, pairs offish were exposed to acetone only. Videotapes of male-male and 

female-female pairs were also recorded using 10"̂  M OP following the same procedure. 

The Videomex V (Columbus Instruments, Columbus, Ohio), a computer-automated 

tracking system, was utilized to count the number of contacts and duration of each 

contact during social interactions of each fish pair. Analysis of covariance using the 

general linear model procedure, one-way analysis of variance, and left-tailed paired 

sample t-tests were used to analyze the data in terms of contacts and duration. 

I found that OP concentrafions between 10"̂ ^ and 10"̂ ^ M produced a significant 

decrease in both the number of contacts and the average duration of each contact in male-
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female pairs (p<0.05). I recorded the same significant decrease when male-female pairs 

were exposed to E2 concentrations between 10'̂ ^ and 10"̂  M. Acetone alone did not elich 

significant differences in behavior after treatment. Male-male pairs also showed a 

significant decline in number of contacts and duration of each contact before and after 

exposure to 10 M OP. However, female-female pairs showed a significant decrease 

only in average duration of contacts at this dose. Hence, the behavioral inhibition 

observed for OP and E2 in the aquatic environment may not be confined to reproductive 

behavior. 
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CHAPTER I 

INTRODUCTION 

Herbicides, insecticides, and industrial chemicals termed "endocrine disruptors" are 

examples of anthropogenic agents that have adversely affected vertebrate reproductive 

systems. These synthetic chemicals have been introduced into the environment in 

increasing numbers throughout this century due to scientific, technological, and industrial 

uses (Klaassen, 1996). E2-mimicking compounds have been linked to reproductive 

abnormalhies in all classes of vertebrates (Colbom et al., 1993; Clark et al., 1998). 

E2 binds to hs receptor whh high affinity (typically, K<i~l nM). However, it has been 

found that a number of environmental chemicals also bind to this receptor (McLachlan, 

1996). Most of the endocrine disrupting chemicals (EDCs) tested have a much weaker 

binding affinity for the receptor than does endogenous E2. However, there is concern that 

these environmental chemicals may be more accessible to the receptor (McLachlan, 1996). 

Receptor binding is not the only factor that could contribute to an EDCs ability to mimic 

estrogen. If an EDC can bind to another protein such as sex-hormone binding globulin, 

which is a protein that sequesters E2 in the blood, the EDC could exert its E2-like effects 

by accumulating to levels high enough to bind E2 receptors. (McLachlan, 1996). 

If similarities do exist between the structure of endogenous E2 and EDCs, then in 

theory comparisons of chemical structure could then be utilized to screen potential 

chemicals for estrogen-mimicking activity. However, most EDCs are very different in 



structure from endogenous E2, making it impossible to distinguish them by this method 

(Soto et al., 1995; White et al., 1994). 

Of 19,199 studies of aquatic pollution and fishes from 1977-1997, only 0.14 % 

involved the reproductive behavior offish (Jones and Reynolds, 1997). Further 

exploration of the connection between pollution and reproductive behavior could provide 

extremely senshive warnings of pollution (Smith and Logan, 1997) and endocrine 

disruption. Whh the development of computer-automated systems, such as the Videomex 

V, aspects of behavior such as movement are more readily quantified. The development 

of a behavioral assay would be an efficient, cost-effective means of screening 

environmental chemicals. Suspected endocrine disruptors could then be further screened 

using physiological methods. Technological advances in this area have enabled us to 

investigate the effects of EDCs on fish reproductive behavior, as weh as expand the body 

of information available on the coimection between pollution and reproductive behavior. 

Alkylphenol polyethoxylates (APEs), a group of nonionic surfactants, are found in a 

variety of products such as laundry powders, detergents, paints, pesticides, cosmetics, and 

shampoos (Rudel et al., 1998; vom Saal et al., 1998). These surfactants break down in the 

environment to form substances that act as estrogen mimics, such as 4-tert octylphenol 

(OP) (Rudel et al., 1998). APEs were introduced in the 1940s, and worid production of 

these substances now is over 300,000 tons, with about 60 % deposhed in the aquatic 

environment (vom Saal et al., 1998), including drinking water in the United States (White 

et al., 1994). My studies, therefore, focused on OP as an environmentally relevant E2 
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mimic. Choosing an appropriate EDC for this study was an important step in the 

development of this assay, as was choosing an appropriate test organism. 

The zebrafish (Danio rerio), a cyprinid fish, commonly referred to as the zebra danio, 

is a model organism for toxicological studies because it is easy to maintain, is relatively 

inexpensive, and has a short maturation cycle (Laale, 1977). One advantage of using this 

fish in reproductive studies is the short time between hatch and reproduction. Spawning 

begins to occur when females and males reach appropriate lengths. Also, the zebrafish is 

resistant to common fish diseases, and it tolerates a wide range of water hardness, 

temperature, and pH (Vascotto et al., 1997). This species has proven to be an excellent 

vertebrate model and potential biological indicator of toxicity (Vascotto et al., 1997). 

I exposed pairs of zebrafish to OP and E2 under spawning condhions and in same-sex 

pairs and quantified behavioral changes. By using the Videomex V system, I detected a 

decrease in number of contacts and duration of contacts offish exposed both to OP and 

E2. The resuhs suggest that this assay may be used by government and industrial agencies 

as an initial screening tool for newly developed chemicals before they are released into the 

environment. 



CRAPTER II 

MATERIALS AND METHODS 

Animal Maintenance 

Male and female zebrafish were obtained from local merchants. They were housed in 

38-L aquaria, 10 fish per unit. The aquaria were maintained at a constant temperature 

(27-28 °C) and kept on a 14:10 diurnal cycle, whh the scotophase extending from 2200 h 

- 0800 h. The fish were fed a mixture of TetraMin (Tetra, Blacksburg) fish food and 

frozen brine shrimp (Artemia sp.) to satiation daily at 0800. Water quality was monitored 

for pH, nitrite, and ammonium, and changed three times weekly. All animal protocols 

were approved by the Texas Tech Animal Care and Use Committee (ACUC) as 

sanctioned under ACUC #98804. 

Behavioral Testing Using the Videomex System 

Videos of social contact between individual fish were made with a VCR and the tapes 

analyzed by the Videomex V apparatus. The Videomex system tracked the fish by 

converting objects into black and white contrasting figures. A VCR captured the 

movement of the fish over a white background, and the Videomex V system connected to 

a personal computer recorded the number of contacts, time of contact, duration of 

contact, and total duration of contacts. Typically, spavming behavior occurs in the 

morning shortly after the light period is initiated. When spawning, the male chases the 

female and traces an elliptical pattern around her, pausing briefly under her or by her side. 



This pause is recorded as a contact, and egg and milt are released, resulting in fertilized 

eggs. 

Test Chemicals 

4-tert octylphenol, 95%, [(1,1,3,3-tetramethylbutyl) phenol] (OP) was purchased from 

Aldrich Chemical (Milwaukee, Wisconsin). Pesticide grade acetone served as the carrier 

for the OP, a white powder. A 1 mg/ml stock solution was prepared and stirred for 24 h. 

Acetone, 17p-estradiol, and tricaine methane sulfonate were purchased from Sigma 

(St. Louis, Missouri). 

Measurement and Preservation of Fish 

At the end of the testing procedure, fish were euthanized using 0.02 M tricaine 

methane sulfonate (3-amino benzoic acidethylester) solution. The total length of each fish 

was then measured to the nearest mm. Pairs were placed in labeled containers and frozen 

for use in subsequent biochemical analyses. 

Examining Normal Zebrafish Behavior under Spawning 
Condhions 

The night before taping, the fish were taken from their respective tanks and placed 

together in a holding tank. The appropriate fish were then paired the next morning at 

0740 h and videotaped 20-min later, thereby maximizing the possibility of capturing 

spawning behavior. Normal patterns of behavior were established in the first phase of this 



study. Each trial consisted of videotapmg a pair offish for the first 45-min after the light 

period began. 

To test for fatigue, diminished reproductive drive, or other factors that might alter 

spawning behavior through time, I compared rate of contact and duration at time 0-5-min 

and 15-20-min (SAS, GLMP). Because I found no significant difference between the two 

time periods, I selected the first five-min as the samphng period. 

Effects of Different Exposure Times on Male-Female Pairs to 
10"̂  M 4-tert Octylphenol 

To test the effect of different exposure times, fish were exposed to 10 M 4-tert 

octylphenol for 24, 48, or 72 h. They were taken from the stock aquaria and placed in one 

of two separate 38-L tanks. One was an acetone control, and the other contained 

10"̂  M 4-tert octylphenol. Each 38-L tank was placed inside a 76-L aquarium. The larger 

aquarium was equipped whh water and a heater to maintain the smaller tank at a constant 

temperature of 28 °C. A porous divider was placed in the center of each of the smaller 

aquaria and then each was filled whh 20 L of water. Acetone (4.2 ml) and OP (dissolved 

in 4.2 ml of acetone) were placed in the respective tanks. The OP concentration in the 

water was 10"̂  M (206.3 ppb). Each tank was stirred thoroughly. 

Six female fish and six male fish were placed on opposhe sides of the partition in the 

holding tank. After 24 hours had elapsed, the procedure was as follows: (1) one male and 

one female from the control acetone tank were placed in a white plastic container with 2 L 

of clean water, (2) one male and one female from the treated tank were placed in a white 

plastic container with 2 L of clean water. This procedure of placing a male and a female in 
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a container was repeated for a trial to be conducted directly after the first one. The 

remaining fish were kept in the aquaria for the 48-h and 72-h exposures. The containers 

were placed under the video camera, and recording began in the first pair of buckets at the 

onset of the light period (0800). Pairs offish were videotaped for 5 min, with replicate 

trials beginning directly after the first trial. This procedure was followed for all OP 

treatment periods. Each fish was tested only once. 

Effects of 10"̂  M Octylphenol Exposure to Male-Female Pairs: 
Time Course of Behavioral Changes 

To determine the duration of the OP effect, fish pairs were videotaped before treatment 

and after treatment at time 0, 2, 4, 6, and 8 h. The procedure of this experiment differed 

from previous experiments in that a single pair serves as a control and treatment. Fish 

were taken from the stock aquaria the morning of the experiment. Six white containers 

were each filled whh 2 L of 27 °C water. The temperature was set to 27 °C to slow 

swimming speeds slightly because at 28 °C, some fish swim too fast to be tracked by the 

Videomex. A male and female pair was placed in each container. Using 2 operating 

Videomex cameras, videotaping took place 2 containers at a time for 5 min each in 

succession. Once control behavior had been captured, the first 2 pairs were dosed to 

achieve a 10"̂  M octylphenol concentration in the water. The fish were videotaped 5 min 

after dosing. This procedure was continued until all 6 pairs had been videotaped. The fish 

were then videotaped after 2, 4, 6, and 8 h. Between tapings, the white containers were 

kept in a 27 °C water bath. This experiment was repeated on an addhional 6 pair offish 



before treatment and after treatment at time 0, 2, 4, and 6 h. At the conclusion of the 

experiment, containers were rinsed with acetone twice and washed. 

Measurement of Dose-Related Effects of 4-tert Octylphenol 
Exposure to Male-Female Pairs 

After determining that the dosage at tune 0 had the most significant effect, the 

objective was to examme the effects of different doses. In this experiment, pairs offish 

were videotaped before treatment and after the initial treatment. The OP concentrations 

tested ranged from 10*"̂  M (20.6 ppb) to 10"^^ M (1134 ppb). The procedure followed 

here was the same as the previous procedure for time course changes. 

Since 10 M was the standard dose selected, data were collected on 23 pairs offish. 

Data for the remaining concentrations were collected on 6 pairs offish each except for the 

10 M dose, where more data proved informative. 

Male-Male and Female-Female Interactions Before and After 
Exposure to 10"̂  M 4-tert Octylphenol 

To determine whether OP, a known estrogen mimic, affected the interactions of pairs 

of the same sex, male-male and female-female pairs were videotaped before and after 

treatment with 10"̂  M 4-tert octylphenol, as well as 4 h later. Videotaping was done after 

4 h because this seemed to be the tune that male-female mteractions returned to theh" 

control state. Ten male-male and twelve female-female pairs were used in this study. 

The procedure followed was identical to that of opposhe sex pah-s. 
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Measurement of Dose-Related Effects of E? Exposure to 
Male-Female Pairs 

To test if the decrease in number of contacts and duration of each contact was due to 

the E2-mimicking quality of OP, male-female pairs were exposed to three different E2 

concentrations (10^ to 10"̂  M). The procedure followed was idenfical to that of the OP 

trials. 

Measurement of Acetone Exposure to Male-Female Pairs 

To test if the decrease in number of contacts and duration of each contact was not due 

to exposure to acetone, male-female pairs were treated whh the same volume of acetone 

as fish pairs treated with 10"̂  M OP. The procedure followed was identical to that of the 

OP trials. 

Statistical Methods 

MINITAB (Version 12, 1998) statistical software was chosen to analyze the data 

collected in this study. MINITAB was used to calculate the adjusted mean and standard 

error of the mean for each OP and E2 treatment. Left-tailed paired sample t-tests, one-way 

analysis of variance, and analysis of covariance using the general linear model were also 

used. Separate analyses were conducted for contacts and duration of contacts. For the 

paired sample t-tests, the difference between the data collected after exposure and the data 

collected before exposure was set as the response. For the one-way analysis of variance 

of the control data, the controls were set as the response and the different concentrations 

were set as the factor. For the analysis of covariance, the data collected after exposure 



was set as the response variable, and the data collected before exposure was set as the 

covariate. A table was constructed to display the difference of means and the standard 

errors of the difference, a well as the adjusted/? value for both contacts and duration of 

contacts. 

Sigmaplot 3.0 was used to construct box plots of the data representing the median, 

10*, 25*, 75*, and 90* percentiles. Potential outliers, which were calculated by 

multiplying the central 50% (the interquartile range) by 1.5, are shown with open circles 

above and below each box plot. If data were normally distributed, then the probablility of 

being an outlier would be 0.43% (Gardiner, 1997). 

10 
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CHAPTER III 

RESULTS 

After testing initial, 2, 4, 6, 8, 24, 48, and 72 h exposure times offish to 10"̂  M OP, it 

was determined that the initial dosing produced the most dramatic effect on reproductive 

behavior (Figures 1 and 2). Decreases were noted in number of contacts and duration of 

contacts after this initial dosing. The only significant decreases (p<0.05) in contacts were 

after the initial treatment and after 8-h (Table I). Since the initial exposure occurred 

during the onset of the light period, it would be more directly related to the reproductive 

behavior of the fish. Also, the sample size after 8-h is somewhat smaller. Significant 

decreases in duration were noted after initial exposure and after 2-h of exposure (Table I). 

To examine the effects of different environmentally relevant concentrations, we tested 

OP concentrations ranging from 10'^M to lO'^^M (Figures 3 and 4). Figure 3 shows that 

over the dose range 10"̂ ^ - 10'̂ ^ M, OP significantly reduced the number of male-female 

contacts 5-min after exposure. Similarly, there was also a significant reduction in duration 

of contacts over the same dose range. Table 2 shows the adjusted means and standard 

errors of male-female pairs exposed to different OP concentrations. Pairwise comparisons 

of male-female pairs after different OP treatments were done for the number of contacts 

(Table 3) and duration of contacts (Table 4). At concentrations tested above the 10"̂ ^ M 

level, significant decreases in male-female pairs in both contacts and duration were noted 

(Table 5). The behavior of male-male and female-female pairs was recorded for both 

control and exposed condhions. Significant decreases in both number of contacts and 

11 



duration were seen in male-male pairs (Figure 5, Table 6), whereas female-female pairs 

(Figure 6,Table 6) showed significant decreases in duration of contacts only. 

To examine whether the E2 mimic might elich a change in the male-female social 

interactions, pairs offish were exposed to three concentrations of E2. The results from E2 

exposure were similar to the effects of OP on the interactions of the pair (Figures 7 and 8). 

The E2 exposure resuhed in fewer contacts and duration of contacts between the pairs of 

fish. Left-tailed paired sample t-tests of the mean were done for both contacts and 

duration of contacts (Table 7). The adjusted mean and standard errors of the mean were 

calculated for each E2 treatment. The calculations were made for contacts and duration of 

contacts (Table 8). Pairwise comparisons of the different E2 treatments were made for the 

number of contacts (Table 9) and the duration of contacts (Table 10). The calculations 

show that there is a significant decrease in contacts and duration of contacts at the 10' 

M level and above. 

To verify that acetone (the OP/E2 vehicle) was not responsible for the changes in 

behavior, fish were exposed to acetone at the same concentration as in the OP treatment 

(Figure 9). There were no significant differences in behavior compared to the untreated 

fish at this level (Table 11). 

A one-way ANOVA was used to compare the control data from the OP and E2 treated 

fish. There were no significant differences in the control data coUected suggesting that 

these findings can be generalized across populations of zebrafish. 

12 
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280 

Control 0 

Time(h) 

Figure 1. Changes in the number of contacts of male-female pairs before 
and after exposure to 10"̂  M 4-tert octylphenol at 2 h intervals. [Box plots 
displaythelO*,25*, 75*, 90* percentiles and the median (darkened horizontal 
line). The open circles represent potential outliers. The respective sample size 
is denoted above each box plot. Asterisks (*) denote significant differences 
from the control value. (* ,p<0.05; **,p<0.01; ***,p<0.001)] 
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Figure 2. Changes in the duration of contacts of male-female pairs before 
and after exposure to 10*̂  M 4-tert octylphenol at 2 h intervals. Symbols are as 
described in Figure 1 legend. 
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Table 1. Actual/? values from left-tailed paired sample t-tests of 
-6 

time course changes of male-female pairs exposed to 10 M OP 
N Time (h) p value 

11 0 
11 2 
11 4 
11 6 
6 8 

contacts 
0.024 
0.130 
0.770 
0.670 
0.010 

duration 
0.002 
0.026 
0.760 
0.320 
0.110 
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280 

10-̂ ^ 10"̂  10-^" 10-'' 
OP(M) 
log scale 

Figure 3. Comparison of the number of contacts of male-female pairs exposed to different 
OP concentrations in control versus exposed behavior. Symbols are described in Figure 1 
legend. 
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Figure 4. Comparison of the duration of contacts of male-female pairs exposed to different 
OP concentrations in control versus exposed behavior. Symbols are described in Figure 1 
legend. 
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Table 2. Adjusted means and standard errors of male-female pairs 
exposed to different OP concentrations using ANCOVA 
Treatment Adjusted Mean 
OP(M) Contacts Duration 

82.27±13.72 

52.53±9.57 

70.73±6.87 

14.70±13.48 

13.85±13.42 

10-̂  

10-̂ ^ 

10-̂  
jQ-5.75 

10-̂ ^̂  

101.40 ±13.82 

66.94 ±9.65 

85.58 ±6.97 

6.10±13.80 

19.06 ±13.63 
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Table 3. Pairwise comparison of the number of contacts of male-female pairs exposed 
to different OP treatments. The upper triangle displays the difference of means and 
the standard error of the difference. The lower triangle displays the corresponding 
adjusted/? values. 

OP Treatment - Contacts 
Treatment lO;̂ ^ l ^ lof 10'̂ ^̂  10'̂ ^ 
10"̂  -34.46±16.79 -15.82±15.53 -95.30±19.78 -82.34±19.38 
10-^5 0.2582 18.64±11.91 -60.84±16.89 -47.88±16.69 

10"^ 0.8455 0.5272 -79.48±15.40 -66.52±15.31 

10-5 "̂5 0.0002 0.0065 0.0001 12.96±19.42 

10"^^ 0.0009 0.0462 0.0007 0.9624 

19 
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Table 4. Pairwise comparison of the duration of contacts of male-female pairs exposed 
to different OP treatments. The upper triangle displays the difference of means and the 
standard error of the difference. The lower triangle displays the corresponding 
adjusted/? values. 

OP Treatment-Duration 

Treatment 

10-^ 
10-6.5 

10-^ 

10-5.75 

10 "^ 

10-̂  

0.4159 

0.9402 

0.0098 

0.0082 

10-̂ -̂  

-29.74±17.02 

0.5489 

0.1583 

0.1425 

10"̂  

-11.54±15.15 

18.20±11.90 

0.0053 

0.0042 

jQ.5.75 

-67.57±19.54 

-37.82±16.34 

-56.02±15.24 

1.0000 

10-^^ 

-68 42±19 44 

-38 67±16 34 

-56 87±-3 75 

- 8490±18 87 

20 
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Table 5. Actual/? values from left-tailed paired sample 
t-tests of male-female pairs exposed to different OP concentrations 

n 

6 

12 

23 

6 

6 

Concentration 

10-̂  

10-̂ ^ 

10-̂  
jQ-5.75 

10-̂ ^ 

P 
contacts 

0.670 

0.015 

0.008 

0.0001 

0.0001 

value 
duration 

0.120 

0.0001 

<0.0001 

0.0006 

0.0018 
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Table 6. Left-tailed paired sample t-tests of the mean. Male-male and female-female 
contacts and duration of contacts after initial treatment and after 4 hours of 10"̂  M 
octylphenol exposure. 

Pair 
male-male 
male-male 
male-male 
male-male 

female-female 
female-female 
female-female 
female-female 

Time 
Oh 
4h 
Oh 
4h 
Oh 
4h 
Oh 
4h 

Measurement 
Contacts 
Contacts 
Duration 
Duration 
Contacts 
Contacts 
Duration 
Duration 

n 
10 
10 
10 
10 
12 
12 
12 
12 

Mean 
-37 
-36 
-39 
-30 
10.7 
7.9 
-26 
-6.7 

SD 
43.1 
33.1 
48.4 
37.4 
58.2 
53.6 
43 
76 

SEM 
13.6 
10.5 
15.3 
11.8 
16.8 
15.5 
12.4 
21.9 

T 
-2.68 
-3.46 
-2.55 
-2.55 
0.63 
0.51 
-2.08 
-0.3 

P 
0.013 
0.004 
0.016 
0.016 
0.73 
0.69 
0.03 
0.38 
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Contacts 
Duration 

Figure 5. Male-male interactions for condhions of control behavior, initial dosing, and 
dosing after 4 hours of 10"̂  M octylphenol exposure (n=lO). Symbols are as described in 
Figure I legend. 
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280 
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Duration 

Figure 6. Female-female interactions are documented for condhions of control behavior, 
initial dosing, and dosing after 4 hours of 10"̂  M octylphenol exposure (n=12). Symbols 
are as described in Figure 1 legend. 

24 



-.r"t'.'n Mirwi in i iMrni i ininnHiMMiM u mr i • i 

280 

Figure 7. The effect of different E2 concentrations on the number of contacts 
between male-female pairs. The respective sample size is denoted above each box plot. 
Symbols are as described in Figure 1 legend. 
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Figure 8. The effect of different E2 concentrations on the duration of contacts 
between male-female pairs. The respective sample size is denoted above each box plot. 
Symbols are as described in Figure 1 legend. 
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Table 7. Left-tailed paired sample t-tests of the mean. Male-female 
contacts and duration of contacts after initial treatment whh £2. 
Concentration Measurement n Mean SD SEM T 

10̂  

10 

10 

10-

10 

10" 

•5.5 

-5 

•5.5 

Contacts 

Contacts 

Contacts 

Durafion 

Duration 

Duration 

12 

6 

6 

12 

6 

6 

-14 

-47 

-80 

-24 

-53 

-77 

36.1 

10.6 

30.2 

6L5 

42.9 

27.3 

10.4 

4.3 

12.3 

17.7 

17.5 

11.2 

-1.37 0.1 

-10.80 0.0001 

-6.50 0.0006 

-1,35 0.1 

-3.03 0.014 

-6.91 0.0005 

^ 
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Table S. Adjusted means and standard errors of different Ej treatments 

from ANCOVA 
Treatment Adjusted Mean 

E2(M) Contacts 
Adjusted Mean 

Duration 

10̂  

10 

10" 

-5.5 

90.77±6.89 

38.64±10.32 

25.83±9.70 

71.34±8.49 

23.81±12.16 

19.51±12.00 
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Table 9. Pairwise comparison of the number of contacts of 
different E2 treatments. The upper triangle displays the 
difference of means and the standard error of the difference. 
The lower triangle displays the corresponding adjusted /? 
values. 
Eo treatment-Contacts 
Treatment 

10-̂  

10-̂ ^ 

10"̂  

10-̂  

0.0016 

0.0001 

10-̂ ^ 
-52.13±12.76 

0.6583 

10-̂  
-64.94±11.76 

-12.81±14.54 

i 
5 
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Table 10. Pairwise comparison of the duration of contacts 
of different E2 treatments. The upper triangle displays the 
difference of means and the standard error of the difference. 
The lower triangle displays the corresponding adjusted /? 
values. 
E2 treatment-Duration 

Treatment 

10-̂  

10-̂ ^ 

10-̂  

10-̂  

0.0124 

0.0057 

10-̂ ^ 
-47.54±14.92 

0.9663 

10-̂  

-51.83±14.66 

-4.29±17.19 
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Figure 9. Male-female interactions for conditions of control behavior and initial 
exposure to acetone only. Symbols are as described in Figure 1 legend. 
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Table 11. Left-tailed paired sample t-test of the mean. Male-female contacts and 
duration of contacts after initial treatment with acetone only. 

Time Measurement n Mean SD SEM T /? 
Oh 
Oh 

Contacts 
Duration 

12 
12 

6.5 
-1.3 

34.6 
29.16 

10 
8.42 

0.65 
-0.16 

0.74 

0.44 

n 
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CHAPTER IV 

DISCUSSION 

An endocrine disruptor has been defined as "an exogenous agent that interferes with 

the production, release, transport, metabohsm, binding, action, or elimination of natural 

hormones in the body responsible for the maintenance of homeostasis and the regulation 

of developmental processes" (Kavlock et al., 1996, p. 715). An endocrine disruptor has 

also been defined as "an exogenous substance that causes adverse heahh effects in an 

intact organism, or its progeny, consequent to changes in endocrine function" (European 

Commission, 1996). Research involving endocrine-disrupting chemicals (EDCs) has 

focused on the role of these contaminants in inducing irreversible changes during critical 

times such as organ development (vom Saal et al., 1998). Chemicals that have transient 

endocrine-disrupting effects on adult animals have been more specifically termed 

endocrine modulators. In essence, the animals adjust to the endocrine modulator, and the 

effects disappear after a period of time if the chemical stimulus is removed (vom Saal et 

al., 1998). OP is a known estrogen mimic (White et al., 1994). We have shown that OP 

also exerts modulating effects on aduh animals that could adversely affect reproduction. 

The marked change in behavior is an indication of the presence of the EDC in the water. 

Until this study, the effects of endocrine disruptors on the reproductive behavior of 

zebrafish have not been quantified. However, a number of studies have been conducted 

that relate pollutants to fish behavior, including the effects of atrazine on swimming 

behavior of zebrafish (Steinberg et al., 1995), as well as the changes in zebrafish behavior 
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due to humic material and terbutylazine (Lorenz et al, 1996). From 1978-1997, only 26 

pollution studies involved the reproductive behavior offish (Jones and Reynolds, 1997). 

A study of Poecilia reticulata demonstrated that phenol decreases male courtship (Colgan 

et al., 1982), and in Sarotherodon mossambicus there is a delay in the onset of male 

reproductive behavior in fish exposed to endosulfan insecticide (Matthiessen and Logan, 

1984). 

After testing the effects of 10"̂  M OP on male-female behavior over different time 

periods, I found that the most significant difference in behavior occurred 5-min after the 

initial dosing. This finding could be due to a number of factors including the following: 

(1) the fish could be rapidly metabolizing OP; (2) the concentration of OP in the water 

could diminish slightly over time; (3) the fish could become fatigued; or (4) the fish could 

become desenshized. 

Once I had estabhshed the appropriate time to test the fish, I selected five different 

concentrations of OP to test. I recorded a dose-related effect on male-female behavior. 

Contacts and the duration of contacts significantly decreased at levels of 10 M and 

above whh a greater effect at the higher doses. I recorded no significant difference in 

behavior in fish pairs exposed to acetone alone indicating that the increased effects on 

behavior were not due to the presence of acetone. Thus, the rapid time-course and dose 

dependence suggest that both OP and E2 may be detected by olfactory receptors and 

integrated as pheromonal cues. 

Olfactory senses are extremely important in fish communication, especially in 

reproductive behavior. Hormonal pheromones are used by fish to synchronize 
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reproduction (Sorensen, 1992). In zebrafish, the following pheromones have been 

proposed to be involved in reproduction: testosterone and estradiol glucuronides in 

females and steroid glucuronides in males (Stacey and Sorensen, 1991). After 

spermatocyte maturation in male zebrafish, a number of steroid glucuronides are released 

which elichs female ovulation via olfactory receptors (Van den Hurk and Resink, 1992; 

Van den Hurk et al., 1987). After ovulation, the female releases testosterone and estradiol 

glucuronides, which induce males to exhibh spawning behavioral cues (Van den Hurk and 

Lambert, 1983). A disruption in pheromonal communication could lead to abnormal 

behavior. Normally, in male fish 11-ketotestosterone is the major hormone responsible for 

behavior. In females, E2 is the major hormone (Kime, 1998). Perhaps, the more dramatic 

effects on male-male behavior are due to the addhion of a hormone that usually occurs 

only in females. 

Data collected on male-male pairs exposed to 10"̂  M OP also showed significant 

decreases in contacts and duration of contacts. E2 is not usually present in male fish, but 

they do have hepatic estrogen receptors. When bound to E2, these receptors can produce 

vhellogenin (Kime, 1998). Research has shown that in addhion to OP a number of 

industrial chemicals, organochlorines, and organophospates exert feminizing effects on 

male fish (Kime, 1998). The decrease could indicate less aggressive behavior between the 

males. In fish, the term "pheromonal system" has been used to describe the ability of male 

and female fish to chemically elich effects in the opposite sex (Stacey and Cardwell, 

1995). If pheromonal communication exists between male fish, then this decrease could 

also be due to disruption of pheromonal cues. A disruption in behavioral cues could also 
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be responsible for these changes. The decrease I noted in contacts and duration could be 

due to OP binding to the estrogen receptor in the male fish or more likely due to detection 

by olfactory receptors, which eliched effects on behavior. 

Female-female pairs exposed to 10"̂  M OP showed a significant decrease only in 

duration of contacts after the initial dose. In contrast, male-male pairs showed a 

significant decrease after the initial dosing and four hours later. The OP may have less of 

an effect on females due to the presence of competing endogenous estrogen, which is 

absent in male zebrafish (Kime, 1998). 

When male-female pairs were exposed to E2, fish exhibhed the same pattern in 

decreasing number of contacts and duration of contacts after exposure. This finding 

supports the hypothesis that the E2-mimicking effects of OP were responsible for the 

changes in behavior. The E2 effect did occur at slightly higher doses compared to OP. 

This difference could be due to the individual mechanisms by which these two chemicals 

act. Fish olfactory functions may be more senshive to OP, since h is a foreign compound, 

than they are to endogenous estrogen. Perhaps, substances in the OP that are not present 

in E2 heighten the effect on the fish. 

I conclude that the procedures developed here might be used to screen initially for the 

presence of OP and possibly other endocrine disruptors in water, particularly those that 

are E2 mimics. 

Future research using this assay should include other known estrogen mimics, using 

male-male and female-female pairs as well as male-female pairs. The effects of treating 
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the sexes separately in a male-female pair should also be studied to determine if both sexes 

are responsive to the EDC. 

2S 
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